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ABSTRACTS

A proper and accurate definition of the structural, magnetic, electronic phase boundaries and
phase diagrams provides an extremely powerful tool to study commensurate magnetism and
superconductivity in electron-doped barium iron arsenide superconductor. In this research work,
the theoretical investigation of the coexistence of spin density wave and superconductivity in
direct electron-doping at the Fe site with Co,(Ba (Fe1-xCox) 2 Asz)has been made. We consider the
interplay between superconducting (SC) and commensurate spin-density-wave (SDW) orders in
iron-pnictides to answer, the questions such as what is the phase diagram of cobalt doped
barium iron arsenide(Ba (Fe1xCox) 2 As2)?, what is the graph of commensurate magnetism and
superconductivity in cobalt-doped barium iron arsenide superconductor?, and etc. By
developing a model Hamiltonian for the system and using diagonalized Bogoliubov
transformation, We have found mathematical expressions for superconducting order
parameter(4sc) as a function of superconducting transition temperature(Tc), magnetic order
parameter(Aspw ) as a function of spin density wave transition temperature (Tsdw), and spin
density wave order parameter(Aspw ) as a function of superconducting transition
temperature(Tc). The phase diagrams of superconducting transition temperature versus
superconducting order parameter, spin density wave transition temperature versus spin density
wave order parameter and superconducting transition temperature versus spin density wave
order parameter have been plotted. By combining the two phase diagrams of spin density wave
transition temperature versus spin density wave order parameter and superconducting transition
temperature versus spin density wave order parameter, we have obtained a phase diagram which
shows the possible coexistence of spin density wave and superconductivity in (Ba (Fe1-xCox) 2
Asy). The commensurate SDW order appears below the structural transition temperature and SC
coexists with SDW order in under doped region. The commensurate SDW order changes into
transversely incommensurate SDW order that coexists and competes with superconductivity. The
coexistence phase between SC and (in) commensurate SDW orders does exist at lower
superconducting transition temperature (Tc). The commensurate SDW order appears below the
structural transition temperature and SC coexists with SDW order in under doped region. Near
optimal superconductivity, it has been shown that the commensurate SDW order changes into
transversely incommensurate SDW order that coexists and competes with superconductivity.



Table of Contents

ACKNOWLEDGMENTS ...ttt ettt e a ettt b st e st sbe et e s bt eat e besbe et e sbeeabesbesaeebens iii
A B S T R AT S et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaaeaens iv
L INTRODUGCTION ..ottt sttt et b e s h e st s et e et e e be e sbeesatesatesabeeabeebeesbeesaeesaeeentean 1
1.1 Background OF the STUOY .......cc.eveieirieirerereeee ettt st b b sbennen 1
1.2 Statement Of the ProblEM ........oo e e e e ra e e e e ae e e e eareeas 5
1.3 ObjJectives Of the STUAY .....ccoccuieiiiciic et stre e e e s e e e et a e e e e abeee e eeabaeeeenreeas 6
TN A 1= o 1T = 0 o Y=ot 1Y SRR 6
R T Y oY= ) ol @] =T 4 V7T PSPPI 6

2. REVIEW OF RELATED LITERATURE ......oiiitittetetestese ettt ettt sttt ettt st s 7
2.1. 1ron Based SUPEICONTUCTON ........couerueieuieiieieriesiestet ettt ettt b b sttt ese s bt 7
2.2. 122’ Family Bases SUPEICONUUCTONS ........eeiiiciieeeieiiieeeeciteeeeette e e eeite e e e ette e e e erteeeeebaaeesebtaeeeessneasannes 8
2.3. Crystal Structure and Magnetic Order for Iron-based superconductors..........ccccecvveeeecieeeeccvieeeenns 9
2.4 Commensurate SDW and SUPercoNAUCTIVITY.......ccccueiiieiiiieeciiiee e e e e e aae e e e aaee e 11
2.5 Phase Diagrams for Iron based SUPercoNdUCLOrS........covcviiiiiciiieeiciiee ettt e e e saree e 13
2.6. Electron Doped Barium Iron ArSENIde .......ccocciiiiiiiiiieecciieecccitee sttt e e e e e s saae e e esaaeeeens 14
D2 A =X i (= Tot (o)l =1 [<Yor { (oY o T D 1o T o1 1o V-SSR 15
B o T =Y o ol Yo To T o Yo PP 17
B U 1 Vo 1Y B To T o1 V- PP 17
S T O T4 [a g F- |l B L] o1 o =0 RPPRRN 18
2,74, OVEI DOPING cueieriiiiieetiiiiiiitteee e e e s sseittteeeeessssstbbrateeeesssssaabaraeeeessssssssbtaaaeessssnssssreaeeeessssnssssreeeeees 18

3. MATHEMATICAL TECHNIQUES ...ttt sttt s s 19
3.1 MOdel HAMIIEONMIAN ...ttt ettt sttt e b e s bt e s aeesateebeesbeesbeesaeenas 19

................................................................................................................................................................ 20
3.2.1. The Order Parameter of SUpPercoNduCtiVIty.......cccccouveiiiciiiiiciee e 20
3.2.2. The Order Parameter of Spin Density Wave (SDW)......cccueeiieeecieeeiieeciee ettt evee e 25
3.2.3. The Order Parameter of Superconductivity and Spin Density Wave (SDW)........ccccceeeecveeeenes 28

4. RESULT AND DISCUSSION ..ottt ettt et ste st eeesae et e stesseetesteeneensesneensesneeneas 31
5. CONCLUSION ... ettt ettt ettt e st e e s teeat et e s st e eesbe e st eeesaeenteaseentensesseensenseeneensesseensessesneans 35
BIBLIOGRAPHY ...ttt sttt sttt st b ettt sbe et e s bt e st et e eae et e sbe et e nbeebeenbesaeenes 36



Table of figures
Figure 1.1: Vanishing of electrical resistivity below a critical temperature Tc, discovered in

mercury by KamerlinghOnnes iN 1911 ........ccoiviiiiiiiice e 1
Figure 1.2: A comparison of the response of a perfect conductor and a superconductor to an

applied Magnetics fEld. ..o 2
Figure 1.3: The formation 0f @ COOPET PAIT. .......cviiiiiiiiiiiiieie e 3
Figure 1.4: Phase diagram of type | and type Il superconductors .........ccccecevveviveiesiieseene s 3
Figure 1.5: Evolution of critical temperatures of superconducting materials with time ............... 4
Figure 2.1: Five crystal structures of the iron-based superconductors ...........cccccvcvevevieereere s, 8

Figure 2.2: Schematic diagram illustrates the crystal structure of (Ba (Fe1xCox) 2 Asy) in the

TELrAGONAI STALE. ...o.veeieceee ettt e nte e reareenreere s 9
Figure 2.3:Diagram of the crystal structure of (Ba (Fe1-xCox) 2 As2) in the antiferromagnetic state

and Crystal structure of the Ba122 parent COMPOUNG...........ccoveiirriiriirinesiniseeee e 10
Figure 2.4 Schematic diagrams of Fermi surface Nesting..........ccccovevveieiiieciicie e 11
Figure 2.5 Example of a commensurate AFM order and an incommensurate AFM order. ......... 12
Figure 2.6 Experimental phase diagram for (Ba (Fe1xCox) 2 As2) showing commensurate (C) and

incommensurate (IC) antiferromagnetic order DEIOW TN. ....coveiviiiiiiiiii e 13
Figure 2.7: Temperature T vs doping x phase diagram of 122 type Co doped BaFezAs.. ........... 16

Figure 4.1 Phase diagram of superconducting order parameter (Asc) Vvs. superconducting
transition temperature (Tc) for (Ba (Fe1.xC0x) 2 AS2) SUPErCONAUCEON .........oovevrrinreerirrereeinienes 32

Figure 4.2 Phase diagram of magnetic order parameter (Aspw) VS. magnetic transition
temperature (Tspw) for (Ba (Fe1xC0x) 2 AS2) SUPErCONAUCTON. ......cvveveneeeeiereeierieieeseeeesee e 32

Figure 4.3 Phase diagram of magnetic order parameter (Aspw) VS. superconducting transition
temperature (Tc) and the transition between commensurate and incommensurate SDW phases for

(Ba (Fe1-xC0x) 2 AS2) SUPEICONAUCTON. ...vuvvverieiieietereesieie ettt ese e snes 33
Figure 4.4: Diagram of superconducting transition temperature (Tc), magnetic transition

temperature (Tspw), Versus magnetic order parameter (ASDW). «...eoeeveeeereererseeseeseeseeseesseseenes 33
Table 2.1: Spin Resonance Energies in the Co doped Fe-Pnictide. .......cccocvvvevviceiieceenenn, 17

Vi



CHAPTER 1

1. INTRODUCTION
1.1 Background of the study
Superconductivity is a phenomenon in which the electric resistivity suddenly drops to zero at a
particular temperature i.e. at critical temperature Tc. It was first discovered in 1911[1] by Heike
Kamerling Onnes and his collaborators. While studying the electrical resistance of mercury [2] at

low temperatures, they observed that the resistance sharply dropped to zero at a temperature

of4.2K

I
I
1
= I
\‘.A’ P !
o 0.06 - "
I
r 1
0.03 | I N
| 105 Q !
L \ 1
0.00 . ap . -
4.0 41 4.2 43 4.4
T (K)

Figure 1.1: Vanishing of electrical resistivity below a critical temperature Tc, discovered in

mercury by Kamerlingh Onnes in 1911. The image is taken from [3].

W. Meissner and R.Ochsenfeld (1933) discovered that when a superconductor is cooled below

the transition temperature under an applied magnetics field, the applied field is excluded from the
= 0 throughout its interior [4], excluded by

bulk of the superconductor, so that B
superconducting screening currents at the surface. This property of the superconducting state is

known as the Meissner effect.
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Figure 1.2: A comparison of the response of a perfect conductor and a superconductor to an
applied magnetics field. When they are cooled below their critical temperatures, the magnetic
field within the perfect conductor doesn’t change, but the magnetic field within the
superconductor is expelled (Meissner effect).

In1935, London theory was constructed by two brothers Fritz and Heinz London to understand

the behavior of superconductors in electromagnetic field [5].

The Meissner effect does not cause the field to be completely ejected but instead the field
penetrates the superconductor over a very small distance A, called the London penetration

depth, and is decaying exponentially to zero within the bulk of the material.

The first successful theory to explain the microscopic mechanisms of superconductivity was
proposed by John Bardeen, Leon Cooper, and Robert Schrieffer in 1957[6, 7], now known as the
BCS theory. The main point of the BCS theory is the formation of Cooper pairs. An electron
moving through a conductor will attract nearby positive charges in the lattice. This deformation
of the lattice causes another electron, with opposite momentum and spin, to move into the region
of higher positive charge density. This looks like one electron attracts another electron through
the lattice vibration, which can overcome the Coulomb repulsion, and then two electrons become
correlated. Individual pairs are not stuck together forever. They are constantly breaking and
reforming. Individual electrons cannot be identified, so rather than consider them to be

dynamically changing pairs; they may be considered as permanently paired.
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Figure 1.3: The formation of a cooper pair: A passing electron attracts the positive charged ions
of the lattice, causing a slight ripple in its wake. Another electron passing in the opposite

direction is attracted to that displacement.

Superconductors can be type | and type 11 according to their behavior in a magnetic field. In type
I superconductors, when the strength of the applied field rises above the critical value the
superconductivity abruptly destroyed. In type Il superconductors, raising the applied field
beyond a critical value Bcl lead to a mixed state in which increasing amount of magnetic flux
penetrates the material, but there remains no resistance to the flow of electrical current. At the

second critical field Bc2, superconductivity is destroyed [54].
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Figurel.4: Phase diagram of type | and type Il superconductors

Copper-based superconductors discovered [8] in 1986 by Bednorz and muller. They discovered a
lanthanum cuprate (LaBaCuO) superconductor with critical temperature 35K. Not much later,
lanthanum was replaced by yttrium (YBaCuO), raising the critical temperature up t092 K. This

was an important breakthrough because the now much cheaper liquid nitrogen could be used as a

3



coolant. Liquid nitrogen has boiling point of 77 K at atmospheric pressure. Since then many new

cuprates have been discovered.

For long time the cuprate dominated the field of high temperature superconductors. This changed
in 2006 by Hideo Hosono and co-workers when superconductivity was found in an iron-based
superconductor LaFePO1xFx at 4K [9]. But the iron-based superconductors gained much greater
attention 2008 when a new iron-based superconductor LaFeAsOi.xFx was found to
superconductor at 26 K [10]. Moreover by applying pressure the critical transition temperature

could be increased up to 43 K [11].Superconducting materials may be cast in two categories:

“Conventional” superconductors: Materials such as the elements, NbTi, and NbsSn alloys.
“Unconventional” superconductors: Including the cuprate superconductors, heavy fermion
superconductors (e.g. CeCuzSi2, CeRhlIns, URu2Si2, etc.), some organic compounds (e.g. Lao-

xSrxCuOs, YBa2Cus0y, etc), and now the FeAs-based superconductors.

Hundreds of superconducting materials are known, including more than half of the known

elements, a lot of intermetallic compounds, organic, spinel and perovskite compounds.

200 e O T S e
HgBaC:CuO @ 30 GPa
150
TiIBaCaCuO % o HgTiBaCaCuO T
BiSrCaCuO HgBaCaCuO the Moon
100 < L d
YBaCuO S

nitrogen
FeAs -
o

o

Cs,C.,
@ 1.4GPa MgB, Bt

A @
RbV of Piuto
LaBaCuO
e - Liqusd
Nbece BKBO neon
=3 =
20 Nb,S.n A YbPd,B.C F-'UCOGas Liquid

Temperature (Kelvin)
b
Q

hydrogen
NbNY V. Si KiCeo Li @33 Gra®AcNT
- PurfGa. /AR
UBe upPd_Al 1 YbC Libquid
o CeCugSi, Ut e ————cne g >/ Miamont I netum
1900 1940 1985 1990 1995 2000 2005 2010

Year

Figure 1.5: Evolution of critical temperatures of superconducting materials with time [12].

One century has passed since the discovery of superconductivity. During this period, many new
superconductors were found and considerable progress in theory was made. Until now,

superconductivity is one of the most actively studied field in the solid state physics and attracts



immense experimental and theoretical efforts. Superconducting properties can make them useful
for many possible industrial applications, such as making the magnets in magnetic resonate
imaging machines (MRI), magnetic-levitated trains and power transmission without energy loss
from heat. One obstacle of using these superconductors is that one needs to cool down the
material to very low temperature, which has a high cost economically. Superconductors can
conduct electricity without energy loss and thus have important applications. Under normal
conditions (for example, at room temperature), metals such as aluminum and copper can conduct
electricity, but they all have some electrical resistance. When a voltage is applied to a metal,
electrons move in a certain direction and current forms. It is inevitable that a moving electron
hits other objects, like impurities (no material is absolutely pure) or other electrons. Then the
energy will be lost as these collisions convert electron energy into heat. Resistance is the quantity
that characterizes the energy loss. Superconductors have exactly zeroed electrical resistance.

1.2 Statement of the problem
There were a number of problems in the study of superconductivity. Among those problems high

temperature superconductivity is the principal.

e The study will be raises the following basic question.

e Why are the FeAs-based superconductors interesting to study?

e What is the effect of electron doped barium iron arsenide (Ba (Fe1-xCox) 2 As2)?

e What is the phase diagram of cobalt doped barium iron arsenide (Ba (Fe1-xCox) 2AS2)?

e What is the graph of commensurate magnetism and superconductivity in cobalt-doped
barium iron arsenide superconductor (Ba (Fe1-xCox) 2 As2)?

e What is crystal structure of cobalt doped barium iron arsenide (Ba (Fe1xCox) 2 As2)?



1.3 Objectives of the study

1.3.1 General Objectives
The major objective of this research was:

e To study the commensurate magnetism and superconductivity in electron-

doped barium iron arsenide super conductor (Ba (Fe1xC0x)2As?).

1.3.2 Specific Objectives
The research would be able to:

e Understand evolution of critical temperatures of superconducting materials with time.

e Develop the model Hamiltonian based on observing electronic structure in system.

e Obtain mathematical expressions of superconducting critical temperature,
superconducting order parameter, the magnetic order parameter and transition
temperature and also studying the relation between parameters from which we solve for
transition temperature and doping parameter.

e Draw the graph, depending on the relation between superconducting critical temperature,
superconducting order parameter, and the magnetic order parameter and transition

temperature.



CHAPTER 2

2. REVIEW OF RELATED LITERATURE

2.1. Iron Based Superconductor
Iron-based superconductors started with the discovery of superconductivity at 4 K in LaFePO in

2006, and great interests have been drawn since 2008 when discovery by Hosono et al. of
superconductivity in the electron-doped LaOFeAs (Lallll) at 26 K [15]. Since then, enormous
researches have been done on the materials, with Tc reaching as high as 55 K Critically
important feature of the Fe-based superconductors is a material having finite conductivity as the

absolute temperature T approaches zero kelvins [39].

There are various types of iron based superconductors, which can be divided into two major

categories:

e |ron pnictides(P,As) and

e Iron chalcogenides(S, Se, Te).

These categories can be further divided into several families of compounds based on their
chemical formulas and crystal structures. All structures of iron-based superconductors share a
common layered structure based upon a planar layer of iron atoms joined by tetrahedrally
coordinated pnictogen or chalcogen an ions arranged in a stacked sequence separated by alkali,
alkaline earth or rare earth and oxygen/fluorine "blocking layers." The electronic properties of
iron pnictides show a more metallic behavior than iron chalcogenides, and also suffer less from
the disorder effect of iron interstitials or vacancies [13]. Iron-based superconductivity has been
found in compounds like LnFeAsO (Ln=La,Ce,Nd,Pr,Sm...) and AFeAsF (A = Ba, Sr...),
AFe;As; (A=Ba,Sr...) and KFezSe;, AFeAs (A=Li,...), FeSe(Te) and SrsV20eFe2Asy[14]. It is
now common to classify iron-based superconductors in to several structural families, dented
shortly by the stoichiometric ratios of chemical constituents in their un doped parental
compounds, “11” for binary iron-chalcogenide compounds like FeTe or FeSe, “111” for the

originally discovered RFeAsO(R-rare earth), “122” for AFe>Asz(A-alkali metal) and other[40].
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Figure 2.1: Five crystal structures of the iron-based superconductors. All these structures share
a common layered structure based upon a planar layer of iron atoms(red) joined by
tetrahedrally coordinated pnictogen (P, As) or chalcogen (S, Se, Te) anions(gold)[16].

2.2.122’ Family Bases Superconductors
The 122 family compounds have the well-known ThCr.Si; type structure, the first member of

this family, BaFe2As, compound, was quickly discovered by Johrendt’s group. The study of Fe-
based superconductor is one of the most fruitful fields of present research in superconductivity.
M. Rotter et al. proposed BaFe2As; as a potential new parent compound based on the similarities
between BaFe;As; and LaFeAsO. There are several compounds of ‘122’ Family Bases
Superconductors. Among the 122 system, BaFe>As, appears as the prototypical iron pnictide
compound as superconductivity can be induced either by substitution on the iron site (electron
doping by Co or Ni [17-19]; isovalent substitution by Ru [20, 21]), substitution on the Ba site
(hole doping by potassium substitution [22]) or substitution on the As site (isovalent phosphorus
substitution [23-25]) (more references can be found in the paper of Martinelli et al. [27]). This
provides an exceptional playground to study the different modifications of the electronic
structure and their consequences on the transport properties. Albeit less studied, all these
substitutions are also possible in the SrFe,As; family and display a lot of similarities with the
behavior observed in the BaFe,As, family. The most studied and probably the largest numbers of



superconductors are in the 122 family which are made up of combination of metallic alkaline

earth (Ba, K, Ca, Sr...) transitional metal (Fe,Co,Ni...) and pnictogen(As,P).

The nature of iron based superconductors surprises everyone (who knows it) by bringing
together two incompatible phenomena, superconductivity and magnetism, into coexistence [41].
Due to this fact it attracted a lot of experimental interest and theoretical calculation of this age
[42, 43]. The knowledge of superconducting mechanism in iron-based superconductors is very
crucial to analyze the lattice structure, magnetic ordering, spin fluctuations and pairing
mechanism of superconductors [44]. This is because of not only for with even higher transition
temperature than cuprates but also they allow one to potentially understanding of the essential in

gradient of high-temperature superconductivity [45].

BaFe,As,

Figure 2.2: Schematic diagram illustrates the crystal structure of (Ba (Fe1-xCox) 2 Asy) in the

tetragonal state. Lattice vectors are shown by red arrows.

2.3. Crystal Structure and Magnetic Order for Iron-based superconductors
Similar to cuprate materials, Iron-based superconductors crystallize in layered crystal structures.

The parent compound BaFe;As; consist of iron atoms sandwiched between arsenic atoms with
barium filler layers in between fig 2.3a depicts the tetragonal BaFe,As > unit cell. It consists of
two iron-arsenic layers, with two iron and two atoms in each layer, and two barium atoms. As
illustrated in figure 2.1 for the four main classes of Iron-based materials, these layered crystal

structures are organized in an alternate stacking of Fe2As;-layers and layers containing the other



elements of the composition. The only exception is the 11 family materials. Here, the Fe2As; -

layers are substituted by Feo(Se/Te)z-layers, in the absence of additional buffer layers.

The orthorhombic unit cell is tetragonal rotated 45° around the c-axis and stretched so the barium
atoms create an FCC instead of the BCC seen in fig. 2.3b. The lattice constant for the parent

compound is a=b=3.96A and c=13.0A [46] at room temperature.

When cooling BaFe »As » it simultaneously under goes structural transition from tetragonal to
orthorhombic and becomes AFM ordered. The magnet coupling is ferromagnetic in the (a,-b, 0)
and antiferromagnetic in the (a, b, 0) and (0, O, c) directions as displayed in figure 2.3a. The
AFM ordering vector is QAFM= (12, 12, L) where L is odd [46].

(b) BaFe.,As,

® o
[ ] » ¢
e | a ' -

Figure 2.3: (A) Diagram of the crystal structure of (Ba (Fe1.xCox) 2 As) in the antiferromagnetic
state. The magnetic moments on the iron sites point in the a-direction, and align antiparallel
along the longer a-axis, and parallel along the shorter b-axis. (B) Crystal structure of the Ba122
parent compound (space group l4/mm). Green is barium. Red is iron. Black is arsenic. The
lattice parameters are: a axis is 3.9625 A, ¢ axis is 13.0168 4, dFe—Fe 2.802 A, dFe—As 2.403

A. Cobalt doping will replace an iron atom. Figure reprinted from Rotter et al [64].

Electronic and magnetic nematic degrees of freedom are believed to be associated with the origin

of structural transitions and their interplay with magnetism in 122- systems.
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Orbital ordering drives the structural transition and induces magnetic anisotropy, thus triggering
the magnetic transition [29-31];

Magnetic fluctuations drive the structural transition and induce orbital ordering [32].

The structural transformation temperature Ts can be reliably ascertained by diffractometric
analysis carried out as a function of temperature; in particular for 122-type compounds a
selective Bragg peak splitting marks the symmetry breaking. Conversely, no anomaly can be
detected on crossing Ts by optical measurements [33, 34], since no displacive optical mode is

involved.

Since anti-ferromagnetism in the FeAs-based superconductors originates from conduction
electrons that also form the Cooper pairs below Tc, it is intriguing that superconductivity and
anti-ferromagnetism compete for the same electrons which were not expected, especially when it

is known that the magnetism is generally detrimental for superconductivity.

2.4 Commensurate SDW and Superconductivity
The parent 122 compounds exhibit a commensurate SDW order. Taking one electron and one

hole pocket, If the size of electron pocket (blue) and hole pocket (red) are the same, they nest
perfectly as shown in Fig. 2.4 (a) and results in a commensurate SDW order with QAFM. When
the shapes of electron and hole pockets are different but two pockets have the same size in one of
the directions as in Fig. 2.4 (b), it still results in a commensurate AFM order. However, when the
sizes of electron and hole pockets are different as in Figs. 2.4 (¢) and (d), the nesting becomes
imperfect with a commensurate SDW vector QAFM that causes a shift of the Fermi surface for

more nesting and results in an incommensurate SDW order with 1 = QAFM+~¢.

@) (b

O

Q)

() «d

@

Figure 2.4 Schematic diagrams of Fermi surface nesting. Hole (red) pockets are shifted by
QAFM. (a) Perfect nesting between electron (blue) and hole (red) pockets. (b) Imperfect nesting

11



due to different shapes of electron and hole pockets. In one direction (from lower-right to upper-
left), both sides of electron and hole pockets are partially nested. (c) Imperfect nesting due to
different sizes of electron and hole pockets. The hole pocket is shifted with ¢ for more nesting. (d)
Imperfect nesting due to different sizes and shapes of electron and hole pockets. The hole pocket

IS shifted with ¢ for more nesting.

The directions of spins alter on each site but the periodicity (black solid line) matches with the
periodicity in the crystallographic structure (red dashed line). One example of an
incommensurate AFM order is that the varying magnitude of the spins (the periodicity) does not

match with the periodicity of the crystallographic structure as in Fig. 2.5 (b).

Figure 2.5 (a) Example of a commensurate AFM order. (b) Example of an incommensurate AFM
order. The arrows indicate spin directions. The crystallographic (red dashed) and
antiferromagnetic (balck solid) periodicities are displayed with sinusoidal lines. Two lines are
overlaid in (a) but not in (b).

The nature of magnetism in under doped region in FebSCs is an intensively studied topic, due to
its comp with superconductivity and the possible relation with the pairing mechanism. In the
early time of discovery of FebSCs the nature of magnetic order had been in debate. Most recent
studies have indicated the commensurate SDW order in several systems including the parent
compounds and doped compounds. The reports support the idea that superconductivity in iron
based materials can be induced via electron or hole doping or pressure. Experiments on doped
Bal22 FebSCs confirm that the commensurate SDW order appears below the structural
transition temperature and SC coexists with SDW order in under doped region. Although these
results indicate that the static SDW order competes with SC, it remains unclear during the

discovery whether the SDW order truly coexists microscopically with superconducting regions.
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Near optimal superconductivity, it has been shown that the commensurate SDW order changes

into transversely incommensurate SDW order that coexists and competes with superconductivity.

(a).
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Figure 2.6 Experimental phase diagram for (Ba (Fe1-xCox) 2 Asz2) showing commensurate (C) and
incommensurate (IC) antiferromagnetic order below Tn. Tetragonal (Tet) and orthorhombic
(Ort) phases are separated by the phase line at TS. Superconductivity (SC) appears below Tc

and can coexist with both commensurate (C/SC) and incommensurate (IC/SC) magnetic order.

The nematic and orbital fluctuations are being observed at the phase boundary between the
magnetic and SC phases in some FebSCs. This case has been considered experimentally and the
conclusion was that the transition from the SDW to SC phase is always of first order, regardless
of shapes of the Fermi pockets or the shift of chemical potentials.

2.5 Phase Diagrams for Iron based Superconductors
The magnetic order sets in after the crystal structure has made a transition from tetragonal to

orthorhombic symmetry. In the 11-materials both phase transitions, magnetic and structural,
occur simultaneously at the same temperature whereas for the 122-class the two transitions start
to separate for higher doping concentrations. For 1111-class even the un doped materials exhibit
a temperature difference of up to 20K between the structural and magnetic transition. Doping the

system with foreign atoms is one method to suppress the magnetic order and eventually induce
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superconductivity to the system. The doping can be conducted in several different ways, as
basically all elements of the material can be replaced by foreign atoms. Depending on the
introduction of these foreign atoms, they absorb or emit electrons from or to the system. Thus,
the doping is referred to as either hole- or electron-doping. Increased doping concentration leads
to a continuous suppression of the magnetic and nuclear transition temperatures which is
accompanied by a continuous reduction of the ordered magnetic moment and orthorhombic
distortion of the crystal structure. As soon as the long range order is suppressed, the system
becomes superconducting and aside for a small phase present in 122-families the

superconducting phase is related to a tetragonal crystal structure

2.6. Electron Doped Barium Iron Arsenide
The highest Tc is achieved when magnetism is completely destroyed or at least strongly

hindered; this can usually be obtained by electron- or hole-doping, but in some cases

superconductivity can also emerge by applying pressure.

Barium Iron Arsenide can be electron doped by Co and Ni Ba (Fe 1.x (Co, Ni)x )2 As 2.lron is
ferromagnetic transitional metal whose electronic confugration is Fe:3d%4s2[47]. The iron 3d
eectrons are responsible for the low laying electronic structure [48] and this 3d electrons are the
conduction electrons[49]. The electron play a big role in superconductivity[50]. The study for the
iron-based superconductivity is one of the particular interast becouse Fe?* ions have magnetic
moments wich are generally believed to be detrimental to superconductivity, and the discovery
of high- Tc superconductivity in iron pnictides has over turned this view point and opens a new
directions for exploring new superconductors [51]. Compare to Fe?* ion, Co?* (3d") has one more
3d electrons, but Ni%* ion (3d®) has two more electrons. Then it is expected that each Ni dopant
induces two extera itinerant electrones while each Co dopant only induces one extra itinerant
electron. Thus the fact that the optimal doping contant of Ni is only about half of that of Co can
be understood. Actually both Ni doped and Co doped system show muxmum Tc at the same
effective doping level [52]. A discovary of suerconductivity in BaFe>As, under electron doping ,
by substitution of Fe atoms by Co and Ni forming Ba(Fe1-x(Co,Ni)x)2As2 has been at low cobalt

and nickel concentrations.
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2.7. Effect of Electron Doping
One of the ways of achieving superconductivity in FebSC materials is via electron/hole doping.

In the undoped state, the 122 compound exhibits simultaneous structural and magnetic phase
transitions below 140K, changing from the high temperature paramagnetic tetragonal phase to
the low temperature orthorhombic phase with the collinear AFM structure. On electron doping
on 122FebSCfamilies the static AFM order is suppressed and superconductivity emerges [39].
From magnetic measurements of single crystals the phase diagram for Co-Bal22 was
established, where the single structural/magnetic phase transition in Bal22 splits with increasing
Co doping. Neutron diffraction experiments on Co-Bal22 confirm that the commensurate AFM
order appears below the structural transition temperature and superconductivity coexists with
AFM order for 0.06 <x <0.102.

Neutron scattering and other experiments on electron doped 122 FebSCs confirmed that
commensurate long range AFM coexist with SC in under doped region. In addition, for electron
doped Bal22 samples near optimal SC, it has been shown that the commensurate static AFM
order changes into transversely incommensurate short range AFM order that coexists and
competes with superconductivity. For the under doped regime commensurate AFM order seems
to microscopically coexist with superconductivity in hole doped 122 compound short range
incommensurate AFM order in K-Bal22 near optimal superconductivity.

Barium has electron configuration [Xe]6s? which favor the Ba?* state, arsenic which the electron
configuration [Ar]3d'%s?4p3favors As®, which means iron is in the Fe?* state with the electron
configuration [Ar]3d® and give 6 electrons to the conducting band. There are several ways to
dope BaFezAs,. In hole doping you can replace Ba®* with K* which gives away one less
electron/creates an extra hole. When you doped BaFe»As; with cobalt you replace the Fe* ion
with the electron configuration [Ar]3d’ which has an extra conducting electron in the d-sell. The
extra electron (holes) the possibility for the electron to pair up and superconductivity can
emerges [53]. An important step to understand superconductivity in Fe-pnictde system is the
determination of the phase diagram as function of doping [66]. A typical phase diagram of an
iron based superconductor in the (T,x) plane, where x upon doping , the spin density wave order
parameter is suppressed and show a metallic antiferromagnetic order, also called spin density

wave, below Ty at x=0[56]. A unique feature associated with the magnetism of this compound is
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structural phase transition (T=Ts) from the high temperature tetragonal phase to the low
temperature orthorhombic phase which always precedes the magnetic ordering (Ts>Tn) as shown
in figure below. Iron arsenide superconductors present a very rich phase diagram displaying
superconducting, anti-ferromagnetic and structural order [57].

Iron substitutions by atoms situated at the right of iron in the periodic table are expected to
electron dope the system. This was clearly evidenced by ARPES measurements [35, 36] which
showed that the areas of the hole bands decrease and those of the electron bands increase upon
Co substitution, contrary to some theoretical proposals [37]. Moreover as shown in Fig. 2.6, the
phase diagrams for these substitutions match with each other if they are plotted as a function of
electron doping, showing unambiguously that each Co atom adds one electron to the bands.
When BaFe>As; is doped by cobalt, the temperature of the SDW transition is observed to
decrease and the SDW eventually disappears completely as the amount of dopant is increased.
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Figure 2.7: Temperature T vs doping x phase diagram of 122 type Co doped (Ba (Fe1xCox) 2
ASQ).

Actually, in BaFeyAs;, the systematic substitution of either the alkaline earth (Ba), transition
metal (Fe) or pnictogen (As) atom with a different element almost universally produces a similar

phase diagram as (Ba (Fe1-xCoy) 2 AS)).
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Table: 2.1. Spin Resonance Energies in the Co doped Fe-Pnictide

Compound Doping Sample Tc(K) Resonance Er/kBTc | Ref.
level(%) Energy(meV)
Ba Fe , Co, |Xx=4% Self-flux 11 4.5 4.9 A
AS, X=4.7% Self-flux 17 ~45 3.2 B
X=5.4% Self-flux 23 ~10 5.2
X=6.8% Self-flux 22.2 8.3 4.5
X=7.5% Self-flux 25 9.5 4.6 E
25 9.6, 10.5* 4.6,5.0
X=8% Self-flux 22 8.6 4.7 G

* Resonances at two wave vectors — Y%, %, 1 and Y%, %, 0 - with different energies.[a]
Christianson et al. (2009), [b] Pratt et al. (2009),[c] Lester et al. (2010), [d] H.-F. Li et al.
(2010), [e] Inosov et al. (2010), [f] Park et al. (2010), [g] Lumsden et al. (2009),

2.7.1 Parent compound
Parent compound are compounds without pressure or doping. The parent compound has no

superconducting transition and the curvatures suggest a normal Fermi-liquid behavior.
Nevertheless, there is quite some physics going on. At around 130 K the resistivity drops
suddenly, identified as the magnetic or spin density wave (SDW) transition [58]. The transition
coincides with a structural transition from a high temperature tetragonal- to a low temperature
orthorhombic- crystal structure. From literature [59, 58, 60, 61] it is known that cobalt doping
lowers the SDW transition temperature, hence the assumption is made that the sample with the

highest SDW transition also the most pure parent compound.

2.7.2. Under Doping
The crystals grown with the lowest doping levels are the x = 0.03 doped samples. These under

doped crystals have a SDW and structural transition, only now they are shifted to lower

temperatures and separated by almost 10 K. [62]

The next doping level is the Bal22 crystal with x = 0.04. Surprisingly, these crystals are from

the same batch as x = 0.03(Co). This was unknown at the time of the measurement, and only
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after EMPA measurements it became clear that, for these low doping levels, apparently, the
crystals outside of the crucible have a substantial higher Co concentration than the crystals
inside.

2.7.3. Optimal Doping

These doping levels have the highest Tc, hence called optimal doped. Superconductivity emerges
with maximum T near the point where T exceeds Tn) (“an optimal doping”)[63]. The first
crystals grown by our own crystal grower Dr. Y. Huang, had a nominal cobalt doping of x =
0.07. The optimal Co concentration was known from literature to lie around x = 0.07. However,
the actual Co concentration in the crystals was unknown at the time of the measurement. Also,
the flux crystal grow conditions were changed by the principal of trial-and-error. As a
consequence, there are a lot of different batches with different real cobalt concentrations. After
all batches were measured with EPMA it is found that the nominal x = 0.07 batches could be
roughly divided in two real doping levels, x = 0.071 and x = 0.073. The x = 0.071 all have
reasonable high Tc’s, around 23 K.

2.7.4.0Over Doping
These batches have higher cobalt concentrations than the optimally doped crystals. By increasing

the cobalt concentration the superconducting transition temperature is lowered or ultimately
completely suppressed, hence these crystals are called over-doped [62].Now we are only left
with two extremely over-doped batches, x = 0.10 and x = 0.11of Co concentration. The cobalt
concentrations are now so high that the superconducting transition is completely suppressed.

Unfortunately, almost all these crystals show a downturn at low temperatures.
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CHAPTER 3

3. MATHEMATICAL TECHNIQUES
In this chapter, we derive the equation of motion using mathematical techniques that is used to

drive gap equation to calculate the magnetic and superconductor parameter.

There are different types of mathematical methods such as the Bogoliubov transformation, Green
function, the Hubbard model, Stoner model etc. In this work, we used the diagonalized
Bogoliubov transformation to obtain the expressions of the magnetic and superconductor

parameter.

3.1 Model Hamiltonian
We can develop the Hamiltonian for coexistence of Commensurate SDW and Superconductivity

state from those of each independent state (Sc and SDW states).In developing the Hamiltonian
we consider a multiband model nature of FebSC compounds as an itinerant metal containing
electron bands at the center of unfolded Brillouin zones. The full mean field Hamiltonian for a

system with intertwined SC and SDW order is given by

H=H1+H2+H3.

H, = Z(ek ) C£5Ck6'
oo

H, = Z Vi CZTCile—k'iCk'T (1)
Kk

— SDW ~t T
H3 - z VKK,IUCK,JCK-i-q,CTCk'_}_q‘a.CK,'E
KK o
Here, C£5 creates an electron with momentum k and spin 9, and we already included the
chemical potential by defining &,=€, —u

h2k?
2me

&, is free electron energy , €;= and V,,is the interaction potential between electrons of a

cooper pair.
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3.2 Coexistence of Commensurate SDW and Superconductivity in Ba (Fe1-xCox)2 As2

superconductors
In Co doped BaFezAs,, we have coexistence of commensurate SDW and superconductivity. In

this case, superconducting mechanism is attributed to a strong coulomb interaction of the
electron in the system, which can also be the cause for appearance of SDW state. And this
suggest that the existence of competition between the two state. In his section we want to drive
an expression for the order parameters of commensurate SDW, Agpy, and order parameters of
superconductivity, Aspy, , as function of both of them, and temperature and to compare the

variation of each with temperature.

3.2.1. The Order Parameter of Superconductivity
In this section we drive an expression for superconducting parameter by using Bogoliubov

transformation.
HSC = H1 + Hz and

I:ISDW = H3 (2)
Therefore
Ao = )6 CoCis + ) Vi ChiChiuCiosCer 3
k,6 kk'

The second term describes the destruction of cooper pair (two electrons with opposite

momentum [k,k'] and spin [T, 1]) and the subsequent creation of cooper pair.

To decouple the Hamiltonian we use the mean field approximation. To proceed, we perform the
usual mean-field decoupling of the quartic term.

<clTCiklc—k’lCk’T):(CzTcikl)C—k'lCk’T+CzTcikl(c—k’le’T) - (CZTdklxc—k’le’T) %)

When we substitute equation (4) in to equation (3) it becomes:

Hse = 2 &k CesCrs + Z Ve (ChCe )G + Gyl (Ceri Cry)
oo

Kk’
_(ClTCikl)(c—k’le’T) (5)

The mean value (C}.C',,) is note zero, since it corresponds to one cooper pair in the
superconducting state and the mean field Hamiltonian of superconducting state, expressed as:
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foe = D & ClsCio = ) (BseChChio +8CiaCn) + ) Be(Chchy)  (6)
k6 k

k

Where the mean field is:

Asc= — Xkk! V;f;f' (C_rry Cierp) (7)

3.2.1.1. Bogoliubov Transformation in Superconductivity
To solve the above equation, we use Bogoliubov Transformation. In particular, we define new
fermionic operators y;, and coefficients: uy, , vy

Crr=Up Ykt "'Uk)/ikl (8)

t ot ‘
Clri™= UiV gy — UVt

Where y,, are the new fermionic operators given in terms of electronic creation and annihilation
operators (o=(T, ) spin orientations) u, , v, are the complex coefficients.

In order for the fermionic commutation relation to be satisfied, the normalization condition:
|uk|2+|vk|2:1 9)

Must be satisfied. Substituting in the effective Hamiltonian yields:

Z & ClsCrs= Z & [ChiCrr + € Cl]
K0 K
= z ¢k [(|uk|2—|vk|2)()’;¢)’m + Vikiy—kl) + 2| | + Zukka;:rTV:rkl + ZUZVZV—kaT]
X

As well as

= (Bsc Tl + A5cCgaCir)

k

= 2[(Ascukv72 + Aécu;’évk)(y,}m + V:rkﬂ/—kl) — (Ascur vy + Ascuzvi) |
3

- Z[(ASCuI% - Aécvlﬁ)%}yfkl + (Asc (ult)z AT (UZ)Z)V—lekT] (10)
k

Therefore, the effective Hamiltonian becomes:
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Hye = Z Sk [(luklz_lvklz)(V]ITykT + V-_l-kﬂ/—kl) + 2|y |? + Zukvk)/,fwfki + 2UR VRV Vi ]
K
+ Z[(Ascukvi + Agcuivk)()/;;rﬂm + V:rkﬂ/—kl) — (Ascuyvy + Aécu}ivk)]
K
= D [Bscut = B5cvRpfiyh + Wsc(u)? = Asc @)Y -wuvia]
K
+ Z Asc (G Cli)
K
Hge = Z[sz|vk|2 — Ascuy v — Ascup Vi + ASC<C£TCL(¢>]
K
+ Z[fk(|uk|2—|vk|2) + Ascuevi + Dscupvid (Vi vier + v v-i)
K
+ Z[ZEkukvk — Agup + Agcvﬁ](y;Tyjkl) + h.c (11a)
K
The effective Hamiltonian can be written in the form of:

I:ISC = I:IO + Hl + HZ (11b)
With

i, = Z[2§k|vk|2 — Dscug vy — Dscttpvie + Asc{ChCl )]
K
A, = Z[fk(|uk|2—|vk|2) + AscueVi + Bscuicvid (Vi vie + v v-i1)
K

A, = Z[kaukvk — Agcup + Agcvi]()/;ﬂ’jkl) +h.c (12)
;

Where “h.c.”; denotes the Hermitian conjugate. To diagonalize the Hamiltonian, we must find

the coefficients, "u,v;" that make the undesired term H. vanish. Hence, we obtain the quadratic
equation:

28UV — Dgcuf + Ascvp =0 (13)

Solving for the ratio v, /u,Yields:

Vi _ VEE+ [Asc|? — &

" (14)
Uy Asc

Using the normalization condition of equation (9) we have:
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lugl® + v |? =

|2 = 1 1 | Ac|?
k - 2 — 5
1+ |2 25}%+|Asc|2—fk\/fg+msc|2
Uk
|2 1 |Ascl? (\/ &8 + |Age|? + s;k)
Uy = =
2

(VEE+18scl?) (2 + I8scl2 - €2)

2=1<1 E—k> 15
el =3\ e (15)

From which follows:

2=1<1—5—"> 16
T T e o

It is convenient to define the excitation energy:

Ei(1) = /fz? + [Asc? (17)

Using the above relations, we obtain:

I:I1 = z[fk(|uk|2—|vk|2) + Ascup vy + Aécuivk](]’;ﬂ’m + Virkﬂ/—kl)
k

A $i < i ) ( ; )l . .
H, = —_— 14 —M Acnl2 — )
' 2 [ &+ 1Asc|? U EZ + |Agc|? S ¥ 1Ascl® = i (ykTy"T TYoy kl)

L= Z &2 + 185 I2(vhvir + v T vow) Ay
k

)}

= B e (18)
ko
As well as

k

Si ;
2 K m> <1 ¥ ﬁ) <\/m - fk) + Age(CliCt kl)l

k
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HO = Z (fk - /f,% + |A5c|2 + ASC(CzTCi—kl)>
k

Ho = ) (6 — B+ Asc(ClrCTy)) (19)
k
Therefore, the effective Hamiltonian is:

Hse = Z El(k))/]jg)/ko + Z(Ek — Ep + Ak(CZTde)
ko k

s = D B (VoY + Fo (20)
ko
Where E|is just the ground-state energy:

Fo = ) (8 = E:(0) + 8T Ch) (21)
k

Note from Eq. (8) that a Bogoliubon(y,jo) is a mixture of electrons and holes:

Vir = UgCyr — dekl
Vort = upClyy + it (22)

3.2.1.2. The Gap Equation
We still need to determine the gap functionAg., given self-consistently by Eq. (7). Using the
Bogoliubov transformation (8), we have:

Asc= — z Vkskc’ ((u;’y—k’l - vk’V;’T)(uZ’Vk’T + Yik’l))

kl
Asc= — Z Vkskc’ u;'vk’(ﬁ’—k’i)’jku) - (V;’Tyk’T)) (23)
kl
(y,:r,T]/k'T) = <ij’ﬂ/—k’l) = ﬁ (24)
eP*1 +1
Yielding
VitV = WientV'n? = 27 J5e (k0 1 1
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eBEl (k,) —_ 1
N eBE1 (k" +1

= tanh <E1 (k,)> (25)

2kyT

From Eqgs. (14) and (15), we also have:

T Sk Vi +1Ascl? =&\ Ager
Uy = |ug|? = 5 1+ \/Z—Az N = (26)
$k + 1A sc 2 /E£,+|ASC,|2
Yielding the gap equation:
V35 Ager E, (k")
Age= — Y X5 tanh (1—> 27
s¢ i 28, (k') 2kpT @7

By taking V> = —Vyand Agcr= Agc , we obtain the BCS expression.

Ve
Ky T,

=1.76

3.2.2. The Order Parameter of Spin Density Wave (SDW)
In this section we want to drive an expressions for the order parameters of SDW, Agpy,. Still we
can use the Hamiltonian given by equation (1).

_ SDwW t
HSDW - ZKK’O' VKK,’JCI-E,O'CK-I-C[,O'Ck’+q‘6-CK,,6' (28)

With spin ¢ which is opposite to sping, to decouple the Hamiltonian we use the mean field
approximation. To proceed, we perform the usual mean-field decoupling of the quartic term.

(Cg,gCK+q,aC;'+q,5CK’,E) = (CIIIO-CK+q,0')C]j’+q,aCK’,6 + C}I,JCK+q,a <C,If+q,(—,CK’,a> -
(Cx o Crra0) (ChrrqsCirs) (29)
When we substitute equation (29) in to equation (28) it becomes:
Hspyw = Z Vgg% CI-I(-,o'CK+q,J)C]1-’+q‘ECK',6 + CII,O'CK+q,J (C;;l-'_l_q‘aCK',E)

- (CI-I(-,O'CK-FQ,O') (Cl;l-’+q,5'CKI:6) (30)
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The mean field Hamiltonian of spin density wave can be expressed as:
Hspw = — Z(ASDW C;'Jrq,aCK’,a + A;DWC;’.HL&CK',E) + z Aspw (C,:rr_,_q,aCK’,a) (31)
k,o k,o
Where the mean field is:
Bspw== D V¥ (C 1Crvq.) (32)

k,o

3.2.2.1. Bogoliubov Transformation in Spin Density Wave (SDW)
The annihilation and creation operators Cy , and ct

k+qc Satisfy the anticommutation relation for
fermions

CK,O‘ = ukylj,a + Ukylj+q,o

Chigo =0 5 = W¥ihgo) (33)

The normalization condition of the complex coefficients uy, vy is:
|luge|? +lvge|?=1 (34)

Then when we substitute in equation (31) it becomes:
— > (Bspw Clr, _Crr 5+ DipwCl _Crr )
Sow “il 4 q5 Ko SDW k! +q,5 " K',@
k,o

= Z[(Akukv; + A uv) (ylj,ayk,a + yl;l-+q,ayk+q,a) — (Apuwevg + Djupvy)]
k,o

= D T = B Wi g + B = 8@ WisgoWisl  B5)
k,o

Therefore, the effective Hamiltonian is:

Hspw = Z[(Akukv}é + Apugvy) (V}Igyk,a + V;Lq,a)/mq,a) — (Aurvg + Apugvi)]
k,o

= D L@t = B0 o + B0 = 8 gt ]
k,o

+ Do (€142 Cir) (36)
k.o

For a three-dimensional s-wave superconductor with the quasiparticle excitation energy
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B0 = ()’ + B, (37)

Then we can write effective Hamiltonian as:

Hspw = Z(Ek — E;(k) + Aspw (C,;rurq,acl(’,a)) (38)
k,o

Note that, a Bogoliubon is a mixture of electrons and holes:
= u,Cy y — Ve C}h
Vk,a k“K,o k“K+q,0

yk+q,cf = ultCIi+q,a + vltCK,o (39)

3.2.2.2. The Gap Equation
We still need to determine the gap functionAgpy,, given self-consistently by Eq. (32).

SDW % t
Aspw= Z VKK"JCK,UCK+q,a (40)

KK'.o

Using the Bogoliubov transformation (33),CK,GC,‘; becomes:

+q,0
T _ T T T T
CK,O'CK+q,o' - (uk)/k,a- + vk)/k+q,o')o-(vkyk,o' - ukyk+q,o')
— iyt _ ot
= U Vg (Vk,ayk,a yk+q,cr)/k+q,o)

R EZ(kJO-) Ez(k+q;0')
= ULV [tanh( 2K, T > tanh <T

From the coefficientsu,,v;, we can get:

(41)

. 1 & \ \/(€k+q)2 + Afrg — fk\ Ay
UV = g |? = > 1+ - A = -
\/(fk+q) + Ai+q/ “ / 2\/(€k+q) + A12c+q
J— Ak,
 2E,(k) (*2)

Therefore, we obtain the self-consistency equation for the pair potential and gap equation
becomes:
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A E,(k,0) Ey(k+q,0)
_ SDW 2 2 q
Aspw = K; VKK i ZEZ @®© tanh <2KBTsdw> tanh (—ZKBTde >] (43)

3.2.3. The Order Parameter of Superconductivity and Spin Density Wave (SDW)
The Hamiltonian in the coexistence state is in the following. We separate it into three terms

H=H,+H,+H; (44)

H; = Z ¢k C]-I;(sckd
Ko

Hy= ) Vi ChCluConCen
kk'
Hs= ) ViR¥ClaCirqoClrsqsCrro
From equation (2) we have:

HSC=H1+H2 and

HSDW = I213
So
H = Hgc + Hspw (45)
However
Hse = z i ChsCis + Y Vi Gl Couri Gy
kK’
Then
H = Z £ ClaCis + 9 Vow ChCuConCon b . VP CE CurgoClpgaCios (46)

kk! KK'oc

Using the above equation (6) & (30) into equation (45)

The effective Hamiltonian becomes:
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H = z ke ngcka - z (ASCC]-I;TCLQ + A5 Cop 1 Cier) + 2 Ay (CLCL@)
K0 X

k
- Z(ASDW C}j’+q,5-CK',6 + A;DWC;’+q‘5-CK’,5) + 2 Aspw (C;;I-’+q’5-CK',E> (47)
k,o k,o

Where the mean field is:

Bspw= = Bsc D V3G V2 (C i Corn) + (G o Crrq ) (48)
kk'

3.2.3.1. Bogoliubov Transformation in Superconductivity and Spin Density Wave (SDW)
To solve the above equation, we use Bogoliubov Transformation.

Crr= up¥ir + Uk]/irkl
o= wer e = Vv
Cxo = ukylj,a + vkyqu,o
CIL‘Q;O' = O-(Ukylj,a - ukyl;l—+q,(r) (49)
The normalization condition of the complex coefficients uy, vy is:

|y |? +|vp > =1
Then substituting in equation (47), the effective Hamiltonian becomes:
A= Z[ka|vk|2 — Ascuevy — Ascuivy + Bsc(ChCh )]
k
+ Z[fk(|uk|2—|vk|2) + Ascui vy + Aécu}';vk](y,}m + Virkﬂ/—kl)
k
+ Y [2&wev — Au? + AscvEl (v ) + ) [Qewevy + M) ()
kUkVk KUk SCVk I\VirtV-kL kUK Vik kUk Vi) Vi oVk,o
k k,o
+ yg+q,ayk+q,a) - (Akukv;; + Al*cultvk)]

= D T = Bt Wi g + B = B Wi o]

k,o
£ Bsow (Cr g s Crr) + o (50)
k,o

Using equation (17) and (37), it becomes
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i = Z E, (K, vio + Z(Ek — By + A C )
ko

+ D (= Ea() + Ao (€l 5Ci o)) (51)
k,o

A= Z E; (k)}/ljo}/ka + Ep + Z(Ek — E;(k) + Aspw (C;rf_,_q,ack’,a)) (52)

Where
Bo = ) (6= Fic+ ATy CT)
k

Note that, a Bogoliubon is a mixture of electrons and holes:
=, Cpr — v CT
145 KLkt bkl
=u:Ct, +viC
V-kl kbY—kl KLk
= u,Cx g — U C}h
Yk,o k“K,o k“K+q,0

yk+q,a Cli+q o + v;;CK,o (53)

3.2.3.2. The Gap Equation
We will need to determine the gap functionAgpy,, given by:

Bspw= = Bsc ) V& ViRt (ConCurnd + (G oCicrqo) (54)
kK’

By evaluating both the SDW coherence factors and the BCS coherence factors, we get the final
self-consistent equation for Agpy, and Agc in the coexistence state as

Aspw Ek ( n* ) Ey 0k
Asow= ASC L 2E() e A ok, T e M 2T (55
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CHAPTER 4

4. RESULT AND DISCUSSION
In this section, we describe the results which are obtained by developing a model Hamiltonian
for the system and using diagonalized Bogoliubov transformation, and obtain the expressions for
the superconducting order parameter (Asc) and magnetic order parameter (Aspw) With respect to
superconducting transition temperature (Tc) and magnetic transition temperature (Tspw)
respectively. First, using Equation (27) and the experimental value of Tc for the superconducting
(Ba (Fe1-xCox) 2 As2) we plotted the transition temperature (Tc) versus superconducting order
parameter (Asc) as shown in Figure 4.1. As can be seen from the figure, when the
superconducting order parameter increases the superconducting transition temperature decreases
and vanishes as the temperature is equal to the critical temperature. Second, by employing
Equation (43) and the experimental value, Tspw = 0.67 K for (Ba (Fe1xCoy) 2 AS,) and some
suitable approximations for the other parameters in the equation, we plotted the magnetic
transition temperature (Tspw) versus magnetic order parameter (Aspw) as demonstrated in Figure
4.2. From the figure, it is vivid that, as the magnetic order parameter (Aspw) increases the
magnetic transition temperature (Tspw) also increases. Using equations (55) and by considering
some plausible approximations, we plotted the phase diagrams of superconducting transition
temperature (Tc) versus magnetic order parameter (Aspw), in the commensurate magnetism and
superconductivity in electron-doped barium iron arsenide superconductor, as shown in Figure
4.3.Which shows that as the magnetic order parameter (Aspw)increases the superconducting
transition temperature (Tc) decreases and vanishes as the temperature is equal to the critical
temperature. The green line is the first-order transition line between commensurate and
incommensurate SDW phases. By merging Figs. 4.2 and 4.3, we have demonstrated the region
where both superconductivity and ferromagnetism can coexists in Fig. 4.4.Clearly the figure
demonstrates the strong competition between the SC and SDW phases emphasizing the
coexistence of SDW and superconductivity at low magnetic order parameter. The coexistence
phase between SC and (in)commensurate SDW orders does exist at lower superconducting
transition temperature (Tc). The commensurate SDW order appears below the structural
transition temperature and SC coexists with SDW order in under doped region. Near optimal
superconductivity, it has been shown that the commensurate SDW order changes into
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transversely incommensurate SDW order that coexists and competes with superconductivity.
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Figure 4.1Phase diagram of superconducting order parameter (Asc) Vs. superconducting
transition temperature (Tc)for (Ba (Fe1xCox) 2 As2)superconductor
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Figure 4.2 Phase diagram of magnetic order parameter (Aspw) VS. magnetic transition
temperature (Tspw)for (Ba (Fe1-xCox) 2 As2)superconductor.
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Figure 4.4Phase diagram of superconducting transition temperature (Tc), magnetic transition
temperature (Tspw), versus magnetic order parameter (Aspw). The figure demonstrates the
coexistence phase between SC and (in) commensurate SDW orders.
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From the above figures, no incommensurate (IC) magnetic ordering exists in < 5.4% Co
substituted BaFe>As, compounds. The commensurate(C)-to-incommensurate(IC) transition is
seen in > 5.4% Co substitution. The commensurate SDW order appears below the structural
transition temperature and SC coexists with SDW order in under doped region. The
commensurate SDW order changes into transversely incommensurate SDW order that coexists

and competes with superconductivity.
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CHAPTER 5

5. CONCLUSION
In this thesis we have analyzed theoretically the coexistence of C/IC-SDW and superconductivity

in (Ba (Fe1-xCoy) 2 AS). In the first two chapters, we have presented a brief introduction and a

review of previous works which had been carried out by other researchers that are pertinent to
our work. In chapter three and four we discussed the interplay of C/IC-SDW and
superconductivity in (Ba (Fe;-xCoyx) 2 AS;) where we derived expressions by developing a
model Hamiltonian for the system and using diagonalized Bogoliubov transformation which
demonstrate the relation between the order parameters of these states and we plot graphs which
show the behavior of these order parameters with increasing temperature. When the
superconducting order parameter increases the superconducting transition temperature decreases.
From figure (4.4) when the magnetic order parameter (Aspw) increases, the superconducting
transition temperature decreases, the magnetic transition temperature (Tspw) increases. The
commensurate SDW order appears below the structural transition temperature and SC coexists
with SDW order in under doped region. Electron doped 122 FebSCs confirmed that
commensurate long range AFM coexist with SC in under doped region. In addition, for electron
doped Bal22 samples near optimal SC, it has been shown that the commensurate static AFM
order changes into transversely incommensurate short range AFM order that coexists and

competes with superconductivity.
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