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Magnetic measurements revealed that higher iron content lead to a gradual
increasing in critical current density (J;) and pinning forces (Py). The Pr— H
curves revealed two different trends. For temperatures, (7'< 10 K), the pinning
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We used the thermodynamic critical field to evaluate the energy gap and the
coupling strength and compared the STM results we obtained on the optimal
sample. The BS deviation function of the reduced thermodynamic critical
magnetic field indicates weak coupling mechanism. Increasing iron content

further weakens the coupling, and slightly reduces the energy gap.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Historical background of superconductivity

In 1911, Kamerlingh Omens and his group were investigating the variations of residual
resistance of metals with impurity concentration at low temperature. When they cooled
high purity mercury to (4K), they noticed a sudden drop in its electrical resistance to near
zero Ohm [1]. Mercury, being a metal, should have some residual resistance at (T=0K) that
increase with the increasing impurity concentration. The Sudden dropped of resistance to
near zero indicated a transition beyond normal conducting process. This marked the
discovery of new phenomenon called superconductivity, that opened up a new research

area in condensed matter physics.

It took Walter Meissner and Robert Oschsenfeld another 22 years to discover a second
characterizing magnetic property of superconducting materials. In 1933, Meissner and
Oschsenfeld were trying to distinguish between super and perfect conductor. They cooled
a superconducting material in the presence of a magnetic field blow its superconducting
transition temperature (7.). Meissner and Oschsenfeld found that below (7¢), the field is
expelled out from inside of superconductor (Bi,s= 0) unlike what is expected in perfect

conductor. The phenomenon is later known as "Meissner effect" [2].

After discovering Meissner effect, in 1935 London brothers put two equations to explain

the electromagnetic properties of superconductors and to the expulsion of the magnetic
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field from the interior of superconductor. The London equations are based on a
modification of the Maxwell equations. The equations predict how far the magnetic field
can penetrate the superconductor [9]. The London brothers proposed a penetration depth
(4), that predicts the distance that the magnetic field penetrates the superconductor. Fifteen
years later; in 1950 Pippard proposed another characteristic length that measures the spatial
variation of the density of superconducting electrons around the penetrating magnetic field.
This is known as the coherence length (). Ginzburg and Landau introduced their theory in
1950 in which they used the ratio of both lengths, (&) and (/) to distinguish between
different types of superconductors. The ratio of penetration depth to coherence length gives

new parameter (x) known as Ginzburg-Landau parameter [10], as:
A
K== 1.1
: (1.D)

Abrikosov [11] showed that Ginzburg-Landau equation has solution in two different

regions: Type I superconductors with (x) value in range (0 < x < 1/A/2), and with positive

surface energy in the interface between normal and superconducting states. Type II

superconductors, with (x > 1/A/2 ) and negative surface energy in the interface between
normal and superconducting states. Abrikosov also predicted the presence of a mixed state
in type II superconductor, where the magnetic field penetrates in certain regions known as
vortices.

John Bardeen, Leon Cooper, and John Schrieffer proposed the theoretical explanation of
superconductivity in 1957 [3]. The main feature of the (BCS) theory is that two electrons
in the superconducting state can form a bounded pair called a Cooper pair [49]. The two
electrons, usually repel each other because of their alike charges, happens to attract each

other due to the mediation of lattice vibration. The lattice structure is momentarily



deformed by a passing electron and the deformed region attract another electron of opposite
momentum. This is commonly known as phonon mediated exchange interaction between
the two electrons. The (BCS) theory explained superconductivity in elements and simple
alloys at temperatures near to absolute zero. Moreover; the (BCS) theory predicts a
maximum superconducting transition temperature close to (23K), while, at higher

transition temperatures the theory fails to explain superconductivity.

Progress in enhancing the superconducting critical temperatures was greatly motivated by
the idea of producing room temperature superconductors. In 1986 a new ceramic has been
discovered with transition temperature in the mid (30’s K). The ceramic is made from
barium, lanthanum, copper and oxygen was discovered by Georg Bednorz and Alex Muller
with its critical temperature about (35K) [4]. Soon after that, Paul Chu prepared a new
ceramic material by replacing lanthanum by yttrium, which became superconducting at

(93K) [5]. These discoveries marked a new era of high temperature superconductors.

1.2 Properties of Superconductors

There are two main properties of superconductors. The first one is the vanishing of the
electrical resistance of a superconductor at and below the critical transition temperature
and the second one is the Meissner effect in which the magnetic field (lower than a critical
field H.;) is expelled out of the superconductor. The Meissner effect can be explained by a
super current circulating the surface of the superconductor that creates a magnetic field
which completely cancels the applied magnetic field inside the superconductor [49]. The

Meissner effect differentiates a superconductor from a perfect conductor.



1.2.1 Critical Parameters

Superconductors are characterized by several critical parameters. The critical temperature
(T¢), the critical fields (H. H. and H.) and the critical current density (J.). These
parameters define the boundaries of the phase diagram within which a superconductor can

exist. Figure (1.1) illustrates the three critical parameters.

The transition (critical) temperature is the maximum temperature below which the
electrical resistance of material disappears, and the material transforms to the
superconducting state [6, 7]. The upper critical magnetic field is defined as the minimum
applied magnetic field at which the superconductivity is vanished. Normal conducting state
of the material is restored when magnetic field is higher than the critical magnetic field
[49]. At low temperature, the critical magnetic fields closely follow a parabolic temperature

dependence known as Tuyn’s law [8]:

T

He (1) = H )11 - (2) ] (1.2

Tc

Where (H. (0)) is the critical field at absolute zero and (7¢) is the critical temperature.
Finally, the critical current is the maximum current that superconducting materials can
carry, above which the superconductivity of the materials is destroyed even though it may

be below its (7).



Figure (1.1): Critical Surface Phase Diagram with critical parameters [50].

For practical applications, it is desired to have materials with high critical parameters without
destroying the superconducting state [12]. Experimentally, critical current density, (Jc)
can be measured using transport measurements, a one microvolt (1uV) is often used to
define the corresponding current as a critical current. Critical current density can be measured
magnetic measurements, the hysteresis loops and Bean’s model. In this thesis, we will be
measuring the hysteresis loops for FexSeo.sTeo.s samples and using Bean’s model to evaluate

critical current density upon varying temperature, field and iron content.

1.2.2 Magnetic Properties

Superconducting materials are categorized into two main types according to their response
to the applied magnetic field. Type I (Soft): are superconducting materials in which the

superconductivity state is destroyed when the applied magnetic field exceeds the critical



value (H.). While, the second is called type II (Hard) superconductors characterized by two
critical fields (H,,) and (H,,) [12]. When the applied magnetic field is lower than the (H,);
the material is in pure superconducting (Meissner) state. At higher fields, larger than (H.1)
but lower than the (H.2) the material is partially penetrated by the magnetic field forming
vortices distributed inside within the superconducting state. The state is known as a mixed
or “vortex” state [6, 7]. When the applied magnetic field is higher than (H.,), the
superconducting state is destroyed, and material becomes normal conductor. The
magnetization behavior of type I superconductor is presented in figure (1.2a) and for type
IT in figure (1.2b). The magnetic phase diagram of type I and type II superconductors is

presented in figure (1.3) a and b respectively.

@ gy

B=,uof'/

>
0 He(T) H

Figure (1.2): B versus H for types of superconductors in (a) type-1, below Hc, there is no magnetic field penetration
while in (b) type-2, below Hc1, no magnetic field penetrates between Her and He2, magnetic field rises smoothly to
B=poH [8].
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Figure (1.3): (a) Type I (Soft) superconductor, (b) Type II (Hard) superconductor [21].

1.3 The Discovery of Fe-based Superconductors

In this thesis, we investigate several superconducting properties of one member of the
newly discovered Fe-based superconductors, namely FexSeosTeos. The newly discovered
materials combine two “often conflicting” important material properties; superconductivity
and magnetism. In conventional superconducting materials, the magnetic nature of iron
would prevent the electrons from forming Copper pairs that constitute the building block

of the superconducting state [13].

Hosono and his group has discovered the first superconducting material in this group in
2006 [14]. The group discovered superconductivity in LaFeAsOixFx with critical
temperature about (26K) [ 14, 15]. This new type of superconductors consists of conducting
layers of iron and a pnictides - group fifteen in the periodic table, like arsenic (As) and
phosphorus (P). One of the draws back in these materials is the use of poisonous arsenic.
Soon after that, superconductivity was observed in Arsenic free FeSe compound at about
(8K) [16]. Despite the low transition temperature in this compound, it structure is simple

and provides a base for understanding many features of high temperature
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superconductivity. Its transition temperature can be improved by chemical substitution at
the Se-site by Te [19]. Applying pressure has also been found to enhance the
superconducting transition temperature [18]. Reducing the thickness of FeSe (few layers)

also enhances (7¢) to near (100K) [17].

A general feature in all groups of Fe-based superconductors is the Fe—As layers which are
the basic building unit of structure. A single layer consists of a square lattice of iron atoms
connected with the As-atoms that are alternately displaced above and below the Fe-layer
as shown in figure (1.4) [16]. A tetrahedral structure is formed from interpenetrating lattice
of As and Fe atoms. Fe-based superconductors have been extended to variety of materials
substitutions. Four main groups of iron-based superconductors, 1111, 122, 111, and 11
types were discovered. These groups may or may not contain oxygen. These groups are
classified according to the existence or absence of a sandwiched layer in between the
neighboring Fe—As layers, and the orientation of the neighboring Fe—As layers with respect

to each other, these families are:

1- The 11-family compounds (FeSe) have no sandwiched layer and all layers are oriented

in the same direction.

2- The 111-family compounds (LiFeAs) have a monatomic sandwiched layer and all layers

are oriented in the same direction.

3- The 122-family compounds (BaFe;As;) have a monatomic sandwiched layer with

alternating orientation layers.

4- The 1111-family compounds (RFeAsOixFx) have diatomic sandwiched layer and all
layers are oriented in the same direction and R represents rare earth element.

8



One of the main issues in these new materials is the hope that understanding various
properties of iron-based superconductors may provide a base for generalized theory of
superconductivity, beyond the BCS theory. A new theory is essential to understand the
mechanism of superconductivity in high temperature superconductors. Moreover, they

may offer a new ground for practical applications of superconductivity [20].

In the present work, we will study the effect of excess of iron composition on the lattice
structure and superconducting properties, such as upper critical field (H.>), irreversibility
field (Hi»), critical current density (J¢), pinning force (Py), thermodynamic critical field
(Hc), thermal activation energy (U) and energy gap (Ej) of FexSeosTeos compounds. Which
can create an opportunity to open the door for using this simple structure type of

compounds in wide applications.

'l af"h‘l A!'“L‘l ‘

l- “ J- —‘\

Figure (1.4): Groups of Fe-based superconductors, (a) 1111, (b) 122, (c) 111, (d) 11 type [16].
1.4 The Vortex State in HTS
The vortex state occurs in type II superconductor for applied fields between (H.; and H.>).
The regions where the magnetic field penetrates the superconducting material are known
as vortices. These vortices are approximately cylindrical shape with their axes parallel to
the applied magnetic field. The radius of each vortex is equal to coherence length (&) its

magnetic flux equals to the quantum flux (¢,), where:



hC -11 2
0, = =207 x107"G.m (1.3)

Where (k) is the Planck’s constant, (c) is the speed of light and (e) is the charge of the
electron. Currents swirling around the vortices and generate magnetic fields parallel to the
applied field. These small magnetic moments repel each other and move to arrange
themselves in an ordered array known as a fluxon “hexagonal” lattice. The penetrated flux
density has a maximum at the center of vortex and falls to a small value at a distance larger
than the penetration depth (1) away from the center. While the density of the
superconducting electrons z falls to zero at the center of each vortex line as shown in figure

(1.5)[21].

Mixed state bounded by both (H.; and H.>), Abrikosov presented formulas to calculate (H.;

and H.2) by depending on values of (¢y, & and 1) as:

Do
HC1 ~ TL'AZ (1'4)
~ @g 5
HC2 ~ T[Afz (1' )

For practical applications, it is highly important to keep these vortices pinned in their sites
in response to applied magnetic fields. Vortex motion can be effectively prevented by
defects, impurities and grain boundaries [6, 7]. When the applied electrical current or
temperature are increased, the vortices starts moving causing flux flow resistance that
dissipate heat inside the superconductor. The presence of pinning centers prevents the
motions of the vortices if the pinning forces exceeds the applied Lorentz force. The phase
diagram reveals a rich region in the mixed vortex state in type Il superconductors, as shown

in figure (1.6). Vortex motion at temperatures close to critical transition temperature can
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be explained using the Kim-Anderson model [53] when the pinning potential was taken
into account. In addition, the specific features of vortex dynamics, such as the
irreversibility line and a vortex glass transition, can be explained [54-57]. In single crystals
of high (7¢) superconductors; the voltage generated due to motion of intragrain vortices
[58]. Fisher et al. described theoretically the scaling behavior of the current—voltage
relation [60, 62 and 53]. Koch et al. [61] showed the first experimental evidence for the
continuous vortex glass transition at temperatures below (7.) using the scaling argument
of the nonlinear current—voltage curves in YBCO thin films. Gammel et al. [64] have found

similar results in YBCO single crystal.

A
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Figure (1.5): Variation of B and ns with respect to distance from the center of vortex [21].
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Figure (1.6): Representation of the magnetic phase diagram of type II superconductor [22].

There are different regimes according to status of vortices as thermal activated flux flow
regime (TAFF), flux creep regime (FC) and flux flow regime (FF). The critical current
density is used to distinguish various regimes. If the current density is lower than the critical
current density, then this regime is called thermal activated flux flow regime, in which
thermal excitations causes dissipation. If the current density is larger than the critical
current density, then this regime is called flux flow regime (in such situation) the driving
force on vortices is larger than the pinning force. Finally, if the current density
approximately equals the critical current density, then this regime is called flux creep

regime, which involves various vortices motion and several potential barriers [22].

1.5 The FexSeo.sTeo.s Superconductor

FeSe is one of the simplest Fe-based superconductors. The parent compound
superconducting FeSe has tetragonal structure consisting of two layers of FeSe and has no

interlayer in between as shown in figure (1.7).
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It revealed very interesting properties below and above its critical transition temperature
(8K). Its critical transition temperature which is sensitive to the chemical doping [23, 24]
and applied pressure [25, 26]. Ultrathin layers of FeSe revealed a noticeable rise in (7¢),
about (/00K) [17]. Partial substitution with Te atoms at Se sites enhances the critical
transition temperature close to (15 K) in FeSeixTex when (X) value in range (0.4 < X <
0.8) [26]. Margadonna et al. [27] found that a pressure of only (2.6 GPa) increases the
transition temperature to (27 K). The maximum improvement is reached when a pressure

of (7 GPa) the critical transition temperature reached to (36.7K).

However, a further increase in pressure leads to a decrease in the critical transition
temperature. At (14 GPa), the transition temperature is only dropping to (6K), the possible
reason for the changes in its critical transition temperature may be related to changes in the

band structure under pressure [28].

Figure (1.7): Tetragonal structure of pure FeSe superconductor [16].
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1.6 Effect of Fe in FexSeosTeos Compounds

The structure of FeySeixTex is relatively simple; it consists of iron-chalcogenide layers,
which is like to Cu-layers found in cuprate high temperature superconductors. The
optimum composition for highest T under normal condition is FeSeo.sTeo.s, with (7.~15K).
Several groups have studied the effects of iron content in FexSeo.sTeo.s of single crystals on
several transport and magnetic properties. Iron deficiency in FexSeosTeos thin film
compounds led to formation of iron vacancies and causes variation in the charge carrier
population. Zhuang et al. found that samples with iron deficiency leads to a higher (7¢),
while excess of iron leads to deterioration of several superconducting properties [35]. The
excess iron (X>1) ions are occupying interstitial sites in the chalcogenide layer [36]. The
interstitial sites of the (Se, Te) layers permit partial occupation of iron, which cause non-
stoichiometric composition in FexSeosTeos [37]. Liu et al., investigated the role of excess
iron at the interstitial sites of (Se, Te) layers in the FexSeosTeo.s compounds and observed
that the excess iron suppressed superconductivity and led to low charge carrier population
[36]. Sudesh et al. studied the effect of variation of iron content on superconducting
properties such as critical transition temperature (7¢), upper critical field at absolute zero
(H:2(0)) and irreversible magnetic field (H;») of polycrystalline FexSeo sTeo.s samples [29],

and they found that the highest values of these properties were observed at (X=1.00).

Several reports showed that excess of iron (electron doping) cause internal stress, which
may affect the critical transition temperature and other superconducting properties (Fig.
1.8). Furthermore, iron deficiency (hole doping) may cause internal strain, which has been
found to improve the superconducting transition temperature in thin films. There are

several contradicting reports on the effect of iron contents on the critical transition
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temperature in both thin films and bulk samples [29-34]. Figure (1.8) shows the phase

diagram (7, Tsc and Tspw) for FeySeixTex upon changing Fe, Se and Te concentrations.
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Figure (1.8): Phase diagram of Fei+ySexTei1-x [48].

1.7 Thermally Activated Flux Flow (TAFF)

Thermally activated flux flow behavior (TAFF) is the outcome of the thermal fluctuation

in high temperature superconductor (HTS) when the vortices bundles jump the potential

barrier between neighboring pinning centers. The resistivity in the (TAFF) can be

expressed as [1]:

-U

()
prarr (T,H) = p,e *sT

Inprapr (T, H) =Inp, —

15

kgT

(1.6)

(1.7)



(U) can be obtained from the slope of linear part of Arrhenius plots.

Several models have been proposed to describe the behavior of the activation energy with
temperature and field. One of the simple models is the condensation model, which

expresses the activation energy as [38]:
U(T,H) = Af (H)Pe(t)* (1.8)

Where (1= T/T.) is the reduced temperature, and A is constant. When the temperature is

close to (7¢), the activation energy can be rewrite as:
U(T,H) =U,HP(1 —-t)? (1.9)

In general (p and g) are field and temperature dependent [39-41]. There have been several
reports that investigated the field and temperature dependent of the activation energy in
high temperature superconductors. Plastral et al. proposed that power law dependence on
field to explain characteristic thermal activation energy; (U, ~ H*) [38] while Kucera et al.
proposed that U, ~ H "2 (I-t). In general, the activation energy can be expressed as the
following relation: U (H, T) =U, H* (1-t)’. For zero applied magnetic field U(T)=U, (I1-t)*.
Moreover, (o and ) are field and temperature dependent according to reference [39]. For

a wide range of high temperature superconductors (a ~ 0.5 and f ~ 1) [40 and 41].
1.8 Flux Pinning Mechanism in High Temperature Superconductor

Pinning force is a short-range force which created by defects, vacancies, boundaries and
dislocations of materials. The imperfections of material in the mixed state of type II
superconductors creates pinning centers [42] that in their role prevent the vortices from

motion which mean they become trapped. This phenomenon can only occur in type Il
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superconductors. The applied magnetic field can penetrate the material, only when its value
between (H.; and H.>) (Mixed state). As the field keeps increasing, the normal cores
become closely packed and, in this case, the vortices have been affected by force due to
the flow of current. The material loses its superconductivity when the force experienced by
the vortices due to the flow of current which is larger than the critical current. Therefore,
the material becomes non-superconducting [43]. So, the importance of the pinning force
on the magnetic field as it reveals the field at which the flux leaves the pinning trap and the

material becomes non-superconductor.

To investigate the flux pinning in high temperature superconductors (HTS), an improved
method based on both the Dew-Hughes and Kramer models [44 and 45] has been
developed. For (HTS), a pinning force density (Pyis equal to the critical value of the

Lorentz force:
Pf = J. XH (1.10)

Where (P;) is force per unit volume, (Je)is the critical current density and (4 ) is an applied
magnetic field. Knowing of the field and temperature dependence of pinning force is
required to improve the critical current density. The superconductors are similar in their
(PH) dependence at different temperature. (Py) equals zero at the irreversibility field

because (J. ~ 0) [46].

To understand the pinning mechanism in iron-based superconductors, it is essential to study
the effect of temperature and applied field on the pinning force of vortices. According to
Dew-Hughes model, the normalized pinning force at different temperatures can be written

as a scaling law of:
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f = h? x(1—h)? (1.11)

Where, (p and q) are two parameters are describing the pinning mechanism which will
explain by details in chapter six, and (4) is the reduced field, (k# = H/H;), where (Hi-) is
the magnetic field at which the pinning force vanishes, and (f' = Pr/Ps max). Also, the (Amax)

is the (4) value when pinning force maximum its value given by:

hmax = £ (1.12)

Many reports show values of (p, ¢ and hmay for several FeySexTei.x compounds. Such as
the obtained values of (p, ¢ and Au4x) are 1.54, 3.8 and 0.28 respectively for FeSeo4Teo.s
that indicate that vortex pinning is by a mixture of the surface and the point core pinning
of the normal centers [65]. Das et al. reported values of (p, ¢ and /) for FeSeosTeos are
1.65, 2.95 and 0.36 respectively, and they suggested that point pinning isn’t enough to
explain pinning mechanism in FeSeo.sTeo.s compound [66]. The variations in the values of
(hmax) for FeSexTe1.x compounds are result of change in the pinning force due to change in
the Se and Te concentrations and sometimes these differences come from different methods
that can be used in calculations, for example some people calculate (%) from (H/H.2) and
other from (H/Hi»).

1.9 Energy Gap in Superconductor

Energy gap in superconductor is defined as the binding energy of a cooper pair. Its typical
value is several meV and is material dependent. According to (BCS) theory the upper limit

of the energy gap at absolute zero is given by the flowing relationship. [47]:

E, =2 A(0) ~ 3.528k,T, (1.13)
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Where (k3) is the Boltzmann’s constant. (BCS) theory is only valid for the conventional
superconductors and the value of the energy gap in such superconductors depends on their
transition temperature [47]. The ratio, (24/ksT.,) is commonly known as coupling strength.
The maximum possible value of coupling strength for conventional superconductors is
3.528, which is called the weak coupling limit. Unconventional superconductors can have
the coupling strength higher than the weak coupling limit and such coupling is termed as
strong coupling. Several coupling strength related studies in iron-based superconductors
provides contradictory results. Many reports found that some of the iron-based
superconductors have weak coupling with coupling ratio while some of the iron-based

superconductors have strong coupling ratio [67].

Energy gap in iron-based superconductor can be studied by Scanning tunneling
microscopy/spectroscopy (STM/STS) and by using thermodynamic critical field (H.),

which can be found by [21]:

Hep

H,. = Tox (1.14)

And energy gap value related to (H.) as [71]:
E, =2A4(0) = 2kgT Yy te 1.15
y =280 =205, |COGy)  (119)

Where (y) is the electronic specific heat coefficient which varies from ~25 -40 mJ/mol.K?

[69, 70].

Recently, Kunwar ef al. used scanning tunneling microscopy/spectroscopy (STM/STS) to

measure the energy gap in FeSeo.sTeo.s superconductor. Their results revealed the presence
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of two energy gaps, which are coexistence with the presence of weak and strong coupling
mechanism in FeSeo sTeo.s superconductor. Escudero et al. found for same superconductor
the ratio (24/kpT.) has values between (2.88 < 24/kpT.< 3.04), according to this FeSeosTeo s

superconductor is in weak coupling limit [68].

1.10 Structure of the Thesis

The thesis is divided in seven chapters, summarized as follows: introduction and literature
review are discussed in chapter one emphasizing on various superconducting properties of
FexSeosTeo.s such as critical fields, critical current, pinning force and thermally activated
flux flow. In chapter two, I present sample preparation, characterization and description of
the (/-V) isotherms and resistivity measuring system, vibrating sample magnetometer
(VSM) and X-Ray Diffraction are also discussed. In chapter three, we start with initial
characterization of the prepared single crystals. (XRD) pattern of different samples were
presented and analyzed. The variations of the lattice parameters with iron content is also
discussed. The (/-V) isotherms and Arrhenius plots are discussed in chapter four. I also
present variations of the thermal activation energies with temperature and applied magnetic
field. Reversible and irreversible properties such as critical currents and pinning forces are
discussed in chapter five. Also, different scaling procedures were discussed at the end of
chapter five. Energy gap measurements are presented in chapter six. Summary of the main

results of these studies and the possible extensions of this work is given in chapter seven.

1.11 Objective

In this thesis, we propose to investigate various electrical and magnetic properties of

FexSeo.sTeo s single and poly crystals (0.9<X<1.1). In particular; electrically resistivity (p),
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upper magnetic field (H.2), activation energies U(H,T) and pinning force (Py) will be

investigated. Our main objectives are:

a- To prepare high quality single crystals samples and polycristalline samples of
FexSeo sTeo.s; near the optimal doping (X~1).

b- To invesitigate the effect of excess of iron content on the structure, flux flow and
thermally activated flux flow of FexSeo.sTeo.s compounds.

c- To invesitigate the effect of excess of iron content on several irreversible properties
such as irreversibility field, critical current density and pinning forces.

d- To study the behavior of scaling of the pinning force and critical current density and

anisotropy changes with excess of iron contents.

e- To obtain the evolution of the energy gap and the electronic density of states near the

optimal doping.
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CHAPTER 2

EXPERIMENAL TECHNIQUES

In this thesis, we investigated the effects of iron contents on several electric and magnetic
properties of FexSeo.sTeo s single and poly crystalline samples. The crystalline structure for
all prepared sample were properly characterized using (XRD). Magnetic measurements
were used to investigate critical current, pinning force and scaling behavior. Electric
transport measurements have been used to study flux flow, thermal activated flux flow and
activation energy near the superconducting transition under the influence of low applied

magnetic field.
2.1 Samples Preparation

Solid state reaction has been used to prepare single and poly-crystalline samples of

FexSeo.sTeo.s for (0.9<X<1.1) using high purity Fe, Se and Te elements.
2.1.1 Polycrystalline Samples

High purity (99.99% or higher) Fe, Se and Te elements were used to prepare FexSeo sTeo.s
polycrystalline samples. Stoichiometric ratios of the elements were used to prepare seven
samples with (0.9 <X < 1.1). All samples are given in the form FexSeosTeos in table (2.1).
The powdered elements are mixed and grinded using an agate mortar for about 10-20
minutes then pressed into pellets. The pressed pellets were encapsulated in a quartz tube
and sealed at partial pressure of high purity Argon gas. All samples are initially annealed

at 300 °C and 500 °C for 5 hours at each temperature, and then heated to 800 °C and held
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for 10 hours. After that, the temperature was reduced to 400 °C at which the samples are
annealed for 120 hours. After being cooled to room temperature; the samples were ground
thoroughly then pressed in pellets, sealed in quartz tube under Argon and re-annealed at
400 °C for another 50 hours and cooled to room temperature. The annealing cycle is shown

in figure (2.1).

Table (2.1): Samples used and the corresponding used masses to prepare one gram.

X Fe (£0.0001) g Se (20.0001) g Te (£0.0001) g
0.90 0.3273 0.2571 0.4155
0.92 0.3322 0.2553 0.4125
0.95 0.3394 0.2525 0.4081
1.00 0.3488 0.2466 0.3989
1.02 0.3555 0.2464 0.3981
1.05 0.3621 0.2438 0.3940
1.10 0.3730 0.397 0.3873
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Figure (2.1): (a) First steps and (b) Second step annealing of polycrystalline samples.

2.1.2 Single Crystal growth

High purity (=99.99 %) elements Fe, Se and Te have been used in different stoichiometric
ratios to prepare FexSeosTeos, stoichiometric ratios of the elements were used to prepare
the samples with (0.95 < X < 1.1) (Table 2.1). The elements were grinded, pressed and
sealed in a quartz tube partially filled with Argon gas. Single crystals were grown using
Bridgman technique. The samples were annealed at 500 °C for 2 hours (Tmelting for Se =221

°C and Tmelting for Te =221 °C) and then at 1070 °C for 24 hours at this temperature the
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whole material is homogenous and liquid. After that the samples were slowly cooled at a
rate of 5 °C/hour from that temperature to 700 °C the reason of this slowly cooling to permit
for single crystal growth. Then they were annealed at 700 °C for 5 hours to release internal
stress and strains. This is followed by fast cooling to 400 °C and annealed for 2 hours to
release more and more of internal stress and strains. Finally, the furnace was turned off and

the samples are cooled to the room temperature as shown in the figure (2.2).

1(%)
F 3

1070 °¢

100 °c/ hr

100 °c/ hr

pt(hr)

Figure (2.2): Various stages of annealing of single crystal samples.

2.2 Sample Characterization

The prepared samples were characterized by using different techniques. Four-point probe
technique is used to measure the superconducting critical transition temperature (7¢)
measurements and obtain the (/-V) charecterestics of all samples. Powdered (XRD)

technique was used to assists the crystalline structure.
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2.2.1 T. measurements by using the Four-Point Probe Technique

The four-point probe technique first used by Winner (1916) to measure the changes in
resistivity with temperature [74, 75 and 76]. Resistances versus temperature were obtained

by passing current (/ =2 mA) in order to determine (7¢) and transition width.

2.2.2 Characterization of the prepared samples by using X-Ray Diffraction (XRD)

Technique

The prepared samples were characterized using the powdered X-ray diffraction (XRD).
The (XRD) patterns are used along with Bragg's condition to calculate the lattice

parameters [6,7]:

2dsin® = nA (2.1)

The d-spacing for tetragonal structures d is given by [6, 7]:

1 h2+K2 12
=5
d a c

(2.2)

A small part of sample was grind and loaded into the sample holder of Rigaku Ultima-IV
X-ray diffractometer. CuKo radiation was used in the wavelength 1.54060 A. The samples
were step scanned between 0 and 80° at (26) scale while measuring the intensities of the

diffraction peaks.

The (PDXL) software is used to analyze the (XRD) patterns, the powder diffraction
database of the International Centre for Diffraction Data (ICDD) has been used to identify

the impurity phases in all prepared samples.
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2.3 Transport Properties

The electrical measurements were obtained using Lake Shore 7507 Hall-effect
measurements system. The variations of resistance and the (/-V) characteristics with
temperature are measured in the presence of magnetic field (0-2Tesla). The samples are
mounted on the copper tail of a closed cycle cryostat (Advanced Research Systems). Lake
Shore-340 temperature controller controlled the temperature. A constant current source
(Keithley 220) provided constant currents up to 100 mA to the outer probes and
nanovoltmeter (Keithley 2182) determined the voltage differences through the inner
probes. The (I-V) characteristics were measured at different temperatures and different
magnetic fields. All transport properties measurements were performed in the ab- plane.

A small drop of the silver paste was used to connect wires to the sample. The wires are
firmly attached to the cold finger of the cryostat to reduce thermal heat flow to the sample.
The pressure inside the cryostat was kept at ~ 10”7 mbar to ensure good isolation and to
avoid heat transfer from the surrounding to the sample. The resistivity was measured in the

temperature range 10-300 K in various applied magnetic fields.

2.4 Magnetization Measurements

Magnetization measurements were performed using a computer-controlled PAR-
Lakeshore (Model 4500/150A) variable temperature vibrating sample magnetometer
(VSM). The maximum magnetic field is 9 Tesla, and a variable temperature range is 1.8 K

to 300K. The VSM system consists of the following major parts:

1- Vibrating head and sample holder.

2- Variable temperature cryostat.
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3- Temperature controller.
4- VSM controller.
5- Power supply and controller of the magnet.

6- PC with GPIB-PclI interface card which is connected to all controllers of system.

For detailed description of the system see reference [77].
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CHAPTER 3

X-RAY DIFFERACTION ANALYSIS

In this chapter we investigate the structural properties for all samples by using X-ray

diffraction.
3.1 Phase diagrams

Based on the three binary phase diagrams of (Fe-Se), (Fe-Te) and (Se-Te), that are shown
in figures (3.1), (3.2) and (3.3) respectively, we can explain impurities appearance in XRD
patterns for all the samples. Slowly cooling from 1075°C to 900 °C several phases and
their mixtures such as FeSe, FeSe», Fe3Ses and Fe7Seg will form, which are as shown in the
figure (3.1). Cooling FeSeosTeo s to the temperature range of 810 °C to 650 °C is shown in
the figure (3.2). In (Se-Te) binary phase diagram which is shown in figure (3.3), in the case
of the formation of solid solution between the two elements over the entire range of

concentration, no ordered state is found.
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Figure (3.3): phase diagram of Se-Te [82].

3.2 Result and discussion of (XRD) for FexSeosTeo.s samples

The (XRD) measurements are performed at room temperature for two groups of
FexSeo.sTeo.s samples. The first group is polycrystalline samples with different iron content
(0.9 <X <1.1) and the second group is single crystal samples with the iron content (1 <X

< 1.1). Our aim is to study the effect of iron content in the samples.

3.2.1 (XRD) patterns for FexSeosTeo.s polycrystalline samples

X-ray diffraction patterns obtained for FexSeosTeo.s polycrystalline samples with (X =
0.90, 0.92, 0.95, 1.00) are shown in the figure (3.4) and for FexSeo.sTeos polycrystalline
samples with (X =1.00, 1.02, 1.05 and 1.10) are shown in the figure (3.5).

Figures (3.4) and (3.5) show the (XRD) patterns taken at room temperature for FexSeo.sTeo.s
polycrystalline samples with (0.9 < X < 1.1). The majority of the diffraction peaks have
been indexed with the tetragonal PbO structure with P4/nmm space group. Samples with
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large Fe-deficiency (X~0.9) have several impurity phases such as FesSes, Fe3Ses, FeOo,
FeSe and Te. The presence of Fe;Ses is in line with FeSe phase diagram shown in figure
(3.1). However, we detected this impurity phase even in samples with excess of Fe [45].
The (XRD) figures revealed that the impurity phases decrease with increasing iron content
in the samples reaching almost pure single phase for the optimal sample FeSeo.sTeos. And
(XRD) analysis were presented in the tables (3.1).

Table (3.1): The lattice constants and the lattice volumes for the different FexSeosTeo s

polycrystalline samples.

Sample ctAc (A) a+Aa (A) V£ AV (AY)
0.90 5.931 +0.081 3.778 +0.003 84.655+0.572
0.92 5.931 +0.058 3.788 +0.014 85.104+0.731
0.95 5.956 +0.038 3.787 +0.008 85.400+0.230
1.00 5.976 + 0.061 3.779 +0.017 85.320+0.829
1.02 5.974 +0.032 3.771 +£0.014 84.944+0.685
1.05 5.972 +0.024 3.767 +0.017 84.720+0.930
1.10 5.966 + 0.028 3.767 +0.023 84.686+0.964
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Figure (3.4): Room temperature (XRD) patterns for FexSeosTeo.s samples with x (0.9<X<1.0) and impurity
phases A: FeSe, B: FeO2, C: Te, D: Fe7Ses and E: FesSea.
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Figure (3.5): Room temperature (XRD) patterns for FexSeosTeo.s samples with x (1.0<X<1.1) and impurity phases
A: FeSe, B: FeO2, C: Te, D: Fe7Ses and E: FesSea.
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Figure (3.6): Variation of (a) lattice parameters with Fe content of FexSeo.sTeo.s and (b) the volume of the unit-cell
with Fe content of the same sample.

Figure (3.6a) shows variation of lattice constants (a and c¢) with iron contents in samples
of polycrystalline FexSeo sTeo s, and figure (3.6b) shows the lattice volume variations with
iron content in the same sample.

We found that the lattice parameters (c (A)) reaches maximum near (X=1.0), while (a (A))
is maximum near (X=0.92). The maxima volume of the unit cell occurs in between (X=0.95
and X=1.0), in the iron deficient region. Our study infers that Fe-deficiency may induce
lattice strain while Fe-excess may induce internal stress. The competition effect of stress-
strain may lead to the observed non-monotonic changes in the lattice parameters and in the

unit cell volume [83].
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3.2.2 Result and discussion for FexSeo.sTeo.s single crystals samples

In an effort to reduce the impurity phases in polycrystalline FexSeosTeos samples we
prepared a set of single crystals, and we investigated their structure and several magnetic
and transport properties. Single crystal before grinding indicating good quality of prepared
of single crystals because diffraction peaks are coming from (00/) namely (001), (002),
(003), (004), with no impurities peaks. Figures (3.7) shows the (XRD) patterns taken at

room temperature for FeSeo sTeo.s single crystal sample before grinding.
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Figure (3.7): X-ray diffraction pattern of FeSeo.sTeo.s single crystal before grinding.

Prior to obtaining the (XRD)-patterns a small portion of the prepared single crystals were
powdered and used for further (XRD) analysis. The X-ray diffraction patterns obtained for
FexSeo.sTeo.s single crystal samples with (X = 1.00, 1.02, 1.05 and 1.10) are shown in the
following figures (3.7— 3.10). Figures (3.8-3.11) show the (XRD) patterns taken at room

temperature for FexSeosTeos single crystal samples with (1 < X < 1.1). The diffraction
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peaks have been indexed with the tetragonal PbO structure with P4/nmm space group.
Samples have several impurity phases such as Fe3Ses, FeSe and Te. However, comparing
the powdered single crystals (XRD) patterns with the polycrystalline patterns, we found
considerable reduction in the impurity phases in powdered single crystal patterns. XRD
analysis are presented in the table (3.2).

Tab. (3.2): The lattice constants and the lattice volumes for the different FexSeo.sTeo 5 single

crystal samples.

Sample c+Ac(A) a+Aa(A) V£ AV (A3)
1.00 6.022+0.010 3.803+0.017 87.10 +2.92
1.02 6.037+0.018 3.783 £ 0.001 86.41 +2.55
1.05 5.981+0.017 3.800 + 0.023 86.36 +2.98
1.10 6.010 +0.010 3.790 + 0.015 86.36 +2.64
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Figure (3.8): X-ray diffraction pattern of FeSeosTeos single crystal with the phases of the peaks and impurity
phases A: FeSe, C: Te and E: FesSea.
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Figure (3.9): X-ray diffraction pattern of Fei.02SeosTeo.s single crystal with the phases of the peaks and impurity
phases A: FeSe, C: Te and E: FesSea.
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Figure (3.10): X-ray diffraction pattern of Fe1.0sSeo.sTeo.s single crystal with the phases of the peaks and impurity
phases A: FeSe, C: Te and E: FesSea.
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Figure (3.11): X-ray diffraction pattern of Fer.iSeosTeo.s single crystal with the phases of the peaks and impurity
phases A: FeSe, C: Te and E: FesSea.
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Figure (3.12): Variation of lattice parameters (a) and the volume of the unit-cell (b) with Fe content of FexSeo.sTeo.s
single crystal samples.
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The lattice constants and the unit cell volume are presented in table (3.2). The variations
of the lattice constants (¢ and ¢) with Fe content in the single crystal samples of
FexSeosTeos, and the variations of the lattice volume with Fe content in the samples of
FexSeosTeos are shown in figure (3.12). We found that the lattice parameters (¢ (A))
reaches maximum near (X=1.02), while (a (A)) is maximum near (X=1). The maximum
volume of the unite cell occurs at (X=1). The competition effect of stress-strain may lead
to the observed non-monotonic changes in the lattice parameters and the volume of the unit
cell [78].

Differences in internal strain and stress of single crystals and polycrystalline of
FexSeo.sTeo.s samples will cause shift in lattice parameters [79]. The (FWHM) values are
found different at same peak. For example, for the peak 110, at same Fe content (X=1), the
(FWHM) values are 0.197 for single crystal and 0.242 for polycrystalline samples. This is

clearly indicated by the observed sharp peaks in the (XRD)-patterns of the single crystals.
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CHAPTER 4

THERMAL ACTIVATION ENERGY ANALYSIS

4.1 Introduction

The measurement/study of (/-V) isotherms of superconducting materials is common
and popular technique to investigate several superconducting properties such as
critical current density, pinning force, flux flow resistance and thermal activation
energy.

Thermal Activation Energy (TAE) refers to the energy required for vortices to overcome
the pinning potential barrier created by pinning centers in the superconducting state. In the
presence of an applied magnetic field, or when a transport current passes through a
superconductor, the Lorentz force causes variation in the effective potential barrier
between the neighboring pinning potentials. The effective potential (Uey) is calculated from
the difference between the barrier height and the energy of the Lorentz force as shown in
figure (4.1) [42]:

Ueff == UO - UL (41)

Where (U,) is potential barrier height, (Ur) is Lorentz potential, and (J:) is commonly
known as the de-pinning critical current density, which is the current requires to derive the
vortex from its pinning center. Here we describe two cases in regard to the current density,
(J). The first case is when there is no current has been applied (J = 0) to the system, which
leads to application of no force on the system. In this case, due to thermal activated

processes, the probability of vortex jumping over the potential barrier is the same in all
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directions (isotropic), and the net vortex velocity is zero. For the second case the current
density is non-zero. When a current has been applied (J > 0) to a system a driving force is
being produced in the system. The action of the applied force it reduces the potential well
on certain direction and increases it in the opposite direction. The benchmark of critical
current density (J.) can be used to distinguish three different regimes. When the current
density is quite smaller than the critical current density (J<< J.), the dissipation is
happened by thermal excitations and the regime is called the TAFF (Thermal Activation
Flux Flow) regime. While at very high current densities (J >> J.), the pinning force is
smaller than the driving force, as a result a diffusive vortex motion happens. Such regime
of very high current density regime is called the (Flux Flow) regime. Finally, when current
density is comparable to the critical current density (J~J), the regime is called flux creep
regime, which includes different vortices motion and complicated potential barriers.
Several experimental techniques can be used to evaluate the thermal activation energy. The
(I-V) isotherms and the Arrhenius plot are commonly used techniques in this regard. In this
chapter we used the (I-V) isotherms technique and Arrhenius plot to investigate the
behavior of the activation energy near the superconducting transition temperature and in

low magnetic field.
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Figure (4.1): Pinning potential under the effect of different current densities [42].

4.2 The (I-V) Isotherms

The main characteristics of superconductor is the vanishing of the electrical resistance. An
electric current can pass through the superconductor without energy losses, as long as it is
below certain critical value known as the critical current (J:). The value of the critical
current for a superconductor depends on the temperature and the applied magnetic field.

But when a current passes through the mixed state of hard superconductors, this may cause
vortex motion that give rise to flux flow resistance leading to energy losses [54]. Transport
and dissipative properties in type II superconductors are dominant in the region close to
critical temperature. Kim-Anderson proposed a model to explained flux creep and vortex

motion close to critical temperature [53].
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Vortex motion, the irreversibility line and a vortex glass transition have been extensively
investigated in high temperature superconductors [55-59]. Fisher et al, suggested the use
of scaling behavior for the (I-V) isotherms near critical transition temperature (high-7¢) to
investigate the behavior of vortex state in high temperature superconductors [60 and 62].
The (I-V) isotherms for thin films and single crystals of high-(7.) superconductors, revealed
a continuous vortex glasses transition at temperatures well below (7).

The first experimental proof for the continuous vortex glass transition at temperatures
below Tc, using scaling the (I-V) curves, was performed by Koch e al. [61] on YBCO thin
films, and on YBCO single crystals by Gammal et al. [64]. Sun et al. suggested a power-
law (¥ = al’) to describe the behavior of the (I-V) isotherms. The exponent /3 is referred to
the effective pinning barrier (Usp),

In the mixed state, in type II superconductors, the vortex behavior can be classified into
different regimes, namely, thermal activated flux flow regime (TAFF), flux creep regime
(FC) and flux flow regime (FF). However, these regions are not sharply distinguished. For
a given isotherm, the variations in the (7-V) curves can be qualitatively used to distinguish

between these regions as shown in figure (4.2) [65].

\")
A
Flux Flow
Flux Creep
TAFF \ /
d P
r

Figure (4.2): Schematic view of the (I-V) curve with different vortices regimes.
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The Fe-based superconductors have a moderate value of (7¢) with the added magnetic
effects. Hence, they are in between conventional and high- (7¢) superconductors.
Therefore, it will be interesting to study the effects of thermally activated flux flow on
different transport properties. These properties are clearly affected by the dynamic
behavior of vortices. The magnetic elements such as Fe may have additional effects on the
current—voltage isotherms [64, 85].
In this thesis, we present the (/-}) isotherms of FexSeosTeos single crystals near (7. ~
14.5K) under different values of magnetic field. We use the power-law relation to evaluate
the variation of the activation energies (U) with temperature and field. Figures (4.3 a-d)
show (I-V) curves of the sample FeSeosTeo s at magnetic field H = 0, 0.25, 0.5 and 1.4T
respectively for temperatures range 13.4-15.4 K. The data are presented in a log-log scale
which simplifies the evaluations of @ and £ in the power-law relation:

V=oal’ 4.2)
Where « is a constant, and 3 is given by:

B = Uey/ ksT (4.3)
And (Uep) is the effective pinning potential [56, 57, 58 and 99]. The exponent £ has been
calculated from the slope of linear part of the (/-V) isotherms at (H = 0, 0.25, 0.5, 1T and
1.4T). The activation energy (U.p) was evaluated in both (TAFF) and (FF) regimes. The
activation energy is essentially the pinning barrier introduced by defects and pinning
centers in the sample. The results are plotted in figures (4.4) (a and b) as a variation of (7)
for both (TAFF) and (FF) regimes at (H =0, 0.25, 0.5 and /.47). The results are discussed
in detail in the following section. Thermal activated flux flow (TAFF) occurs near 30 puV,

while flux flow (FF) regime is at voltage larger than 30uV.
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Figure (4.3): Selected (I-V) isotherms for single crystal FeSeo.sTe0.s (a) at H= 0T, (b) at H= 0.25T, (¢c) at H =

0.5T and (d) H=1.4T, around its corresponding superconducting transition temperature.

4.2.1 Temperature Dependence

The figure (4.4) reveals that as the temperature reduces below the critical temperature, the
potential pinning barrier (U.p) continuously rises. The rise of (Uep) in (TAFF) region is
quicker than that in (FF) region. This is a direct reflection of the gradual rise in the exponent
(p). Near (T.), the value of the exponent (f) is close to one, indicating Ohmic (I-V)
behavior. The deviation from Ohmic behavior occurs at (7)) a non-linear temperature
about 14.2 K, yet it is about 0.3 K lower than the critical temperature (~14.5K). The
obtained pinning potential value at (H = 1.4T) for both regions descends to one tenths of

its value at (H = 0T). Values of (f) were listed for optimum sample FeSeosTeo.s in tables
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(4.1) and (4.2) at (H = 07) and (H = 1.47) respectively. At temperature above (7¢), the
exponent (S ~ 1.1), for both regions, indicating the non-linear characteristic of (/-V) curves
which means the sample is no longer in the normal state. The fluctuations and thermal

effects near (7¢) can cause deviations and limitations for Sun ef al. model [56].

Table (4.1): Exponent values for different temperatures in both (TAFF) and (FF) regimes
at H=0T.

T (K) B in TAFF B in flux flow
13.4 16.3798 2.7221
13.6 8.0485 2.4168
13.8 5.2259 2.0048
14.0 2.5881 1.5175
14.2 1.5729 1.3209
14.4 1.2196 1.1751
14.6 1.1683 1.1683
14.8 1.1431 1.1431
15.0 1.1173 1.1173
15.2 1.0702 1.0702
154 1.0671 1.0671
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Table (4.2): Exponent values for different temperatures in both (TAFF) and (FF) regimes
at H=1.4T.

T (K) B in TAFF B in flux flow
13.4 6.6037 2.9191
13.6 5.4789 2.6143
13.8 3.9308 2.0528
14.0 2.6469 1.5592
14.2 2.0215 1.3982
14.4 1.8983 1.3697
14.6 1.3562 1.2316
14.8 1.2006 1.2006
15.0 1.2087 1.2087
15.2 1.1953 1.1953
15.4 1.1191 1.1191

4.2.2 Magnetic Field Dependence

The variations of activation energies (TAFF) and (FF) regions with the magnetic field are
presented in figures (4.5 a) and (4.5 b). At a given temperature, the obtained (U.y) values
in (TAFF) region are consistently higher than (Uey) values in (FF) region. Also, values of
(Uepp) are rapidly decreasing with increasing magnetic fields. This reflects the sensitivity of

effective pinning potential to the applied magnetic field.

47



00207 (a) For TAFF
e—fi— HOT
0.016 —e—H0.25T
HO.5T
0.012 —w—H1.4T
SR
Q
= o
=’ 0.008 - \
] .\.
0.004 -] v\v
YTV — =y ——y—v—t—¢
0.000 : : : : : : . :
13.5 14.0 14.5 15.0 15.5
T (K)
(b) For FF
efl— HOT
0.003 —e—H0.25T
o HO.5T
\ —v—H1.4T
®

U off (eV)

RN

TS Sy

0.001 . . , . , . .
13.5 14.0 14.5 15.0 15.5

T (K)

Figure (4.4): The variations of the effective pinning potentials (Uefr) versus temperature (a) in thermally activated
flux flow region (TAFF) and (b) in flux flow region (FF) at different applied magnetic fields; H=0, 0.25, 0.5 and
1.4T for FeSeo.sTeo.s single crystal.
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Figure (4.5): The variations of the effective pinning potential (Uerr) versus magnetic field (a) in thermally activated
flux flow region (TAFF) and (b) in flux flow region (FF) at different temperatures for FeSeo.sTeo.s single crystal.
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4.2.3 Characteristic Thermal Activation Energy (Uo)

The resistivity in (TAFF) regime is given by:

U
P = Pp€Xp (—m) (4.4)

Where, (p,,) is the resistivity for normal state and (U) is the thermal activation energy,
which is temperature and magnetic field dependent. Thermal activation energy shows
parabolic behavior, it exhibits power law with magnetic field, which may depend on the

type of flux pinning in the superconducting state [87].

Several researchers suggested that activation energy in high temperature superconductors
is dependent on both temperature and magnetic field. Palstra et al. suggested that power
law dependence on field to formulate characteristic thermal activation energy as (U,a H*)
[51]. Yi Sun et al. found similar result for FeSe thin film [88]. Kucera et al. suggested that
thermal activation energy for Bi-2212 thin films as (U a H” (1-t)), where t is the reduced
temperature (¢ = 7/T.) [40]. Wang reported that (U oo H"'(1-t)*) in YBaxCu30O7-5 thin films
with (n = 1.5) and (a = 0.57) for (H || ab) and (n = 1.4) and (a = 0.62) for (H || ¢) [89].
These reports, among many others, suggests that the thermal activation energy in presence

of applied field can be expressed as:
UH, T)=U,H*(1-t)? (4.5)

Where (a) and (p) are field and temperature dependent [70], values of (a ~0.5) and (S ~1)
for several superconductors [52, 41]. In figure (4.6), we presented the fitting of (U.y) and

T at constant (H), we calculated values of (U,) for (TAFF) regime at (H=0T) and (H=1.5T)
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and the results were listed in table (4.3). The figure (4.6) shows that all data converges to
(Te=14.5 K), in agreement with our earlier findings. And values of (o) and (f) equal 0.486
and 0.938 respectively for FeSeosTeos single crystal which agree with previous reported

results.
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Figure (4.6): The log of effective pinning potential (Uetr) obtained are presented as variations with temperature
for different iron content in (TAFF) region in different applied magnetic field (a) at H=0 T and (b) at H=1.5T.
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Table (4.3): The characteristic (TAFF) activation energy (U,) for the different FexSeo sTeo s
single crystal samplesat H=0T and H=1.5T.

Sample Uo (TAFF) (eV) at H=0T Uo (TAFF) (eV) at H=1.5T
1.00 0.2943 0.2389
1.02 0.2420 0.1866
1.05 0.1915 0.0705
1.10 0.1307 0.0369

In figure (4.7) we plotted the activation energy values of table (4.3) with variation of iron
content to study the relation between them. We found that the activation energy decreases
with increasing iron content. Also, the (U,) values are maximum for the optimum iron
content when (X=1.00). The activation energy is found to be in the order of 100 kgT. Our
result suggests more effective pinning centers in the samples with lower iron contents and

the higher activation energy is desired for practical applications.
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Figure (4.7) The characteristic pinning potential (Uo) obtained are presented as variations with different iron
content in (TAFF) region in different applied magnetic field at H=0T and H = 1.5T.
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4.3 The Arrhenius Plots

To investigate the effect of variation of iron content on effective pinning potential Uesr of
polycrystalline FexSeo.sTeo.s samples; we used Arrhenius plots of the resistivity in various
applied magnetic fields. The resistivity values were measured for temperatures between
13.2 K and 15.4 K at different five applied magnetic fields in the range of (0 — 1) T for
samples with different iron contents (X=0.95, 1.00, 1.05 and 1.10). Figures (4.8) and (4.9)
show the Arrhenius plot of (/n p) as a variation of (1/7) for polycrystalline FeSeosTeos and
Feo.95Seo.sTeos samples respectively.

Thermal activation energy values were calculated from slopes of Arrhenius plots and the
results were plotted against applied magnetic field in figure (4.10). The figure (4.10)
indicates higher effective pinning potential (Uey) for optimum (X=1.00) and as iron content
increases or decreases this will cause a reduction in effective pinning potential (Usp).
Furthermore, these values match with the activation energy at low field values for highly
oriented Fei.03TeossSeo4s superconductor with excess iron sample calculated by Junyie
et.al. [71]. The smaller values of effective pinning potential at (H = /7T) compared to values
at (H = 0T) which indicates the sensitivity of effective pinning to the applied magnetic
field (as explained in figure 4.1), which make it easier for the vortices to move or jump
over the potential barrier (42 - 110)

The calculated thermal activation energy values from Arrhenius plots are agreeing with the
calculated values from (/-V) isotherms. Also, the (Ue.y) values are sensitive to the criteria
used for finding the critical temperature, such as, whether the critical temperature is
measured when the resistivity drops to 0.1, 0.5 or 0.9 of its normal state resistivity (pn)

value. The activation energy values (U(H, T)) decrease quickly with the applied magnetic
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field and they are showing the sensitivity of effective pinning to the applied magnetic field.
We notice that (U) values are maximum for the optimum iron content at (X=1.00) and
reduce for the samples with higher/lower iron contents. The low values of (U(T)) about 10

meV indicate the low vortex-pinning behavior in the FexSeosTeo s superconductors.
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Figure (4.8): Arrhenius plot for the resistivity versus 1/T at different applied magnetic fields for FeSeo.sTeo.s
polycrystalline sample. The two solid lines are a linear fit to the data.
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Figure (4.9): Arrhenius plot for the resistivity versus 1/T at different applied magnetic fields for Feo.ssSeo.sTeo.s
polycrystalline sample. The two solid lines are a linear fit to the data.
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Figure (4.10): Thermal activation energy for the (TAFF) region (Uesr) as variation of applied magnetic field (H).
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4.4 Upper Critical Magnetic Field

To study the effect of variation of Fe content on upper critical field, (H.2 (7)); we used
Arrhenius plots as shown in figure (4.11) to estimate the phase transition at different
magnetic fields of range of (0-1) T. We used three different criteria to identify the value of
(T¢); namely, when the resistivity drops to 10%, 50% and 90% of its normal state resistivity
(pn) value. These criteria correspond to three different temperature in the flux flow region.
The obtained (H.2 (T)) values reflect the effects of the flux flow on determining (H.2). The
(H.2) values are presented in figure (4.12). The upper critical field at 0K, (H.2 (0)) has been
estimated using three different models, namely, the empirical relation (ER), Ginzburg-
Landau (GL) model and Werthamer-Helfand-Hohenberg (WHH) model, which are

represented by the following equations respectively.

He2 (T) = Hez (0) [1-8%] 4.7)
Hea (T) = Hoa (0) [C25)] 4.8)
Hoo(0) = 0.693Te (52) (4.9)

Where (t = T/T¢) is the reduced temperature [10, 11, 52 and 57]. The calculated values of

(H:2(0)) and the slope (dH.2/dT) near (T.) are listed in table (4.4).
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Figure (4.11): Arrhenius plot for the resistivity at different magnetic fields, (a) for X=1.00, (b) for X=1.05 and
(¢) for X=1.10.

57



Table (4.4): Calculated Upper critical field He (0) using the empirical relation and the

slope near T for the different FexSeosTeos polycrystalline samples.

Sample 10% pn 50% pn 90% pn

He2(0) dH_Cz(T /K)  He(0) %(T /K)  He(0) %(T /K)

(T) dT (T) dT (T) dT
FeSeosTeos  13.4 2.1 20.8 2.8 43.7 5.7
FeiosSeosTeos  27.8 4.9 57.6 -8.0 63.7 8.3
FeiiSeosTeos  39.2 8.3 29.5 4.1 36.5 144

Table (4.5): The calculated upper critical field Heo (0) for the different FexSeosTeos
samples by the GL and WHH models.

Sample 10% pn(T) 50% pn(T) 90% pn(T)
GL WHH GL WHH GL WHH
FeSeosTeos 25.8 19.8 40.5 28.4 86.3 60.1
Fe1.0sSeosTeos 54.7 443 114.2 79.5 126.6 88.0
Fei1.1SeosTeo.s 77.3 73.2 57.9 40.5 217.7 151.2

The data shown in Tables (4.4) and (4.5) reveals that the empirical relation gives the lowest
(H:2 (0)) values followed by WHH then GL relations. The 10% drop criteria GL and WHH
seems to yield (H.> (0)) values in agreement with published data ~26-77 T and 19-73 T
respectively. Moreover; the 90% drop criteria in the normal resistivity gives the highest

"unrealistic" estimates of the (H.2 (0)). The (H.: (0)) values obtained from the empirical
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relation are ~13.4 T for (X = 1.0) and showed a threefold (~39.2 T) increase for (X = 1.1)

(FexSeo.sTTeo.s) [78].

1.0

0.5

0.0

1510 1545 1520  15.25
1.04 (b) at 0.5p,,
0.5

Hea ()

0.0

141 142 143 144 145 146
1.0 (c)at0.1p,

0.54

0.0+

Figure (4.12): The variation of (Hc2) with temperature for X=1.00, 1.05 and 1.10 samples using (T¢) determined
from different criterion of normal state resistivity (pn): (a) 0.9 pn, (b) 0.5 pn and (c) 0.1 pn polycrystalline
FexSeo.sTeo.s samples.
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CHAPTER 5

MAGNETIC PROPERTIES OF FexSeosTeos

5.1 Hysteresis Loops

In this chapter we investigate the effects of iron contents on the magnetic properties of poly
and single crystals FexSeosTeos. In particular, we start by measuring the hysteresis loops
and deduce several characterizing magnetic properties such as: the critical fields (H.;) and
(He2), full penetration magnetic field (H,), irreversible magnetic field (H;») and the
thermodynamic critical magnetic field (H.). The remnant magnetization (M,), which is related to
the critical current at zero field and the critical current density (J.), will also be determined from
the width of the hysteresis loops at various temperatures. Finally, the pinning force (¥}) and its
variations with the magnetic field and temperatures will be calculated based on Beans critical
state model and the critical current density. Scaling behavior of the critical current density and

pinning forces will also be discussed in this chapter [93].

The hysteresis loop at 4 K for FeSeosTeos single crystal is presented in figure (5.1). The initial
negative magnetization drops linearly with applied field (in the Meissner state). Out of several
methods that can be used to determine Hci, we will use the initial value of the applied field at
which the magnetization deviate from the linear slope (-1/4w). As the applied magnetic field
increases above (H.s), beyond the Meissner shielding, the applied magnetic field starts
penetrating the superconducting sample, and consequently the magnetization gradually increase
(i,e., M| decreases) reaching zero at the upper critical field (H.2). The inflection point in the lower
part of the magnetization curve is considered to be the full penetration field (H,) (see the inset to
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Fig. 5.1). The hysteresis completely disappears (AM = 0) at the irreversibility field (H;),
and magnetization becomes reversible, and gradually reaching zero at (H.2). What we obtain from

hysteresis loops are summarized as:
1- The area of hysteresis loop which represents the energy losses in the sample.

2- The remnant magnetization (M,), which gives an idea about trapped flux, where (14,) is the

value of magnetization at a field equal to zero, (H = 0).

3- The critical current (J;), which is the width of hysteresis loop, (J. a 4AM).
4- The irreversibility field (H;.) at (AM = 0).

5- The pinning forces (F},) which are equal to (J.* H).

The irreversible magnetization is commonly described by Bean's model [96]. Bean's model
relates the width of the magnetization in the irreversible region of the hysteresis loop at a given

field to the critical current [97].
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Figure (5.1): Hysteresis loop at 4K, inset: the determining of (Mr, Hc1, Hp and the width of the hysteresis loop.
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5.2 Shape and Behavior of Hysteresis Loop

The shape of the hysteresis loop and the associated parameters can be affected by various factors
as sample preparation and heat treatments, temperature, maximum applied magnetic field and iron
content. In this section we want to investigate some of these factors and the corresponding effects

on the hysteresis loops.

5.2.1 Effect of the Temperature on Hysteresis Loop

Figure (5.2) shows hysteresis loops for the single crystal samples of FeSeosTeos at different
temperatures namely, 4K, 6K, 8K, 9K, 10K, 11K and 12K. It should be worth mentioning
here that these all temperatures are below the critical temperature (7¢) and the loops are
measured in (a maximum cycling magnetic field up to 14T when it parallel to (c) axis
direction). From this figure, we notice that the hysteresis width gets narrower as the
temperature increase, so by increasing temperature causes reduction in the effective
activation energy which makes it easy for vortices to move around and this reduce the
magnetization. Moreover, as the temperature increase the diameter of vortices (normal
cores) increase on the expense of the superconducting volume, in other words the volume

fraction of the superconducting material is reduced and hence reduces the magnetization.

The magnetization measurements were carried out for the samples with (X =1.00, 1.02 and
1.05) at different temperatures below the (7¢), ranging from 4K to 12K. The typical
hysteresis loops resulting from (M) versus (H) measurements are shown in figures (5.3a),
(5.3b) and (5.3c) for the samples with different iron content; (X=1.00, 1.02 and 1.05)

respectively.
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Figure (5.2): Hysteresis loops of FeSeo.sTeo.s at different temperatures.

5.2.2 Effect of the Iron Content on Hysteresis Loop

Figures (5.4a) and (5.4b) show hysteresis loops for the FexSeosTeos samples with iron content,
(X=1.00, 1.02 and 1.05), at temperatures 4K and 6K, respectively. These figures show effect
of iron content on hysteresis loops at constant temperature. From these figures, we notice
that the hysteresis width at constant temperature gets narrower as the iron content increase
in FexSeosTeos samples. This indicates reduction in superconductivity volume fraction of

the material.
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Figure (5.3): Hysteresis loops of FexSeosTeos samples at different temperatures (4K, 6K, 8K and 9K) for
(a) X=1, (b) X=1.02 and (c) X=1.05.
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5.3 Irreversible Properties

The irreversible superconducting properties are derived from the hysteresis loops of the
magnetization [43]. In type II-superconductors, the flux lines do not move freely because
they are pinned in their position by local pinning centers. The local pinning potential is
non-uniform, and the vortices are taken away of their pinning centers in the irreversible
part of hysteresis loops when applied magnetic field is less than irreversible applied
magnetic field. Inside the vortices, the material is in normal state, while outside the

vortices the material is in superconducting state with different free energy [95].

5.3.1 Bean's Model "The Critical State Model"

The measured width AM of the hysteresis loops is related to the critical current (J.(H, T))
through Bean's "critical" state model. It can be used to explain many of the properties of
type-II superconductors. The model was independently introduced by Bean (1962) and
London (1963) and is usually referred to as Bean's Model. The model assumes that the
critical current is flowing in the sample to prevent the penetration of flux into the sample
when the magnetic field is increased above (H.;) value. It describes the variations of
magnetization within a superconducting sample. Bean based his model on some basic
assumptions and it explains very well the mixed state of type II superconductors [97]. The

assumptions incorporated in the model are as follows [96, 92].

1- There is no reversible magnetization; (H.; = 0T). Only the critical state is considered.

2- There is a critical current density which can be carried by the superconductor.

3- Even very low electromagnetic forces induce the full critical current density.
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4- The critical current density is independent of the external magnetic field.

5- In any region of a superconductor, where magnetic flux has penetrated, the critical
current density is perpendicular to the magnetic induction (B), whereas everywhere else is

valid (J. = 0).

The sample is perfect diamagnetic if applied magnetic field is below (H.;) because the
slope of this section of hysteresis loop is negative. When the applied magnetic field is
higher than the lower critical field value (H.;), the magnetic flux start entering the sample
uniformly, and as a result the magnetization start decreasing. The magnetization will
continue decreasing as long as the field is increasing, until it reaches the upper critical field
value (H.2) of the magnetic field. At (H.2), there is no magnetization (M = ). The sample
is completely in normal state. If the field is increased above (H.2), (AM= 0) the
magnetization curve coincides with its earlier values in the reverse direction and there will
be no hysteresis. For the samples with flat geometry and the field perpendicular to its plane,
it can be shown that the critical current density at any field value is directly related to the
width of the hysteresis loop by the following expression:

_ 304AM
T <d>

(5.1)

c

Where (AM = M * - M ") (emu/cm?) is the height of hysteresis loop and (< d > ) by (cm)

is the average diameter of pellet which is used in magnetization measurement.

This model usually gives results that are comparable to the results that obtained by the
direct transport method. Note that these measurements can also be affected by the flux

creep since the magnetization can be time dependent.
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In this section, we will present the critical current density estimated from the magnetization
hysteresis loops using Bean’s model by applying the equation (5.1). The results are shown
in Figure (5.5) with its parts a, b, ¢ and d for samples with different iron contents; (X =1.00,
1.02, 1.05 and 1.10), respectively at various temperatures. These figures reveal that the
critical current density starts with large values at low magnetic field and decreases as the
field increases until it reaches zero at (H;--). Furthermore, as the temperature increases, (J.)
decreases until it becomes zero at (7¢). Figure (5.6), shows the relation of critical current

density and magnetic field at 4 K for samples with different iron content.
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Figure (5.5): Jo(H) curves at different temperatures for different iron content on log-log scale in (a) X=1.00, (b)
X=1.02, (c¢) X=1.05 and (d) X=1.10.
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Figure (5.6): J«(H) curves for different iron content at T = 4K on log-log scale.
The figure shows the sample with highest iron content (X=1.10) has the maximum critical
current density. In another words increasing iron content (1.00 <X<1.10) increases critical
current density, which further indicates an increase in the pinning is associated with

increasing iron content.
5.3.2 Pinning Force

Flux pinning is the phenomenon in which magnetic flux lines do not move (become trapped
or pinned). Flux pinning is only possible when there are defects in the crystalline structure
of the superconductor (usually resulting from grain boundaries or impurities) [21]. The
pinning force (Py) can be calculated when the applied field (H//c) directions using the data

presented in figure (5.5) with the following relation.
Pp=].* H (5.2)

Typical pinning force figures show that pinning force increases as the field increases until

it reaches a maximum value (P;"*). After that the force starts decreasing until it reaches
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zero at (H;»). Moreover, the pinning force decreases as the temperatures increases until it
reaches zero at (7¢). The results for optimum single crystal with (X=1.00) are presented in
figure (5.7), which shows the variation of pinning forces against the applied magnetic field
up to 14T at different temperatures from 4K to 12K. These curves for FeTeo.sSeos show
second magnetization peak, which is to some extent overlapped with the first peak.
Therefore, we cannot determine the first peak clearly to study the pinning mechanism at

temperatures lower than 10K.
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Figure (5.7): Pinning force of FeSeo.sTeos at different temperatures.
The pinning force plots for other samples with excess iron content (X = 1.00, 1.02, 1.05
and 1.10) are shown in figures from (5.8-a) to (5.8-d) respectively. At various temperatures,
below critical transition temperature (7¢), pinning forces were plotted against the variation
of applied magnetic fields up to 8.8 T. In all curves the pinning force shows a clear

maximum at all temperatures (/0 < T < /3K).
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Figure (5.8): Log of pinning force of FexSeo.sTeo.s samples at different temperatures for (a) X=1.00, (b) X=1.02, (¢)
X=1.05 and (d) X=1.10.

At a given temperature, the pining force initially increases linearly, then gradually
increases at high magnetic field with smaller (saturation) slope than the initial slope.
Measurements were performed at different temperatures. The general behavior of the
pinning force Pr is that; it decreases with increasing temperature. At temperatures close to
(T.~ 14.5K) as shown in the figure 5.8, the width of the loop goes to zero at irreversible
field, where the pinning force effectively goes to zero. Also, we can plot the variation of
pinning force against the applied magnetic field for different iron contents. The plot at
temperature 4K, 6K, 12K and 13K are shown in in figures (5.9), (5.10), (5.11) and (5.12)

respectively. We found that the pinning force at low temperatures, namely 4K and 6K,
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increases with increasing the iron content. Whereas at temperatures close to critical
transition temperatures, namely 12K and 13K, the pinning force decreases by increasing

the iron content.
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Figure (5.9): Pinning force of FexSeo.sTeo.s samples at 4K temperature.
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Figure (5.10): Pinning force of FexSeosTeos samples at 6K temperature.
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Figure (5.12): Pinning force of FexSeo.sTeos samples at 13K temperature.

The maximum values of pinning force at different temperature for different iron contents
are summarized in the table (5.1) and are plotted in figure (5.13). The (Py) versus (7) curve
infer to two distinct behaviors separated by the temperature of ~ 10K. This figure reveals
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that the maximum pinning force increases as the iron content increases at same
temperature. Moreover, the maximum pinning force decreases as the temperatures
increases until it reaches zero at (7;) at all iron contents. This indicates increasing iron

content (X) in FexSeosTeos compounds cause more defects and new vacancies that

probable can change the pinning mechanism.

Table (5.1): Maximum pinning force at different temperature for all samples.

T (K) PP™(X=1.00) PP**(X=1.02) PP**(X=1.05) PP (X=1.10)
(N/m?) (N/m?) (N/m?) (N/m?)
4 1.698x10% 3.712x10°% 7.995x10°% 6.037x10%
6 1.125x10% 2.324x10% 4.617x10% 3.215x10%
8 6.657x107 1.219x108 2.032x10°% 1.411x10%
10 2.781x107 2.950%107 4.810x107 6.960%x107
12 4.651x10° 3.957x10° 3.333x10° 2.848x10°
13 1.093x10° 8.655x10° 7.216x10° 5.813x10°
8.0x10°
6.0x10°
E
Z
5 4.0x10°-
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o
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Figure (5.13): Variation of maximum pinning force of FexSeo.sTeo.s samples at different temperatures.
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5.3.3 Remnant Magnetization

Remnant magnetization is the residual magnetization in a sample after removing the applied
external magnetic field. The remnant magnetization value can be determined from a hysteresis
loop when (H = 0). Type II superconductors contains pinning centers due to defects and
impurities in crystalline structure. These centers introduce a domestic medium at which flux
lines are pinned in a relatively steady configuration. These trapped flux lines cause the remnant
magnetization in zero applied magnetic field and hence, the remnant magnetization is a
measure of the density of trapped flux inside the sample, which is proportional to the density

of pinning centers [90].

In figure (5.14), we present the remnant magnetization for all samples at different temperatures. There
is a little enhancement of remnant magnetization with increasing iron content at low temperatures,

whereas the remnant magnetization decreases with increasing iron content at high temperatures.
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Figure (5.14): Remnant magnetization versus temperature for all samples.
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5.4 Scaling of Pinning Force

5.4.1 Review of Scaling

Scaling pinning force is essential for two purposes. First, it can be used to understand
behavior of the scaled pinning force to predict its behavior and the change in it. Second, it
can be used to predict an isotropy of pinning. There are different models to scale the
pinning force. Five of them uses two scaling parameters and the one of them uses one
scaling parameter. The scaling of pinning force for different models are shown in table

(5.2)

Table (5.2): Different pinning force scaling models.

No. Scaling Pinning Force Reduced magnetic Field
1 f= Py Py max h=H/(H2)"%
2 f=Pg Py ™ h=H/Hc>
3 f=Py¢ Py h=H/Hix
4 f= Py Pe™® h=H/H*
5 f= Py Pe™® h=H/Hx
6 f=P¢ He h=H/H.

Scaling of (P;) versus H using (Ps"*)and ((H.2)*’) was first introduced by Fietz and Webb
in 1967 for dilute Nb-based alloys [98]. Another scaling of (Py) versus (H) using (Pr"")
and (H.2) was introduced by Kramer in 1972 [45]. The difficulty in these two-previous
scaling is the magnitude of (H.>) itself, which is very large for our optimum sample about
150T [29]. So other scaling models were appeared by scaling of (Py) on (Pr"*) and scaling
of (H) by (Hi», H and H,). Where (H;) is the magnetic field at which the pinning force
vanishes, (/") is the magnetic field at which the pinning force reaches its maximum value

and (H,) is the magnetic field at which the pinning force reaches its half maximum value.
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Also, one of scaling model is the scaling of both (Py) and () with respect to thermodynamic
critical field (H.). A scaling law of flux pinning of Fe-based superconductors can be

introduced as a function of the irreversible reduce field (h = H/H;») and (f = P/P/"*) [21]

is given by,

f=mxhP x(1-h)4.

Here, (m) is numerical parameters and exponents (p and g) are describing the pinning

mechanism as shown in table (5.3).

Table (5.3): Different pinning mechanism.

No. Function Pinning Mechanism hmax

For magnetic interaction with normal volume

1 £,=Ah%3(1-h)" 0.333
pins.

2 £,=Ah%3(1-2h) For magnetic interaction leading to A pinning. -

3 f,=Ah’(1-h)’ For core interaction with normal volume pins. 0

For core interaction leading to Ak pinning by
4 f,=Ah!(1-h)’ 0.5
volume pins.

5 f,=Ah%3(1-h)>  For core interaction with normal surface pins. 0.2

For core interaction leading to Ak pinning by
6 f,=Ah!>(1-h)! 0.6
surface pins.

7 f,=Ah'(1-h)? For core interaction with normal point pins. 0.333

For core interaction leading to Ak pinning by
8 f,=Ah?(1-h)’ 0.667
point pins.

=)

f,=Ah’exp(-2h!®)  For collective pinning. e
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The most famous pinning fitting models were introduced by Kramer and Dew-Hughes.
Kramer model considers surface pinning with (p=0.5, g=2 and hu=0.2) [45]. While Dew-
Hughes model considers surface pinning with (p=I, ¢g=2 and hu.~0.333) [44]. This
discrepancy is one of the major problems for a consistent understanding of scaling laws for

flux pinning.
5.4.2 Kramer Plots

Kramer curve is the name given to the plot of (J.*° H”®) versus (H) which used to
determine value of Hir at given temperature [45]. The Kramer plots of all samples are

shown in figures from figure (5.15) to figure (5.18).

The Kramer plots are approximately parallel to each other for temperatures less than 10K.
This is an indication that they are having the same pinning mechanism at all temperatures.
Also, we can see deviation of plots from linear behavior due to second peak magnetization
(SPM) at higher fields. This effect diminishes at temperatures close to the transition critical

temperature (7.~14K).
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Figure (5.15): Kramer plots for the optimum FeSeosTeos sample at various temperatures. The dashed lines
indicate the Hirr values were determined certain temperatures.
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Figure (5.16): Kramer plots for the Fei.02Seo.sTeo.s sample at various temperatures. The dashed lines indicate the
Hirr values were determined certain temperatures.
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Figure (5.17): Kramer plots for the Fei.0sSeosTeos sample at various temperatures. The dashed lines indicate the
Hirr values were determined certain temperatures.
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Figure (5.18): Kramer plots for the Fei.iSeosTeos sample at various temperatures. The dashed lines indicate the
Hirr values were determined certain temperatures.
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5.4.3 Scaling Pinning Force Using Hirr

To understand the pinning mechanism in type II superconductors we need to understand
the vortices and pinning centers., There are two main interactions between vortices and
pinning centers, the magnetic interaction and the core interaction [46], which are
summarized in table (5.3). The magnetic interaction is due to the interaction at neighboring
interfaces between superconducting and non-superconducting materials that are parallel to
the applied magnetic field. The core interaction is related to the pinning caused by the
variations in transition temperature (67¢) and the variation in charge carrier near lattice

defects (0/) [46].

The reduced pinning force (f,=Py/P;"*) versus the reduced field (h:=H/H,-) [51] has been
used to investigate the pinning mechanism in type II superconductors and its behavior at
different temperature. The results are shown in figures (5.19) and (5.20) for three different
temperatures 10K, 12K and 13K. We found that the curves overlap with each other. This
indicates that over a wide range of temperatures the pinning force follows a scaling relation
and this relation can be found by suitable fitting. If the temperature is changed, the
maximum value of the pinning force takes place at the same value of the reduced filed
regardless of temperature. In table (5.4), we reported the values of the scaling components

(», g and hmax), which may explain the possible pinning mechanism.
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Figure (5.19): Reduced Pf curves as a function of reduced field for the FeSeosTeo.s sample at various temperatures.

Table (5.4): Value of scaling components (p and q) and (hmax).

Sample p q himax R?
FeSeosTeos 0.641 1.502 0.299 0.991
Fe1.02Seos5Teo.s 0.545 1.194 0.313 0.986
Fei.05SeosTeo.s 0.617 1.141 0.351 0.984
Fei.10Se05Teo.s 0.946 1.648 0.365 0.982

As we see in figure (5.19), for FeSeo sTeos sample at low temperatures and high magnetic
fields, fluctuations and second peak magnetization (SPM) cause some deviations from the
universal behavior. This causes difficulties and makes complication in vortices and hence

causes difficulties in pinning mechanism. Therefore, in figure (5.20) we will concentrate
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in pinning mechanism at temperatures in the vicinity of the critical temperature (7%). Excess

of iron causes more defects and vacancies, which will affect the pinning mechanism.

According to Das et al., the dominant pinning mechanism for FeSeo.sTeo s samples is (d/)
pinning, which is associated to small bundle of vortex pinning caused by randomly
distributed weak pinning centers [66]. While pinning mechanism in FeSeo.4Teo.4 compound
has been investigated by Yadav et al. and they found that the (hnax = 0.28) (Where hmax 1S
the reduced field at maximum pinning force, that normalized with respect to the Hi»-). The
value of (fmax) can be explained in terms of (J/) pinning with a combination of surface
pinning (Auqx = 0.2) and the point core pinning due to normal pinning centers (Apnax = 0.33),

with different ranges of pinning interactions [65].

Our results for FeSeo sTeos and Fe1.02Seo.sTeo s are agree with published results that pinning
mechanism is (d/) pinning because the value of (/max) lies in range (0.2 < hpax < 0.33).
Whereas the pinning mechanism for Fei.05SeosTeos and Fei.1SeosTeos is the mixture of
point core pinning due to normal pinning centers (4mq = 0.33) and core interaction leading
to (4x) pinning by volume pins. Increasing iron content (X) in FexSeosTeo.s compounds

adds more defects and new vacancies, that probably changes the pinning mechanism.
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Figure (5.20): Reduced Pf curves as a function of reduced field for FexSeosTeos samples at temperatures close to
(Tc) for (a) X=1.00, (b) X=1.02, (c) X=1.05 and (d) X=1.10.

5.4.4 Modified Scaling Pinning Force Using Hn

Figure (5.21) presents the volume pinning force as a function of (h,=H/H,), where (H,) is
defined as the field in which pinning force drops to half of its maximum value at fields
above the peak field. This type of scaling used to investigate anisotropy and proposed
firstly by Eisterer during his studying for the volume pinning force in MgB>
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superconductors [94]. Studying anisotropy by concentrating on other factors besides the
pinning mechanism affect and make shift on (%,4x) in normalized volume pinning force
which includes anisotropy factor, (y) that denotes the anisotropy of the upper critical field,
(H.2>*/H,>¢) and the percolation threshold, (p.) which is defined as the minimum fraction
of a superconducting material for a continuous superconducting current path. Due to
limited effect of anisotropy factor and the percolation threshold (typical constant values
y=4 and p.=0.25) on pinning behavior in the modified scaling law, Eisterer suggested that
only (hmmax) has an important effect in pinning mechanism and he explained theoretically
that their a shift in peak position to distinguish the pinning mechanism [94]. The shift in
peak position is about 3% (from 0.341 for the clean limit to 0.352) for the dirty limit in
grain boundary pinning type. But the shift in peak position is about 6% (from 0.465 for the

clean material to 0.491) for the dirty material in point pinning type.

The values of (hmax) and (Ammax) refer to the peak position for (hi=H/H;») and (h,=H/H,)
respectively of reduced pinning force, which are reported in table (5.5) with different

temperatures near critical transition temperature and different iron content.
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Figure (5.21): Normalized pinning force as a function of modified reduced field for FexSeosTeos samples at
temperatures close to (T.) for (a) X=1.00, (b) X=1.02, (¢) X=1.05 and (d) X=1.10.

Table (5.5): Value of (hmax) and (hmymax) for FexSeosTeo.s samples at (T=T.).

X=1.00 X=1.02 X=1.05 X=1.10
T(K)
hmax h(n)max hmax h(n)max hmax h(n)max hmax h(n)max
10 0.308 0.447 0.322 0462 0359 0495 0371 0.548
12 0.305 0.434 0318 0.451 0353 0.487 0368 0.537
13 0.301 0.428 0312 0.438 0345 0466 0363 0.522
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Table (5.5) shows that the value of (fmax) and (hymax) decreases as the temperature
increases for the samples with optimum (X=1.00) and excess (X>1.00) iron contents. Also,
the value of (hmax) and (Amymax) increases as the iron content (X) increases, indicating their
reduction in anisotropy from clean limit to dirty limit. It is remarkable that as iron content
increases, the sample becomes less anisotropic as compare to the samples with optimum
iron content (X=1.00). The isotropic superconducting materials are useful for practical
applications. Increasing iron content enhances the isotropic property of FexSeosTeos

superconductor with slightly compromising in its transition temperature.

87



CHAPTER 6

ENERGY GAP AND THE TERMODYNAMIC CRITICAL

MAGNETIC FIELD

Pairing or coupling mechanism in superconductors can be wunderstood from
superconducting gap in superconductors, by finding the ratio, (24(0)/ksT:), which is used
to measure strength of coupling of cooper pairs. If the ratio, (24(0)/ksT¢) is lower than 3.53,
this type of coupling is called the weak coupling or BCS type of coupling and if the value
of the ratio is higher than the value 3.53, it is the region of strong coupling. Unclear results
about the coupling strength for iron-based superconductors were showed by several
studies. Some of these studies revealed that the iron-based superconductors have BCS type
of weak coupling strength with the value of (24(0)/ksT:) lower than 3.53 [105—-107]. While
other studies show that the value of (24(0)/ksT.) is higher than 3.53 for some iron-based

superconductors, which mean that they have a strong coupling strength [108].
6.1 Thermodynamic Critical Magnetic Field (Hc)

Thermodynamic critical magnetic field, (H.), is a magnetic field with its value lying
between upper and lower critical field values (H.;<H.<H.2). These critical parameters

related to (He, H.; and H.>) are shown in figure (6.1) with the following relations [63]:
He, = V2 1,H, (6.1)

_Hclnky

HCI - \/E (62)
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Where (x; and «2) are the temperature dependence Ginzburg-Landau (GL) Parameters. At
the critical temperature (7¢) they are identical (x; = x> = «), deviations occur at lower
temperatures. Values of () for FeSeosTeos sample were measured at different pressures

by Martinez et al. and they were listed in table (6.1) [109].

Table (6.1): Values of « for FeSeo.sTeo.s sample at different pressures.

P (MPa) 0 158 158 264 580 633
K 6.9(5) 9.2(0) 13.6(1) 10.2(9) 19.6(1) 9.2(5)
H
A Normal H.,
B , Mixed
:
I
i
1
Superconducting ,
:
+
1
V2
~<—Type | Sl Tape Il

Figure (6.1): It illustrates the critical magnetic fields in both types of superconductor [63].

The importance of (H.) is that it can be related to several thermodynamical properties of
the superconducting material. For example; it is related to the amount of energy required
to change the phase of the material from the superconducting to the normal. Such energy,
which is required to change from superconducting to normal state, is commonly known

as the free energy of superconducting state or the condensation energy of superconductor.
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There are several procedures to evaluate the thermodynamic critical field for type II
superconductors. The upper critical magnetic field method, specific heat analysis method,
and the condensation energy method are the most established methods for the purpose. In

this research, we used condensation energy method to evaluate (H.) of FexFeosTeos.

According to thermodynamic principle, when a material is subjected to a magnetic field
it will magnetized, and its free energy that is proportional to the area under the reversible
magnetization curve in the Hysteresis curve. The difference between free energy of the
normal state and the free energy of the superconducting state related to thermodynamic

critical magnetic field as [8, 21]:

HZ
G, — G, = —é (6.3)

Where (G, G;) represent the Gibes free energy in the normal and superconducting states
respectively. The thermodynamic critical magnetic field (H.) can be calculated from area

under the reversible magnetization curve as [21 and 100]:

H¢p 2
c

MdH = —— 6.4
0 8m (64)
The reversible magnetization is approximated by the equilibrium magnetization, in a
procedure suggested by Bean. The equilibrium magnetization (Meym) is calculated from

average of increasing field magnetization (Mi..) and decreasing field magnetization (Muec)

as [21, 71, 101]:

Minc + Mdec

Megm = (6.5)
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We found hysteresis loop along with equilibrium magnetization area under curve, which

is shown in figure (6.2). The area is used to find the thermodynamic critical magnetic field

(H.) using equation (6.4).

M (A/cm®)

T T ¥ T
0 20000 40000
H (Oe)

Figure (6.2): Hysteresis loop and the equilibrium magnetization (Meqm) at T = 12 K, for optimum FeSeosTeo.s
sample.

6.2 Thermodynamic Critical Field of the Investigated Samples

Hysteresis loops were measured for all FexSeo.sTeo s samples in the temperature range 4 - 13 K
and in the magnetic fields up to 8.8 T. Some samples were measured in the fields up to 14 Tesla.
The equilibrium magnetization values are obtained using eqn. (6.5). The obtained results for the
optimal sample FeSeosTeos are shown in figure (6.3). The area under curves were estimated
numerically at different temperatures and the obtained (H.) values for all FexSeo.sTeo.s samples

are plotted versus (7) and (1-£), where (¢) is the reduced temperature, presented in figures

91



(6.4 a) and (6.4 b) respectively. (H. (0)) and slope are obtained from the linear fitting for plot
of (H.) versus (T) curve near (7). Same procedure is repeated for other samples and the result

is shown in figures (6.4 a) and (6.4 b). The results of studied samples are summarized in table

(6.2).

X=1.00

M, qm (emu/g)

|

-1.5-{& = 4K
—eo— 6K
—a— 8K

-2.0 —v— 10KL
ﬁ- e 12K

—»— 13K

T T T T T T T T
0 20000 40000 60000 80000
H(Oe)

Figure (6.3): Equilibrium magnetization versus the applied field of the FeSeosTeos sample at different

temperatures.
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Figure (6.4): (a) He vs. T (a) and (b) He versus (1-t?) for all FexSeo.sTeo.s samples.
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Figures (6.4 a) and (6.4 b) used to evaluate the energy gap by first evaluating (H. (0)) and

the slope of (H.) vs. (T) near (7¢). The obtained values for (H. (0)) and the slope ((‘ZZC)T )

for all samples are given in table (6.2). The results indicate that the slope and (H. (0)) are

increasing with increasing iron content reaching their maximum values at (X=1.05).

Table (6.2): He (0) and (52

) values for all samples.
ar/Jr,

c

Sample X=1.00 X=1.02 X=1.05 X=1.10
H (0) (Oe) 13704.8 15898.3 21304.5 17591.1
dH,
( dT) (Oe/K) 1935.2 1962.1 2395.1 2736.5
Tc

6.3 Energy Gap Calculations

The binding energy of cooper pairs is manifested in the form of the energy gap. The energy gap

can be calculated from the thermodynamic critical field at (7' = 0), with the help of equation

my.  T.
Eg =2A(0) = 2kg T /(;)(m) (6.6)

Where v is the electronic specific heat coefficient, (y) varies from 25 mJ/mol.K?[70] to 39

(6.6) [71]:

mJ/mol.K? [69]. The wide range in (y) -values yield a range of the energy gap for different
samples. Those values are listed in table (6.3). The coupling strength ratio (24(0)/ksT.), is
also given in the table. The coupling strength values we obtained for different samples are
much less than the value predicted by the BCS theory ~3.5 and we found that the ratio

decreases as the Fe-content increases.
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Table (6.3): Energy gap values for all samples.

Sample X=1.00 X=1.02 X=1.05 X=1.10
2A (0) (meV) 3.721 3.456 3.001 3.331
2A(0)
2.978 2.766 2.402 2.666
kg T

The optimum value of energy gap for FeSeosTeos is 3.4meV. This is consistent with the published
data (3.8 meV) reported by Escudero et al. for FeSeosTeo.s sample [68] by using PCS junction
method. Recently, we wused (Kunwar et al) wused scanning tunneling
microscopy/spectroscopy (STM/STS) to evaluate the energy gap for FeSeosTeos
superconductor and obtained one of the values of (4~ 3.1 £0.8 meV) [67]. Escudero
reported 3.04 meV for the gap and the ratio (24/ksT:) is 2.746; which is comparable to the
values that we obtained in this section. Sales ef al. measured the energy gap value for
optimum FeSeosTeo.s sample by using specific heat measurements. They obtained ~3.25

meV and the ratio (24/kgT. ~ 2.6) that is close to our results [69].

Data from table (6.3) shows that the values of the energy gap generally decrease as the iron
content (X) increases, which could infer to the excess of iron causes the lattice distortion.
Several reports suggest that the excess of iron causes internal stress which eventually may
cause the change in fundamental superconducting properties such as the critical transition
temperature [48] and energy gap. It seems that excess of iron is affecting the cooper pair

coupling.
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6.4 BCS Coupling

According to BCS theory, the thermodynamic critical magnetic field (Hc) follows

approximately parabolic temperature dependence [8]:
H. (T) = H, (0)[1 —t?] (6.7)

(B=2) = [1 - ¢2] (6.8)

Hc (0)

Where (H. (0)) is the value of (H.) at absolute zero and T. is the temperature at which the

.\ . TY . .
transition takes place in zero field and tZ(T—) is the reduced temperature. The difference
Cc

between the two sides of equation (6.8) separates BCS weak coupling (with negative D
values) from strong coupling behavior (positive D values) for (H. (7)) and it can be written

as:

D= (ﬁ—g;) —[1-¢2] (6.9)

The deviation is a function of the reduced thermodynamic critical magnetic field (H.(7)/H.
(0)) and the reduced temperature (#). The calculated values of the deviation (D) for all

samples is presented in figure (6.5) against the square of the reduced temperature.
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Figure (6.5): The deviation function of the thermodynamic critical field versus t? for all samples.

Figure (6.5) shows that for all samples, coupling lies overall under (D = 0) line which
indicates weak coupling mechanism. Increasing iron content further weakens the coupling,

and slightly reduces the energy gap.

The slope of the (H.) near (7¢) can be used to evaluate the jump in the specific heat (AC).

The jump of the specific heat at (7¢) is given as [102]:

AC = (—) (dHC)ZT (6.10)

where (V) is the molar volume and it equals molar mass/density. The approximated density

of samples is 5.676 g/cm’.
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The expected value of the jump in the specific heat according to BCS theory is given by

[100]:

ACBCS = 143yTC (611)

By using the values of slopes of (H.) near (7¢) in equation (6.10) to calculate the jump in
the specific (4C), while equation (6.11) is used to calculate (AC3zcs) expected from BCS

theory. Values for all samples were listed in table (6.4)

Table (6.4): The jump in the electronic specific heat values for all samples.

Sample X=1.00 X=1.02 X=1.05 X=1.10

AC (mJ/mol K) 0.98 0.99 1.49 1.96

ACgcs (J/mol K) 0.52 0.52 0.51 0.51
AC/ynTe 2.73 2.75 4.17 5.56

The BCS values of (4C) is close to 0.5 J/mol K, while the calculated values based on the
thermodynamic critical field is significantly larger than the BCS values. Moreover, (4C)

increases with increasing Fe-contents, almost doubled for (X=1.10).

The calculated (AC) value for optimum sample equals 0.976 mJ/mol K that agrees with
reported value 0.9 mJ/mol K by Escudero [68]. Sales et al. obtained very small value of
the jump for the optimum sample and; they found (4C~ 0.26 J/mol. K) [69]. The large
discrepancy between the reported values of (4C) might reflect the sensitivity of the specific
heat jump to defects and method of sample preparation. Defects may affect the coupling

mechanism and the electronic contribution to the specific heat. According to (AC//yaTe)
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values for all FexSeo.sTeo.s samples, which are larger than 1.43, and these values increased

by increasing iron content, this suggests an enhanced coupling strength.
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CHAPTER 7

CONCLUSION AND RECOMMENDATION

7.1 Conclusion

In this work, we investigated the effects of Fe-contents in FexSeosTeos single and
polycrystalline samples. X-ay diffraction patterns have been used to analyze various
structural phases and to calculate their lattice parameters. The diffraction peaks have been
indexed with the tetragonal PbO structure with P4/nmm space group. The maximum lattice
parameters (c (A)) reaches maximum near (X=1.02), while (a (A)) is maximum near (X=1),
and the maximum volume of the unite cell occurs at (X=1). The electrical measurements
were performed at temperatures lower than (7¢) and under the magnetic field up to 1.5 T.
The (I-V) isotherms are related by the Sum Model [V = a/’ ] based power-law, which has
been used to estimate the effective activation energies (U, at various temperatures and
applied magnetic fields. We conclude that activation energy values decreased by increasing
iron content. Also, the activation energy (U,) values are maximum for the optimum iron
content when (X=1), the activation energy is found to be in the order of 100kgT. The
variations of the resistivity with temperatures and fields have been used to calculate the
activation energies using Arrhenius plots. The (U,) values for the optimum iron content at
0 T and 1.5 T magnetic field equal 0.2943 eV and 0.2389 eV respectively and the values
agrees with the one from (/-V) results. We noticed that activation energy (U,) values are
maximum for the optimum iron content when (X=1) and decrease for the samples when

iron content increases. Increasing iron content cause disorder in the conducting layers and
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this leads to decrease in activation energy. The low values of activation energy (U,) reflects
the low vortex-pinning in the FexSeosTeo s superconductors.

The magnetic measurements follow the same procedure as above to describe all magnetic
results. We started our measurement with hysteresis loops and probable factors that can
affect the loops. We calculated the irreversible properties, specially the critical current
density (J.) and the pinning force (Py), by using Beans model. The (J. — H) figures (5.5)
revealed that the critical current density starts with large values at low fields and decreases
as the field increases until it reaches zero at (H,.). Furthermore, as the temperature
increases, (J.) decreases until it becomes zero at (7¢). Higher iron content lead to a gradual
increasing in (J.) values. The (Pr— H) figures (5.8) showed pinning force behavior with
temperature variation for different iron contents. We distinguished two different trends
around 10 K. For temperatures, (7 < 10 K), pinning forces were increased by increasing
iron contents, whereas for temperatures (7 > 10 K), the pinning forces were decreased by
increasing iron contents. We used different scaling models to investigate different pinning
mechanism on FexSeosTeos system. The reversible magnetization has been used to
calculate the thermodynamic critical magnetic field (H.). From the critical field (H.)
behavior for an iron content at different temperatures, we calculated the energy gap, the
strength of cooper pair coupling, and their relationship with different values of iron

contents.

7.2 Recommendations for Future Work

1. One may consider investigating various properties of single crystals on the lower
concentrations of iron on FexSeosTeos system. Anisotropic properties of the

magnetization, critical current density and pinning forces may also be investigated.
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One may think of examining several properties of the effects of elemental
substitution of other elements (A) on the iron site of FexA1.xSeo.sTeos system.
The effects of external pressure on the magnetic, transport and structural properties

on FexSeosTeo s single crystals system.
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Abstract. The current—voltage (J-E) isotherms of single crystal FeSe sTeo s sample have been
measured at several temperatures near the transition temperature (T.) and under applied
magnetic fields (H). A power law (E ~ J #) has been used to fit the data and evaluate the
activation energy U, (T) using B =Uo/ksT. At low current density (J<<J.), the initial behaviour
is associated with thermally activated flux Flow (TAFF) while at J > 11V vortex flux flow
(FF) behavior is expected. The effects of applied magnetic field on FF and TAFF also been
investigated. We found that U,(FF) was reduced with by about an order of magnitude in
magnetic fields as low as ~1.5 Tesla -the reduction in U(TAFF) is even faster than in Uy(FF)-
hence reflecting the low pinning nature (defects, vacancies etc.) of FeSeq sTeo s superconductor.

1. Introduction

The vanishing electrical resistance and diamagnetism below T. is one of the main characteristics
of superconductor. In superconductors, current transports occur with no energy loss for the currents
lower than the critical current (J.). However, it also depends on the temperature and the applied
magnetic field. But in type-II superconductors, as the applied magnetic field increases above certain
critical field Hc, the vortex state complicates the picture. The vortex motion activated thermal
energy may lead to “flux flow resistance “which could cause the energy dissipation.

Transport studies and dissipative properties in type Il superconductors are usually limited to the
region near T.. Flux creep and vortex motion close to T, can be explained using the Kim-Anderson
model [9, 13], if the pinning potential was taken into account. Vortex dynamics, the irreversibility
line and a vortex glass transition have been studied in high temperature superconductors [6-11].
From (I-V) measurements of thin films and single crystals high T superconductors several
researchers suggested the continuous vortex glasses transition at temperatures below T.. Fisher et
al. suggested a scaling behaviour for the (I-V) curves obtained at various temperatures close to T,
[1, 2 and 3] and Koch et al. [2] showed experimentally the first evidence for the continuous vortex
glass transition at temperatures below T. by scaling the nonlinear (I-V7) curves in YBCO thin films.
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Similar results have been found in YBCO single crystal by Gammel ef al. [5]. Sun et al. [7] have
suggested a power-law relation as ¥ = o/ to describe the (I-¥) curves. Where the exponent B is
related to the pinning barrier U,. Based on the status of vertices the mixed state in type II
superconductor contains different regimes; thermal activated flux flow regime (TAFF), flux creep
regime (FC) and flux flow regime (FF) according to status of vortices. Although there is no clear-
cut distinction between each regime, the variations of the current density with temperature is used
as a guide in this respect [12]. The newly discovered Fe-based superconductors have an
intermediate transition temperature where thermal fluctuations are in between conventional and
high T. superconductors. Hence, it will be interesting to investigate the effects of thermally
activated flux flow on various transport properties of these new materials. These properties are
strongly influenced by the dynamic behaviour of vortices in the superconductor and can be studied
by measuring the current—voltage curves [4, 5].

In this paper, we report our (I-V) isotherms of single crystal FeSeosTeos near Tc (~14.5K) in the
presence of applied magnetic field. We discuss our results in terms of the power law form, then
present the variation of the activation energies U, (pinning potential barrier) with temperature.

2. Experimental Details

High purity (>99.99 %) elements Fe, Se and Te have been used in 1:0.5:0.5 atomic ratios to prepare
FeSeosTeos. The elements were grinded, pressed and sealed in a quartz tube partially filled with
Argon gas. The tube was annealed at 500 °C for 2 hours and then at 1070 °C for 24 hours. The
temperature was reduced at a rate of 4°C/h to 700°C and kept for 5 hours, then reduced to 400°C,
at kept and annealed 2 hours, then furnace cooled to room temperature. Four-probe (dc) technique
was used to measure the current-voltage (I-V) characteristics using Lake Shore 7507 measuring
system. Keithley 220 constant current source has been used to supply the current, and the voltage
was measured using Keithley 2182 nano-voltmeter. The sample was cooled in a closed cycle
cryostat (Advanced Research Systems) and the temperature was controlled using Lake Shore 340
temperature controller.

3. Results and discussions

From x-ray diffraction pattern for FeSeosTeos single crystal, the structure of the sample is a
tetragonal structure with cell parameters a = 3.797 A, b = 3.797 A and ¢ = 5.984 A. The lattice
parameters are agreeing with the published data.

(I-V) isotherms of single crystal FeSeo sTeo s have been measured at two different values of magnetic
field B=0T and B=1.5T. Figure I (a) and (b) shows a representative (/-V) isotherms of the sample
at magnetic field B=0T and B=1.5T respectively. The data is presented on a log-log graph that
simplify evaluating the o in the power-law behaviour V = olI? where a is a constant, p = U,/ksT and
U, is the pinning barrier [7,8,10]. The exponent B is calculated from the slope of linear part of the
(I-V) isotherms obtained at H=0T and 1.5T and was used to evaluate the activation energies
Uo(TAFF) and Uy(FF). The activation energy is essentially the pinning barrier provided by defects
and pinning centres in the sample. The results are presented in Figure 2 (a) and (b) as a variation
of 1/T for both TAFF and FF regimes at H=0T and H=1.5T. Thermal activated flux flow (TAFF)
occurs near 1V, while flux flow (FF) regime is at much higher voltage. The figures reveal that as
the temperature decreases below T, U, continuously increases. The increase in TAFF regime is
much faster than in FF regime. In other words, the gradual increase in exponent follow gradual
increase in the pinning barrier with decreasing temperature. The exponent B approaches unity
(Ohmic behaviour) near T.. The deviation from Ohmic behaviour occurs at a non-linear
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temperature Tn ~ 14.2K, which is about 0.3K below the T. (~14.5K). The pinning potential at
H=1.5T for both cases drops to about one tenths of its initial value obtained at H=0T.
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Figure 1. Selected (I-V) isotherms for single crystal FeSeosTeos (a) at B=0T and (b) at B=1.5T around
its corresponding superconducting transition temperature.
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Figure 2. The pinning potential U, obtained for H=0T (a) and for H=1.5T (b) are presented as variations

with temperature in both thermally activated flux flow (TAFF) and flux flow (FF) regions.
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Above T, the exponents B~1.4, for both regimes; which illustrates that the -V curves are nonlinear
material is still not in the normal state. Fluctuations and thermal effects near critical temperature
may cause such deviations and pose limitations for Sun et al. model.

4. Conclusion

Current-voltage isotherms of the single crystal FeSeosTeo s exhibit a power law behaviour in both
regimes namely, TAFF and flux flow. The exponents B obtained of (from- TAFF and flux flow
(FF) regime are found to decreases linearly as T increases. The pinning barrier Uo for TAFF is
about 0.85eV and for FF is about 0.11eV. Both energy barriers decrease by about an order of
magnitude in 1.5T. These values indicate that the pinning forces are relatively week in FeSeosTeo s
single crystals.
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Abstract.

We investigate the effects of iron content on the upper critical field (H¢2) and the activation
energy U(T) in thermally activated flux flow in FexSeosTeo.s near the superconducting
transition temperature Tc. The variations in Hc(T) with temperature are analyzed using
Ginzburg-Landau (GL), Werthamer-Helfand-Hohenberg (WHH) models along with the
empirical relation (ER). The obtained values of Hc2(0) depend strongly on the model and
the criteria used to determine the transition temperature. However, the general trend is that
that Hc2(0) increases with increasing the Fe-content. The activation energy U(T) is
maximum for x=1 and rapidly suppressed by excess or deficiency of iron. The low values
of U(T) (~10 meV) reflect the low vortex-pinning nature (due to defects, vacancies etc.) in
the FexSeo.sTeo.s superconductor.

Introduction

The discovery of the iron-based superconductors sparked a new research interest in
superconductivity and its relation with magnetism [1]. Among the wide range of Fe-
superconducting, materials that have been discovered so far, the FeSe material received
special attention since its initial discovery [2]. Despite the low Tc of FeSe (~8 K), the
material uncovered a fertile ground with a variety of important phenomena such as nematic
phase to name a few [2, 3]. The critical transition temperature is sensitive to the chemical
doping and applied pressure [4, 5]. Ultrathin layers of FeSe showed a remarkable increase

in T¢, approaching 100 K in single-layer FeSe films [6].
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Partial substitution at Se sites with Te leads to an increase in T¢ to ~15 K in FeSe;xTex
where 0.4 <x <0.8 [5]. The interstitial sites of the (Te, Se) layers in the tetragonal structure
of FexSeo.sTeo.s allow for a partial occupation of an excess of Fe atoms, resulting in a non-
stoichiometric compound. Excess of Fe (effectively electron doping) may induce internal
stress and affect the transition temperature and other superconducting properties.
Moreover; Fe deficiency (hole doping) induces internal strain, which has been found to
enhance the superconducting transition temperature in thin films. There are several
contradicting reports on the effect of Fe-contents on the transition temperature in thin films

as well as in bulk samples [7-12].

Long annealing time at elevated temperatures helps in uniformity of the distribution of Te
and Se atoms in the crystal matrix, reduces defects and induces superconductivity [ 13—15].
This is in line with the recent finding on the improved homogeneity in samples and the
corresponding phase diagram for Fei+yTei—xSex samples re-annealed at 700 °C for 2-days

[16].

In this work, we found that near x=1.0, the onset of transition is not sensitive to iron
contents after prolonged annealing at 400 °C. This motivated us to investigate the effects
of Fe-contents on the flux flow behavior and the activation energy near T.. We also
investigated the Fe-effects on the upper critical field (Hc2) near Tec. The vortex state and the
associated effects of Fe-contents on pinning forces may help in understanding

superconducting properties in these new materials and their applications.
Experimental details

High purity (99.99%) Fe, Se and Te elements are mixed in the stoichiometric ratio to
prepare FexSeosTeos samples with 0.9 <x < 1.1. Samples are mixed, grind then pressed
into pellets then sealed in a quartz tube under a partial pressure of high purity Argon gas.
All samples are annealed for 5 hours at 300 °C and 500 °C, then at 800 °C for 10 hours.
The temperature is reduced to 400 °C and annealed is continued for 120 hours. The samples
were ground thoroughly then pressed into pellets and received second annealing at 400 °C
for 50 hours in a sealed quartz tube. The prolonged annealing at 400 °C helps in stabilizing

the tetragonal structure [10].
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For XRD analyses, we used RigakuMiniFlex-600 benchtop X-ray diffraction analyzers.
The four-probe method was used to measure the resistivity using Lake Shore 7507 Hall-
effect measurements system. The Keithley-220 constant current source is used along with
Keithley-2182 nano-voltmeter. The temperature was controlled using Lake Shore-340

temperature controller.

Results and discussion

Figure 1 shows the XRD patterns taken at room temperature for selected FexSe0.5Te0.5
samples. The diffraction peaks were indexed using the PbO-tetragonal structure with
P4/nmm space group. Fe-deficiency (x<1) samples have several impurity phases such as
FesSes, FesSes, FeOo, FeSe, and Te. The presence of FesSeg is in line with the FeSe phase
diagram. Traces of this impurity phase are also present in samples with an excess of Fe
[10]. The impurity peaks decrease with increasing Fe content in the prepared samples. The
lattice parameters and the unit-cell volume are presented in table 1. The variations of the
lattice constants a and ¢ with Fe content along with the variations of the unit-cell volume

with Fe content are shown in figure 2.

Table 1. The lattice constants and the lattice volumes for the different FexSeosTeos
samples.

Sample ¢+ Ac (A) a+ Aa (A) V(A?)
0.90 5.931 +0.081 3.778 £ 0.025 84.644
0.92 5.931 +0.058 3.788 + 0.014 85.104
0.95 5.956 + 0.038 3.787 +0.008 85.400
1.00 5.976 + 0.061 3.779+0.017 85.320
1.02 5.974 +0.032 3.771+0.014 84.944
1.05 5.972 +0.024 3.767 +0.017 84.720
1.10 5966 + 0.028 3.767 +0.023 84.686

The lattice parameter (c) is maximum near x=1.0, while the lattice parameter (a) is
maximum near x=0.95. The volume of the unit-cell reached a maximum value in the iron
deficient region between x=0.95 and x=1.0. Fe-deficiency may induce lattice strain while
Fe-excess may induce internal stress, the competition effect of stress-strain may have
caused the observed non-monotonic changes in the lattice parameters and unit-cell volume

[18].
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The variations of the resistivity p with the temperature at different applied magnetic fields
are presented as Arrhenius plots in figure 3. The figure reveals a small reduction in the
onset of superconducting transition (T°") with increasing Fe contents; namely; T°" = 15.3K,
15.2 and 15.1 for x=1.0, 1.05 and 1.1 respectively. The transition width, AT increases with

increasing Fe-contents in agreement with results obtained in FexSe0.5Te0.5 single crystals.

To study the effect of variation of Fe content on upper critical field, He2(T); we used
Arrhenius plots (Fig. 3) to estimate the phase transition in different magnetic field (0-1.5)
T. We used three different criteria; namely, when the resistivity drops to 10%, 50% and
90% of its normal state resistivity (pn) value. These correspond to three different
temperature in the flux flow region. The obtained Hco(T) values reflect the effects of the

flux flow on determining Hco. The He, values are presented in figure 4.

The upper critical field at 0 K, Hc2(0) has been estimated using three different models: the
empirical relation (ER): Hez (T) = Hez (0) [1-t?], Ginzburg-Landau (GL) model Hez (T) =

_t2
He (0) [(%)] and Werthamer-Helfand-Hohenberg (WHH) model Hc2(0) = -0.693T.

(%), where t = T/Tc is the reduced temperature [17-20]. The calculated values of Hc2(0)

and the slope (dH2/dT) near Tc are listed in Table 2.

Table 2: Calculated Upper critical field Hez (0) using the empirical relation and the slope

near T, for the different FexSeo sTeo.s samples.

Sample 10% pn 50% pn 90% pn
Hea(0)(T) | (1K) | Ho(OXT) | Sty | HaOXT) | Sy
FeSeosTeos 13.4 2.1 208 2.8 43.7 -5.7
FerosSeosTeos | 27.8 4.9 57.6 -8.0 63.7 -8.3
FeriSeosTeos | 39.2 8.3 29.5 4.1 36.5 -14.4
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Table 3: The calculated upper critical field Hc> (0) for the different FexSeo sTeos samples
by the GL and WHH models.

Sample He2(0) at 10% pa(T) | He2(0) at 50% pa(T) | He2(0) at 90% pa(T)
GL WHH GL WHH GL WHH
FeSeosTeo s 25.8 19.8 40.5 28.4 86.3 60.1
Fei.05SeosTeo.s 54.7 44.3 114.2 79.5 126.6 88.0
Fe1.1SeosTeos 77.3 73.2 57.9 40.5 217.7 151.2

The data shown in Table 2 and 3 reveals that the empirical relation gives the lowest He2(0)
values followed by WHH then GL relations. The 10% drop criteria GL and WHH seems
to yield Hc2(0) values in agreement with published data ~26-77T and 19-73 T respectively.
Moreover; the 90% drop criteria in the normal resistivity gives the highest "unrealistic"
estimates of the Hc2(0). The He2(0) values obtained from the empirical relation are ~13.4T

for x=1.0 and showed a threefold (~39.2T) increase for x=1.1 (FexSeosTTeos) [21].

Thermally activated flux flow (TAFF) of vortices causes flux flow resistance below the
superconducting transition temperature, hence causing broadening in the transition width.

Applied magnetic field also broadens the transition width as shown in figure 3.

The activation energy for the TAFF can be evaluated from the Arrhenius plot of the

resistance. Namely;

U
p = ppexp(— ,;T)

where pn is the normal state resistivity and U(H,T) = U, H"9(1 — t) is the activation
energy of the flux flow, Uo and q are constants and sample dependent. Figure 4 shows the
Arrhenius plot of In p versus //T, which is used to evaluate U(H,T). Figure 5 shows the
activation energy for the TAFF regime U(H,T) versus magnetic field H. The figure
indicates low values for U(H, T) indicating low pinning in this Fe-based superconductor.
Moreover, these values agree with low field values of the activation energy for highly

oriented Fei.03Teo.55Se0.45 with excess Fe sample obtained by Junyie et.al. [22].
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The small U value obtained at H= 1T compared to OT indicates the sensitivity of effective
pinning to the applied magnetic field. We notice that U values are maximum for the Fe

content x=1.00 and decrease for the samples with higher Fe content.

Conclusions

Various samples of FexSeosTeos superconductor have been prepared under prolonged
annealing. The tetragonal structure is used to obtain the variations of lattice constants (a
and c¢) with Fe content. The maximum lattice constant ¢ reaches saturation neat x=1.0,
while the a-parameter and the volume of the unit-cell are maxima between (0.95 <x <1.0).
The transition width obtained from resistivity measured in different magnetic fields
revealed an increase in the transition width with Fe-contents. The Hc2(0) values are
evaluated from fitting the H-T phase diagram using two fluid model formula, GL formula,
and WHH formula. The values obtained are model-dependent and sensitive to the criteria
used in determining the superconducting transition temperature T.. The activation energy
U(H, T) drop rapidly with the applied magnetic field indicating the sensitivity of effective
pinning to the applied magnetic field. We notice that U values are maximum for the Fe
content x=1.00 and decrease for the samples with higher Fe content. The low values of

U(T) (~10 meV’) reflect the low vortex-pinning nature in the FexSeo.sTeo.s superconductor.
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Figure 1. Room temperature XRD patterns for FexSeosTeo.s samples with x (0.95<x<1.05)
and impurity phases A: FeSe, B: FeO., C: Te, D: Fe7Ses and E: FesSea.

Figure 2. Variation of lattice parameters (a) and the volume of the unit-cell (b) with Fe

content.

Figure 3. Arrhenius plot for the resistivity at different magnetic fields. The solid lines are

a linear fit to the data.
Figure 4. The variation of (Hc2) with temperature for x=1.00, 1.05 and 1.10 samples using
Tc determined from different criterion of normal state resistivity pn: (a) 0.9 pn, (b)0.5 pn,

and (¢) 0.1 pn.

Figure 5. The activation energy for the TAFF regime U versus magnetic field B.
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Abstract

In this work, we present the scanning tunneling microscopy/spectroscopy (STM/STS)
studies of an iron-based superconductor, FeSeosTeos. We obtained differential
conductance (dI/dV) spectra and extracted the value of the superconducting order
parameter (A) using extended Bardeen Cooper Schieffer (BCS) phenomenology for
anisotropic s-wave pairing. We observed widespread values of A from 0.6 to 4.5 meV, with
distinct two peaks in the histogram around 1 and 3 meV. The corresponding values of
2A/kgT. for the peaks are 1.5 and 5.0, respectively, indicating coexistence of weak and
strong coupling mechanism. We also found two different coupling mechanisms through
A to Fermi energy ratio (A/Ef) of the material; which infers to the possible composite
supercon- ductivity in the realm of BCS-Bose Einstein Condensate (BEC) crossover.

1 Introduction

Iron-based superconductor was first discovered in 2008 with transition temperature (T¢)
= 26 K in one of the irons pnictides, La(O1-xFx)FeAs [1]. The T. of these materials was
immediately increased up to 56 K. The discovery sparked great interest in the field of
condensed matter physics [2—6]. Today, the iron-based superconductors are one of the
most studied unconventional high-T. superconductors. Despite extensive studies on these
materials, there still remain some unresolved issues, and one of such issues is the micro-
scopic understanding of superconducting mechanism. More explicitly, the origin and type
of the glue that couples two electrons together to form a cooper pair is not clear yet.
Pairing mechanism or coupling mechanism in supercon- ductors is directly related to the
superconducting gap, 4. The cooper pair coupling in conventional superconductors is
caused by lattice excitations and it manifests itself in the form of the ratio, 24(0)/ksT.
3.53. Such a coupling is called the weak coupling or BCS type of coupling and the value
3.53 is considered to be the weak coupling limit. If the value of the ratio is higher than
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the weak coupling limit, i.e., 3.53, it is considered to be the region of strong coupling.
Therefore, the ratio 24/kgT. is taken as a measure of the coupling strength.

Not only for iron-based superconductors, the coupling mechanism is still under debate
for the poster child of high-7. superconductors, i.e., cuprates. In our earlier work, we
studied the coupling mechanism of one of the electron doped high-7. cuprates and
observed the strong coupling of electronic origin [7, 8]. Iron-based superconductors
have many similarities with cuprates, such as: both are layered materials with
superconducting planes separated by charge tuning layers, both have high transition
temperature, and both have the ground state of magnetic origin. Therefore, the
understanding of coupling mechanism in iron-based superconductors may enhance our
understanding of high-7. superconductors as a whole.

In iron-based superconductors, different studies revealed quite ambiguous results as far
as the coupling strength is concerned. For example: several studies found that some of
the iron-based superconductors have BCS type of weak coupling mechanism with the
value of 24/kpT. lying within the BCS limit [9—11]. Other studies observed that the value
of 24/ksT. for some iron-based superconductors is much higher than 3.53, inferring to a
strong coupling mechanism [12].

We report here the STM/STS measurements of one of the simplest iron-based
superconductors, FeSeo.sTeos. We obtained tunneling conductance spectra and extracted
superconducting gap 4 from those spectra to analyze the coupling strength.

2 Experimental Methods

The parent compound of our sample is iron selenide (FeSe) which has a tetragonal PbO
structure with Fe-based planner sub-lattice. It has a layered crystal structure belonging to
the p4/nmm space group. The crystal of FeSe is composed of a stack of edge-sharing
FeSe4-tetrahedra layer by layer. Substituting Se with Te enhances superconducting 7.
and goes up to 15 K under normal conditions, without changing the crystal structure [13,
14]. Our samples were optimally doped FeSeo sTeos with 7. ~14 K. The crystals were
cleaved in ultra-high vacuum for the clean surfaceand inserted into the STM head held at
temperature 5 K.

3 Results and Discussion

Figure 1 shows an atomically resolved typical topographic 12 x 12.8 nm2 image of the
sample surface. The image was taken with a bias voltage of 11.7 mV and tunneling current
0f 0.96 nA. We found the cleaved surface as a square lattice with average values of lattice
constants in the perpendicular directions as 3.8 and 3.9 A4, respectively. The values are
close to the expected distance of Fe-Se bonds [15—17]. Measurement of (dI/dV(r,eV)), the
differential conductance spectrum (commonly known as STM spectrum or tunneling
spectrum) is one of the special features of STM and is called tunneling spectroscopy. We
obtained varieties of spectra through tunneling spectroscopy: from spectra with well-
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defined coherence peaks -to- spectra with ill-defined coherence peaks -to- the spectra with
no coherence peaks. Figure 2a shows the typical tunneling spectra with well-defined
coherence peaks whereas Fig. 2b shows the evolution of spectra from ill-defined
coherence peaks to the spectra without any coherence peaks. All the spectra are obtained

at different location within 12.8x12.8 nm? area of the sample surface and each curve is
the average of at least four neighboring tunneling spectra.

Fig. 1 Atomically resolved typical topographic 12.8x12.8 nm2 image of the sample surface

The tunneling spectra are quite inhomogeneous in space. Not only in the appearance of
the spectra, the inhomogeneity extends to the size of the gap as well. The inhomogeneous
nature of tunneling spectra is one of the sig- nature properties of unconventional
superconductors and is considered as a result of out-of-plane scattering [18, 19].
Inhomogeneity is clearly visible in Fig. 3 which shows the waterfall image of an arbitrary
line cut through the sample. The spectra in the waterfall image was taken through 64 °A
horizontal straight line, with one spectrum taken at each angstrom. The waterfall
image shows the evolution of spectra from well-defined coherence peaks to spectra
with no coherence peaks in a short distance. The spectra with ill-defined coherent
peaks and the spectra with no coherent peaks are quite repeatable and are location
specific. Such spectra were reported earlier [16, 17].

The important physical quantity in superconductivity is the order parameter A4,
whose structure and value are closely related to the pairing mechanism. Scanning
tunneling microscopy as a local probe played a crucial role on the direct
measurement of A. At low temperature (~5 K), the value of A can be directly
measured as half of the energy difference between the two coherence peaks. But
the accuracy of the measurement can be challenged if the coherence peaks are not
sharp as in our case. Therefore, in order to extract the accurate value of A from the
tunneling spectra, we used a simple phenomenological picture to capture the
spectral line shape. This model captures the momentum space (k-space) variation
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in the superconducting gap due to its anisotropic s-wave symmetry [20-22].
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Fig. 2 (Colour online) Typical STM spectra obtained at 5 K at different locations on a sample (a) with distinct coherence
peaks (b) spectra from ill-defined coherence peaks to spectra with no coherence peaks. Each curve is the average of at
least four neighbouring spectra.
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Fig. 3 (Colour online) Waterfall image of an arbitrary line cut through the sample. The spectra in the waterfall image
was taken through 64 A° horizontal straight line, with one spectrum taken at each angstrom.
The tunneling conductance spectrum is equivalent to the integrated local density of

quasiparticle electronic states. Using extended BCS theory for anisotropic s-wave paring,
thedifferential conductance, i.e., quasiparticle density of states, can be written as,

dI(v,T) @ dfME+V,T) I= E—irl
= n:f MM f diRe | — _] | — .
dv - dv o (E—iM2— AXTH)

Where, f(E, T) is Fermi-Dirac distribution function at temperature 7, E is the quasiparticle
energy, V is bias voltage, I" is quasiparticle scattering rate, and a is proportionality
constant.

We obtained the values of 4 and I' by best fitting our experimental data with the
theoretical quasiparticle density of states for the anisotropic s-wave paring of gap
function, 4*(@ )=4/ 0.7 + 0.3 cos(46 )] . The typical fits between theory and experimental
tunneling spectra of well-defined coherence peaks are shown in Fig. 4a. We considered
that the gap values from positive bias and negative bias portions of the spectra are
identical if not the same. Therefore, we confined our analysis only to negative bias portion
of each spectrum. The part of the spectrum, with energies higher than the coherent peak,
is irrelevant for the measurement of 4 and has been ignored. Figure 4b shows the typical
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fit between theory and tunneling spectra of ill-defined coherence peaks or the spectra
without any coherence peaks. We found that the theoretical energy spectrum for
quasiparticle density of states for asymmetric gap function fits extremely well with our
tunneling spectrum. The value of best fitting parameter y? is impressively low (for most
of the spectra: from lower 10—7 to lower 10-5) indicating the relevance of BCS
phenomenology to explain these superconductors. Not only the pairing mechanism but
also the pairing symmetry of the order parameter for iron-based superconductors is under
discussion. First predicted by Mazin et al., the unconventional s-wave symmetry is
getting consensus from many different studies [23-28]. Impressive agreement of our data
for anisotropic s-wave symmetry supports the node- less s-wave symmetry of order
parameter for FeSe-based superconductors.
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Fig. 4 (Colour online) Typical STM spectra (solid curve) in the negative bias region with their corresponding theoretical
fits (dotted curve) (a) fits of spectra with coherence peaks (b) fits of spectra with ill- defined coherence peaks or no coherence
peaks. The value of the spectra in the vertical axis (density of states) is being shifted from their original value to make them clearer
to viewers.

One of the features of the tunneling spectra is the broadened coherence peaks in the
quasiparticle density of states. The appearance of density of state is directly related to
the Fermi surface topography. The Fermi surface topography of iron-based
superconductors changes significantly in different systems depending on the atomic
structure. It varies from hole pocket dominated to both hole and electron pockets, and to
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only electron pockets in the FeSe-based systems [29, 30]. It is interesting that some of the
tunneling spectroscopic studies (either on monolayer thin films or on single crystals) on
FeSe-based superconductor observed double-gap features on a single tunneling spectrum
where as other tunneling studies observed varieties of spectra from v-shaped one to single-
gaped ones [31-33]. Angle-resolved photo-emission spectroscopy (ARPES)
measurements on either single crystal or on thin films of the material reported single-gap
feature [34—-37]. Therefore, different shapes of quasiparticle density of states revealed by
different studies infer to the complexity and exotic nature of the material.

Broadened coherence peaks in our tunneling spectra could be explained by impurity

effect and thermal broadening process. Deficiencies at Se-sites are crucial to the

superconducting phase in pure FeSe-based superconductors. These deficiencies act as

scattering centers which cause the broadening in quasiparticle density of state. In our

sample, Se or Te-site deficiencies cause the broadening of tunneling spectra and lattice

mismatch between them, although very little, further enhances the broadening. The

presence of high impurities manifest in the form of broadened coherence peaks and the

broadening of tunneling spectra can be quantified through the quasiparticle scattering

rate, 7, which is found to be 2.7 = 1.7 meV. Such a high value of gamma infers to higher

number of scattering centers in the sample and could explain the broadened and ill-

defined coherence peaks.

We found two values of superconducting order parameter 4 and they are: 1.0 + 0.3 meV

and 3.1 + 0.8 meV, respectively. The histogram of the order parameter 4 with two distinct
peaks are shown in Fig. 5a. As the coherence peaks are very sensitive to heat the thermal

energy around 5 K is capable of some broadening in coherence peaks. Although the

coherence peaks are widened or ill-defined due to quasiparticle scattering and thermal

broadening, the differencein gap size at 5 K and lower temperatures is within the error

limit [31, 38, 39]. Therefore, the value of 4 (5 K) should not be significantly different

from 4 (0).

From the values of 4, we calculated the values of the ratio 24/kpT. to measure the
coupling strength. We found that the values of the ratio have two corresponding values:
1.6 £ 0.6 and 5.1 £ 1.3, respectively. The histogram of 24/kgT. is shown in Fig. 5b
which clearly shows the two distinct peaks separated by the BCS predicted values for
weak coupling limit, i.e., 3.53. Considering 24/kpT. 3.53 as the weak coupling limit,
our study infers that there is coexistence of weak and strong coupling in this
superconductor. The material has very low Fermi energy (Er )= 4 = 2.5 meV around the
gamma-point of the Fermi surface which is the major contributor of tunneling current
[38, 40, 41].

The corresponding ratios of mean values of superconducting order parameter to the
Fermi energy (4/Er) are 0.2 and 0.8, respectively. The ratio 4/Er clearly separates the
regions lower and higher than 0.5. The region with value higher 0.5 is considered to be
the region of strong coupling, i.e., BEC type whereas the region with the value less than
0.5 is considered to be the region of weak coupling, i.e., BCS type; thus, inferring to the
field of possible BCS-BEC crossover [42].
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Fig. 5 (Colour online) Histograms: (a) the histogram of A with explicit two peaks. (b) the corresponding histogram
2A/kBTe

4 Conclusion

STM/STS studies on the single crystal FeSeosTeo s revealed a single-gap feature in the
tunneling conductance spectra. Using BCS phenomenology for anisotropic s-wave
pairing, we extracted the values of superconducting order parameter (4) and found two
sets of values 1.0 £ 0.3meV and 3.1 + 0.8 meV, respectively, with the corresponding val-
ues of 24/kpT, clearly indicating the coexistence of strong and weak coupling mechanism
in the superconductor. We found two mean values of the ratio A/Er as 0.2 and 0.8 inferring
to two different regions of coupling. With these findings, we can conclude that weak and
strong coupling mechanism coexist in FeSeo sTeos superconductor, and it could be the
possible composite superconductivity that lies in BCS-BEC crossover region.
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