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General Abstract

The study on the interplay of Superconductivity(SC) and Magnetism has at-
tracted much interest on iron based superconductors following the report on
LaFeAsOyg9Fy11 to unravel the basic mechanism in high temperature super-
conductors(HTC). In this dissertation we study the properties of the so called
1111-family of iron based superconductors applying different techniques in-
cluding, Greens function formalism, magnetization measurement using VSM-
SQUID, and DFT as implemented in QE and Fleur code.

The first part of this work (chapter 3) consists of theoretical calculations apply-
ing double time temperature dependent Green function techniques. Starting
with a model Hamiltonian consisting of a pairing interaction, magnetic in-
teractions of Heisenberg type by local electrons and an interaction of itinerant
electrons with localized electrons, we determined the expression for the super-
conducting transition temperature, To. The expressions indicate that magne-
tization suppresses Superconductivity, and there might be a coexistence below
critical temperature. The result is in broad agreement with experimental find-
ings.

In the second part (chapter 4), a magnetization measurement with VSM SQUID
on three site doped, La,_,Y, Fe;_,Mn,AsOqs9Fp11, Samples was done, where the
effects of Mn doping on Fe site and Y doping on La site in LaFeAsO,_,F, si-
multaneously studied, and hence the superconducting critical temperature Tc
of different samples was determined. Our results indicate that Y doping has a
stabilizing effect on Superconductivity even in the presence of Mn doping. Mn
has a pair breaking effect even a small amount of it suppresses T¢.

Finally, computational work applying the DFT in first principle method as im-
plemented in QE and Fleur code is done(chapter 5). Since iron based super-
conductors have multi-band character in their electronic structure, we were
interested to see the effect of substitution in the band structure and Fermi
surface and in turn the effect on T-. The result on the band structures show
that Ru substitution changes the hole bands and not the electron bands. One
of the possible reason is perhaps that Ru substitution does not induce ad-
ditional electrons, which is in agreement with NMR and resistivity measure-

ment report. Fermi surfaces (FS) of SmFeAsO show that at Ru = 0.25 it has



a suppressing effect and at Ru = 0.50 a favoring effect on superconductivity.

It is predicted that higher T can be achieved at Ru = 0.50 substitution for

SmFeAsOgg5Fo15, in case nesting is an indication for Superconductivity. Cal-

culations indicates that superconductivity can be achieved only for a strong

paring potential, which can not be explained by BCS type pairing. Generally,

Ru is understood to have effects on LaFeAsO and SmFeAsO compounds and

one can not treat these systems with same existing theories.

keywords: Superconductivity (SC), Iron based Superconductors(IBS), Green Func-
tions, Superconducting quantum interference device (SQUID), Quantum Espresso

(QE), Density of state(DOS), Fermi surface (FS), Density functional theory (DFT)



Chapter 1

Introduction to Superconductivity

and Magnetism

Overview
In this chapter a short introduction will be given to superconductivity in gen-
eral and to the recently discovered pnictides superconductors in particular.
Firstly, a short summery is given about the discovery of Superconductivity
and important superconducting parameters including BCS theory. After re-
viewing the most important discoveries a short brief discussion is given about
the current topics of research, Iron based superconductors. Finally Magnetic

properties of Superconductors are summarized.

1.1 Superconductivity

From macroscopic point of view one can define Superconductivity as a phe-
nomenon of zero resistance. It is one of the most fascinating phenomena in
Condensed Matter Physics. The temperature below which the electrical resis-
tance of materials goes to zero is called superconducting critical temperature(T¢)[1].
This phenomena was discovered in 1911 and till now it is not well understood
specially in high temperature superconductors (HTC) and iron based super-

conductors.



Materials that show such novel properties are in general classified as Con-
ventional and non-Conventional superconductors. For the conventional su-
perconducting materials the main mechanism responsible for the supercon-
ducting pairing is electron-phonon interactions, which was explained by BCS
theory. BCS theory was proposed by Bardeen, Cooper, and Schrieffer in 1957
and is the most successful theory to explain superconductivity in certain su-
perconductors. The Superconducting critical temperature (T¢) of conventional
superconductors is low compared to non-conventional ones. The mechanism
responsible for the superconducting pairing of the non-conventional super-
conductors is still not well understood.

In 1986, Bednorz and Muller discovered a lanthanum-based cuprate per-
ovskite material with Ty of 35K[2]. The highest T¢ in this class by now is
164K. The mechanism of Superconductivity in this class of material is still
not well understood. The discovery of this HTC made it clear that BCS theory
should be improved or a new theoretical concept is required.

A new class of iron-based superconductors was introduced in 2008 by Hosono
group, in a fluorine-doped at oxygen site of LaFeAsO[3]. This parent com-
pound(LaFeAsO) is the best system to study the properties of superconductiv-
ity. In fact the parent compound LnFeAsO is not superconducting, rather it is

an anti-ferromagnetic (AFM) semi-metal[4].

1.2 BCS theory and beyond

Bardeen, Cooper and Schriefe(BCS) theory is one of the bench mark theory for
superconductivity. It is a microscopic theory of superconductivity and mainly
based on the attractive interaction between electrons that form pairs called
cooper pairs. The basic formalism is in terms of creation and annihilation
operators of the single particle electronic states. The BCS model Hamiltonian

of a simplified system is expressed as
H=) e~ Y, Vil ewbur (1.1)
k.o ke ()| (k) | <hwp

Here é,ig(é,m) is the creation (annihilation) operator of an electron in momentum-

state k and spin 0. ¢, = h*k?/2m — Ep, V > 0 for attractive interaction.
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The superconducting critical temperature T and density of state relates by

the following well known BCS formula:
KgTe = 14Epexp(—1/N(o)V) (1.2)

where Kp is Boltzman constant, Ep is the Debye cut-off energy, N(o) is the
density of states at the Fermi level, and V is the pairing potential. The term
N(o)V = X is the coupling parameter. In the weak coupling limit, where BCS
theory is valid is, A << 1.

A more general description were given by Eliashberg theory in 1960. Eliash-
berg theory has been used to describe superconducting properties of different
compounds where the original BCS theory was not able to describe. BCS equa-

tion(eq 1.2) was transformed in more general form called McMillan equation|[5]:

o Q—Dexp[— 1.04(1 + )
A— % (14 0.62))

! (1.3)

Lambda()\) can represent different kind of cooper pairing.
BCS theory has a limitation in describing highly correlated system like Iron
based superconductors and HTCs [20, 21].

1.3 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, [3]. The highest superconducting critical temper-
ature Ty reaches 56k [6] 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
("1111”) family (eg. Ln = La), M FeyAsy(”122”) family(eg. M = Ba), MFeAs ("111”)
Family (eg.M = Li), and FeM ("11”) family (eg. M = Se)[7, 8, 9, 10]. Both families
of iron pnictides have a quasi-two-dimensional (2D) tetragonal crystal struc-
ture.

Fig (1.1) shows crystal structure of the main families of pnictides.

The parent compound LaFeAsO contains FeAs layers sandwiched by LaO lay-

ers. Each FeAs layer consists of a square-lattice Fe plane with As atoms above
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Figure 1.1: Crystal structures of some of iron-based superconductors(taken
from Ref.[11]

Table 1.1: The maximum T¢ for the main families of iron based superconduc-
tors yet found(taken from ref [12]).

Compounds | Familiy type | Maximum T¢
RFeAsO 1111 56K
AF€2 ASQ 122 38K

LiFeAs 111 25K
FeSe 11 15K

and below the plane alternatively. The common feature of these main families
of Iron based superconductors(the 1111, 122, 111, and 11 families of materi-
als) is the presence of an identical FeAs (or FeSe) plane.

It was reported that these families of iron based superconductors attain dif-
ferent value of superconducting temperature T¢ (table 1.1).

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.



1.4 Magnetic properties

Superconductivity and Magnetisms are interrelated phenomena in high tem-
perature superconductors. Meissner in 1933 discovered about the expulsion
of a magnetic field when the superconductor is cooled below the supercon-
ductor’s critical temperature. These materials called Type I, the induction B is
given by

B=H+4nM

where M is the magnetic moment per unit volume. A perfect diamagnetic has
B = 0 inside, hence the volume susceptibility,

xX=M/H=—1/4~m.

There are materials called Type II where the magnetic field is not completely
expelled (Fig 1.2). In the above expression, that relates the magnetic induction
to the magnetic field in Gaussian units is in the absence of demagnetization

effects.

Figure 1.2: Phase diagrams of Type I and II superconductors

1.5 Magnetic Properties of Iron based supercon-

ductors (IBS)

After the discovery of high temperature superconductivity(HTC) in 1986, the
study of magnetic properties has been an essential aspect of superconductiv-
ity.

Experimental and theoretical research has shown a significant progress on

5



the magnetic properties of iron based superconductors[15, 19] but not yet
completely known. It is believed that understanding the interplay between
Superconductivity and magnetism may lead to the possible mechanism for
superconductivity.

Different experimental work on Ln1111 families of pnictides results with vari-
ous phase diagrams. Fig (1.3) and Fig (1.4) show the phase diagrams of main
families of iron based superconductors. It is known that a phase diagram
provides an overview how the superconducting and magnetic properties are
changed by external parameters. Until now it is not possible to express iron
based superconductors in the same phase diagram.

The structural and magnetic transition up on doping was reported from differ-
ent experimental techniques including, susceptibility and resistivity measure-
ment, SR, and x-ray diffraction.(ref. in [13]). For example, it was reported
that the parent compound LaOFeAs shows a structural phase transition from
a tetragonal symmetry to an orthorhombic and a magnetic phase transition to
AFM SDW state at Tg = 156K and T,, = 138K respectively.

Electrons or holes doping suppresses the structure and/or the magnetic tran-
sition in favor of superconductivity. It is also observed that superconductivity
and magnetism coexist in some compounds(Fig 1.4(a)). But still difficult to

explain with the existing common theories.

(@) LaFeAsO;_,F; [16] (b) CeFeAsO;_,F, [29]

Figure 1.3: Phase diagrams determined based on experimental data for
LaFeAsOi_,F,, and CeFeAsO_,F,

The study on the proximity of the magnetic and superconducting ground state
is undergoing. In this line the importance of the magnetic and structural
phases of these materials for superconductivity, and whether they coexist or
compete is an important question to answer.

The other mysterious issue is the pairing mechanism in IBS. Theoretical [20]

6



b) Ba(Fei_,Co.)2As5 [18
(a) SmFeAsOl_sz [17] ( ) CL( €1 o )2 S9 [ ]

Figure 1.4: Phase diagrams determined based on experimental data for
SmFeAsO;,_,F,, and Ba(Fe;_,Co,)2As,

and experimental[21] report depicts that Superconductivity in iron based su-
perconductors,similarly to high-temperature copper based superconductor, is
most likely not mediated by phonon coupling, but rather either by some mag-

netically mediated coupling or due to electron correlations.

1.6 Band structure, Fermi surfaces, and DOS of

Iron based superconductors

Electronic band structure calculation has been popular after the discovery of
DFT in 1960. It is one of the important parameter to study various properties
of materials, such as electrical and structural.

Experimentally electronic band structure and Fermi surfaces can be deter-
mined by different techniques including Angle Resolved Photo Emission Spec-
troscopy(ARPES) and de Haas-Van Alphen(dHvA) effect.

First principal calculation also leads to obtain electronic band structure and
Fermi surfaces. Figure 1.5 shows the band structure of undoped 111 1(LaFeAsO)
and undoped 122 (BaFeyAs,y), reproduced by the concept of non spin polarized
calculation [22]. The lattice parameters were based on the experimental re-
sult. 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.

The Fermi surface (FS) in most pnictides includes electron-like cylinders in

the corners of the Brillouin zone and the hole-like cylinders along the I'-Z

7



Figure 1.5: Band structure of LaFeAsO(left) and BaFe;Asy(right)(taken from
ref. [22])

Figure 1.6: Fermi surfaces of LaFeAsO(left) and BaFe;Ass(right)(taken from
ref. [23])

line(Fig 1.6). But there is still a difference among the different families of
iron based superconductors. For instance, the 1111-family undoped shows
2-dimensionality and the 122-family undoped one is 3-dimensional in charac-
ter. Fig 1.6 shows the Fermi surfaces of non magnetic LaFeAsO and BaF'eyAsy
[23].

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 up
on substitution. Fig 1.7 is a typical example for DOS of LaOFeAs.



Figure 1.7: Calculated density of states in LaOFeAs (solid line) and partial
contributions to it from the orbitals of Fe, As and O (dashed lines)[24]



Chapter 2

Methods
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Overview
In this chapter a short introduction will be given to different methods used
in this dissertation. Firstly, a short summery is given about Green Function
and in particular Double - time Green Function. Secondly a short description
about VSM-SQUID and the Physics of the instrument is given. Finally First

principle method(DFT) is summarized.

2.1 Green Function

Green function is widely used in Condensed Matter Physics particularly to
study the interactions of many body system [40, 41]. It is helpful to approxi-
mate a measurable physical quantities, like the expectation values and corre-

lation function.

2.1.1 Double-time Green Functions

There are different types of Green functions. In this Section, we briefly review
the double-time temperature-dependent Green functions . It was introduced
by Bogoliubov and Tyablikov [42] and reviewed by Tyablikov [43].

Consider a many-particle system with the time-independent Hamiltonian

H = H,— uN; p is the chemical potential, N is the operator of the total number
of particles, and we have chosen our units so that 7 = 1.

Let A(t) and B(t’) be some operators, which can be expressed as the product of
the quantized field operators . The time development of these operators in the

Heisenberg representation is given by:
A(t) = exp(iHt)A(0)exp(—iHt) (2.1)

We define three types of Green functions, the retarded, advanced, and causal

Green functions:

~ ~

G (t, 1) =< A(t);B(t') >"= —if(t — t') < [A(t),B(t))] > . (2.2)
Ga(t, 1) =< A(t): B(t)) >= +if(t' —t) < [A(t),B(t)] > . (2.3)
Go(t,') =< A(t); B(t') >

11



=0t —t') < A(t),B(t") > +nif(t' —t) < B(t'),A(t) > (2.4)

Where< ... > is the abbreviated notation for the Green functions, and< ... >

denotes averaging over a grand canonical ensemble. 0(¢,t’) is the step function.

0, t<t;
Ot —t') = { Ly (2.5)

Also [A,B] is a commutator or anti-commutator, that is, [A,B] = AB — nBA,
n = 1. The sign of 7 is positive if A and B are both Bose operator and negative
if they are Fermi operators.

In our discussion we will use the Double-time Green function. In order to

obtain the equation of motion we differentiate eq.(2.4) with respect to t as,
iiG (t—t)= z‘i < A@t); Bt >
dt " St ’
=6t —t') < [A(t); B(t")] > + < [A(t), H): B(t') > . (2.6)
Taking use of between Heaviside step function #(¢) and Dirac-¢ function,
o(t) = [*_d(t)dt, and L0(t) = &(t).
It is known that A(¢) and B(t') satisfy equation of the form,

(dA
Z% = [A, H]
Now equation of motion becomes,
z‘iGr(t — ) =68(t—t) < [A(t); B(t")] > + < A(t)H — HA(t); B(t') > . (2.7)

dt

To solve this equation it is convenient to work with Fourier transform of this
equation. A careful analysis shows that the function depends on t and ¢
through(¢ — ¢'). Thus we can write G,(t,t') = G,.(t — /).

Now let G, (w) be the Fourier transform of G, (t — t') such that

G (t—1t) = /OO G (w)exp(—iw(t — t'))dw. (2.8)
Gr(w) = % /Oo G, (t —thexp(iw(t —t)d(t —t'). (2.9)

12



And the § function can be defined as

it —1t) = % /00 exp(—iw(t —t")dw. (2.10)

—0o0

Equation(8) becomes,
wG(w) =< [A(t), B(t')] > + < [A(t), H]; B(t') >, .

Since the fourier transform of G(t) is G(t) = [ G(w)exp(—iwt)dw from which it
can be shown that
oG _

&, = —iw [fourier transform of G(t)] Then wG(w) can be written as

w<K<AB>,=<|[A,B] >+ < [A H],B>, . (2.11)

Since <« A, B >, denotes the Fourier transform of the Green functions involv-
ing the operator A and B. It satisfy the equation of motion eq.(2.6), where the
double brackets < ... > indicates the Fourier transform of the corresponding
Green function. The single brackets < ... > indicate the thermal average over

the canonical ensemble, that is ,

_ Trexp(—BH)F
< k= Trexp(BH)

Where § = 1/(kgT), kg is the boltzman constant. H is the hamiltonian of the
system considered.

From the analytical properties of the Green functions it follows that the cor-
relation function < B(t')A(t) > can be obtained from the equation of Green

functions by

< B(t/)A(t) >=14 lim S A; B Phwtie — K A73 > hu—ic)

LY cap(Fhs) — 1 2:12)

In order to obtain the superconductivity properties, we have defined super

conducting order parameters, A (energy gap), which is pairing of electron or

13



spin and momentum by,

A:Z’U < QppQ-fy > .
k

k

where A = A* (since A is real).

2.2 Experimental Method

2.2.1 Superconducting quantum interference device(SQUID)

Nowadays there are different measurement methods used to characterize and
study the magnetic properties of superconducting materials. Among these
there are devices which require motion of the sample, within or through a
pickup coil (e.g., vibrating sample magnetometers VSM-SQUID), and those
that measure a force or torque, in which case the sample is held stationary
while the field is rotated or a gradient is applied (e.g.,torque magnetometers-

SQUID magnetometry).

Figure 2.1: SQUID(left) and samples mounting(right)

Superconducting quantum interference device(SQUID) is one of the standard
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technique in many laboratories. Parts of the result described in this the-
sis(chapter 4) were performed by VSM-SQUID. A SQUID (Fig 2.1a) is a very
sensitive magnetometer used to measure small fields up to 5 x 107%7. A brief
description of the instrument and working principle can be found from e.g.,
[14].

The SQUID VSM (vibrating sample magnetometer) is a device that measures
magnetic properties, where a sample is placed inside a uniform magnetic field
to magnetize it. Then it is physically vibrated sinusoidally. The induced volt-
age in the pickup coil is proportional to the sample’s magnetic moment. Ac-
cording to Faraday’s law, the change in the magnetic flux induces a voltage in
the pickup coil:

dg

‘/Ycoi - 2.13
1= (2.13)

For a sinusoidally oscillating sample position, the voltage is based on the fol-
lowing equation:
Veoit = 2w fCmAsin(27 ft) (2.14)

Where C is a coupling constant, m is the DC magnetic moment of the sample,
A is the amplitude of oscillation, and f is the frequency of oscillation.

The Figure (Fig 2.2a) show the schematic diagram of the SQUID. The SQUID
and magnet must both be cooled with liquid helium. Liquid helium is also
used to cool the sample chamber, providing temperature control of samples
from 400 down to 1.8 Kelvin. The SQUID VSM works with both cryogens

liquid helium and liquid nitrogen.

2.2.2 Josephson junction

SQUID consists of Josephson junction in a superconducting ring. The dis-
covery of Josephson effect opens a way for inventing SQUID. The Josephson
junction is a junction between two superconductors which are weekly cou-
pled separated by thin insulating barrier. Under this condition, cooper pairs
of electrons can pass from one superconductor to the other even with no ap-
plied voltage. One of the principle associated with Josephson junctions is the

quantization of the magnetic flux enclosed by a superconducting ring.

o7h
o, — 2i >~ 9.0678 x 10~ Tm? (2.15)
(&
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Figure 2.2: Schematic diagram of SQUID (left) and user interface overview
(right)[14]

Basic steps

One of the first step to start measuring with the device is to refill it with liquid
helium. The remaining most common tasks are Mounting sample(Fig 2.1b),
Loading sample, Centering sample, and measuring sample. The computer
then tell the progress of the measurement.

Software

MultiVu Windows software is the software that coordinates the operation of the
SQUID VSM hardware. MultiVu combines in a single user interface the ba-
sic instrument control, status reporting, data collection, graphing, sequence
editing and sequence execution. In addition to these features, MultiVu also
contains instrument utilities, diagnostics, and error reporting. The main Mul-
tiVu window is shown in the figure(Fig. 2.2b).

The possible source of errors are loosely mounting sample, temperature error,

and environmental source of errors.

2.2.3 Units

Here we present the most widely used units in experimental reports related

to magnetism. The software of SQUID magnetometer outputs the magnetic
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moment of a sample in electromagnetic units(emu).
lemu = 1Gem?® = lerg/G (2.16)

The unit conversion in the Gauss system, where the units of magnetic induc-

tion B and magnetic field H have the same magnitude,
1T = 10*G = 10*Oe (2.17)
The molar magnetization M is expressed in units of
emu/mol = Gem?® /mol, (2.18)
and the molar magnetic susceptibility y = M/H, is expressed in units of

emu/(Oemol) = em? /mol. (2.19)

2.3 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 elec-
trons interacting 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.
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2.3.1 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 determines the
potential.

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

mined by the ground state charge density.
U{ry, oy = n(r) =Y | eir) |? (2.20)

Second Hohenberg-Kohn theorem: The ground state energy E is also uniquely
determined by the ground-state charge density: the density that minimizes the

total energy is the exact ground state density.
En(r)] =<y|T+U+ V) >=<p|T+ Ul >+ < ¢|V|p >

= F[n(r)] + /n(r)v(r)dr (2.21)

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 is Fin(r)] =< ¢|T + U|¢ >. The Functional includes the kinetic
energy of the electrons T;[n], Hartree classical Coulomb repulsion energy Ey[n],

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

Fin(r)] = Ts[n] + Enn] + Eyc[n] (2.22)

2.3.2 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
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following form:

2

[_;_m VQ —I—V(T‘)ion + V(T)H + VXC[”(T)HQOZ‘(T) = eigpi(r) (2.23)

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.

e*n(r’)

V(T‘)H = mdgrl (2.24)

The fourth term is called the exchange and correlation potential.

o 5E:rc
N on(r)

Vxe[n(r)] (2.25)
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,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) [20, 21]. A large variety of important scientific
results have been and are still being obtained using LDA and the generalized

gradient approximations (GGA).

2.3.3 Local Density Approximation(LDA)

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

tion for the xc energy is expressed as:
BEPin) = [ <l nlrn(r)dr 2.26)

The exact exchange-correlation energy for the homogeneous electron gas was

computed by Cperley and Alder using the Quantum Monte Carlo method,
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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 energy
density is computed by introducing the relative spin-polarization.

LDA is powerful in describing many properties of systems. But it has also a
limitation based on the assumption that the electron density around an atom
to be homogeneous.

Generalized Gradient Approximation(GGA)

This approach includes more physical information than LDA. It is expressed
as

xc

ESCAIn) = /5GGA(n(7"), |Vn(r)|)n(r)dr (2.27)

There are two commonly used functionals in calculations involving solids.
These are the Perdew Wang functional (PW91) and the Perdew Burke Ernz-
erhof functional (PBE).

In summary, in order to better describe correlation effects in some strongly
correlated systems such as compounds with transition metals (3d electrons)
and lanthanide (4f electrons), several extensions to LDA and GGA have been
made. Such as Coulomb parameter U and Hunds exchange parameter J are
included for the d and f electrons, LDA+U, etc.

2.3.4 plane wave basis set and Pseudopotentials

A plane wave basis set is defined as

1 .
<rlk+G >= W@’(HG)'T, (2.28)
h2
_2m|k3 + G|2 < Ecutu (229)

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.
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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.

2.3.5 Self-consistent algorithm

Fig. 2.3 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.

Construct pseudopotential
for each ionic species

{ Pick planewave basis set cutoff energy I

|

| Construct trial density n(r) l

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

Solve Kohn-Sham equations
by diagonalization of the Hamiltonian

|Ca|cu|ate new charge density n'(r) |

[ Is solution self-consistent ?l

YES NO
Compute total energy density mixing to
EXIT generate new nir)

Figure 2.3: Schematic representation of the self-consistent algorithm for a
density-functional based calculation
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2.3.6 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
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,

(2.30)
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Chapter 3

Theoretical Study of the Interplay
of Superconductivity and
Magnetism in Fe Based

Superconductors
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ABSTRACT
The interplay of superconductivity and magnetism studied in iron based su-
perconductor using the Hamiltonian consisting of the itinerant electrons, lo-
calized electrons, and s-d interaction. Using Greens function technique and
equation of motion, we have obtained an expressions for superconducting or-
der parameters (A(7"), A(0)) and critical temperature To , which reduce to
BCS result in the absence of magnetic interactions. The result of the calcula-
tions shows that superconductivity can coexist with magnetism in iron based
superconductor below the critical temperature. The equation also indicates
magnetization suppresses T, in agreement to experimental report. The result
also suggest the importance of the concept of localized and itinerant electron

system in theoretical work.

3.1 Introduction

The discovery of high T iron based superconductor in 2008 [3] leads to multi-
directional investigation both from experimental as well as theoretical point of
views. The interrelation between Superconductivity and magnetism has been
an interesting topic in Condensed matter Physics. According to reviews on iron
based superconductors [27, 28], magnetic interactions are important for un-
derstanding the mechanism of superconductivity. Experimental observation
and theoretical prediction show that knowing the interplay of superconductiv-
ity and magnetism may suggest the possible mechanism of superconductivity.
Superconductivity has been found by applying either external pressure and
chemical doping. The effect of doping and external pressure is different for
different compounds. In most iron based superconductors both electron and
hole doping on parent compounds causes superconductivity. It was observed
that magnetism suppressed by doping before the appearance of superconduc-
tivity in systems like PrFeAsO,_,F,, and CeFeAsO,_,F, [29, 30, 31, 29]. It was
also reported that magnetism gradually disappears with a decrease in the spin
density wave transition temperature [32] because of doping.

Generally substitution of element in most FeAs-based compounds may lead
to suppression of spin density wave and eventual appearance of supercon-

ductivity [15, 33]. Fig(1.3, 1.4) indicates the phase diagram of Iron based
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superconductors as a function of doping with structural and magnetic phase
transitions.

Experimental reports show that superconductivity coexists with magnetism in
a number of FePn/Ch superconductors including SrFe;_,Rh,As; and others
[34, 45, 46]. The Coexistence could occur with in the same electron system or
different electron system based on the amount of dopant concentration.

In general the mechanism of high-Tc superconductivity has not been yet un-
derstood theoretically. There are a number of questions that should be an-
swered in order to push Tc to room temperature. The phase diagrams show
that upon doping or applying pressure the magnetic nature of the supercon-
ducting compound changes, but the nature of this transition still not under-
stood well.

The other important question is that, since the coexistence on the phase di-
agrams for a number of Iron-based superconductor is seen(Fig 1.4), it is not
completely understood whether magnetism and superconductivity evolve from
the same itinerant/localized electrons or not.

There are different theoretical attempt to answer these and other questions.
Here using Green functions method we study the interplay of superconductiv-
ity and magnetism on iron based superconductors which can help in explain-
ing experimental observations. In particular we derive an expression for Tc in
terms of magnetic term.

The Hamiltonian of our model considers both itinerant and local electrons sys-
tem. This is because many theories have been suggesting that the origin of
the magnetism in iron-based superconductors could be both itinerant-electron
and local-moment magnetism.

Magnetism from itinerant electrons was proposed by theories and experi-
ments, because the cylinder-like electron-type pockets of the Fermi surface
and hole-type ones are separated by a two-dimensional commensurate nest-
ing vector, (7, 7), in the Brillouin zone [35, 36, 37]. Where as magnetism from
local moments is based on the Heisenberg-type interaction between localized

spin moments [38, 39]. In this work we will follow a combined model.
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3.2 The Model Hamiltonian and the calculation

(This calculation was published on World Journal of Condensed Matter Physics,
4, 53-57(2014))

Our model Hamiltonian is

H = H,+ H, + Hy. (3.1)

Where the first term H, = Z,w s(k)&ladkg — Zkk/ka/d%&im&_m&m. In the above
pairing Hamiltonian the term }, | e(k)al_ay, describes the Hamiltonian of total
energy of the itinerant electrons in one electron band approximation [44]. Here
the operator dia(dkg) creates (annihilates) an electron with the wave vector k
and the spin projection on z-axis ¢ =1 or |; Vi is the pairing potential.

The second term (H; = %,;;J5,.5;) describes the predominant interaction be-
tween the local moment by Heisenberg like model, and we considered only the
nearest neighbor interaction. Here J is the nearest neighbor exchange that
bridge by the As ions and it could be anti ferromagnetic in nature.

The third term (H, = —g ) _, 0;.5;) describes the interaction between the spin o,
of the itinerant electrons and the five 3d spin S; local moment located at site
i, where g is the corresponding exchange constant.

To get an effective interaction we change the momentum term in to boson

operator. Diagonalizing the Hamiltonian(#,;) using Bogoliubov transformation,
ar, = urby + Uka_ku
for boson,
Jurl* = Jug* = 1.

This can be parametrized by hyperbolic angle u; = coshby, v, = sinhfy, which is
real and even under £ — —k. The canonical form of the Hamiltonian in terms
of spin waves,
H = E,+ > wiblb. (3.2)
k
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We obtained the itinerant electrons and localized electrons moment using re-

e

lations in spin operators like, S7 = al,a; . 0] = af as., 207 = 13 zomie; (2 =
+1;2z, = —1). The electrons in the valence band which are interacting with an

anti ferromagnetically ordered, localized spin system can be described by

1 oA
H, = _59 <S> kZa,Tma;m. (3.3)

We get an effective Hamiltonian

K oAt A s are 1 b
Heff = Z€<k)aLgakU_Ekk’vkk’aLTatk\La—k’iak’T+E0+Ekwkblbk_igh < Sz > Za;aakg.
ko ko

(3.4)
In order to calculate the superconducting parameter equation (2.11),
wG(w) =w <K A,B>,=<[A,B] >+ < [A H|,B>,,
will be used. Applying the above relations, the equations of motion for
<al gy al, > is
S S o e AT R 35

This equation can be reduced with the use of the following properties,
lag, az,] = O0pw = 1,if, k =K', otherwise = 0.

lax, ax) = [a}, af] = 0.

The first term in the RHS goes zero but we still need to simplify [a, 0 H,s¢]. To
this end we need to apply elementary commutation relations.

Starting from the first term of H.y,

[dT—ma - Z 5(]5)&110&/%0] == Z 5(]?)6120{&11@@/%0} + Z €<k>{a’T—k¢a’lTw}akU
ko k

k
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- Zg(k)dlgo-—kkaia = _5—k&T_k¢,
k

for the case where -k = k and o =|.

(3.6)

Similarly applying elementary commutation relations, the second term of H./,

[ty - Z Viawagsal  apyaps] = — Z Viwagal g [al,,, a pyawr]

kk' kk'

kk’

= — Z ka'&ngT&T—kiak'T'

Similarly for the third term of H.;/,
[a' . (By + Swwiblby)] = 0,
and finally the fourth term becomes,

. 1 . At
[aT_,w —égh <57 > Z alaakg]
ko

1 o
= oh < 5°> iy,

With these results,

R ~ 1 R At
[@T_kp H.sf| = (igh <S> —e,k)aT_ki — Z ka’aitraikﬂk%-

Hence, equation (3.5) becomes,

(3.7)

(3.8)

(3.9)

(3.10)

. . 1 At At oA .
w <K aT_ki, aL,T >=(—e_p+ §gh <S>k OLT_,QCLL,T > — Z Viw < aLTaLT_mak/TaLT > .

Applying decoupling for the last term in the above equation gives,

1 4 s I .
(WHe_p— §gh <S>k aT—/w a,t,T >=— Z Vi < CLLTCLT_,gi > ak’Tach/T >

= A" < ak/T&L,T >
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Applying the same techniques and procedure we need to find an expression
for < ayn, &LT > . Using H.yy,
< dk’T, &}:"T >=14+ <K [dk‘/T’ I:Ieff], CALLT > . (312)

~

To simplify this we need to do first |Gy, He sy
. . 1 o
[y, Hepf| = epags — igﬁ < S* > apy — Vk‘k’aimak'iak%
Hence,
P 1 P
w < e, (IL,T >=1+ (Sk - 5971 < S >) < Arpy CLLT >
Vi < &Jr_m&kwdk/T> d,t;/¢ > .

After applying cycling and decoupling on the last term, the above equation can

be rewritten as
1 h o g N A N
(w — €&+ 59 <S8 >) < Agry,s Qpry >=1—-—Vu < a_pr g ><K a_p Qprp >

=1-A<al,a, > . (3.13)

In general from equation (3.11) and (3.13) we found the following two equa-

tions (for A= A*and ¢, = ¢ ).

(w—e) < alyy,af, >=—A < ayy, af,, > (3.14)
(WHte) apy,aly, >=1-A<al,,al,>. (3.15)
From these we get
—A
SIS _
<< A_j1s Ay >>= m (316)
Whereazek—%gh<52>.
The superconducting order parameter is defined as
A= S ot al 3.17
= k,n? LAy, gy > (3.17)

The sum may be changed to integral by introducing the density of state
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N(e), and equation (3.17) becomes

Attractive interaction is effective for the region —hwy < ¢ < hwy, and assuming

the density of states does not vary over this integral, the expression becomes,

1 "“*’02?’: -1 (3.19)
Ay B — w2 —e? — A% :

Applying Laplaces transform with replacement of w by Matsubara frequency

= (2n + 1)7/B, and using the approximation,

1 ~ 1 A?
w2+e?+A2 T w2+e? (w2 +e2)2"

The equation becomes

1L [ tanh(B/2)e B s [ 1

where © =¢/a,a = (2n + 1)7/p.
For low temperature the first integral becomes
I = ln113 3 (hwy — 3gh < 57 >).

The second integral becomes

I, =1. 05(7TK )2
Hence
1 1.13 1 A
— =1 hwy — =gh #>)—1. 2,
N~ g Men = g9 <57 >) = LOS(ET)
This expression can be rewritten as
KpT = 1.13(fwy — —gh < 5% ) BHGE), (3.21)
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3.3 Result and Discussion

From this equation we can get the following important relations.

(i) Superconducting order parameter as a function of temperature

1.13(hwo — 1gh < 5% >)
KgT

1
A(T) = WKBT\/(Z’R ) — T (3.22)
This quantity (A) is zero at critical temperature 7. Substituting A = 0, we
get
1
KpTe = 113(hwo — Sgh < §° >)e VA (3.23)

(ii) Using In(1 —x) = —x — 2%/2 + ..., InT/Tc = —(1 — T/T¢) we get the well

known equation
T

A(T) = 3.06 KpTe(1 — —)?
Tc
or
A2
(iii) Equation (31) can be written as
hwo 2 2
1 dgtcmhﬂ/Q\/s + A | (3.25)
A 0 Ve2 + A2
AsT — 0, 8 — o0, gives
I de 396
AT Ve (5:26)

Applying standard integrals and approximation for » << 1, and (1+x)" ~ 1+nz,

we get

A(T — 0) = \/4(71@0)2@@(—1/» - (%gh < Sz >)2 (3.27)

3.4 Conclusion

Equation (3.23) is clearly in agreement with the fact that as the net magnetiza-
tion increases, superconductivity decreases. In addition to this, in the absence

of magnetic term equations (3.23) reduces to the well known BCS expression.
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The result clearly indicate that superconductivity can coexist with magnetism
in iron based superconductor below the critical temperature. Experimental
findings show the coexistence of superconductivity and magnetism in some
range of doping in some compounds [34, 45, 46]. Our theoretical predictions
are in broad agreement with experimental findings [34, 45, 46] and the result

may help in explaining experimental observations.
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Chapter 4

The effect of Y and Mn doping in

Lallll superconductors
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ABSTRACT

In this work we focus to study on the effect of Manganese(Mn) and Yttrium(Y)
doping on Fe and La site respectively, for La,_,Y, Fe;_,Mn,AsOygoFp11 series
of samples. The magnetization measurement were done by using 7T VSM-
SQUID. We took the data at 100e from 1.8k to 40k in ZFC and FC condition,
and from 1.8 to 300k at 1T. We determined the T of different samples.

We specifically report the effect of Mn and Y simultaneous doping on the mag-
netic properties and superconducting critical temperature of the La series.
Our results indicate that Y doping has a stabilizing effect on Superconductiv-
ity even in the presence of Mn doping. Mn has a pair breaking effect than Y
because we found that a small amount of Mn suppresses Superconductivity
very quickly. The superconducting critical temperature can not be expressed
only in terms of amount of impurities but also in terms of the magnetic be-

havior of the dopant atom.

4.1 Introduction

The onset of superconductivity in different families of iron based compound
arose an interest to understand the pairing mechanism in order to push T¢ to
room temperature. But until now there is no clear understanding of the su-
perconducting pairing mechanism. In the previous chapter we tried to obtain
an expression for T in terms of magnetic term with various approximations.
The result motivated us to further study IBS systems by magnetization mea-
surements.

In fact different approaches have been applied to understand the mechanism
and to increase superconducting transition temperature(Ty). Typical example
that shows the induction of superconductivity are (i) electron doping on Ln-
FeAsO (Ln = La, Dy, Tb, Gd, Sm, Nd, Pr, Ce), with partial substitution of O
by F; (ii) hole doping on La,_,Sr,.FeAsO (Tc = 25K) [47] and in Nd,_,Sr,FeAsO
(T¢ = 13.5K) [48]; (iii)) and by applying pressure for example, applying 4GP in
LaAsFeOyg9Fy11(Te = 43K) [49]. Oxygen deficiency in Lal111 under pressure
also shows an increase in Tc [50]. From different attempt the highest criti-
cal temperature (T, = 56K) was announced in electron doping for instance in
GdysThysFeAsO compound [51], and Cag4NdygFeAsF [52]. On the other hand
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the suppression of Tc by hole doping was reported upon substitution of Mn on
Fe site [53].

The suppression effect of Mn atoms at low temperature gets attention due to
its poisoning effect even at small amount of doping (x = 0.2%) [25]. The pair
breaking effect due to the impurity atom is not well understood but the result
of NMR and resistivity measurement indicates no charge doping rather local-
ized magnetic impurities [54, 55].

The action of chemical pressure that distort lattice structure due to partial
substitution of Yttrium(Y) in the Lanthanum (La) site of Lal111 superconduc-
tor induce sc and surprisingly highest T recorded for a higher Y content.
For example, 20% Y doped in LaggYp2FeAsOys (Te = 34K), and 40%Y doped
LaggYpoFeAsOps (Te = 43K) [56]. The existed experimental result on lattice
parameter would not explain the formation of cooper pair or the pairing sym-
metry due to the replacement of small atomic radii(Y). However it was reported
that the increment of T¢ is related to the change of a-axis and c-axis parame-
ter [57], and when the As-Fe-As angle of FeAs tetrahedral approaches 109.47°
[58]. This result demands optimizing Fermi surface topology.

So far there is no report on the computation of Y and Mn impurities when
both doped on same compounds. That means the increment of T, via lattice
shrinkage in the presence of Y impurities and the poisoning effect of Mn atoms
was not reported on same sample. We study where both Y and Mn are substi-
tuted on the same sample.

It was reported that there is a strong charge localization and Quantum crit-
ical point in La based system [25, 26]. Understanding the effect of chemical
pressure through partial substitution of Y on La site and Mn on Fe site may
suggest the possible reasons of pairing symmetry. The result of magnetiza-
tion measurement may give a clue for the pair breaking effect of the impurity
atoms.

In this paper we report on Mn and Y doped Lal111 polycrystalline sample from
data obtained by magnetization measurement using VSM-SQUID. In particu-

lar we focused on a series of La;_, Y, Fe;_,Mn,AsO g9 Fp11 samples.
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4.2 Experiments: VSM-SQUID

We did the measurement on polycrystalline sample grown in IFW Dresden,
Germany. The Magnetization measurements were performed on polycrys-
talline sample using superconducting quantum interference device magne-
tometer (7T VSM-SQUID) from Quantum Design. A SQUID (superconduct-
ing quantum interference device) magnetometer is one of the most sensitive
experimental techniques to magnetically characterize samples. It is used to

measure small fields up to 5 x 1078 T.

4.2.1 Experimental procedure

Sample preparation:

Polycrystalline samples La,_,Y,Fe,_,Mn,AsO,_.F, were prepared from mix-
tures of LaAs, YAs, Fe,Os, FeF;, Fe and Mn at nominal molar ratios as de-
scribed in detail in Ref. [59]. All the ingredients were milled, mixed and
pressed into pellets under Ar atmosphere. The samples were heated in an
evacuated silica tube at 940°C for 8 h and at 1150°C' for 48 h. The annealed
pellets were grind and polished and characterized with wavelength-dispersive
X-ray spectroscopy (WDX).

Before any measurement we made a chemical analysis with Energy Disper-
sive X-ray spectroscopy(EDX). The general principle is analyzing the response
while an incident radiation hits the sample. This techniques tells the compo-
sition of the sample to know the range of doping. We compare the nominal
value with the estimated value obtained by EDX analysis.

Measurment:

We perform magnetization measurement on polycrystalline sample that were
prepared based on the aforementioned techniques. We used the supercon-
ducting quantum interference device magnetometer (VSM-SQUID) from Quan-
tum Design.

With this instrument one can have two basic measurements; (1) magnetization
as a function of applied magnetic field, and (2) magnetization as a function of
temperature. We took data in the temperature range 1.8-40K applying 100e
in zero-field-cooled (ZFC) and in field-cooled (FC) conditions. We also obtained

data for magnetization measurement in the temperature range from 1.8k to
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300K in a magnetic field of 1T. The SQUID gives the magnetic moment of a
sample in electromagnetic units (emu).

Before measuring the superconducting samples at low fields, the remnant field
has been removed by applying 1 T and removing it by oscillatory mode.

The superconducting critical temperature was determined from zfc/fc suscep-
tibility measurement. Its value was decided using the data of the diamagnetic

susceptibility.

4.3 Result and Discussion

4.3.1 Magnetization measurement

Figure 4.1 and Fig 4.2 shows the diamagnetic volume susceptibility 47y, as
a function of temperature for 20% Yttrium(Y) and 30%Y doping with different
Manganese(Mn) (0, 0.1, 0.2, 0.3, 0.5, 0.8)% contents respectively. This value
indicates the superconducting volume fraction of the samples we measured.
Its value decreases with increasing the doping level for 30%Y, and similar for
20%Y except for 0.5% Mn. However the temperature dependence of all sample
is very similar.

We compare the broadening of 47y, with the parent compound. It shows an
increment at higher Mn content.

We tried to determine the superconducting width of 20%Y and 30%Y. The data
of figure 4.1 and 4.2 indicates the superconducting transition widthAT is a
bit higher in 20%Y and increasing with Mn compared to 30%Y. The impact of
impurities on superconducting nature can be expressed in terms of supercon-
ducting volume fraction.

From Fig.4.1 one can see that the superconducting volume fraction increases
with increasing the Mn content up to 0.3 but decrease for 0.5 and then in-
crease. There may be something wrong with sample quality of 0.50. But
as shown in Fig. 4.2, the superconducting volume fraction increases with
increasing Mn with respect to the absolute value -1. These indicates the poi-

soning effect of Mn even in the presence of Y which favors Superconductivity.
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4.3.2 Critical Temperature(T )

The superconducting critical temperature(T.) was determined from zfc/fc sus-
ceptibility measurement. Its value was decided using the data of the diamag-
netic susceptibility. The following figure(Fig. 4.3) shows how to determine T
from the intercept of the solid line. This Magnetization curve versus temper-

ature also displays the diamagnetic response (Meisner effect) below T.. The

Figure 4.3: Typical example how to determine T from susceptibility per unit
volume per temperature graph of LaggY2F'eq.995Mng005A50080F0.11 Sample

following table (table 4.1) shows the list of samples characterized by SQUID
and EDX and the corresponding critical temperature.

The figure (4.4) shows Tc versus Manganese(Mn) content for 20% Yttrium(Y)
doping samples with different Mn content (x= 0, 0.1, 0.2, 0.3, 0.5, 0.8)%. One
can clearly see the quick suppression of Tc with small variation of Mn content.
This may be the Mn strong pair breaking effect due to the localized ions. But
the mechanism for this disappearance of Tc due to Mn atom is not clearly un-
derstood whether it is due to localized electrons or removal of Fermi surface
or other.

For comparison purpose we measure with only Y doped and only with Mn
doped samples. In the absence of Mn, Y doping induces superconductivity, for
example, for 30% Y, Tc = 33k. But in the absence of Y, Mn doping suppress
superconductivity, for example, for 0.5% Mn Tc = 10k and for 1% Mn super-
conductivity completely suppressed.

In Fig. (4.5) we present the effect of 0.5% Mn on a sample containing various

amount of Y. The plot indicate that there is an increase in Tc with increasing
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Table 4.1: Superconducting temperature Tc of different samples

Y 0.2 amount of doping chemical formula Tc

Mn=0 LCLQg%QFGMTLoASOO_SQFO,l1 30.4
Mn=0.001 L(IO.g}/OQF60.999M7’L0.001A800,89F0.11 30.2k
Mn=0.002 L(loﬁ%gF60.998Mn0.0QQASOO'ggFO.H 30.2k
Mn=0.003 LCLOBYE]QF€0A997M7L0.0()3ASOO.89FO.H 29.5k
Mn=0.005 LaggYyoFeq.995Mng.0o5As0g.89Fp .11 25.5k

Mn=0.008 LagsYo.2Feq.992Mn.008 AsOp g9 Fp.11 22k

Mn=0.015 LaysYo.2Feq.985 Mngo15A500.89F0.11 20Kk
** Mn=0.02 LCLO.SYE).QFeo_ggMTLO.OQASOO.SQFO,l1 15.7k

Y 0.3 amount of doping

Mn=0 Lango‘gFeMnOASOo,ngo,u 33k
Mn=0.001 La0.7}/0.3Fe(]‘gggMTLQ.OOlASOO.ggFo_H 29.5k
Mn=0.002 Lag 7Yy 3F ep.990s Mng 0024500 80 Fo.11 30.8k
Mn=0.003 Lay7Yo3F eo.997 Mng.003AsOg.89 Fo.11 26.2k
Mn=0.005 Laojyvo,gF€0,995MTL0,005ASO()_89F0,11 28.5k

Y O amount of doping

Mn=0.005 La}/gFeo_ggg)M’I’Lo_oo5ASOO_89FO_11 10k
Mn=0.01 LCL}/OFSO.ggMnO.OlASOO,89FO,11 Not SC
Mn=0.02 LCLYE)Feo.ggMno_ogASOo.ggFO.ll Not SC

Y 0.0025, Mn=0.005 Lag.9975Y0.0025 F '€0.995 M 10,005 AsOp 80 Fo.11 | 7.8k

30
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Figure 4.4: Tc versus Mn content of Figure 4.5: Tc versus Y content of
sample La;_,Y, Fey_,Mn,AsOygoFp11 S€- sample La;_,Y,FeysMngsAsOggoFp11 for
ries for 20%Y 0.5Mn content
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Y. The result shows that Yttrium(Y) doping stabilizes superconductivity even
in the presence of small amounts of manganese(Mn).

It is observed that the chemical pressure has effect on the lattice parame-
ters. Figure (4.6) shows the change of lattice parameter ¢ with increasing the
impurities Mn. This quick reduction in c-axis due to Mn doping result in

suppressing Tc.

8.71 — T . . T

70| W -.m
ssol x(Mn) = 0.005
.

8.68 |

B.67 |

lattice parameter ¢ (A)

8.66 |
]

o 5 10 15 20
nominal ¥ content (%)

8.65

Figure 4.6: Change of lattice parameter ¢ with increasing amount of Y for 0.5%
of Mn

COMMENTS: 1. Magnetic transition

For different range of doping we observed the structural and/or magnetic
phase transition around 120K (Fig. 4.8). This anomalies property of all sample
can be easily seen by differentiating susceptibility with respect to temperature
(fig 4.8). It is observed that the magnetic susceptibility linearly increases be-
yond the transition temperature, Tc in all samples and the data drops due to
the onset of superconductivity at low temperature. It is difficult to say that
this is because of the sample quality, since in all measured samples M vs H
plot shows a uniformity(Fig 4.7). We observed a similar properties at 0.1T and
1T(Fig 4.8). This suggests that magnetic properties of La 1111 compound at

120K needs further examinations and better explanations.
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COMMENTS: 2. Demagnetization correction

When measuring a superconducting sample it is often important to consider
demagnetization effect.

The size and shape of the sample is important to precisely describe the mag-
netic response of a measured sample. The quantity that is determined from
the shape of the sample is named as demagnetization factor. One can see the
detail description how to find the demagnetization factor from the shape of the
sample from reference [60]. Since the magnetization through the sample is

not uniform, the internal magnetic field in a sample can be expressed as

Hz’nt - Hea:t - NdM

Where N, is the demagnetization factor. For sphere and ellipsoids it is possible
to calculate, for others one needs to approximate. Our sample has neither of
these shapes so we make an approximation.

We measured the dimensions of all samples by a computerized camera. See

the typical photo in figure (4.9). We find by incorporating the assumption

a>b>c>0
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Figure 4.8: M versus T

Figure 4.9: Sample photo taken by computerized Camera to measure the di-
mension for demagnetization factor calculation

where a, b,and c ellipsoid axes.

We found that incorporating the diamagnetic factor leads a more negative vol-
ume susceptibility. But the shape of the plot formed by row experimental
data is similar. We usually compare the slope of a cooled sample below Tc,
M/H = —1 (SI) = —1/4n(cgs), for the case in which N, = 0.
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4.4 Conclusion

The magnetization measurement was done in the temperature range 1.8-40k
applying 100e in zero-field-cooled (ZFC) and in field-cooled (FC) conditions. In
addition we took data with in the temperature range from 1.8k to 300k in a
magnetic field of 1T.

From the data we determined the superconducting critical temperature,Tc of
different samples. We calculated the diamagnetic volume susceptibility to see
the effect of doping on superconducting volume fractions, and we found that
the value is reducing for all samples. The width of A7 is increasing with Mn
content, indicating that strong suppressing effect of Mn.

From the diamagnetic susceptibility data we determine the value of the super-
conducting critical temperature Tc. It is shown that Y doping favor Tc where
as Mn doping suppressed Tc even with small amount.

Magnetization versus Temperature graph shows a magnetic and/or structural
transition around 120K for all superconducting samples. This reveals that
there could be a magnetic transition before the onset of superconductivity,
that may be explained in different ways.

Y is a bigger atom than Mn but what we see in the lattice parameter is that
Mn doping reduces the c-axis. So the increase or suppression of Tc is related
to not only the atomic size but also the magnetic nature of the dopant atom.
We further need to understand the effect of doping on the band structure and

Fermi surface (next chapter).
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Chapter 5

The study on the electronic
structure of the effect of Ru at Fe
site on LaFeAsO and SmFeAsO
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ABSTRACT

In this chapter we report the effect of Ruthenium(Ru) substitution at iron(Fe)
site in LaFeAsO and SmFeAsO alloys. We did Desity of State (DOS), Fermi
Surface (FS) and a band structural calculation by Density Functional Theory
(DFT) as implemented in QUANTUM ESPRESSO (QE) and FLEUR codes. Even
though both holes and electrons doping reported to induce superconductivity,
the result of our calculation show a change in the hole bands and not in the
electron bands. This means the band filling by electrons is unchanged. This
indicates that Ru substitution does not induce additional electrons. This also
suggest that Ru substitution has a limited pair breaking effect.
The simulation results of the Fermi surfaces show that the gap between hole-
cylinder and electron-cylinder at Ru 0.25 is large. This may indicate that Ru
substitution induces strong localization at 0.25 Ru, in agreement with p SR
experimental findings for oxygen doped superconducting compound [62].
Nesting may occur on 0.50 Ru substitution where the second hole cylinder
coincides in size with the first electron cylinder. This change may result in
changing Superconducting and magnetic properties of the system. It could
be an indication for spin fluctuation. We believe that 0.5 Ru substitution sta-
bilizes superconductivity and higher Tc can be achieved. These observations
need to be explained in terms of magnetic instability. Comparison of the Fermi
surfaces for LaFe;_,Ru,AsOggolFp11 and SmFe;_, Ru,AsOys5Fy 15 show that the

higher Tc in Sm based is due to the reduction of hole bands.

5.1 Introduction

The experimental report on LaAsFeOggoFp 11 indicates that the effect of dia-
magnetic impurities, Ruthenium(Ru) substitution on Iron(Fe) is less on su-
perconducting and on magnetic ground state of LaFeAsO [61, 62] where as
paramagnetic impurities Manganese(Mn) substitutions has a stronger effect
[25].

As it was mentioned in the third chapter of this dissertation that our magne-
tization measurement shows the different effect of Mn and Y doping. But we

were not able to do other measurement to see the effect on the band structure
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and on the Fermi surface of each compounds and also expensive computa-
tionally. In this chapter we are focusing on the parent compound LnFeAsO
(Ln = La, Sm), which is computationally reasonable.

Why La(Sm)FeAsO? The parent compound LaFeAsO is non-magnetic at room
temperature. But by doping the magnetic and superconducting properties of
the compound change. A deeper understanding on the doping effect of the
electronic structure of this compound can provide insight into the interplay
between magnetism and Superconductivity.

Where as the parent material SmFeAsO is a semiconductor or a bad metal,
similarly, by doping the magnetic and superconducting properties of the com-
pound change. In fact Ln1111 family (with Ln a lanthanide ion) shows the
highest critical temperature-Tc.

Electronic structural calculation on Ln1111 shows a significant progress in
understanding the system. This system has mostly P4/nmm tetragonal struc-
ture. Ru substitution on Fe site shows different properties. In PrFe; ,Ru,AsO,
Ru substitution reduce spin density wave (SDW)[63]. Similarly in 122 family,
Ba(Fe;_,Ru,),Ass, it was reported that Ru substitution suppresses spin den-
sity wave [64]. These effects may be related to the lattice parameters of the
compounds.

Lattice parameters are significant to speak about the suppression or induc-
tion of Tc. Experimental result and theoretical prediction shows that Ru
substitution on Fe site clearly distort the lattice structure. For instance in
Sm(Fe;_,Ru,)As(Ops5F015), it is shown that a-axis increases linearly with the
amount of Ru where as c-axis is almost constant [65]. In the previous chapter
we also showed that Mn substitution on Fe site quickly decrease c-axis(Fig.
4.6). Even though Ru is a bigger atom, the effect is different than Mn. In this
work we choose Ru where the effect is less on c-axis.

It was reported that, the low temperature magnetic order of the parent com-
pound is SDW caused by nesting properties of the Fermi surface.

Hence these and other report demands that it is necessary to look closely on
the band structure and Fermi surface in order to understand the effect of sub-
stituting external atoms.

In most of the experimental results Superconductivity is induced when mag-

netism is reduced or disappeared. The electronics structure calculation [65]
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shows that Ru substitution does not induce magnetic property. In Ru doped
experiment [62], LaF'e,_, Ru, AsO,_,F,, 1SR measurements show that there is a

short range magnetic ordering at certain doping level (x = 0.25). Why the mag-

Figure 5.1: Magnetic ordering temperatures 7y from puSR measurements,
taken from [62]

netic ordering temperature of the system with Sm1111 is highest at x=0.25
doping level(Fig. 5.1)? Does Ru substitution change the magnetic ordering?
What does the band structure look like at this level of substitution? What
about the Fermi surface? From our calculation we are trying to extract infor-
mation from the band structure, DOS, and Fermi surfaces.

So far there is a limited report on the comparison of band structure and Fermi
surface of Ru substitution LaFeAsO and SmFeAsO system. In this work we are
reporting on the effect of Ru substitution in Fe site on LaFeAsO and SmFeAsO
systems. We perform a calculation to analyze the electronic band structure,
total density of state(DOS), and Fermi surface for different Ru concentration
(x=0, 0.25, 0.50, 0.75,and 1).

In general the main aim of this chapter is to examine the effect of Ru doping
on electronic structure of La(Sm)Fe;_,Ru,AsO within the density functional
theory (DFT) calculations. We are especially interested to see the Fermi sur-
face and band structure change under substitution, which could be correlated

with superconducting temperatures of Ln1111.
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5.2 Computational methods

We study the effect of variety of Ru substitution (x=0, 0.25, 0.50, 0.75, 1) on
Fe site for LaFeAsO and SmFeAsO compounds. We apply first principle cal-
culation in DFT approach with Quantum Espresso and Fleur code. We use
the value of the tetragonal lattice parameter(a and c) together with internal
coordinates of La and As, from Ref. [65].

The bands are plotted along the high symmetry direction in the Conventional
Tetragonal-TET Brillouin zone [66] The 20x20x8 k-point mesh in the Bril-
louin zone was used. The DOS calculation were performed using tetrahedron
method.

For 0.25 and 0.75% Ru substitution, we doubled the cell in the c-axis and we
did a band folding to compare band structure in the first Brillouin zone. non
spin polarized calculation were done for LaFeAsO, and spin-polarized calcula-
tions for Sm in SmFeAsO (U = 6, J = 1). We compare the result of Ru = 0 with
published works.

Figure 5.2: Brillouin zone of TET with path:Path: ' - X - M -I'-Z-R—-A—-Z

5.2.1 Quantum ESPRESSO(QE) and Fleur code

Quantum Espresso

Quantum ESPRESSO (opEn-Source Package for Research in Electronic Struc-
ture, Simulation, and optimization) contains different packages including PWscf
(Plane-Wave Self-Consistent Field), Plane-Wave (PW) basis set and pseudo po-
tentials, for the calculation of electronic-structure properties within Density-
Functional Theory (DFT). QE can do Ground-state calculations, Structural
Optimization, Quantum Transport, etc. The details of the code can be found

from the project website[67]
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Fleur

FLEUR - the FLAPW-method(Full Potential Linearized Augmented Plane Wave
Method) is an all-electron method which within density functional theory is
universally applicable to all atoms of the periodic table and to systems com-
pact as well as open structures. It is widely considered to be the most precise
electronic structure method in Solid State Physics [68].

We did the simulation with QE. But we encountered a convergence problem
for SmFeAsO system due to lack of suitable pseudo potential in QE. Since Sm
has 4f valence electron, we succeed the simulation with use FLEUR code. The
result of the calculation with both codes for LaFeAsO system is quite similar.
We did a non magnetic calculation for LaFeAsO based on the ;SR experimen-
tal report [62] that shows the magnetic ordering region is small compared to
SmFeAsO.

5.3 Result and Discussion

5.3.1 Electronic Band structure calculation

We did a band structural calculation by Density Functional Theory(DFT) as
implemented in FLEUR code and QUANTUM ESPRESSO code. We reproduced
the band structure, DOS, and Fermi surface for a tetragonal lattice following
the path I'-X-M-I'-Z-R-A-Z-(Fig. 5.2). We emphasized to check the effect of
various Ru substitution(x = 0, 0.25, 0.50, 0.75, and 1) on the number, shape
and size of bands.

We did a calculation for pure system that is by exchanging the atomic position
(La in place of Sm and vis versa). This told us the effect of atomic position for

pure system and we found that there is only a volume change.

5.3.2 Band structure

We first calculated the electronic structure of the parent compound with out
Ru to compare with the already existing report. We found a good agreement.
In the remaining calculation we replace for example, 50 %(0.50) Ru concen-
tration was achieved by the substitution of two Ru out of four Fe, etc.

Since Ru has a larger atomic size than Fe, we expect a wider band and a larger
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FS. Figure (5.3) and (5.4) shows the band structure of LaFeAsO and SmFeAsO
for different Ru content. It is found that, the shape of the electron bands are
similar for both systems LaFeAsO and SmFeAsO. There is a difference in the
hole bands near Ef along I'-Z direction for both system. But the height from
I'-Z direction for SmFeAsO is changed. It is not flat. This dispersion may re-
sult in changing the superconducting behavior of the system.

The number and size of electrons band is not changed (at M) with Ru substitu-
tion but the size of hole band is changed for both systems at the I'- point. This
may indicate that Ru substitution does not introduce additional electrons or
the band filling is unchanged.

From the simulation outputs we compared the energy of each band at I' and
Z points for the hole bands and at M and X point for electron bands. The elec-
trons band at M and X point have the same energy value for each substitution.
But the energy change AFE with respect to the Fermi level is higher for whole
band than electrons band for different Ru substitutions. We also noticed that

Ru changes the Fermi level Er linearly.

5.3.3 DOS

The Density of State(DOS) for variety of Ru substitution (x=0, 0.25, 0.50, 0.75,
1) is plotted as shown in Fig (5.5) and (5.6) on the parent compound LaFeAsO
and SmFeAsO.

The highest peak for all x in LaFe;_,Ru,AsO and SmFe;_,Ru,AsO is between
-1 and 0. It is highest for x = 0.25 and lowest for x = 1.

The height of the peak is greater for SmFeAsO than LaFeAsO around -0.5. But
in the other region the DOS value is higher for LaFeAsO.

We compared the total DOS of the two system for different Ru substitution. It
is shown that at 0.25 and 0.75 there is an additional peak around Er in only
SmFeAsO system.

The shape is similar for all Ru substitution in LaFeAsO but in the case of
SmFeAsO, it is different at x=0.25 than the rest. This could be the strong
localizing effect of Ru. The effects are more pronounced for SmFeAsO system.
A typical behavior at x=0.25 was shown by an experiment, where there is a
static magnetic moment[62]

In the figure (Fig 5.5 and Fig 5.6), the total DOS is reduced with increasing Ru
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(a) x=0 (b) x=0.50

(c) x=0.25 (d) x=0.75

(e) x=1

Figure 5.3: Band structure for LaFe, ,Ru,AsO. One can clearly see the hole
bands at I' point and electron bands at X point
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(c) x=0.25 (d) x=0.75

(e) x=1

Figure 5.4: Band structure for Sm#Fe;_, Ru,AsO
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content for both systems, comparing (x = 0, 0.50, 1). The same reduction is
seen for x=0.25, and 0.75. But it has a constant value of 0.60 states/cell/ev
with in 0.15 to 0.4 ev of Er for only SmFeAsO.

30

25

20

15

DOS(state/cell/ev)

10

Figure 5.5: Comparison of the total DOS for Lallll(the Fermi level Er is at
Zero energy)
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Figure 5.6: Comparison of the total DOS for Sm1111(the Fermi level Er is at
Zero energy)

5.3.4 Fermi surface

In the figure (Fig 5.7 and Fig 5.8) we present the Fermi surface of La(Sm)FeAsO

systems at Ru = 0 and, Ru = 0.50. From the figure of the band structure we
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(a) x=0 (b) x=0.50

Figure 5.7: Fermi surface for SmFe;_, Ru,AsO, x=0, and x=0.50

(@x=0 (b) x = 0.50

Figure 5.8: Fermi surface for LaFe;_,Ru,AsO, x =0, and x = 0.50
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can see that there are bands that cross the Fermi level and this yields multi-
sheet Fermi surfaces. The FS includes electron-like cylinders in the corners of
the Brillouin zone and the hole-like cylinders along the I'-Z line. All Fermi sur-
faces for electron and hole are cylinder like, that confirms the two-dimensional
character of electronic states, already reported for pnictides.

We found that, as already reported for LaFeAsO, the FS includes three holes
and two electron cylinders. As a result of substitution the hole cylinder is
affected than the electron cylinder and it becomes small for 0.5Ru substi-
tution. Upon substitution, the electron-like cylinders are not changed while
hole-like cylinders are changed in shapes. The cylinder become more thin for
SmFeAsO than LaFeAsO. This indicates the effect of Ru is more for SmFeAsO
than LaFeAsO.

(@) x=0 (b) x=0.25 (c) x=0.50

(d) x=1

Figure 5.9: Fermi surface shifting (Nesting behavior) SmFe;_, Ru, AsO
(x=0, 0.25, 0.50,and 1)

We shifted the electron-like cylinders from M point to the gamma point to com-
pare with the size of the hole cylinders(Fig. 5.9). That means to see the nesting
between the electrons and holes cylinders in the parent compound. The re-
sulting figures show that the gap between the hole and electron-like cylinders
is increased except for 0.5 Ru substitution in SmFeAsO. For 0.25 substitu-
tions the difference becomes very large. This may be the cause for inducing a
static magnetic moment, which is observed by an experiment[62].

In 0.5 Ru substitution for SmFeAsO, the second hole cylinder nearly matches
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with the first electron cylinder and so nesting can happen. We also observed
that for over doped region where Ru=1, the last hole like cylinder is nested
with electron like one. This effect may lead to nesting that may be explained
in terms of SDW instability in SmFeAsO.

5.3.5 LnFe_,Ru,AsO,_,F,

On the top of all we are interested to see the effect of Ru on the supercon-
ducting compound LnFe;_,Ru,AsO;_,F, (y =0.11 and y = 0.15 for Ln = La and
Ln = Sm respectively). We compare the effect of Ru with the following trick.
We integrate the total DOS and we get its value at the Fermi level. We add
0.11 and 0.15 (twice for double cell) per atom and we get another value. The
difference is used for obtaining the Fermi surfaces.

The following figures(Fig 5.10, and Fig 5.11) are shown for comparison in the
change of the Fermi surface for La and Sm based alloys. It show a disappear-
ance of hole bands for SmFeAsO than LaFeAsO

It is clearly seen that the hole bands are disappeared or reduced for Sm based
than La based. This may be the reason for the highest Tc measured Sm based

alloys.

(@) x=0 (b) x=0.50 (c) x=0.25

(d) x=1 (e) x=0.75

Figure 5.10: Shifted Fermi surfaces for LaFe;_, Ru, AsOggoFo.11
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(@) x=0 (b) x=0.50 (c) x=0.25

(d) x=1 (e) x=0.75

Figure 5.11: Shifted Fermi surfaces for SmFe;_, Ru,AsOys5F0.15

Comment on T
We calculated Ts based on McMillan equation(eqn. 1.3) and using the Debye
temperature(dp = 319Kk) suggested in ref. [69]. We incorporate the density of

state to calculate i*, in the equation,[ref. in [69]],

N(E
W= 0.131+(T(F£3F).
We found that T¢ = 39K for SmFerAsOqg5Fy15 when A = 2, where the exper-
imental value is 56K. This implies that lambda should be higher to increase
Te. So we conclude that in this system the pairing potential is very strong or
the system is strongly correlated.
Applying the same procedure for LaFexrAsOgs9Fy11, superconductivity higher

Tc can be found for strong pairing potential(\ > 0.7).
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5.4 Conclusion

We make a calculation and simulations to obtain a band structure, DOS, and
FS with QE and Fleur codes. We reproduce different shapes to see the effect of
Ru substitution at Fe site around the Fermi level. Experiment show that both
electron and hole doping induces Superconductivity in LaFeAsO. But here the
calculation reveals that(Fig.5.3, 5.4), electrons band at M point is almost not
changed, where as the hole band is changed. So we think this change in hole
band is the real effect of Ru. Superconductivity in such system may not be
due to addition of electrons and may not be explained by pair breaking effects.
The highest peak for 0.25 Ru substitution in SmFeAsO indicates that the sys-
tem is close to the magnetic instability. At this amount of substitution the gap
between hole cylinder and electron cylinder is large. The larger separation ob-
served in 0.25 Ru may dominate the localized property that may be the reason
for a static magnetic ordering. This is in agreement with SR experimental
report on oxygen doped compound [62] that shows a spontaneous magnetic
order at x = 1/4 for SmFe,_,Ru,AsO,_,F, (y = 0.15)

The two-dimensional characteristics of the electronic states are shown from
the cylindric shaped Fermi surfaces. Nesting can occur on 0.50 Ru substi-
tution where the second hole cylinder coincides in size with the first electron
cylinder. Superconductivity and the coexistence with Magnetism can occur
around 0.5 Ru substitution. This may be a state for itinerant magnetic in-
stability or a system may go away from magnetic instability in the over doped
region. We predict the occurrence of coexistence between SC and M in this re-
gion between 0.25 Ru and 0.50 Ru. Comparing Fig 5.10 and Fig 5.11, which
was obtained for F = 0.11 and F = 0.15, indicates that T is related to changes
in the hole bands.

In general, Ru substitution is more sensitive for Sm based compound than for
La based compound. So the enhancement of Superconductivity and the inter-
play with magnetism may not be explained in the same way in both LaFeAsO
and SmFeAsO. On the top the effect of Ru is in changing hole bands.
Calculation for T indicates that superconductivity can be achieved only for a
strong paring potential, which can not be explained by BCS type pairing, in

agreement with experimental reports.
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