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Abstract

This work focuses on the study of interplay between superconductivity and spin density
wave in Fe- based superconductors.The effect of magnetic ordering state on transition
temperature(7¢) has been investigated in Fe-based superconductors with in the BCS
theory,irrespective of the pairing mechanism.

The expression for the transition temperatures(7, and Tspw ) as a function of super-
conducting order parameter(Ag) and magnetic order parameter(Agpy ) has been obtained
using the model Hamiltonian for the system and Green’s function technique and their ap-
plication have been studied.And their values has been calculated numerically for suitable
values of system parameters.

The interplay of magnetic ordering state and superconductivity have been found cru-
cial for enhancing 7.1t is also found that the presence of magnetic ordering state does
not increase Ty rather it decreases,but the suppression of this state should increase the
superconducting transition temperature(7¢).

On the other hand, for suitable value of the parameters,we report the magnetic or-
der dependent phase diagrams Which shows the interplay of superconductivity and spin
density wave in some Fe based superconductors.

The results are in general agreement with experimental observations and theoretical

models of ferropnictides.
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Chapter 1

Introduction

The Rocky Road To High Temperature Superconductivity

Superconductivity is a phenomena occurring in a certain materials at low temperature,
characterized by the complete absence of electrical resistance.The story of high tempera-
ture superconductivity has its Genesis in the stars, particularly in one star, our sun. In
the 1860’s un usual spectral lines were observed from the emitted light of the hot incan-
descent gases in the chromosphere’s of the sun. These spectral lines appeared unrelated
to any then known substances on earth. The gas was given the name Helium deriving
from the Greek Words Helios—sun. At the turn of the century, helium was discovered
on earth, and in 1908, the Deutsch scientist, Kamerlingh ones, succeeded in liquefying
helium gas at a temperature a few degrees above absolute zero. This set the stage for the
discovery of superconductivity.

In 1911 superconductivity was first observed in mercury by Dutch physicist Heike
Kamerlingh Onnes of Leiden University [6]. When he cooled it to the temperature of lig-
uid helium, 4.2 degrees Kelvin (-452 F, -269 C), its resistance suddenly disappeared. The
Kelvin scale represents an ”absolute” scale of temperature.Current was flowing through
the mercury wire and nothing was stopping it, the resistance was zero. (See Figure 1.1
which shows a graph of resistance against temperature of a mercury wire which Onnes
produced.) According to Onnes, ”Mercury has passed into a new state, which on account

of its extraordinary electrical properties may be called the super-conductive state”.The
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Figure 1.1: Graph of resistance against temperature for a mercury wire.

experiment left no doubt about the disappearance of the resistance of a mercury wire.
Kamerlingh Onnes called this newly discovered state, Superconductivity. The tem-
perature at which this transition starts is called the critical temperature(Tc ). In one of
Onnes experiments he started a current flowing through a loop of lead wire cooled to 4
K. A year later the current was still flowing without significant current loss. Onnes found
that the superconductor exhibited what he called persistent currents, electric currents
that continued to flow without an electric potential driving them. Onnes had discovered
superconductivity, and was awarded the Nobel Prize in 1913.

Superconductors, materials that have no resistance to the flow of electricity, are one of
the last great frontiers of scientific discovery. Not only have the limits of superconductivity
not yet been reached, but the theories that explain superconductor behavior seem to be
constantly under review.Whenever a new scientific discovery is made, researchers must

strive to explain their theories. By 1933 Walther Meissner and R. Ochsenfeld discovered



that superconductors are more than a perfect conductor of electricity, they also have an
interesting magnetic property of excluding a magnetic field[7].

Because of Faraday’s law, the magnetic field inside a superconductor cannot change
because there is no emf due to the lack of electric resistance. Thus to prevent this, a
current is induced in the superconductor which cancels out the external field.

A superconductor will not allow a magnetic field to penetrate its interior. It causes
currents to flow that generate a magnetic field inside the superconductor that just bal-
ances the field that would have otherwise penetrated the material. This effect, called the
Meissner effect, causes a phenomenon that is a very popular demonstration of supercon-
ductivity. The Meissner Effect will occur only if the magnetic field is relatively small. If
the magnetic field becomes too great, it penetrates the interior of the metal and the metal
loses its superconductivity. The Meissner effect is so strong that a magnet can actually be
levitated over a super-conductive material.|7]

In subsequent decades other superconducting metals, alloys and compounds were dis-
covered. In 1941, niobium-nitride was found by Aschermann,Friederich,Justi and Kramer
to super conduct at 16 K. In 1953 vanadium-silicon displayed super-conductive proper-
ties at 17.5 K. And, in 1962 scientists at Westinghouse developed the first commercial
superconducting wire, an alloy of niobium and titanium (NbT'7).

The first widely-accepted theoretical understanding of superconductivity was advanced
in 1957 by American physicists John Bardeen, Leon Cooper, and John Schrieffer. They
developed a model that has since stood as a good mental picture of why superconductors
behave as they do. The model is expressed in terms of advanced ideas of the science
of quantum mechanics, but the main idea of the model suggests that electrons in a su-
perconductor condense into a quantum ground state and travel together collectively and
coherently. In 1972, Bardeen, Cooper, and Schrieffer received the Nobel Prize in Physics
for their theory of superconductivity, which is now known as the BCS theory, after the

initials of their last names.[8]



The mathematically-complex BCS theory explained superconductivity at tempera-
tures close to absolute zero for elements and simple alloys. However, at higher tem-
peratures and with different superconductor systems, the BCS theory has subsequently
become inadequate to fully explain how superconductivity is occurring.

Another significant theoretical advancement came in 1962 when Brian D. Joseph-
son, a graduate student at Cambridge University, predicted that electrical current would
flow between two superconducting materials - even when they are separated by a non-
superconductor or insulator. His prediction was later confirmed and won him a share
of the 1973 Nobel Prize in Physics. This tunneling phenomenon is today known as the
” Josephson effect”.

Rapid cooling techniques leading ultimately to film preparation techniques (sputtering,
thermal evaporation, E- beam evaporation, etc.) were developed leading to the discovery
in 1971 of a record high Tc of 23 k in NbsGe. Researchers next turned to preparation of
Nb3Si which was expected to have a Tc near 30 k. Where as NbGe had an of stoichio-
metric equilibrium A 15 phase, Nb3Si had none. In addition to film growth techniques,
high pressure synthesis techniques were used in attempts to produce this material|27].

A significant advance on the road to high Tc materials occurred in 1972 when super-
conductivity was discovered in PbM OgSs.... a ternary superconductor. The significance
of this discovery was that it broke the hold of binary super conductors as being the only
high Tc materials. Most of the empirical rules developed for the binaries were invalid for
the ternaries and synthesis become much more sophisticated.

In the late 1970s and early 1980s superconductivity was discovered in the heavy
fermions systems and in nearly magnetic systems[28].Such researches become fashion-
able even though these systems did not necessarily have high Tc value. New pairing
interactions were sought with the hope of eventually using the new interaction for high
Tc superconductors.

The next major mile stone in this direct route to high Tc occurred in 1973 when



Johnston discovered super conductivity in LiTi0Os at temperature as high as 13 k[29].
Thus removing the belief that super conductivity in the oxide materials was limited to
very low temperatures. In 1975 ,superconductivity was discovered in PbBiBaOs at 14 k
to represent another member to the growing class of higher temperature oxides|30].

There were many reports of high temperature superconductors in organic materials in
the early 1970s. In 1973, Heeger reported super conducting fluctuations in TTF —-TCNQ
molecules at temperature as high as 77 k. It was claimed that an electronically driven
structural transformation (Pieierls instability) occurred at temperature slightly higher
than the supper conducting Tc; hence bulk super conductivity was not observed.[31]

The 1980’s were a decade of unrivaled discovery in the field of superconductivity. In
1964 Bill Little of Stanford University had suggested the possibility of organic (carbon-
based) superconductors. The first of these theoretical superconductors was successfully
synthesized in 1980 by Danish researcher Klaus Bechgaard of the University of Copen-
hagen and 3 French team members. (TTMTSF),PFg had to be cooled to an incredibly
cold 1.2 K transition temperature and subjected to high pressure to super-conduct.

Many new phenomena have been seen in these organic materials in addition to su-
perconductivity. At present the maximum Tc (under pressure) is 8 k in § — (BEDT —
TTF)y13. There is some evidence that the mechanism for super conductivity in the or-
ganic materials is not the electron- phonon interaction and there are also speculations
that P wave pairing interactions are occurring[33].

Shortly thereafter, super conductivity was discovered in SrTtO3 the first oxide super
conductors and the first perovskite superconducting materials[34]. Although Tc of these
materials were below 1 k, history must regard these reports as major milestones in the
road to high temperature superconductivity since they started the interest in these types
of materials, which persisted on a limited basis until the discoveries of super conductivity

as in LaBaCuO;5[36] and Y BaCuO[35].



Then, in 1986, a truly breakthrough discovery was made in the field of supercon-
ductivity.Georg Bednorz and Alex Mller, working at IBM in Zurich Switzerland, were
experimenting with a particular class of metal oxide ceramics called perovskites. Bednorz
and Miiller surveyed hundreds of different oxide compounds. Working with ceramics of
lanthanum, barium, copper, and oxygen they found indications of superconductivity at 35
K, a startling 12 K above the old record for a superconductor. What made this discovery
so remarkable was that ceramics are normally insulators. They don’t conduct electricity
well at all.[36]

Miiller and Bednorz discovery triggered a flurry of activity in the field of supercon-
ductivity.In January of 1987 a research team at the University of Alabama-Huntsville
substituted Yttrium for Lanthanum in the Miiller and Bednorz molecule and achieved
an incredible 92 K Tec. For the first time a material (today referred to as YBCO) had
been found that would superconduct at temperatures warmer than liquid nitrogen - a
commonly available coolant. Additional milestones have since been achieved using exotic
- and often toxic - elements in the base perovskite ceramic.

The world record Tc of 138 K is now held by a thallium-doped, mercuric-cuprate
comprised of the elements Mercury, Thallium, Barium, Calcium, Copper and Oxygen.
The Tec of this ceramic superconductor was confirmed by Dr. Ron Goldfarb at the National
Institute of Standards and Technology-Colorado in February of 1994. Under extreme
pressure its Tc can be coaxed up even higher - approximately 25 to 30 degrees more at
300,000 atmospheres.

In recent years, many discoveries regarding the novel nature of superconductivity have
been made. In 1997 researchers found that at a temperature very near absolute zero an
alloy of gold and indium was both a superconductor and a natural magnet. Conventional
wisdom held that a material with such properties could not exist,Since then, over a half-
dozen such compounds have been found. Recent years have also seen the discovery of the

first high-temperature superconductor that does not contain any copper (2000), and the



first all-metal perovskite superconductor (2001).

Also in 2001 a material that had been sitting on laboratory shelves for decades was
found to be an extraordinary new superconductor. Japanese researchers measured the
transition temperature of magnesium diboride at 39 Kelvin - far above the highest Tc of
any of the elemental or binary alloy superconductors.While 39 K is still well below the
Tc’s of the "warm” ceramic superconductors, subsequent refinements in the way M gBs is
fabricated have paved the way for its use in industrial applications. Laboratory testing has
found MgB; will outperform NOT% and Nb3Sn wires in high magnetic field applications
like MRI.Laboratory testing has found M gBs will outperform Nb7% and Nb3Sn wires in
high magnetic field applications like MRI.

The most recent ”family” of superconductors to be discovered is the ”pnictides”. The
first report of superconductivity in an iron pnictide, specifically in F-doped LaOFeP
below 5 K in 2006 [1], was hardly noticed and only two years later, On 23rd February,2008,
a group from Tokyo Institute of technology published paper in (JACS) Journal of the
American society, in which they reported that the fluorine doped lanthanum Oxide Iron
Arsenide super conducts at 26 K.The discovery of superconductivity below a critical
temperature (Tc) at 26 K in LaO;_,FxFeAs gave birth to what many have already
christened the iron age of high-temperature superconductivity.

After the publication of this paper within month a Chinese group from Beijing reported
that they replaced Lanthanum (La) with Cerium (Ce) and boosted Tc to 41 k. Another
group from china replaced Lanthanum (La) with samarium (Sm) and raised Tc to 43 k.
By replacing La with rare earth ions of smaller radii the critical temperature increased
from 26 K in LaOF FeAs to 55 K in SmOF FeAs within a couple of days.

Since the discovery of cuprates in 1986 no other material has reached a supercon-
ducting transition as high as 55 K. The discovery in early 2008 of the new class of high
temperature superconductors has broken the monopoly in the cuprates in the physics of

high temperature superconducting compounds. At present dozens of HI'SC compounds



are known to have of superconducting transitions Tc temperatures exceeding 24 K.

The iron age of high-temperature superconductivity is not only providing a new class of
high-Tc compounds, it could also provide the clearest examples of magnetism-mediated
superconductivity. The interplay between Superconductivity and magnetism has been
an interesting topic in condensed matter physics.Therefore,in this study we attempt to
investigate theoretically the interplay between superconductivity and spin density wave
in ferropnictide superconductors.

Therefore,we present a model study for the interplay between SDW and SC which in-
corporates,two competing physical processes involving the electron-hole (SDW) like pair-
ing of opposite spins with a net momentum difference (Q) between the conjugates and
electron-electron (SC) pairing of opposite spins with zero total momentum.Such a model
study can also provide an important understanding regarding the effect of the presence
of antiferromagnetic(SDW) order on the pairing symmetry of the superconducting state.

Our main concern therefore boils down to study of the phase diagram,comprising of the
magnetic ordering temperature and superconducting transition temperature as a function
of magnetic order parameter (Agpw ). Interestingly enough,we obtain the phase diagram
which resembles to most of Fe pnictide superconductors.

The rest of the paper is arranged as follows.In chapter 2 we provide the experimental
studies of magnetism in the Fe based superconductors and its influence on superconduc-
tivity.In chapter 3 we present the Greens function technique (Retarded double time) we
are using to solve the self consistent gap equations.Chapter 4 contains the mean field
model Hamiltonian for the interplay between Sc and SDW together with the respective
gap equations and transition temperatures.Chapter 5 is devoted to discuss the results

obtained from our model calculations and finally we conclude in chapter 6.



Chapter 2

Review Literature

2.1 Introduction

The first report of superconductivity in an iron pnictides, specifically in F-doped LaOFeP
below 5 K in 2006 , was hardly noticed and only two years later, when F-doped LaOFeAs
was reported to super conduct below 28 K, the potential of iron pnictides as high-
temperature superconducting materials was realized [41]. Following this discovery, more
than 50 new iron superconductors with the same basic structure were discovered with Tc
reaching up to 56 K .The common motive is a planar FeAs layer in which the Fe atoms
form a square lattice, tetrahe- drally coordinated with As atoms placed alternatingly
above and below the hollow centers of the squares. Instead of As, the ligand could be
another pnictogen (P) or a chalcogen (X=Se or Te), but for simplicity, in this paper we
shall refer to it as As.[55]

These superconductors are divided in four main families depending on their 3D crystal
structure This structure is shown in Fig. 2.1 [31]: The iron chalcogenides are simple
tetragonal (st) with the FeX layers stacked on top of each other (11 family). The iron
pnictides have the FeAs layers separated by alkali metals (111 family), or by rare-earth
oxygen /fluoride blocking layers (1111 family as in Fig.2.1), in st stacking, or by alkali-
earth metals (122 family) in body-centered tetragonal (bct) stacking.

The discovery of superconductivity in F doped LaFeAsO with T¢ of 26 K [1] created
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Figure 2.1: Crystal structure of the 1111, 122, 111, and 11 materials.

a flurry of excitement in the condensed matter physics community. Substitutional re-
placement of the rare earth ion led to a rapid increase in the superconducting transition
temperature. Denoting the chemical formula of these so-called 1111 materials by RFeAsO,
F doping resulted in the following optimal transition temperatures: 52 K for R = Nd [2],
52 K for R = Pr [3], 55 K for R = Sm [4], 41 K for R = Ce [5], 36— 50 K for R = Gd [68],
46 K for R = Tb [9], and 45 K for R = Dy [9]. To date, the highest transition temperature
for the Fe-based superconductors is 56 K observed in a sample of Gd;_,ThxFeAsO[10].

These superconducting transition temperatures make the Fe-based materials second
only to the cuprates and they, therefore, represent the second family of high-T,. super-
conductors. It was later shown that F doping was not necessary and similar transition
temperatures could be obtained for the case of oxygen deficient RFeAsO;_, : 28 K for R
= La [11, 12], 42 K for Ce [11], 53 K for Nd [11- 13], 48 K for Pr [11, 12], 55 K for Sm [11],
53 K for Gd [14, 12], 52 K for Tb and Dy [12]. Both the F doped and oxygen deficient
samples show the same trend for T, as a function of rare earth ion. Crystal structure of the
1111, 122, 111, and 11 materials. At room temperature, the RFeAsO materials crystallize
in the P 4/nmm tetragonal space group resulting in a layered structure with FeAs and
RO layers [15] (see figure 2.1 above). This layered structure is reminiscent of the cuprates

with FeAs planes taking the place of the CuO layers. The square planar arrangement of
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(likely) magnetic Fe is similar to the cuprates and leads one to naturally speculate that
magnetism may play as essential role in the superconducting pairing. Shortly after the
initial activity on the 1111 materials, superconductivity was also discovered in related
materials possessing identical FeAs layers with differing spacers.

The discovery of superconductivity with 7. of 38 K in Ba;_,KxFeyAsy [16] was
of particular interest as it was quickly realized that large single crystals of these 122
materials could be grown (unlike the 1111 family). Structurally, at room temperature,
the 122 materials exhibit the ThCrySiy crystal structure (space group I 4/mmm ). As is
clearly shown in figure 2.1 above, the FeAs layers are very similar to the 1111 materials
although neighboring layers along the c-axis have an inverted arsenic coordination.

For both the 1111 [17] and 122 [18] materials, it was quickly realized that replacement
of Fe with Co would also result in superconductivity, albeit with a reduced T when com-
pared with doping between FeAs planes. Such behavior is in contrast to that observed in
the cuprates where disorder in the copper oxide plane was found to destroy superconduc-
tivity. Superconductivity was also discovered in the 122 materials upon electron doping on
the Fe site with Ni [19], Rh [20, 21], Ir [21] and Pd [20, 21] or by isoelectronic replacement
of Fe with Ru [22, 23]. Interestingly, electron doping with Cu [24]or hole doping with
Cr [25] does not yield superconductivity. The large number of potential dopant’s together
with the availability of single crystal samples has made the 122 family of compounds the
topic of considerable experimental focus.

Superconductivity was also discovered in LiFeAs [37-39] and Na;_,FeAs [40] (111
materials) sharing the same FeAs plane with Li or Na as the spacer as shown in figure 2.1
above. Transition temperatures of 18 K (for LiFeAs) and 12-25 K (for Nay_, FeAs) [40]
have been observed dependent on the precise Na concentration. Interestingly, supercon-
ductivity seems to appear in the 111 materials in purely stoichiometric material without
chemical doping. Finally, the Fe(Se, Te) family of compounds (11 materials) also exhibits

superconductivity with a maximum transition temperature (under ambient pressure) of
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15 K. The alpha phase of FeSe is a superconductor with a transition temperature of 8 K
[42].

Structurally, the FeSe plane is very similar to the FeAs plane in the aforementioned
materials (see figure 2.1 above) indicating that the presence of As is not a requirement
for superconductivity. Band structure calculations [43] suggested that FeTe may have
enhanced superconducting properties. However, pure FeTe is not a superconductor [41]
but is complicated by the presence of excess Fe, i.e. the actual chemical formula is
Fey,Te [44]. It has been suggested that this excess Fe is magnetic and may act as a
pair breaking moment destroying superconductivity [45]. Nonetheless, the doped mate-
rial, Fei1,Te;_pSex does exhibit an enhanced T of 15 K with the maximum transition
temperature observed for x near 0.5 [41].

The structures of the 1111, 122, 111, and 11 families of materials are shown in figure
2.1 above. The common feature is the presence of an identical FeAs (or FeSe) plane. An
interesting trend can be seen in figure 1-the larger the separation between layers, the
higher the observed optimal transition temperature. Two-dimensional (2D) magnetism
occurs in the regions of highest T, and, thus, may be favorable for superconductivity.
This trend led to attempts at further separating the FeAs layers and superconductiv-
ity with fairly high transition temperatures have been observed in SryVo3FeAs with a
spacer of StV o3 and T, of 37.2 K [46], and doped SreScy4TigsFeAsOs with a spacer of
S19S¢cy.4T10603 and T onset of 45 K (although the resistivity does not reach zero until 7
K) [47]. Although these temperatures still do not exceed the 56 K in the 1111 materials,
they are quite high particularly in the case of SToVO3FeAs as this material is nominally
stoichiometric. There is hope that doping of this and related materials could lead to an
increase in transition temperature.

Shortly after the discovery of superconductivity in LaFeAsO,_,Fx , calculations in-
dicated that conventional electron-phonon coupling was insufficient to explain the high

transition temperatures [48], as was later verified experimentally [49]. As will be explained
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below, a ubiquitous magnetically ordered state is present indicating magnetism in close
proximity to superconductivity leading one to naturally consider the interplay between
magnetism and superconductivity in these materials. In the following section, we will
review experimental studies of magnetism in the Fe- based compounds and its influence

on superconductivity.

2.2 Phase Diagrams

2.2.1 1111 materials

The first evidence for the importance of magnetism in the Fe-based superconductors
was the concentration dependent phase diagram presented with the initial discovery of
superconductivity in F doped LaFeAsO [1]. An additional phase was clearly present at
low F concentration which vanished at doping levels where superconductivity appears
although the exact nature of this phase was unclear. It was soon shown that the undoped
LaFeAsO parent compound exhibited spin-density wave (SDW) order below about 150 K
[15, 50] consistent with a v/2 x /2 x 2 unit cell.

Unexpectedly, LaF'eAsO also exhibited a structural phase transition [15] at a temper-
ature slightly above the magnetic ordering temperature. The low temperature structure
was originally described by the monoclinic P 112/n space group [15] but it was later
clarified that the correct low temperature space group is the orthorhombic Cmma [51]
(note that both notations accurately describe the observed structure). There is clear
competition between magnetism and superconductivity as the magnetically ordered state
is destroyed in the fluorine doped, superconducting samples [15, 50].

The phase diagram of RFeAsO,_,Fx as a function of doping has been carefully stud-
ied for R = La [52] (figure 2.2(a)), Ce [53] (figure 2.2(b)), Pr [56] and Sm [54, 57| (figure
2.2(c)). The phase diagrams were experimentally determined using the following tech-

niques: R = La, uSR,%"Fe Mossbauer spectroscopy and x-ray diffraction [52]; R = Ce,
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neutron diffraction, resistivity and magnetization [53]; R = Pr, x- ray diffraction, resis-
tivity and magnetization [56]; R = Sm, pSR [54] and x-ray diffraction [57]. For R =
Nd, a partial phase diagram [58] was determined using resistivity measurements. In all
cases measured, the x = 0 parent compounds show a structural phase transition at a
temperature slightly above the transition to magnetic ordering with a typical structural
transition at 150 K and SDW ordering at about 140 K.

In general, doping causes a suppression of both the structural and magnetic phase
transitions and as these are suppressed, superconductivity emerges. The fundamental
difference between materials with different rare earths comes in the behavior near the
emergence of superconductivity. For R = La and Pr, the structural and magnetic tran-
sitions vanish in an abrupt step-like manner as a function of doping at the onset of
superconductivity [52, 56], as shown in figure 2.2(a) for the case of R = La. For the case
of R = Ce, the magnetic transition appears to vanish continuously to very low temper-
atures and superconductivity emerges at a concentration where this transition has been
completely suppressed [53] (see figure 2.2(b)).

However, the structural transition has some range of concentrations where supercon-
ductivity coexists with this phase transition [53]. Finally, the case or R = Sm, shown in
figure 2.2(c), looks similar to R = Ce in that the transitions are suppressed gradually and
there appears to be overlap between the structural transition and superconductivity [57].
However, unlike the case of Ce, the Sm phase diagram shows a region where magnetic
ordering coexists with superconductivity [54]. This suggests that the destruction of long
range magnetic order is not a necessary condition for the emergence of superconductivity.
Figure 2.2 Experimentally determined phase diagram for (a) LaFeAsO;_,F,,b)CeFeAsO,_,Fx
and ¢)SmFeAsO;_,Fx
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2.2.2 122 materials

As mentioned previously,the AFeyAs, family of materials has numerous doping possi-
bilities. The basic behavior of the superconducting materials can be described by con-
sidering the phase diagrams for Ba;_, Kz FeyAsy(hole doping between the FeAs planes)
and BaFey_ ,CoxAsy (electron doping within the FeAs plane). Both materials share the
same BaF'es As, parent compound. As in the case of the 1111 parent compounds, Ba-122
exhibits both a structural phase transition (in this case from the room temperature tetrag-
onal I 4/mmm space group to the low temperature orthorhombic Fmmm space group [59,
60]) and the magnetic transition to a long range ordered, SDW state.

However, unlike the 1111 materials, both the structural and magnetic phase transitions
occur at the same temperature in the Ba-122 parent compound [59-61]. Doping with
either K [62, 63] or Co [34, 64, 65] causes a suppression of the structural and SDW
transitions as in the 1111 materials. For Co doping, as x increases, the two transitions

no longer appear at the same temperature with the structural transition occurring first
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upon cooling [64] as shown in figure 2.3(d). In both cases, superconductivity emerges as
the SDW order is suppressed. For K doping, the superconducting region starts for x ~0.1
and the maximum 7, of 38 K is reached for x~0.4 [62, 63]. For Ba(Fe;_,Cox),As, ,
superconductivity is first observed for x~ 0.03 and the maximum 7, of 23 K is seen for
x~0.07 [34, 65]. Interestingly, for both K and Co doping, there is a region of the phase
diagram where the SDW state and structural transition coexist with superconductivity.

Coexistence of superconductivity and magnetism has been a recurring theme in the
study of superconducting materials [68-71].For the doped 122 materials, the question of
whether the SDW and superconducting states are microscopically coexisting or phase sep-
arated has received considerable attention experimentally. For hole doping with K, ®As
NMR [72], uSR [73] and magnetic force microscopy [73] consistently indicate distinct
regions which are magnetically ordered and nonmagnetic regions as expected for micro-
scopic phase separation. Furthermore, analysis of micro strain measured with x-ray and
neutron diffraction was interpreted as being consistent with electronic phase separation
[74].

Although most measurements on the K doped samples are consistent with a phase
separation scenario, "*Fe-Mossbauer measurements indicate a sample which is completely
magnetically ordered as expected with microscopic coexistence of the SDW and super-
conducting states [75]. For the case of Co doping, both ”As NMR [76] and uSR mea-
surements [77] indicate that all the Fe sites participate in the magnetic order as would
be expected for coexistence of superconductivity and SDW order. One ®As NMR study
directly compared the cases of K and Co doping and concluded phase coexistence for Co
doped samples and separation for the case of K doping [78]. Finally, we note neutron
diffraction measurements on Co doped samples [66, 67] showed that the magnetic Bragg
peak intensity of the SDW state is suppressed on entering the superconducting state.

This certainly shows a very strong interaction between the superconducting and SDW
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Figure 2.2: Experimentally determined phase diagram for BaFes;_ ,CorAss and
Bal_meFegA@
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Figure 2.3: (a) Resulting phase diagram of Ba(Fe;_,Cox)sAs, with inclusion of high res-
olution x-ray diffraction measurements in the region where superconductivity and mag-
netism coexist. (b) Shows the reentrant nature of the structural phase transition.

states. It could be interpreted that this suppression is due to the same electrons partic-
ipating in both the SDW and superconductivity favoring a phase coexistence scenario.
However, in a phase separation scenario, a proximity effect could cause the superconduct-
ing regions to interfere with the SDW regions causing a reduction in the SDW volume
consistent with the observed Bragg peak intensity reduction. Hence, it is difficult to
make any strong conclusions about the implications of this observation for the question of
phase coexistence. Interestingly, the details of the phase diagram in the region where the
structural and magnetic transitions cross the superconducting dome have recently been
explored with high resolution x-ray diffraction [79]. These measurements indicate that the
shape of the line in the x-T phase diagram representing the tetragonal to orthorhombic
transition changes on entering the superconducting state and bends to lower values of
x [79] as shown in figure 2.4(a). As such, clear reentrant behavior is seen in a crystal
of Ba(Fepg3sC0p.062)2As2 where the system transforms from tetragonal to orthorhombic

and back to tetragonal on cooling [79] (see figure 2.4(b)). This shows a strong interaction
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between the structural transition and superconductivity and it was proposed that the in-
teraction was actually one between magnetism and superconductivity with the influence

on the structural transition resulting from magneto-elastic coupling [79].

2.2.3 11 materials

Finally, we discuss the phase diagram of the FeSexTe;_, family of materials. As men-
tioned previously, these materials form with excess Fe with the largest amount of extra
Fe observed near the Te-rich side of the phase diagram. Initial measurements of the
Fey,Tey_,Sex [41] family of compounds showed superconductivity with 7, as high as 15
K for x~ 0.5 existing for all values of x except very near x = 0 where superconductivity is
destroyed. This suggests a different phase diagram from other Fe-based superconductors.
However, single crystal specific heat measurements on the Te-rich side of the phase dia-
gram indicate bulk superconductivity only for concentrations near x = 0.5 [80]. With this
in mind, the phase moment diagram was re-investigated and indicated magnetic order
for small x which coexists with superconductivity over a range of concentrations [55] (see
figure 2.5(e)) in a manner very similar to the doped 122 materials andSmFeAsO,_,Fz .
As mentioned previously, materials with low Se concentrations have a tendency to form
with excess Fe. Measurements of the phase diagram with samples intentionally grown
with Fe;; [81] show an additional spin glass phase which coexists with superconductiv-
ity over much of the measured concentration range. This shows the sensitivity of these
materials to stoichiometry and, in particular, the amount of excess Fe present.
Although, as discussed above, there are some differences in the concentration depen-
dent phase diagrams of various Fe- based superconductors, inspection of phase diagrams
for pnictides family shows that there are some common features. All materials exhibit a
SDW state at low concentrations and this state is suppressed with doping allowing for
the emergence of superconductivity. This shows strong similarity to the generic cuprates

phase diagram and is evidence for the interplay of magnetism and superconductivity in
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Figure 2.4: Experimentally determined phase diagram for e)Fe; g37¢y_,Sex

the Fe-based materials.

2.3 Magnetic order

The parent compounds of both the 1111 and 122 materials are metals which exhibit SDW
order. The high temperature (7" > Ty) paramagnetic state is characterized by magnetic
susceptibility with an unusual linear temperature dependence (y o« T') [82, 31, 83-86].
This behavior is neither Pauli- nor CurieWeiss-like and is reminiscent of the (7" > Tspw)
behavior of metallic Cr [87]. In the following section, we will provide an overview of the
magnetic order which evolves out of this unusual paramagnetic state in the 1111, 122,
and 11 family of materials. Examination of the magnetic ordering can shed light on the
magnetic interactions and the nature (local moment or itinerant) of the magnetism in

these materials.
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Figure 2.5: (a) In-plane magnetic structure for the 1111 and 122 parent compounds.(b)
Magnetic structure for 11 materials

2.3.1 1111 materials

As discussed above, it is well established that the undoped parent compounds exhibit
some form of antiferromagnetic long range order. This was first observed in LaFeAsO
where the magnetic structure was characterized by the ordering wave vector (%%%)T =
(103), (where the subscripts T and O refer to the tetragonal and orthorhombic structures,
respectively) and the low temperature ordered magnetic moment was 0.36 p/3[15]. At this
point, we note that the ordering wave vector in the orthorhombic cell (i.e. (101), ) differs
from the wave vector listed in [15] as the later wave vector is relative to the unit cell
of the magnetic structure where the unit cell is doubled along the c-axis. The observed
wave vector is consistent with a magnetic unit cell of size V2a x v/2a x 2¢ relative to the
tetragonal cell. This ordering is consistent with stripe-like anti-ferromagnetic order with
ferro-magnetically coupled chains along the tetragonal (110) direction coupled anti-ferro-
magnetically along the in- plane perpendicular direction (see figure 2.6(a) above). The
doubling of the unit cell along the c-axis indicates antiferromagnetic interactions between

neighboring planes. The magnetic moment direction could not be uniquely determined
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in this measurement but the observed intensity is consistent with moments lying in the
a —b plane. The magnetic moment observed is much smaller than the 2.2 yB moment
observed in metallic Fe. Measurements of LaFeAsO;_,Fx shows that the magnetic mo-
ment is rather independent of concentration for x < 0.03 and is zero for x > 0.05 [88].
More concentration points are required to determine how abruptly the magnetic moment
vanishes with fluorine concentrations between 3 and 5 percent.

The nature of the ordered state in these materials has been a topic of considerable
study. The calculated Fermi surface for LaFeAsO consists of electron cylinders near the
M point and hole cylinders and a 3D hole pocket around the T' point [89]. Further
investigations indicated good nesting of these components separated by the 2D wave
vector (33)r consistent with the observed magnetic structure [90, 91]. This led to the
suggestion that the observed antiferromagnetic state is a SDW induced by Fermi surface
nesting [91]. In addition to this Fermi surface nesting scenario, it has been proposed that
near-neighbor and next- near-neighbor interactions between local Fe moments are both
antiferromagnetic and of comparable strength leading to magnetic frustration [92-94].

Changes of the ordered magnetic structure with different rare earth elements (RFeAsO)
have been extensively studied with neutron diffraction as well as local probe methods. The
ordering wave vector of (311)7 observed for R = La [15] is also observed for R = Nd [98].
However, for R = Ce [53] and R = Pr [99] the ordering is described by the wave vector
(%%O)T suggesting ferromagnetic coupling between planes. This suggests rather weak
inter—plane coupling which is strongly influenced by the rare earth ion and the associated
induced structural changes. Unfortunately, for the case of R = Sm, the high absorption
cross-section for Sm makes neutron scattering measurements very difficult.

A particularly interesting case is that of Ce where neutron scattering indicated a
much larger magnetic moment of 0.8 x B [53] more than twice the size of any other

rare earth. Thus, on the basis of these neutron diffraction results, the Fe moment size

varies considerably with rare earth element. However, a contradictory picture is obtained
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from ®"Fe Mossbauer measurements. Such measurements for R = La indicate an internal
magnetic field of 4.86 T [103], 5.19 T [50], and 5.3 T [104]. For the other rare earths, the
internal field was measured to be 5.2 T [105] and 5.3 T [106] for R = Nd, 5.06 T [106] for
R = Ce, and 4.99 T [106] for R = Pr.

For the parent compounds with magnetic rare earth ions (i.e. Pr, Ce, Nd, and Sm),
the rare earth moments order at low temperatures. The Pr moments in PrFeAsO order
below 14 K [99, 101] with a fairly complex ordered structure with Pr spins along the c-axis
[99]. There is coupling between the Pr and Fe moments and the ordered moments at 5 K
were reported to be 0.84 uB for Pr and 0.48 uB for Fe [99] (an independent measurement
indicated moments at 1.4 K of 0.83 uB for Pr and 0.53 uB for Fe [101]). Note that
the Fe moment is enhanced from the value of 0.35 uB observed for temperatures above
the Pr ordering temperature [101]. Ce moments in CeFeAsO order below ~4 K with
moments lying primarily in the a —b plane [53]. As in the case of Pr, significant coupling
between the Fe and Ce moments is observed with low temperature ordered moments of
0.83 B and 0.94 uB for Ce and Fe respectively which can be compared to the Fe moment
of 0.8 uB at 40 K [53]. Nd spins in NdFeAsO order below 2 K and form a collinear
arrangement with antiferromagnetic coupling along the orthorhombic b axis [102]. The
ordered moments below 2 K were found to be 1.55 uB for Nd and 0.9 B for Fe indicating
a strong enhancement when compared to the Fe ordered moment of 0.25 B observed for
temperatures between the Fe and Pr ordering temperatures [98]. Finally, despite the large
absorption cross-section of Sm, low temperature measurements on SmFeAsO indicated Sm
order at 1.6 K [100]. The determined Sm spin structure is quite different than the other
rare earths in that ferromagnetic sheets of Sm moments are stacked antiferromagnetically
along the c-axis and the ordered Sm moment is 0.6 B [100]. In contrast, the cases of
Pr, Ce, and Nd have rare earth moments coupled antiferromagnetically along the b axis
despite differences in the moment direction [99, 53, 102]. Note that for all measured cases,

the Fe ordering arrangement exhibits ferromagnetic coupling along the orthorhombic b
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axis with an antiferromagnetic arrangement along the a—axis.

2.3.2 122 materials

The temperature dependent structure of the AFeyAsy parent compounds has been care-
fully studied for BaFeyAss [59, 60], SrFesAsy [84, 114, 113], CaFeyAsy[120] and EuFeyAsa[114)].
In all cases the room temperature tetragonal space group is I 4/mmm and the materials
transform to a low temperature orthorhombic Fmmm space group with a 45 rotated cell
in the a b plane. The room temperature I 4/mmm space group is different than the P
4/nmm space group of the 1111 materials in that it contains two FeAs layers per unit
cell. In contrast to the 1111 materials, the 122 parent compounds exhibit a structural and
magnetic transition at the same temperature as shown in measurements on BaFeyAso
[60, 110], SrFeyAsy [111-113, 121], and CaFesAsy [115].

Neutron diffraction experiments on the 122 materials find larger ordered magnetic
moments than in the 1111 materials which are fairly consistent for different members of the
AFeyAsy family with 0.99 uB [110] observed in single crystal measurements on BaF'eyAsg
(grown with Sn flux), 0.87 uB [60] in powder measurements on BaFesAsy, 0.94 pB in
single crystals of SrFeyAsy , 1.01 pB [112] in powder measurements on SrFeyAsy and
0.8 uB in single crystals of C'aF'esAsy . This consistency of the ordered moment occurs
despite a large variation in transition temperatures ranging from 90 K in BaFey Asy grown
with Sn flux [110] to 220 K in crystals of SrFeyAsy [111].

Finally we discuss the evolution of the magnetic structure with doping. Most measure-
ments have focused on Ba(Fe;_,Co,)aAssas the crystals are considered to be homoge-
neous. Neutron scattering measurements have indicated a magnetic structure character-
ized by the same (101)p wave vector as the BaF'es Ass parent compound for concentrations
of x = 0.04 [67] and x = 0.047 [66]. However, NMR measurements on a sample with x
= 0.06 indicate a distribution of internal fields [76] and 5"Mossbauer measurements on

single crystals with x as high as 0.045 indicate a distribution of hyperfine fields [122].
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Both observations [76, 122], as well as NMR measurements on other underdoped samples
[127], were taken as evidence that the SDW order evolves from commensurate for the
parent compound to incommensurate in the presence of Co doping. Modeling the NMR

line shape yields the prediction of a small incommensuration with magnitude ~ 0.04 [76].

2.3.3 11 materials

The structural and magnetic properties of the 11 family of compounds is complicated
by extreme sensitivity to stoichiometry and the presence of excess Fe. As an example,
nearly stoichiometric FeSeg g7 crystallizes in the P 4/nmm tetragonal space group while
a small variation in concentration to FeSe; s induces a phase change and the material
exhibits a hexagonal structure [128]. Furthermore, superconductivity in Fej ¢ Se with
T, ~8 K is destroyed by increasing the amount of excess Fe and no superconductivity is
observed down to 0.6 K in samples of Fejg3Se [129]. The phase of interest with respect
to superconductivity is the « phase (curiously this phase is occasionally referred to in
the literature as the § phase). Magnetic ordering is observed in samples close to the
Te endpoint member of the Feyi,Te;_,Sex family. Structurally, Fe;y,Te exhibits the
PbO crystal structure with a space group of P 4/nmm at room temperature for values
of y ranging from 0.068 to 0.14 [44, 117]. At low temperatures, a first-order structural
transition is observed (transition temperature ~65 K [130]) and the low temperature
space group is the monoclinic P 21 /m for samples of Fe; gr¢Te [44] and Feqgs1Te [117].
On the other hand, a small change in x to Fej141Te Te changes the low temperature
unit cell to orthorhombic with the Pmmn space group [44] again providing evidence for
sensitivity to stoichiometry. In both the orthorhombic and monoclinic unit cells, there
is no cell doubling or cell rotation when compared to the tetragonal cell and, hence, the
Miller indices of Bragg reflections are the same for all unit cells [44].

The wave vector observed in the 11 materials is different than that observed in the

1111 or 122 materials with an in-plane wave vector of (50)7 as opposed to (33)r seen in

1
2
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both the 1111 and 122 compounds. Interestingly, this happens despite calculated Fermi
surfaces that are very similar suggesting that the 11 materials should be susceptible to
a nesting instability with the same (11); nesting wave vector [43]. Calculations indicate
that excess Fe in these materials is magnetic [45], consistent with the conclusions of

neutron structure refinements [44].

2.4 Spin density wave state

The SDW state is a kind of antiferromagnetic state with the electronic spin density form-
ing a static wave.The density varies perpendicularly as a function of position with no net
magnetisation in the entire volume.The SDW transition occurs when the spatial spin den-
sity modulation is due to delocalization or initinerant elec trons rather than the localized
one.Usually in the normal state the density p4(7) of electron spins polarized upward with
respect to any quantization axis is completely can celled by p; of downward polarized
spins.

In the SDW state,however,the difference o(r) = p4(7) — p, () is finite and modulate in
space as a function of the position vec tor 7 in the SDW state.Such tendency of forming
SDW ground state takes place when a system possesses nested pieces of FS together
with intermidiate coulomb correlation.In the case of the SDW transition it is the wave
vector dependent static magnetic susceptibility which develops a singularity at ¢ = Cj
Le.,x(q,w)|s = Q,w=0=((St(q,1); S7(=¢,1)))wly = Q,w = 0 — oo where S* are the
spin raising and lowering operators and Cj is known as the nesting wave vector which
determines the periodicity of the SDW. This singularity in the magnetic susecptibil ity is

an artifact of the nesting property of the F'S given by

% = ~%+Q
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2.4.1 The coexistence of SDW and SC

Usually,magnetism and superconductivity are expected to be mutually exclusive phenom-
ena i.e, they are unlikely to occur simultaneously in the same com pound.Superconductivity
(including in the high temper ature superconductors) is known to be due to Cooper pair
formation of electrons of opposite spins and momenta whereas magnetism requires spin
polarisation. Therefore, naturally one order would inhibit the other.

Furthermore,like superconductivity (electron-electron pairing), the transverse SDW
state is also a result of condensation of electron-hole pairs of opposite spins but with a
mo mentum difference of  between the conjugates.Hence, when any of the orders (either
the SC or the SDW) set in,the FS is instable with respect to that condensate state.

In other words,if one of the phases (say SDW) sets in first, and exists all over the FS,
then there will be no carrier available to form cooper pairs and hence no su perconductiv-
ity. This would also be equally true in case of the SDW state, had the superconductivity
appeared first. However,in reality we do see the coexistence of the two phases as is al-
ready discussed earlier.In what follows we discuss two different scenarios where both the

presence of SDW state and SC coexist.

A.The case of an isotropic SDW-state : SC can arise over the SDW backg

round

If the nesting of the FS is perfect the entire F'S could be isotropically gapped due to the
formation of the SDW state transforming the system from a metal to an in sulator.In
order to build superconductivity over such an insulating phase one needs to dope the
system with charge carriers.

In the event of doping the system with holes,or equivalently removal of electrons from
the lower filled (valence) SDW band, there will be deviation from perfect nesting of the
F'S resulting in a local suppression of the SDW gap.This is so because, the gain in elec

tronic energy resulting from the formation of the SDW state is lowered due to removal of
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electrons from the va lence band.This local suppression of the SDW gap acts as a potential
well for the injected hole,in which it gets self-trapped forming the so called spin bag.

On creating two holes it is energetically favourable for them to dig a deeper well and
stay together provided the two holes have opposite spins to avoid Pauli exclusion prin
ciple.This is however nothing but a local Cooper pair and if such bags with two holes
of opposite spins move coherently,the system will be superconducting.This is the essence
of Schrieffers spin bag model for high tem perature superconductivity and hence is an

example where superconductivity can arise over the SDW state.

B.Anisotropic SDW state : SC can coexist wit SDW

The above case is however,physically resonable only when the hole concentration is very
small.But in reality superconductivity in most of the systems (specially high Tc systems)
appears only after large doping.So,it is likely that the SDW state will be completely
suppressed in particular directions of the F'S whereas it would still exist in the rest of the
F'S which still nests (anisotropic SDW).Such situation may also appear due to particular
topology of the FS of a system without doping i.e,the system may have nested pieces of
F'S only in certain di rection and no nesting in other direction resulting in an anisotropic
SDW state.

In the regions of the FS where the SDW gap vanishes (i.e,the lower and upper SDW
bands merge together),the pairing interaction between the SDW quasi particles can take
place leading to superconductivity.In both the cases discussed above,the origin of super-
conductivity is fundamentally different from that in conventional superconductors.

In contrast,in the cases where nesting is not perfect either due to peculiar topology
of the FS or due to dop ing,the SDW gap will appear only in the nested part of the FS
allowing for the superconducting instability in the rest of the FS.But in such a case,the
origin of superconducting pairing may arise be due to any other mechanism including the

BCS phonon exchange.



Chapter 3

Mathematical Techniques

In this chapter we will review the Green's function formalism which is used to obtain the
expressions for superconducting transition temperature Ty, ,magnetic ordering tempera-

ture Tspw and order parameters (Ag and Agpw ).

3.1 Green's function formalism

The Green’s functions are useful because they are flexible enough to describe the effects of
retarded interactions and all the quantities of physical interest can be derived from them.
Green’s functions or propagators play the most important part in the field theoretical
treatment of the many body problem.There are different types of Greens functions;one
particle,two particle...n particle,advanced,retarded,casual,zero temperature,finite temper-
ature, real time,imaginary-time and so on.

In our discussion we used only the retarded Double-time Green’s function.It is defined as

) (3.1.1)

) (3.1.2)

where ({(....)) is the abbreviated notation for the Green functions,and (..) denotes averaging
over a ground canonical ensemble 0(¢,¢') is the step function. A(t), B(t') are operators

in the Heisenberg representation which can be expressed as the product of the quantized

30



31

field operators ,that is, A(t) = exp(iHt)A(0)exp(—iHt),h = 1

0, t<0;
0(t) = (3.1.3)
1, t>0

also [A, Blis a commutator or anti commutator that is [A4, B] = AB — nBA,n = =+the
sign of n is positive if A and B are both Bose operator and negative if they are Fermi
operators. In order to obtain the equation of motion we differentiate equation (3.1.1)with

respect to t as,

d / d A ~
Gyt — ) = i ((A(); B)) (3.1.4)
— 8t — ¢ )([A@); BE ) + (([A(e); 7 BE))) (3.15)

Taking use of between heavy side step function #(t)and Dirac § function,

therefore %0(15) = §(t). It is known that A(t) and B(t') satisfy equation of the form

g— = [1217 H ]Now equation of motion becomes,

dt

%Gr(’f — 1) = 8(t — ) {[A@); B + ([A@); A Bt)))

To solve this equation it is convenient to work with Fourier transform of this equation .A
care full analysis shows that the function depends on ¢ and ¢ through (¢ —t').Thus we can
write G,.(t, 1) = G,.(t — ).

Now let G,(w) be the Fourier transform of G,(t —t) such that,
G (t—t)= / Gr(w)e_i“’(t_t/)dw

G (w) = %/ G, (t —t)e = d(t — 1)

and the ¢ function can be defined as

’ 1 & : /
t—t)= 2—/ e Wt du

™
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Then equation (3.1.5)becomes,

)N (3.1.6)

since the Fourier transform of G(t) is
G(t) = /G(w)exp(—iwt)dw

0
from which we can show that — = —iw Fourier transform of G(¢). Then wG(w) can be

ot

written as

~

w({A, B = ([A®); B + {([At); H]; B))). (3.1.7)

since ((A, B)),, denotes the Fourier transform of the green’s functions involving the oper-
ator A and B. It satisfies the equation of motion (3.1.5),where the double brackets ({....))
indicates the Fourier transform of the corresponding Green function.The single brackets

(...) indicate the thermal average over the canonical, that is

_ Trexp(—pH)H
(F) = Trexp(SH)

(3.1.8)

Where § = W,K p is the Boltzmann constant.H is the Hamiltonian of the system
B

considered.

From the analytical properties of the Green’s function it follows that the correlation

function (B(t'); A(t))) can be obtained from the equation of Green’s functions by

N (<<A; BY) o — ((A: B>>m_ie)
() — 1

(B(t); Ate)) = iting [ (3.1.9)

e—0 v —00
3.1.1 Green's functions formulation with reduced Hamiltonian

To solve the properties of superconductivity,we will use BCS-type Hamiltonian (or reduced

Hamiltonian), which is given bellow

H=Y eCl,Cio =Y ViwCLCT, Co C (3.1.10)

k.o kK
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where V(k,k') define the matrix element of the interaction potential.C} (Ch,) is the
creation( annihilation) operator of an electron specified by the wave vector k and the spin
0.€xis the energy of the one electron measured relative to the chemical potential. To get
the equation of motion we apply Green’s function techniques;
Defining;
G?k = ((CkT,C;,T» (3.1.11)

And writing the equation of motion for ((Cjs, C’,IT)> ;

W<<CkTa 011T>> = O + <<[Ckm Hpesl; CZIT» (3.1.12)

Now let us eliminate[Cyy, Hpes| Using the Hamiltonian (3.1.10)
[Chr, Hpes] = [Crp, > erClyCro — > Vi w CLCY, Cu O] (3.1.13)
k.o kK
Evaluating the relevant commutator[Cy, Hpgcs] using the Hamiltonian (3.1.10), we finally
obtain after decoupling higher order Greens functions in to lower order using mean field
approximation;

(w =€) ((Cht, CIIT» = Oy —V Z<<Cik¢0k/¢c—k'ﬁ CIZT» (3.1.14)

kK
—5kkz’_vz kw CkyCT >>

From the relation

A=V (CppCyy) VZ L Cla)

kK’

Where A is the energy gap

Therefore equation (3.1.12) becomes;
(w = &) ((Cry, CLy)) = b — A{CT, CL)) (3.1.15)

Which is the equation of motion for ((Cys, C,ZT>>.
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Now let us calculate the 2% equation of motion for ((CT, L C”i, T>>;
Similarly the equation of Green function((C L C’,i, T>> can be obtained as before by eval-

uating the relevant commutators.Finally we obtain;

(w + Ek)<<CikJ,>CI];T>> = _VZ«C/ZTCikaTvC;T» (3.1.16)

= =V AL L il
But,A =V Zk<C’,ITC’ik¢> ,therefore;
(w +€k)<<c k¢>CT ) = A<<CkT>CIZT>> (3.1.17)
From equation (3.1.15) and (3.1.17),we have;
(w = e){(Cir, O ) = 8 — A{CL, CLL)) (3.1.18)

(w +e){(CLy,, CL)) = =A(Chy, L)) (3.1.19)

Since 6, = 1 iff k = k',then

1

w — €k

((Cur, CLy)) =

(1 — A((CY,. C,im) (3.1.20)

substituting equation (3.1.20) in equation (3.1.19)yields

A
T Ty
(CLiy, Cpe)) = T2 & _ A2 (3.1.21)

The superconducting order parameter A can be given by the relation,

\%
=3 PIX((clrmein) (3.1.22)
k.mn
Then equation (3.1.22) becomes;
V A
A= _
B —~ W 2 —e2 — A?
then let us define
. (27’L+1)27T7 2+A2:E£
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S0,

1

A=VA =
’ Z (2n+1)?12 + B2E}

k.n

(3.1.23)

and from the relation,

x
tanh(= —o0
an (2) _ Z 1
2x — (2n+ 1) + 22°

Equation (3.1.23) becomes,Where, = = SE},

1 tanh(%)

V. 4~ 28E,

Changing the summation in to an integral with cut off energy thwp from the Fermi

level,we get;

/2 1 A2

+hwp tanh(ﬁeg—+)
1=N(0 V/ de
© thwp 2\/€; + A2 *

asT — T, A —0

€k

N<é>v - / &

Integrating gives
1

& -~
T. = 11455 X
hp

Where A = N(0)V,and N(0)is the density of state at the fermi level

Then, ¢, = Awp

1
T. = 1.14—ﬁ‘”De_X
kp

And from the relation, 0p = % Therefore |
B

1
T, = 1.140pe A (3.1.24)



Chapter 4

Theoretical Formulation

4.1 The model Hamiltonian

The purpose of this work is to study theoretically the interplay between spin density
wave and superconductivity in Fe-based superconductors and to find the expression for
the superconducting transition temperatures and magnetic ordering temperatures as a
function of order parameters.

We take the following Hamiltonian as with ref.[113] to describe the interplay between

superconductivity and spin density wave.

H=H,+H, (4.1.1)
Where;
Hy =Y &Cl,Cro— Y ViwCLCT, Cy C iy (4.1.2)
ko kK
Hy =1 ClCriiC) Cro_gn (4.1.3)
k,Q

Where,C]_(Cj,) are creation (annihilation) operators of an electron having the wave vec-
tor k and spin o.In equation (4.1.1)the first term represents for the one electron en-
ergy,while the second term describes BCS type. The term (4.1.3) represent the on site
Coulumb interaction;I = %With U being the on site Coulumb energy and N the number

of the molecules.

36
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4.2 Equations of motion

In our present analysis to obtain the self—consistent expression for order parameter and
transition temperatures(T¢ and Tspw ) as a function of order parameter (Ag and Agpy)

respectively, we apply Green’s function technique.

Defining
Gilo = ((Ch, L)) (4.2.1)
And writting equation of motion;
w({Crp Clr)) = ([Cry, Ol 1) + ({[Cip, HL C)) (4.2.2)

First let us calculate the commutator [Cyt, H] using the Hamiltonian(4.1.2) then, the

equation of motion for ((Cy, C 11’T>> is given by ;
(Gt €)= b0 + ([Cor ) Cl)) (123)

Using the commutation relations,

[A: B+ C) = [A, B] +[A, (] (4.2.4)
[A; BC] = [A; BIC + B[A; (] (4.2.5)
[AB;C] = A[B; C) + [A; C|B (4.2.6)
[A; BC) = {A; B}C — B{A; C} (4.2.7)
[AB;C) = A{B;C} — {A;C\B (4.2.8)
and
[Cho, Cl ] =040 = L,if fk = k', Otherwise0. (4.2.9)
[Cho, Ciol = [C},, CL,] = 0 (4.2.10)

Now let us eliminate[Cyy, H| Therefore

[CkT7 H] = [CkTQ (Z ekcliaoka_z Vk,k’ OIZTCik¢Ck'¢O—k'T+U Z OkTa CIITCk+Q¢O]I’¢Ck'—QT>]

ko kK k,Q
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Then;

[Crr, H] = Z €r[Chr; C,ingg]—V Z[CkT§ CIZTCimCmC—k’T]"‘U Z[Ckﬁ C£TCk+Q¢C;i’¢Ck'—QT]

k,o kK k,Q
(4.2.11)
= Z €x[Crr; Cliacka] -V Z ([CkT> OIZTCiIQ]Ck'iC—k’T + Clircim[ck% Ck’¢0—k’T])
k,o k,k’
+U D ([cm; ChiCriilClr G _qy + CLiCrii[Cir, O, ﬁa’—@ﬂ) (4.2.12)
k,Q

= Z €k ({CkT7 C}IT}Cka‘F{Ok% CkU}OIiU) -V Z{CkTa OIIT}Oikaank’T‘FC/ZT{OkTa Ciki}ck/icfk%
ko

kK’
+CLCT L {Cr, Oy }C s + CLCT L O {C, C i} (4.2.13)
+U Y <{CkT7C;1¢}Ck+Q¢CZI¢Ck'_Q CirCit, Crr@u}Clr O 70 Cri@u{ Cir, CF) }Cy gy

k,Q
~CLCriiCli {Cr, CkQT}>
since {Cho, Cro} = {C,. Cl,} =0, {Cho. C, } =00 = Lif f =K

[Cor, H] =)~ ex{Cr, CL}Cho = V'Y {Ciy, CLICT, Cpr C oy (4.2.14)

ko kK

+U Y {Crt, CL}CrsqiCl) O
k,Q

=aCip =V Y CL O C +U Y CriuCl Cro_gy (4.2.15)
K K,Q

In general our equation of motion becomes;
(G Ol =1+ (i - v S OO i +U Y ChraiC ! Ce-ar)iCh)
K,Q
since k = k', Then 6, = 1
Substituting equation (4.2.15) in equation (4.2.3) yields;

=1+ ((exCht, CL)) vz (C14 Gy Coyo CL) + U Y {(CrsuCli Cr_gri Clp))
k,Q
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Rearranging and defining the energy gaps (Ag and Agpw)

:1+€k<<CkT7CI];T>>_VZ<Ck'¢7C—k’T><<C kq‘ac’ljﬁ +UZ KL k QT><<Ck+Q¢QCIIT>>

k.k' E.,Q
(4.2.16)
Defining;
Ag = VZ<Ck/¢7CLk’¢>> Aspw = UZ K ¢7
kl
Then we have;
(w — &) ((Chr, L)) = 1= Ag((CT ), CL)) + Aspw ((Cryr, CL)) (4.2.17)

Similarly the equation of motion of Greens function ((CT, 0 C )} can be obtained as be-
fore by evaluating the relevant commutators. Then the equation of motion for ((C7 L C”Z, T>>

becomes;

W{(CL4y, Ol = (T T CLL)) (4.2.18)

~

Then solving for the commutator [Cik 1 H;

[CLW ﬁ] - [Ciw ( Z Ekcliacko_z Vir CIZTOik¢Ck’¢C—k’T+U Z C}ITCIC+Q¢C]1’¢CI§'—QT)]
k,o k. k' k,Q
(4.2.19)

Similarly using the commutation relations (from equation (4.2.4) to (4.2.10))we have;

k,o

+UZ " Ol Cryqu O] ’icklfQT]

= Z €k[Cik¢7 Cliacko 4 Z ( kJ,? ki]Ck'icfk’T + CIZTCim[Ciku Ck’¢Ck’T]>
k,o
(4.2.21)

+UZ ([CikyCZTCHQﬂC Cy_gr + CliCrrqu[C! IcJ,?C O QT]>
k,Q

= Z Gk({ciw CIIU}CIW - Clia{cikw Cho})
k,o
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-V Z <CIZTOT1¢¢{CTW Ok’¢}0_k’¢ - C}ZTOimOkw{Oiky O—k'T}> (4.2.22)

kK’

+UZ <{Oik¢’CIIT}Ok+Q¢O Cw_qr — IIT{Oik¢7Ck+Q¢}CZ’¢Ck/—QT
k,Q

+Cli¢ck+Q¢{Cik¢a C;i’i}ck'—QT - CIITCHQiC;i/i{CT—W Ok’—m})

since {Cho, Cho} = {C,. Cl,} =0, {Cho. C, } =00 = Lif fl =K

- Z Ek(CZo{Ciky Cho}) =V Z (C’,ZTCTM{CTM, Ck’¢}c—k'T>

k,o kK
+UD ({OM,C,ZT}OH@O C m) (4.2.23)
k,Q
K.,Q

We can also obtain the equation of motion for higher order Green’s function ((CT L C’Jr >> ,then

substituting equation (4.2.24) in to (4.2.18) yields;

W<<Cik¢vciz¢>> = <<(_ e xCl ki VZCMC k Okt — UZC k— QTC Ck QT) CZ¢>>
K.Q

= —er{(CLy,. C VZ (CLCT 4, Cy, Cly) UZ "y @G Cr—ar Chi))

Rearranging and defining the energy gaps

(W"‘ﬁfk)«cikuCT ) = VZ CkTC k) ({Cers € kT UZ Cr—o) Tk—m;cgﬁ)
(4.2.25)

Then from the relation

AZ* = VZ<CII¢CT—1¢¢> A*SDW UZ k QT
k

We get;

(w+ G—k)<<Cik¢7 CIIT>> = —A5{(Cht, Cii¢>> - Z*DW<<CL<;—Q¢§ C/ZT» (4.2.26)
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Similarily the equation of motion of Green’s function ((Ckiqy, Cli, T)>C.9un be obtained as
before by evaluating the relevant commutators.

writting the equation of motion,

w{(Cirau: Clry)) = (Crear: Clul) + ([Chrar. B CL)) (4.2.27)
W<<Ck+Q¢7 C,Z'T» = 5k+Q,k’ + <<[Ck+Q¢v ]:I], C,DT» (42-28)

Evaluating the commutator [Cy.qy, H | using the Hamiltonian (4.1.1)

[Crrqu H) = [Chiqu, > exCl,Cro—Y Vi CLCT, Cy C 4 U D CLCri,Cl O il
k,o kK k,Q
(4.2.29)
using the commutation relations

[Crrqu H =D elCriqu Cl,Crol =Y Vix ([Ck+w ChCl 10w C o+ CLCT [Criqy Cmc_m])

k,o kK’

+U) ([Ok-FQi? ChCri@ilCl Cro_gr + CLiCriqu[Criq, O, ﬁk'_m])
kQ

=Y al{Criqu Cf YChr = C {Chiqu: Cio}
k,o

- Z Vk,k' ({CkJrin C}IT}Cim - O}IT{Cina CT—M}) Ck’ic—k'T
k. k'

+CI];TCik¢ ({CkJrQw Ck’¢}c—k"r - Ok'¢{ck+Q¢7 C_k’T})

+U Y ({Ckwu Ci}Criou = Cli{Criaus Ck+@¢}) Cl Cuv_an
kQ

+C1Criqy <{Ckz+c2¢a Cl YCw_qr = Cl {Criau. Ck’—QT})
since,{Ck,, C’II/U} = 0, = 1 ,iff k = k' ,Otherwise 0.
And {Co, Cy,} = {C},.Cl, } =0

[Chrus H-] - Z er{Crral, C,Z/U}Ckcr +V Z CIIT{CHQ@ Cim}cknc—k% (4.2.30)
k,o kK’

+U Y CLCri{Criqu C}, SO ot
k,Q
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= ers@Chiqu+ VY Ol ,Cu Oy U Y Ol Cri, 0y (4.2.31)
K K,Q

Substituting equation (4.2.31) in to equation (4.2.28) yields;

W{(Criqus O ) = dsque +(( (€k+QCk+Q¢+V D O O Co+U Y C,I/Tcmmom) Gl

kK’ K.Q
(w—e€r+Q) ({Crray, C ’ > Oprqu TV Z k tCw Cpys € N+U Z Cr 1, Okt C,Z/T»
(w—e€r+Q) ({Crray, CLT» = Oprqu TV Z<Ck'¢cfk'T><<C r-aon © +UZ Cr 1) ((Crr; CILT»
kK’
(4.2.32)

Defining the order parameters i.e;

Ay =V Z<Ck'¢c—k’T>? and  Agpy =U Z<CIZ’TC"“'+Q¢>
kk' K.Q

Equation (4.2.32) becomes;

(@ = 120 ({Crrgu: CL)) = S + AFHC! _grs Ol ) + Ao ((Cirs CL)) (4.2.33)

similarly the equation of Green’s functions ((C’ik_QT, C ]1, T>> can be obtained as before by

evaluating the relevant commutator. Writting the equation of motion

<<Cik QT?CT ) = <<[Cik—QT7[:[];C]Z/T>> (4.2.34)

Evaluating the commutator[CikaT, H] using the Hamiltonian(4.1.1)

[Cik—QTa ﬁ] = [Cik—Qw ( Z ekcliaokd_z Vk,k/ OgTCLQCk'J,C—k'T—’_U Z OIZTCk+Q¢C,1/¢Ck’—Q¢>]

k.o k' k,Q
(4.2.35)

Using the commutation relations;
[CT—k—QTv ﬁ] = Z Ek[cik_QT, C]igcko] (4.2.36)

k,o

_kak k o C C kO Oy + [ct fe— QT?Ck’¢C—k'T]CIITCik¢
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+UZ( —k— QT?CkTOk-I-Qi]O Cy QT+CkTCk+Q¢[O k— ch Ck QT])

= _ZGkaa{C k— QT?CkU}+Zka k: Qs fk’T}Ckﬂ)CI];TCT—ki

kK

~U Y CLiChai{Clyon Cr_ar}
hQ

since, {Chy, C,Z,U} =0, = 1,if fk = k', Otherwise0.
And {Cy,. Cy,} = {C},.CI, 1 =0

(CTy_op H] = —e_iCT, QT+VZC’ C' o Criqu=UD Cl Cpi0,Ch,, (4.2.37)
K.Q

Substituting equation (4.2.37) in equation (4.2.34) yields;

w({Chgp Cl)) = (( (—e_k_QcT TV Y CLCly Crigu=U ) Cl Crlg,Chy ¢> ;Ch))
kl

K.Q
(W+€—k—Q><<CL¢ o VZ CT C K ¢Ck+Qia UZ Cr o1 —kb C;'¢>>
(Wte—)({CLygn CL)) =V Z ) (Criqu; Cp))=U Z C @ {Ch: CL D)

Defining the order parameters;

A*S** V Z and A*S*D*W = UZ<CIZ/TC]€/+Q¢>
E.Q

(w+ e {(Ch g, Ol ) = AT {(Craqui Of)) — ASw ((CT, i CLL)) - (4.2.38)

Generally we have four coupled equations of motion,they are;

(@ = ) ((Chp, O ) = G = AsUCT CL)Y + Aspw ((Criqui L)) (4.2.39)
(@ + e k) ((CL4, Ol = =As{(Cis O ) = Aspw ((C1y g3 CL))  (4.2.40)
(@ = e+ ({Criou Cpr)) = G + As{(CLy o1 CLL)) + Aspw ((Cryi CF ) (4.2.41)

@+ )0 gy CL) = As{{Chsqui Ch)) — Aspw((Cl4CLL)) (4.2.42)
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we have assumed that

3k k

_ * _ *k3k _
Aspw = Aspw = Aspw = Aspw

Ag = AL = AT = AL

€k = €k, €k = €1Qy €—k—Q — €k,
W — € ’
w+€: NLk=k = 0 =180, =0
Rearranging;
1
((CM,C,LT» by (1 — As((C! ki?CT ) + Aspw ({(Cl 0 Cl, >>> (4.2.43)
1
(€ Ol = ey ( — BsUCHICY ) — Asowl(Cl i€} ) (4240
1
((Crsqu. CL)) = R (AS«C v Ol ) + Bspw ((Cry; C '¢>>) (4.2.45)
1
(Ch o C,LT» = e tero <A5<<Ok+Q¢§C,Z'T>> — Aspw ((C1 C >>> (4.2.46)

Substituting equation (4.2.46) and (4.2.43)in to (4.2.44),yields;

_AS

(w4 RO, L) = s

< A5<<C ka / >> + ASDW<<C']H_Q\L76’]L >>)

—Aspw
(w—f—e—_k_Q)<AS<<Ck+Q¢’C >> ASDW<<O k¢’C >>>

Ag _ [ A?s* + A%DW
(w — Ek) (w + G_k_Q)

(w—€r)

_ASASDW [

- <w+e_k>} (CT i €l

! 1 il
e e_k_Q)} ({Chrus )

Similarly substituting equation (4.2.43) and (4.2.46)in to (4.2.45),yields;

Ag

m[AS«CkJFQ@C >> ASDVV<<C'—I£¢761 >>1

(@~ ett@){{(Cirans ) =

A
L Bspw [1_AS<<0 wiCl )>+A3DW<(C,Z+Q¢;OZ,¢>)}

W — €k

_ASDW - A?s* X Aspw
W — € W+ e W—E€g

- @+ a0)] (Cisar. )
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1 1
+
Wte g W—E€g

—ASDWAS[ ]<<OT k0 Ol

Rearranging the above equations yields;

~ = [ = 6t = (&5 + o) | (€L, O ) + 2880w (Chsus ) (4247

Aspw = [WQ — e — (A% + Asmv)} ((Ck+Q¢,C, )) + 2AsAspw ((CT WCT ) (4.2.48)

Solving for (<CLW C,Z/T»

—Ag {W — € — (AL + AZpw) + 2ASDW}

(C1y,,CL)) = (4.2.49)

2

[wz —e — (A + ASDW)} — (2AspwAg)?
- . i

Similarly,solving for({Cy+qy, C, T>>

Aspw [wQ —a— (AL + Aipy) + 2A2}
(Crrqu, Cf,)) = ; (4.2.50)
[w2 - — (A% + ASDW)} — (2AspwAs)?

Applying factorization theorem for equation (4.2.49) above we have;

—Ag {W — € — (AL + ASDW):|

[(WQ —& — (AL + Aspw)) - (QASDWAS)} KWQ —a — (A% + Aspw)) + (2ASDWAS)]

A B
= -

[<w2 —e — (A% + Asnw)) + (QASDWAS)} [(wz —a — (A% + Aspw)) - (QASDWAS)}

A+ B=—Ag,2A¢Agpw (B — A) =0

A= "B
2
and
P
2

[(w _e (a4 ASDW)) - (zASDWAsﬂ [(w? _g— (a4 ASDW>> T (2ASDWAS>]
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A B

) [<w _e o (a2q ASDW)) T (zASDWAs>] ' [(w _ g (A4 ASDW>) - <2ASDWAS>}

A+ B =0,2AsAspw (B — A) = —Aspw (2AsAspw)

—A
A SDW
2
and
B Agpw
2

Finally we will have;
(€, €L ) = s
Kw2 — e — (A% + Asmv)) + (QASDWAS)}
— AS
KwQ — e — (A% + Aspw)) - (2ASDWAS)}
Aspw B Aspw
[(WQ — e — (A + Aww)) + (QASDWAS)} [(WQ — & — (Af+ Aspw)) - (QASDWAS)}

Collecting the terms which have similar denominator we obtain;

T Ty — —(As + Aspw) _ (As — Aspw)
(Chh, Ci)) = 5 7 — (Bt Ao 2F = — (s — Aso )] (4.2.51)

+

In similar fashion,applying factorization theorem for ((Cyiq,,C ]i, T>>

ASDW |:(JJ — Gk (A2 -+ ASDW):|

[(WQ — € — (AL + Aspw)) - (QASDWAS)} [(wz — e — (A% + Aspw)) + (QASDWAS)]

A B
= +

[(w?—ek <A§+ASDW))+<2ASDWAS>] [(w?—ek <A§+ASDW>)—<2ASDWAS>}
A+ B=Aspw.B=A

A Aspw
2
and
B— Agspw
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202 Aspw

KWQ — e — (A% + Aspw)) — <2ASDWAS>} KWQ — e — (A% + Aspw)) + (QASDWAS)]

A B

) KW2 —e — (AF+ ASDW)) + (2ASDWAS>} ' sz —e& — (AF+ Asmv)) - (2ASDWAS)}

A+B=0,(B—A)=Ag

A= B8
2
and
p_2s
2
Therefore;
Ag
{(Clig Cl)) = =

sz — 2 — (AL + ASDW)) + (QASDWAS>:|

A
+ SDW
[(uﬂ — €k (AQ + AS’DW)) — (2Asprs):|
A A
S + S

) Kuﬂ —e — (A% + ASDW)) + (QASDWAS)] Kcﬂ —e — (A2 + ASDW)) - (QASDWAS)}

Rearranging yields;

<<CT C«T >> _ (AS + ASDW) + (ASDW - AS)
QL kT 2 [CL)Z — Ez — (AS + AsDw)Q] 2 [w2 — EZ — (AS — ASDW)Q]

(4.2.52)

4.2.1 For superconducting order parameter and transition tem-
perature

Using equation (4.2.51),

Pty (AS + Aspw) 3 (As — Aspw)
<<C_k;kaT>> - 2 [w2 . Ek; (AS + ASDW) ] 2 [w2 _ ek (AS _ ASDW) ]
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Where Ag is the superconducting order parameter (analogues to the BCS order parame-
ter) and Agpw is the magnetic order parameter.

Using the relation for Ag i.e;

5 Z ki’

And the sum may be changed in to an integral by introducing the density of states, N (e),
1
72
k

The summation with respect to £ and n extends over all allowed pair states.Therefore;

h deN (e)

_EF

d’k =

—(As + Aspw) (As — Aspw)
] Z{ 22— (Ag+Aspw)?]  2[w?— e — (As — Agpw)? ]}N(G)dﬁ

_V " N (e —(As + Aspw) B (As — Aspw)
Bs = ﬁ%/_q”(){z e Sarvst e B v e e vt v |

Attractive interaction is effective for the region —hwy, < € < hwy, Assuming the density of

states doesn’t vary over this integral. Then the expression becomes;

_ v e . (AS + Aspw) _ (AS — Aspw)
As = 2N(¢) 3 %;/0 d [2 (W2 — & — (As+ Aspw)?]  2[w? — & — (Ag — Agpw)? J

2n + 1) 2n + 1)%72
2 .

Now changing w — w,,,and using the Matsubara frequency; w, = T W =— 52
Fu Ags+ A
2As =2N(0 Z/ de 2 T 1)%n (2 s+ Ssow)
n
— — (As + Agpw)?
32
ﬁwb Ags — A
—2N(0 Z/ 2 i (2 s SDW)
n
s — & — (As — Aspw)?
32
Let E2 = e + (Ag + Agspw)?,and E2 = e + (Ag — Agpw)? therefore;
2Ag = 2N(0)V 3 Z / Bst8sow) (B~ Bsow)

2n +1)272 + ﬁ?Eﬂ [(Qn +1)272 + 521:7%}
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Using the relation ;
x
tanh(—=
an (2) _ 1
2z Zn (2n + 1)272 + 22

So We can rewrite the above equation as follows ,Where z = BE and x = SF,

E E
hwb tcmh(ﬁ2 o) t(mh(ﬁ2 2)

Let N(0O)V = A ;

2Ag oy
AS - ASDVV

{ Ve + (As — Aspw)?

Let us study the above equation for the case T' — T¢

Ags+ Aspw tan 5\/% + (As + Agpw)? )
Ve + (As + Aspw)? 2

\/6’“ A; + Aspw)? )} (4.2.53)

AST—>T0,A5—>O

Using equation (4.2.53),

(1 n ASDW)

Ty 2 A A 2

2 / de As tanh(ﬁ\/ek + (As + Aspw)
0

2+ (As — Agpw)? 2
let, 2 =1+ L (4.2.55)
Where
[ (1 n ASDW) i
_ [ As ByVE+ (Bs + Dspw)?
I= de tanh( )
0 \/Ek (As + Aspw)? 2
[ <1 _ ASDW) ]
I _ /mb de Ag \/Ek + (As — Aspw)? )
0 Ve + (As — ASDW)2 2
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! ]ta h{ﬁ\/@c (As + Aspw)’ }

LET US SOLVE FOR I
Ve + (As + Aspw)? 2

ﬁwb

1= /

0
sy + (As+ A

+ / de Bspw tanp | PV F (Bs & Aspw)” (4.2.56)
0 AS\/Gk AS — Agpw) 2

At T =Ty, Ag = 0

The first integral of equation (4.2.56)can be calculated as follows using the relation,

x
tanh(s) 1 (2n + D)
—= =3 ,where w,, = ———
2z " (2n 4 1)%72 + a2 g
For AS =0
Ty, 1 \/m
/ de | ————=| tanh e+ Asow)
0 Ve + Adpyw 2
v 2 & 1
= de= 4.2.57
/0 B n:z:oo wy + € + Adpy ( )
2 1
Using Laplace’s transform and Matsubara frequency ,w,, = %,the above integral
becomes;
n 2 & 1 oy 2 — 1
= de— —_ — / A2 de= —_— 4 ...
o 45X A ), e X
o, tanh(—=) Fewy, 5 & 1
2
:/0 de— _/0 Mpydes Y +
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Where,
2
2o € a:(2n+1)7r
a? I6;
Then,
F 1 Ny y—
/ de | ———1| tanh Vet Asow)
0 Ve + Apw 2
huwy, tanh(%) Ay, ) 9 0 1
= de——=— —/ A de=2 Y ——
/0 € 0 SDW B nz_o (14 (1 ‘l‘ $2)2
Let
Fws tcmh(&)
[1 :/ de 2
0 €
bt 4 1
I, = — A%y de—
Now let us evaluate I;
heos tanh(&)
Il :/ de 2
0 €
Let Y = & and de = de
2 B
Y tanh
s / det Y
0 Y
Y Iny
= Inytanhy|y — d
ny an y’O /() COSh2y y
At low temperature,tanhy = tanh( ) — 1
2kgT
I =Iny— ln(f)efc
4
L =lny— ln(%)
Where 7 is the Euler’s constant.y= 1.78
huwoy
Ii=In1.1 4.2.5
1 n 3 (I{JBTC> ( 8)

For the second integral I, i.e;

hwy ) 4 o0 1
I =— Agpwde=> ———
2 /0 SDW 3 rar at (1+ $2)2
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’ o + 1)\’
Where :1:2:6—2 = —.de = adr ,a% = (( n+ )77)
“ g
ANy = 1 [T 1
I =——220 — adx
2 b nZ:O a* Jo (14 22)

- Dr]”Jo (14 2?)

I = 462A?5‘DW = 1 /ﬁwb 1
3 —~2n+ 1]3 (1+ m2)2

From the laws series and Zeta function;

- {2250} o} )

Where (is Zeta function; and

Tuwy, 1 T 00 .

So,

Z m = g((fﬂ);C(B) = 1.202

Therefore,

Agpw \ 2 8.414
I, = — 4.2.59
2 (ﬂkBTc) 8 ( )

Therefore equation (4.2.57) becomes the sum of equation (4.2.58) and (4.2.59)i.e;

Feoy, \/2—2
/ de tanh {5 k +2ASDW) }
0

1

V Ek + ASDW

ﬁwb ASDW 2 8.414
=Inl.13 — 4.2.60
" <2kBTC) (kaTC 8 (4.2.60)

=5L+ 1

= The second integral of equation (4.2.56) becomes;

oy A (Ag+A
I3 = / de SDW B ] tanh{ \/€k s+ Asow)? }
0

Agsy\/€ + (As + Aspw 2
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Applying I’'Hopital’s rule
hwy d
- /0 AEEO { dAg (de

dAg

g2 d BV (Bs + Aspw)’ B(As + Aspw)
2 2\/€k AS + ASDW)

Ags\/E + (As + Aspw)? 2

Aspw tan \/€k (Ag+ Agpw)? ] ) }

(ta h(ﬁ\/e’“ A§+ASDW) ))

And

d 28(As + Aspw)
A Ag+ Aspw)? | = 2+ (As+ Agspw )?+A
“S( S\/ + (As SD )) \/Gk (As SpW) 5{2\/6 - o )2

Substituting the above derivatives in (/3)yields;

Sech? { Be + (As + Aspw)? } { B(As + Aspw) }

2 2v/€2 + (As + Aspw)?

26(As + Aspw)
2\/€k AS + ASDW)

fwy
13 = / lim dEASDW
0

Ag—0

Ve + (As + Aspw)? —I-As{

(4.2.61)

hey A%DwﬁSecméwek—i—ASDW
[3 = / de
0 2(e + ASDW)
Therefore combining equations (4.2.60) and (4.2.61) gives;

B
A% BSech? (5‘“% + A2

Fiwy Aspw \~ 8.414 /’Wb
I=1n1.13 — d
! (2kBT) (WkBTC 8 * 0 ‘ (Gk + ASDW)

Using the relation= Sech?z = 1 — tanh’z

Ficoy 1 \?8.414 fip A2
I=Inl.1 — A? de SDW
. 3 <2k‘BT0) SDW (WkBTc) 8 + /0 2kBTC<Ek + ASDW)

s
haoy A% pwtanh® (5\/ € + Apw
— de
/0 2kpTc (e + Agpw)
From the integral of special functions and the help of FORTRAN language;

(4.2.62)

(4.2.63)

fuco A2 A? hw
de SDW = —5PW 4rctan b
/Ov ZkBTc(E + ASDW) QkJBTC (ASDW>
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Aspw | |y + Aspw ‘
| 4.2.64
4kgTe | hwy, — Aspw ( )
Similarly,let us solve for L
(1 B ASDW)
I Ag tan 5\/% + (As — Agpw)? )
Ve + (As — Aspw) 2
heon (As — A
L :/ de > ! tanh \/Ek a sow)?
0 Ve — (As — Aspw)? 2
- (A5 — A
- / Bspw tanh | PV F (Bs = Aspw)? (4.2.65)
0 AS\/Ek (As — Aspw)? 2

At T =To, Ag =0

The first integral of equation (4.2.65) can be calculated by applying the previous method;

For Ag =0
fiw, 1 VE T Aspw)?
/ de | ———| tanh Bei + Asow)
0 Ve + Adpw 2
fwb 2 oo 1
= de— 4.2.66
/0 5n; wyy + €, + Mgpy ( )
x
tanh(=)
: 2/ 1 _ (@2n+ D7
Since, — >on Gn T 1) 1 2 ,where w,, = g
: 2n+1)m :
Using Laplace’s transform and Matsubara frequency ,w, = T,the above integral
becomes;
v 9 & 1 oy 2 1
J— — I 2 J— _—
S K e ) S X
oy tanh(—=) ey 9 & 1
0 € Bn—oo{((2n+].)ﬂ' 2 )
—_ €
B
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And from the expression;

Where,
22 = i (2n+1)
a?’ B
Then,
Twop, 1 \/m
/ de | ——| ta h{ﬁ % SDW)}
0 Ve + Adpw 2
ey tanh(%) hoy 1
= de — A de 2
o ot 323 e
Let 5
fwy  tanh( 6)
Li— / de— 2"
0 €
e 4 & 1
Ly=— A% de— T —
2 0 SDW B;GA <1+$2)2

The value of L; and Ly can be obtained using the method that we have used previously

to solve equation I ( from page 49-51);Then we have

hwb
L =1In1.13 4.2.67
—as () (12.67)
Aspw \° 8.414
Lo — — 4.2.68
2 (kaTC) 8 ( )

Therefore equation (4.2.66) becomes the sum of equation (4.2.67) and (4.2.68)i.e;

Ty, 1 8./ +ASDW)2}
de | ———=| tanh k =L+ L,
/0 Ve + Adpw { 2
Fioy Aspw \ 7 8.414
=Inl.1 — 4.2.69
& 3 <I{?BTO) <7T]€BTC 8 ( 6 )

= The second integral of equation (4.2.65) becomes;

ng_/m”d Aspw ]ta h{ﬂ\/Gk (Ag — Agpw)? }
0 )?

As\/E + (As — Aspw 2
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Applying I’'Hopital’s rule

hwp d
Ly=— lim { ——
3 /0 ASIEO dAS d

Agpw tan \/€k (Asg — Agpw)? ]) }

AS\/Ek AS - ASDW) 2
5\/% AS - ASDW)
dAs (ta h( i ))

_ Sech? ByVe + (As — Agpw)? B(As — Aspw)
2 2\/€k AS - ASDW)

And

; 26(As — Aspw)
i (AS\/ + (As — ASDW)Q) - \/E% T (Bs = Aspw)’=As {2\/ei + (Ag — KZZW)Q}

Substituting the above derivatives in equation (L3)yields;

Sech? { By/€ + (As — Aspw)? } { B(As — Aspw) }

2 2\/€k AS _ASDW)

28(As — Aspw)
2\/€k Ag - ASDW)

Twy
L3 = / lim dEASDW
0

As—)o

Ve + (As — Aspw)? + Ag {

(4.2.70)

s A%DWﬂSechzﬁwek + AZ
L3 = / de
0 2(e + ASDW)
Therefore combining equations (4.2.69) and (4.2.70) gives;

B
A% Ly BSech? (5\/% + A2

hey, > ( Aspw )2 8.414 /M”
L=1In1.13 — + de
(kBT kT 8 0 2(e; + Agpw)

Using the relation= Sech?z = 1 — tanh’z

huos ) ) ( 1 )2 8.414 /ﬁwb A2
L=1In1.13 A + de
<I€BTC SDW 7T]€BTC 8 0 QkBTc(Ek + ASDW)

s
haoy A% pwtanh® (5\/ € + Apw
— de
/0 2kpTc (e + Agpw)
From the integral of special functions and the help of FORTRAN language;

(4.2.71)

(4.2.72)

fuco A2 A? hw
de SDW = —5PW 4rctan b
/Ov ZkBTc(E + ASDW) QkJBTC (ASDW>
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A A
_ Bsow |+ SDW‘ (4.2.73)

= n
4]{3BTC hwb — ASDW
2
ince,~ =1 + L
smce,)\ +

Using equation(4.2.63) and (4.2 72) we have,

2 hidy ) ) ( 1 )2 8.414 /"’% A%
—=2In1.13 —2A +2 de
A (k:BTC SPW A\ mkpTe 8 0 2kpTe(e; + A pw)

B
hoy  AZpytanh? (5\/% + AZ
-2 de
/0 2k?BTC(E% + A%‘DW)

Using equation (4.2.73),equation (4.2.74) can be written as;

(4.2.74)

1 huwoy Aspw . |Aspw + hwy
—=1n1.13 In
kBT 4]€BTC ASDW — hwb

B
AZ Ly tanh? (5\/62 + A%

1 28,414 ficsp
—AZ2 - d 4.2.75
Spw (kaTC> 8 /0 ¢ 2kpTe(e2 + AZ ) ( )

Let

1
- AkpTe

Agpw + hwy,
Agpw — hwy

a

| 1 28.414
n m =
7T]{TBTC 8

tanh? <§\/62 + A%DW>

hiwy,
n = de
/0 ZkBTC(ei + A%DW)

1 huwy,
y =InL3 (QkBT) + alAgpw — mALpw — nAZ (4.2.76)

1 hoy
(X +mALpw + nALpy — aASDW> =1Inl.13 (Qk‘BTC>

1
]{ZBTC = 1.137160561’]) - (X + mA%DW + HA%DW — CLASDW)

1
N TMAS pw +nAEpy —aAspw

ksTe = 1.13kwpe (A (4.2.77)
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4.2.2 For the spin density wave order parameter and tempera-

ture

From equation (4.2.52) we have;

(As + Agspw) n (ASDW Ag)
2 [w2 — Ek; (AS + Aspw> ] 2 [uﬂ — Ek (AS — Agpw) ]

((Crrqu, Cly)) =

Where Ag is the superconducting order parameter (analogues to the BCS order parame-
ter) and Agpw is the magnetic order parameter.

Using the relation for Agpw i.e;

U
Agpw = 3 Z<<Ck+Q¢a Ci)
k,n

And the sum may be changed in to an integral by introducing the density of states, N (e),
1 1
= —
G2

k
The summation with respect to £ and n extends over all allowed pair states.Therefore;

_UST [T e (As + Aspw) _ (As — Aspw) }
Asow =3 ,;/ deN(e) [2 W2 — = (As+ Aspw)?]  2[w? — & — (As — Agpw)?]

h deN (¢)

_EF

k=

Attractive interaction is effective for the region —hw, < € < hw, Assuming the density of

states doesn’t vary over this integral. Then the expression becomes;

(AS + Aspw) (AS — Aspw)
Bsow = 2N(e 5 Z/ [ — & — (As+Aspw)?  2[w? — & — (As — Aspw)? ]]

2n+ 1) ,  (2n+1)°x?

Now changing w — w,,,and using the Matsubara frequency; w, = 3 ,wn:—T
and the relation ; .
tanh(a) _ Z 1
2 — (2n + 1)°7> 4 22
tanh(@) tanh(—= PE; )
2Aspw = 2N(0 UﬁZ/ AS+ASDW)TE12+ (AS—ASDW)TEQZ
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Where, E2 = €k (AS + ASDW) and E2 = Gk (AS — ASDW)
Let N(O)U = A, ;

2A oy
SDW Z / de {
Ag — Agpw

ﬁwb
+/
0 Ve + (As — Agpw)?

Let us study the above equation for the case T" — Tspw

—(As + Aspw) tan 5\/% (Ags + Agspw)? )
Ve + (As + Aspw)? 2

tan ﬁ\/e’“ A§+ASDW) )} (4.2.78)

AsT — TSDW ;ASDW — 0

Using equation (4.2.78),

ZASDW Z /mb {
A
(15

ﬁwb
+ / {

0
3 _ /ﬁwb ASDW) tan 6\/€k AS+ASDW) )
Moo Ve + (As + Aspw)? 2

—(As + Aspw) tan 5\/% (As + Aspw)? )
Ver+ (As+ Aspw)? 2

Ags — Aspw tan 5\/% AS - ASDVV) )
\/Gk As - ASDW) 2

) (4.2.79)

(- 5o)
B /ﬁwb Aspw tanh By/€e + (As — Aspw)?
0 \/Gk AS - ASDW) 2

2
Let, s =1+R (4.2.80)

Where

Ag
— (14 =
( ASDW) tan ﬁ\/ﬁk (As + Agpw)?

flwb
I = / de )
0 \/Ek + (Ags + Agpw)? 2

(5
R _ /ﬁwb Aspw \/Ek (As — Agpw)?
0 Vet

)
+ (As — Asmv) 2
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LET US SOLVE FOR I

ﬁwb
e
0
Ty
—/ de
0

Where

\/€k (As + Aspw)? 2

! )]ta h{ﬁ\/ﬁk (As + Aspw)? }

(A A
s tanp | PV + (Bs + Aspw)® (4.2.81)
Aspw/ € + (As + Aspw)? 2

f’wb (As + A
I = —/ ! tanh \/Ek s+ Asow)’
0 \/ﬁk (As + Aspw)? 2

Iy = - /Mb de Bs tanh Pyei + (AsAspw)’
0 Aspw/ e + (As — Aspw)? 2

At T =Tspw, Aspw =0

Let us solve for I;

ﬁwb
1:_/
0

For ASDW =0

\/Ek (As + Aspw)? 2

! )]tanh{ﬁ\/ﬁk (As + Aspw)? }

1

ﬁwb
Il = —/ de
0

fwp 9 & 1
= _ de= - -
/0 Eﬁnzzoow%—f—ez—i—A%
T
tanh(—=
an (2)

1 2n+1)m
=3 here w, = ~—r 1 "
2z " (2n + 1)272 4 22 WHETE 6}

2 1
Using Laplace’s transform and Matsubara frequency ,w, = M,the above integral

Since,E? = e2+(As+Agpw)? and

p
becomes;

fws 9 1
_(/0' dEB R w2 I 62 / Asdf— PErSY) + .. )

S (W2 4 €?)

Be
hwy tCth<—) hwy 2 o0 1
_ 2° _ l
= —(/0 de - /0 A?gdeﬁ Z + >

i { <(2n ; 1)7r)2 . 62}2




But the sum becomes;

o

Z 1 ZQi 1

e {((m : 1)71')2 N 62}2 o {((%; 1)7?)2 . 62}2

And from the expression;

Where,

Then,

Let

Fiwy tanh(ﬁe)
h=- [ a2
0

€

e Azl - 1
Iy, = de— _
2 /O S 6 nZ:O a4 (1 + 1'2)2
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By Applying the method we have used previously we can obtain the value of I; and Is.

Therefore;

Fuwy )
L[ =—Inl13 | ——
! (kBTSDW

o (_As 84l
2T WkBTC 8

Therefore combining equation (4.2.82) and (4.2.83)i.e;

=hL+1D

iy,
— / de
0

_ tanh P €k+AS

(4.2.82)

(4.2.83)
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Ficw, As \?8.414
I=—1Inl.13 4.2.84
" (kBT) * (ﬂkBTC) 8 (42.84)

= The second integral of equation (4.2.81) becomes;

fwy
I3 = —/ de Bs ] tanh {ﬁ\/ek + (A5 + Aspw)? }
0

Aspwy/€ + (As + Aspw)? 2

Applying I’'Hopital’s rule

ﬁwb d
I, =— li d
s /0 ASDl‘/f/n*ﬂ) dASDW ¢

(t 5\/% (As+ Agpw)? )>

2

Ag NG AS+ASDW>D}

Agpw \/Ek + (As + Agspw)? 2

dAspw

_ Sech? { By/€e: + (As + Aspw)? } { B(As + Aspw) }

2 2v/e2 + (As + Agpw)?
And
d 2B(As + Aspw)
A As+A = /€ + (As + Aspw )*+A
N ( S\/ + (As + Aspw)? ) \/‘Ek (As + Aspw )*+Aspw {2\/% (As + Aspw)?

Substituting the above derivatives in equation (/3)yields;
Sech? By e+ (As + Aspw)? B(As + Aspw)
2 2\/€k AS + ASDW)

26(As + Aspw)
2v/€2 + (As + Aspw)?

ASDW—>0

hwy,
Iy =— / lim deAg
0

\/Ek (As+ Aspw)? + Aspw {

Fewy A%ﬁSecfﬂg \/m
b _/o o 2(e; + A%) (4.2.85)
Therefore combining equations (4.2.84)and (4.2.85) gives;
I= —1n1.13< heoy ) n ( Ag >2 8.414 _/fwb d€A25560h2 (ﬁm>
bulsow /- Ambulsow /8 Dy
(4.2.86)

Using the relation= Sech?z = 1 — tanh’x

By ) 2 ( 1 )2 8.414 /’Wb A2
I=—Ml13| — | +A — de
(QkBTSDW S WkBTSDW 8 0 QkBTSDW(Gk + A2>
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AZtanh? (§ Ve + A%)

hwy
From the integral of special functions and the help of FORTRAN language;
hwp AQ A2 hwb
de S arctan
/0 2kBTSDW(€2 + A2) QkBTSDW ( AS )
A hwy, + A
__Bs g |t as (4.2.88)
4/€BTC hwb — AS

Similarly,let us solve for R

Ag >
1 =5
R _ /ﬁwb e ( Aspw ran 5\/% (As — Aspw)* )
0 Ver + (As — Agpw)? 2
_ _/fzwb 1 tanh ﬂ\/ﬁk AS_ASDW)
0 Ver — (As — Agpw)? 2
oy _
+ / de Bs janh | BV T (Bs = Aspw)? (4.2.89)
0 Aspw/ e + (Ag — Agpw)? 2

At T =Tspw, Aspw =0

The first integral of equation (4.2.89) will be;

_ /ﬁwb 1 ] tanh {ﬁ\/Gk AS — Aspw) }

\/Ek As - ASDW) 2
For ASDW =0
= — de tanh
0 Ve + A2
e 2 & 1
. de— —_—— 4.2.
/0 EBR;X, W2+ 6 + AF (42.90)
x
_ tanh(3) 1 (2n + D)
Since, £ = e2+(As—Agpw)? and 5 20 >om GnE 1) 1 2 ,where w,, = T
2n+1)m

Using Laplace’s transform and Matsubara frequency ,w, = ,the above integral

g

(/ﬁwbdgi 1 /MA2d2i 1 +)
= - €— —_ — €— — t ...
o B wte Jy T8 (w2 + €2)?

n=—oo

becomes;
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fuwy, tanh(%) fuwy, ) 2 0 1
(= a3

A (C R

But the sum becomes;

Where,
2 2 1
22 = 5_2 a (2n+1)
a g
Then,
— de tanh
0 Ve + A2
Fen tcmh(&) ,
= — de +/ A de 2
[ [T ey
Let
ey tcmh(&)
Rl = —/ de 2
0 €
L 1
Ry = Ade— _
2 A S ﬁ nZ:O CL4 (1 + x2)2
Applying similar method as we have done previously;
Aoy )
Ri=—-Inl113 | — 4.2.91
' (kBTSDW ( )

Ag \?8.414
R, — 4.2.92
? (ﬂkBTC> 8 ( )
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Therefore equation (4.2.90) becomes the sum of equations (4.2.91) and (4.2.92)i.e;
1

ﬁwb A
—/ de tanh Bve’ﬁ s)* — Ry + Ry
0 \/ek—l—AZ

Fiws As \?8.414
=—In1.13 4.2.93
. (kBT) + (’/T]{?BTc) 8 ( )

= The second integral of equation (4.2.89) becomes;

T, _
R3 =/ de Bs ] tanh {5\/% + (A5 = Aspw)” }
0

ASDW\/Ek AS - A )2 2
Applying I’'Hopital’s rule

m}b —
Ry = / lim d de As tan B\/Ek (As — Agpw)?
0 Aspw—0 | dAspw ASDW\/Ek AS _ ASDW) 9
\/ € + (As — Agpw)? )
dAspw 2

g2 d BV (Bs — Aspw)’ —B(As — Aspw)
2 2\/€k AS — ASDW)

And

d 2 2
T (ASDW\/ek + (As — Aspw) )

—2B(As — Aspw)
2\/€k AS — ASDW)

= \/EZ + (Asg — Aspw)? — Aspw {

Rearranging yields;

oo {wek (Bs = Bspw)? }{ —B(As — Aspw) }

2 2\/61: AS — ASDW)
—26(As — Aspw) }

Twoy
Rg _/ lim dEAS
0

Aspw—0

€ (As — Aspw)? + Aspw
\/ k 2\/Ek AS — Aspw)

R3 =

(4.2.94)

Ty A%ﬁSechQé\/ei + A%
- / de 2 2 2
0 2(ex + A%)
Therefore combining the result of the first and the second integral (4.2.93) and (4.2.94)

respectively)gives;

A%BSech? (é\/ez + A%)

Ry Ag \?8.414 0 2
R—=—1Inl13 _ d
t <2kBT> + <7r/<:BTC) 8 /0 ¢ 2(e2 + A2)
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Using the relation== Sech?z = 1 — tanh®x

B 1 28414 [N A2
R=—Inll13| — A? — d =
. (2kBTSDW) * S (WkBTspw) 8 /; EQkBTc(GZ + A2S)

Altanh? (gm)

hwy
From the integral of special functions and the help of FORTRAN language;
hawy, A2 A2 A
de = = S arctan(—
/; Qk’BTSDI/V(EQ + A%) QkBTSDW ( AS )
A A
__Bs o |wntAs (4.2.96)
4kpTspw | hwy — Ag

2
since,— =1+ R
A1

Using equations 4.2.87 and 4.2.95, we have;

2 huo > ) < 1 )2 8.414 /mb A%
—— =2In1.13( —— | —2A +2 de
)\1 <2kBTSDW S WkBTSDW 8 0 2kBTSDW(€z —|— A%)

AZtanh? (gwei + A%)

hewp,
—2 de
/; 2kBTSDW<€% + A%)

Generally;

1 1 28414 A A
——:1n1.13<&)—A25( ) a4, 5y [ ¥ As
A 2kgTspw mkpTspw 8 4kpTspw | hwy — Ag

e St (5 /TR
— de
/0 QkBTSDW(Gi + A%)

(4.2.97)
Let;

tanh? (g Ve + A%)

hwy
Y = de
/(; QkBTSDW(Ei + A%)

2
7 1 8.414
WkBTSDW 8

Ty

kBTSDW

1 hwy + Ag
In

X =
dkgTspw | hwy — Ag

L In1.13
—— =1Inl.
A

1

) L AZZ 4 AgX — ALY
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1 hwy,
—— +AZZ 4+ AY —AcX =1Inl.13 (—)
A S 5 ksTspw

1
—-ALZ-AZY+AgX

ksTspw = 1.13hwbe<)‘1 (4.2.98)

4.2.3 For pure superconducting state

For pure superconducting system (Agpw = 0 or magnetic effect is zero),We can ignore

the Agpw term from equation(4.2.53), we get,

/2 A2
o0 Astanh(m)
= / 2 dey (4.2.99)
A 0 Ve + A% o

To obtain temperature dependent of energy gap of equation(4.2.99).we used the same

technique to solve the first equation ,

/ 2 A2
1 o0 tanh(ﬁ%)
— = de
A 0 Ve + A2 ‘
1 Fiws A\’ 8.414
— =In(1.13—2) —
Y~ m(130) (wk:BT) 8
1 hw
From BCS at T' = TC’X = ln(1.13k3£)
T 1 \*8.414
In(—) = —A2
n(7) (kaT) 8
LE’2
Using =ln(l —z) = —x — 5 T
T T T
1n(i) =In(1—(1- i)) =—(1- i)
T 1 \?8.414
—(1— =) =—A2
( Tc) <7T]€BT> 8
(WkBTc>2 T 2
~ B - ) =A
1.05175 ( Tc)
T

10.3353T5(1 — T) = A?

1
A(T) = 321Tc(1 — %)5 (4.2.100)
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For pure SDW system (Ag = 0) we can ignore the Ag term from equation (4.2.78).we

get;

By e + Agpw

oo Aspwtanh( 9 )
9 /
0 Ver + Adpw
/2~ A2
1 o0 tanh(ﬁ G —; SDW)

- 2 2
A1 0 & + Aspw

2Aspw
Ap

dek

de

For the case,T — Tspw ,Aspw — 0

)\1 €
Let i Ié] !
et,x since =
2kpTspw kTspw
-1 ° tanh
-1 :/ an (:c)dx
)\1 0 T
Integrating as we have done previously gives,
-1 Aoy,
— =(n(1.13——
At ( kBTSDW)
Then,
1
kgTspw = 1.13hwbe)‘1
1
Tspw = 1.1391)6)\1
hw
Where 0p = =

ks

(4.2.101)

(4.2.102)



Chapter 5

Results and Discussions

The interplay between the Sc and SDW state is mainly studied by self consistently solving
the gap equations with fixed set of parameters. Two distinct set of results are obtained.
i) The superconducting transition temperatures (T¢) as a function of magnetic order
parameter (Agpw ) and i7) The magnetic ordering temperature (Tspy) as a function of
superconducting order parameter (Ag). Furthermore,in computing the self self consistent
solutions of equations for the cases Ag = 0 and Agpw = 0,pure SC and pure SDW states
are also obtained.

The magnetically ordered state of some materials vanish abruptly with the appear-
ance of superconductivity,in others superconductivity emerges precisely as the magnetic
order is destroyed,and still others exhibit coexistence between the magnetically ordered
and superconducting states.This issue of phase coexistence in doped,LaFeAsO;_,F,
Ba(Fey_,Co,)2Asy and Fey g3Te;_,Se, has been most carefully examined in this paper.
The transition temperatures T and Tspy has been calculated numerically as a function
of order parameters using equations (4.2.78) and (4.2.98) respectively, assuming constant
density of states around Fermi level with cut off energies hwy.Taking Aw,= 0.0862ev.

To map out the phase boundary between the SDW and SC phases, we first cal-
culate To(Aspw) which is determined using equation (4.2.77).We consider the cases
As=0.2 ,0.26, and 0.28 for doped compounds , LaFeAsOy_,F,,Ba(Fe;_,Co,)2Ass and

Fey03Te;_,Se, respectively and corresponding T(Agpw ) are shown in fig.(5.3).
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Figure 5.1: A graph of energy gap (A) Vs Temperature(T) for doped LaFeAsO;_, F,(Blue
color),Ba(Fe;_,Co.)2Asy ( Red color) and Fey g3Te;_,Se,( Yellow color)

Tspw(Ag) is also calculated numerically using equation (4.2.98) considering Ay =
0.47, 0.48 and 0.35 for doped compounds , LaFeAsO,_,F,,Ba(Fe;_,Co,)yAss and
Fejq 03Te;_,Se, respectively and corresponding T (Agpw ) are shown in fig.(5.4). The com-
putation of To(Agpw) and Tspw (Ag) yields that; Both temperatures decreases with the
increase of the order parameters.

Now we will discuss the results of our model calculations. The expression we get for
pure superconductors (equation 4.2.134) are similar with BCS expression and it is clear
that the energy gap (A) which is the measure of pairing energy, decreases with increasing

temperatures (T) until it vanishes at transition temperature (7¢) as shown in fig (5.1).
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Figure 5.2: A graph of magnetic ordering temperature ( Tspw) Vs magnetic order pa-
rameter (Agpw) for doped LaFeAsO,_,F,(Blue color),Ba(Fe;_,Co,)2Asy ( Red color)
and Fej g3Te;_,Se,( Yellow color)

In figure 5.2, Tspw Vi Agpw is plotted for LaFeAsO;_,F,,Ba(Fe;_,Co,)sAsy and
Feiog3Tey_.Se, It is clear from fig.5.2 that the magnetic ordering temperature Tspw
increases with Agpy .Although increase in Tspy for small values of Agpy, is small but
increase is rapid for higher values of Agpy .In any case our results shows enhancement of
Tspw with magnetic order parameter (Agpw ) .

Figure 5.3 below shows variation of transition temperature Ty with Agpy . Although
the transition temperatures of the three doped compounds are different,it is clear from
fig.5.3 that transition temperatures decreases with the increase of the magnetic order
parameter(Agpy ). Therefore the figure demonstrates the influence of the SDW order
parameter (Agpw ) on the SC transition temperatures(7¢).

Comparing the figure 5.2 and 5.3 we find that the magnetic order parameter suppresses
the superconducting transition temperatures and it enhances the magnetic ordering tem-

peratures.
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Figure 5.3: A graph of superconducting transition temperature (7¢) Vs magnetic or-
der parameter (Agpw) for doped LaFeAsO;_,F,(Blue color),Ba(Fe;_,Co.)2Ass ( Red
color) and Fej g3Te;_,Se,( Yellow color)

Figure 5.4: A graph of magnetic ordering temperature (Tspw) Vs superconducting order
parameter (Ag) for doped LaFeAsO;_,F,(Blue color),Ba(Fe;_,Co,)2Ass ( Red color)
and Fej g3Te;_,Se,( Yellow color)
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Figure 5.5: The phase diagram of the SDW and SC for doped Ba(Fe;_,Co,)2Asy

Figure 5.4, Also shows the graph of magnetic ordering temperature (Tspy) Vs the
superconducting order parameter (Ag). Although the compounds have different values of
Tspw, the magnetic ordering temperature (Tspw ) of all doped compounds decreases with
the increase of the superconducting order parameters(Ag) as shown in fig 5.4. Generally
fig 5.4 shows the superconducting order parameters(Ag) suppresses the magnetic ordering
temperatures (Tspw ).

In fig 5.5 we have plotted the superconducting transition temperatures (7¢) and mag-
netic ordering temperatures (Tspw ) evaluated at T =26 k and Tspyw=140 k Vs magnetic
order parameters (Agpy ) for doped LaFeAsO;_,F,.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. More precisely an extended re-
gion of phase coexistence with 0.002< Agpy <0.009 with the maximum transition tem-
perature inside this region of ~9 k is observed. When the magnetic order parameter is
further increased we obtained pure SDW phase for 0.009< Agpw < 0.021.

In fig 5.6 also we have plotted the superconducting transition temperatures (T¢) and
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Figure 5.6: The phase diagram of the SDW and SC for doped LaFeAsO:_,F,

magnetic ordering temperatures (Tspw ) evaluated at T =24 k and Tspw =138 k Vs mag-
netic order parameters (Agpy ) for doped Ba(Fe,_.Co,)2Asy:.Here we find that, the co-
existence of the SDW and SC phases at low magnetic order parameters for T < Tspw .In
fact the SC phase is dominant in the low magnetic order parameter region where as SDW
phase is observed at large magnetic order parameter values. More precisely, the graph
shows the coexistence of the SDW and SC phases in the region of 0.004< Agpw <0.010
and the maximum 7T¢ of 8 k is seen for Agpy ~0.0085 in this region. As a result in the
region 0.010< Agpw <0.020 we have observed a pure SDW phase. This result nicely
corresponds to the doped 122 compounds.

In fig 5.7 we have presented the phase diagram of the SDW and SC phases for doped
Feiog3Tey_,.Se,.Clearly the figure demonstrates the SDW and SC phases coexist micro-
scopically in the region 0.0022< Agpw <0.0044.Also the superconducting transition tem-
peratures T¢ is very small~0.5 k in this region. When Agpy >0.0044 superconductivity
disappears and we obtain a pure SDW phase. As shown from fig.5.7 the region of coexis-
tence is small as compared to other doped compounds.The phase coexistence of the SDW
and SC phases in forropnictides have been reported in many papers.This fact is evidenct

from our results, which clearly shows, superconductivity is destroyed by increasing the
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Figure 5.7: The phase diagram of the SDW and SC for doped Feg3Te;_,Se,

magnetic order parameter(Agpy ), which is in agreement with ref. [112].

In conclusion we can say that our theoretical model provides a microscopic ground
work towards explaining the interplay of superconductivity and SDW in Fe based super-
conductors.

It is a very well known fact that the first evidence of interplay between the SDW and
SC in the Fe pnictide superconductors was the presence of magnetism in the concentration
dependent phase diagram. This fact is also evident from our results, which clearly shows,
the presence of magnetism in the magnetic order parameter (Agpy ) dependent phase
diagram.

Considering the case of interplay between SDW and SC we therefore find that the
magnetic order parameter suppresses the superconducting transition temperature and as
a result both the SDW and SC phases coexist at low magnetic order parameter for T <

Tspw and separate for T > Tspy .



Chapter 6

Conclusion

In this paper, we examine the interplay between the Spin density wave and superconduc-
tivity in Fe pnictide superconductors. We have obtained the self consistent gap equations,
and the expressions for the transition temperatures and order parameters with the com-
bination of Green function technique. By calculating the temperatures as a function
of order parameters, we have presented possible cases of phase coexistence /separation
among the SDW and superconducting phases.

In our study the issue of interplay between SDW and superconducting state Such as
been most carefully examine in doped LaFeAsO;_,F,,Ba(Fe;_,Co,)2Asy and Feq g3Te;_,Se,
and they exhibits coexistence between the magnetically ordered and the superconducting
states which is similar with most experimental measurements.

The phase coexistence of SDW and Sc for T < Tspw in LaFeAsOy_, F,,Ba(Fe;_,Co,)aASs
and Feqg3Te;_,Se, was shown in fig. 5.5, 5.6 and 5.7 respectively. In doing so, we em-
ployed a systematic way of determining the phase separation/coexistence between SDW
and SC orders. We found that if T is larger than Tspy then, the two orders phase
separate, but coexist for T < Tspyw .

The phase diagram in the T¢ - Agspw and Tspw - Aspw plane, the Agpy de-
pendence of the superconducting transition temperature(7¢) and the magnetic order-

ing temperature (Tspy ) were shown, Here we found that the superconducting transition

76



7

temperature(7) decrease with the increase of order parameter (Agpw ),while the mag-
netic order temperature (Tspy )increases with increasing magnetic order parameter.

Further more when the magnetic ordering parameters is further increased we observe
that the superconducting transition temperature decreases sufficiently rapidly from its
maximum value.

In general,our results clearly shows the fact that,superconductivity is destroyed by
increasing the magnetic order parameter (Agpy ).On the other hand,the suppression of
magnetic order parameter(Agpy ) is important for the emergence of superconductivity
and for enhancing the superconducting transition temperature(7¢).

Therefore the present paper presents as extensive study of a very strong interplay and
coexistence between the SDW and superconductivity. We would like to further point out
that,there are some differences in the magnetic order dependent phase diagrams of various
Fe- based superconductors,inspection of phase diagrams for pnictide family shows that
there are some common features.

All compounds exhibit a magnetically ordered state,which suppresses the the super-
conducting states.Therefore this shows an evidence for the interplay between SDW and
Superconductivity in Fe pnictide superconductors.

Finally,we remark that the shape of the electron Fermi surfaces take quite different
forms for different class of the pnictides,the effect of the F'S shapes on the phase coexistence
was studied in ref.[116].Also the effect of magnetism on the phase separation/coexistence
will be interesting.We are currently applying the present method to understand how the

phase coexistence/separation phenomenon depends on magnetic ordering state.
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