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1. Statement of Objectives. 

The First objective  of the proposed program is to identify new classes of higher critical 
temperature Tc superconductors in a family of nanostructured low dimensional materials: 

1. In 1-d nanowires and nanotubes, including BN and BCN nanotubes synthesized in Yale 
2. Search of superconductivity in bundles of SWCNT upon doping 
3. In 2-d graphene based systems upon ion implantation 
4. In novel layered Fe based 112 and 122 pnictides and Fe 11 chalcogenides 
5. In Boron doped graphene and Boron doped diamond. 

This task can be solved by developing a methodology for combined search by 3 component test: 
1)  Zero resistance: R(T) = 0, 2) Meisner effect: M(T) turning to diamagnetic at Tc, 3)Microwave 
absiorption: Abrupt appearance of low field microwave absorption (LFMA): dP/dH non zero 
below Tc. This third LFMA ultrasensitive contactless test (capable of detecting nanograms of SC 
phase) in combination with ESR was chosen as “Occam’s Razor” to cut out the claims of 
superconductivity in many materials in which only one of signatures of superconductivity: 
R(Tc)=0 or M(Tc) <0 was observed.  
Second main Objective is to demonstrate the possibility of creating and development of 
ultraflexible, lightweight superconducting wires based on nanocomposites of MgB2 and FeSete 
family based layered superconductors coated on mechanically strong carbon nanotubes.    
 

 
The overall detailed objectives of the proposed Project are following:  

• Identify the new classes of low dimensional materials, which can be promising for higher 
Tc superconductivity, such as Boron nanotubes, BN-nanotubes (synthesized by Yell 
University team), using combination of magnetic, transport and microwave techniques: 
ESR and LFMA or MMMA. 

• Confirm superconductivity in Boron doped SWCNT by a ultrasensitive microwave 
LFMA test and study P, S and other dopants effects on SWCNT and MWCNTs 

• Confirm the INTERFACIAL nature of superconductors based on 122 pnictides materials 
for higher Tc > 49 K. Design new interfacial superconducting systems.  

• Search of higher Tc in various interfacial systems including FeSe on STO and other 
substrates 

• Develop a general approach for creating superconducting wires based on CNT 
conducting cores, coated by layered superconductors; 

• Develop cost-effective technologies for fabrication of the MgB2@CNT ultraflexible 
superconducting wires.  
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• Evaluate the performance of such nanocomposite MgB2@CNT wires. Demonstrate 
possibility to obtain high critical current and critical fields in nanocomposites. 
 

• Evaluate methods for creating superconducting nanocomposite wires, such as PLD (by 
TAMU sub-team), PPD (by UTD), SPS (by Clemson) and find optimum parameters of 
nanocomposite Sc@CNT wires. required for practical implementation of the proposed 
lightweight wires for Air Force power applications; 

The specific objectives of Program effort for CNT can be summarized as follows: 

• Test different techniques, particularly a combined LFMA/ESR microwave ultrasensitive 
method for confirmation of superconducting state in 2-D and interfacial new 
superconductors. 

• Experimentally and theoretically prove the feasibility of the increased Tc in 2-D 
interfacial systems, such as Ca 122 pnictides, a concept proposed by Paul Chu for pr-
doped Ca 122  pnictide crystals. 
 

Challenges in Superconducting Materials: Higher Tc, Jc and Hc 
 

Superconductivity, first witnessed in mercury by Kamerlingh Onnes in April of 1911i, is a 
phenomenon whereby a material's electrical resistance vanishes when its temperature is 
reduced below a critical threshold.  Additionally, a superconductor will completely expel 
any magnetic fields from inside itself through the Meissner effect, discovered by Walther 
Meissner and Robert Ochsenfeld. ii

Even now over a hundred years later, new and more varied superconductors with their 
own unique properties are still being uncovered.  Among them are the iron based pnictides 
and chalcogenides, such as  EuFe2As2, FeSe, and their relatives.  In the iron 
chalcogenides, thin films deposited on single crystal substrates by pulsed laser deposition 
(PLD) show an enhancement of their superconducting transition temperature in relation to 
the bulk, and an increased critical current density as well as a high upper critical field.

 This separated these materials from being considered 
simply perfect conductors and further defined the superconducting state. 

iii

We will examine the reported and measured properties of some type Ba, Ca-122 and 
EuFe2As2 pnictides, and type-11 FeSe and FeTe chalcogenide thin films deposited by 
pulsed laser deposition on a variety of substrates including carbon nanotubes.  UTD has 
the extension of the research into pulsed plasma deposition: PPD of the type-11 
chalcogenides, high field measurements of FeSe0.1Te0.9 thin films deposited by PLD, 
and alternate substrates of single walled carbon nanotubes, which both showed 
superconducting Tc. 

  
These are all highly desirable qualities for nearly every application, from current carrying 
wires to high strength superconducting magnets.  The capacity for deposition is especially 
useful as it allows for the fabrication of more complicated structures as well as versatility. 

 
Low field microwave absorption LFMA as an ultimate test for Superconductivity. 
 

Low-field microwave absorption, or LFMA, is a powerful technique for advanced characteri- 
zation of superconducting materials. Especially when combined with the traditional tools of 
electrical resistance (transport), and magnetization, superconductivity can be claimed with 
a high degree of accuracy and confidence. However, additionally to confirming macroscopic 
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details such as Tc found from transport and magnetic measurements, LFMA can provide in- 
sight into its microscopic superconducting nature, can detect and separate additional phases 
of extremely small volume fraction (10-11cm3) and/or critical field, and can even be used to 
characterize the nature of Josephson junctions (insulating or normal state). These proper- 
ties are either difficult or impossible to determine from magnetization or transport alone. In 
addition, the technique is rapid, non-contact and non-destructive, and can be performed on 
an EPR spectrometer. 
In the dissertation of Austin Howard, prepared as a result of this program (all details can be 
found in the Ref 30 of Publications) the LFMA technique was applied to characterize several 
novel superconducting materials, in particular pnictides and chalcogenides, with the purpose of 
clarifying outstanding questions as to their true nature. We also introduce, for the first time, an 
extensive vision of the LFMA technique to the multiple frequency domain in order to isolate 
individual signal origins, providing even more fleexibility to this already powerful technique. 
 

1. Search for Superconductivity with high Tc in carbon nanotubes CNT and other 
novel nanosystem. 

 

 
When Kamerlingh Onnes proclaimed resistance of “mercury practically zero"  in a historic 
laboratory notebook entry in April 1911, he began a remarkable series of discoveries into the 
field of superconductivity (Figure 1.2). Kamerlingh Onnes' great achievement was reaching 4.2 
K with helium, as his discovery of zero resistance below the critical temperature (Tc) involves 
nothing more than a voltmeter and current source.  
Twenty years later, Meissner and Ochsenfeld would discover  that placing a superconductor in 
an external magnetic field caused the field immediately outside to increase, corresponding to a 
complete expulsion of the field inside the superconductor. The “Meissner 
effect" means that below its critical temperature (Tc), a superconductor exhibits perfect dia- 
magnetism (χ= -1/4π in cgs units), and therefore the phenomenon of superconductivity is 
also measurable by a magnetometer, as well as an ohmmeter. 
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These two measurement techniques:  transport (electrical resistance) and magnetization 
(in SQUID or other magnetometers) are still the most commonly used for characterization 
of superconductors. While sensitivity and accuracy have improved over the last 100 years, 
these methods still generally detect bulk scale effects of a SC transition. For simple (Type 
I) superconductors (such as Kamerlingh Onnes' mercury), these techniques are perfectly 
reliable: true 0 resistance is readily obtained, and complete field expulsion (χ= -1/4π ) occurs 
suddenly at Tc. Even for most Type II superconductors, few problems arise with definitively 
measuring a superconducting transition. 
 
However, when investigating the more complicated superconductors that are the focus of 
current research, we come into several problems. For example: 
 
1. The volume fraction (fraction of total volume which is in a superconducting state) may 
be small, restricting the minimal magnetic susceptibility. 
 
2. Occasionally, we study materials which have almost two-dimensional superconducting 
regions, providing for a volume fraction which is so small that it is difficult to detect 
relative to the bulk signal by transport or magnetic susceptibility.  
 
3. If not properly pinned, vortices can move (by Lorentz force) in response to current 
flow, thus destroying the true vanishing resistance state. Alternatively, disconnected 
islands of superconductivity may be present in the material, eliminating a percolation 
pathway and not allowing for true zero resistance R=0. 
 
These issues can make bulk scale measurements difficult and unreliable. A drop in resistance 
which does not reach zero, or diamagnetism without χ= -1/4π, may be ignored, 
or, worse, falsely ascribed to superconductivity, as in reality there are many other possible 
reasons for this behavior. 
 
To combat this issue, we can turn to a relatively unused, yet powerful, technique, known 
alternately as “Low-field Microwave Absorption" (LFMA) or \Magnetically Modulated 
Microwave Absorption" (MMMA or MMWA).y LFMA is a non-contact method to probe the 
microscopic nature of superconducting materials, instead of measuring bulk properties. By 
directly measuring the interaction of microwave radiation with superconducting vortices 
and Josephson Junctions (JJ) present in all Type II superconductors, we can detect 
superconducting phases with very low volume fraction, and garner more definite evidence of 
a superconducting state. Additionally, we can gather orientation dependent information. 
 
We will show below that only if 2 of test shown at Fig. 1 are positive one can be confident that 
superconductivity is detected. In other cases, particularly if only one test is positive, the claims 
are most probably false. Indeed we showed in this program, that SC-ty claimed in Boron-doped 
SWCNTs and also in BN and BCN type nanotubes did not passed a “Occam’s Razor” test by 
LFMA and negative M(T)<O  true diamagnetism, while R=0 found initially in MWCNT upon 
ion implantation by B, S and P was going in some samples all the way to negative R puzzle, and 
also did not passed an LFMA test, implying that SC-ty is not yet confirmed, although cannot be 
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excluded with more careful M studies in ultra clean samples (with no magnetic catalyst 
imporities). 

 
  Some details of LFMA system are shown at Fig. 2.1., while the detailed description of LFMA 
method and all the mechanisms of microwave absorption in superconducting phase is described 
in Thesis of A. Howard (publications 31). The mechanisms of LFMA due to fluxon penetration 
into SC JJ loop and RSJ model of  JJ: Josephson Junction network based model of LFMA are 
shown at Fig. 2.5 and details can be found in same thesis.  
 

 
 
 

1.1.Introduction: Why Carbon nanotubes are specially attractive for Superconductivity? 
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1.1.1 Carbon nanotube CNT properties and applications and prospects for 

superconductivity as ultrastrong SC wires 

Since first being observed by Iijima [1] in soot produced by d.c. arc-discharge evaporation of a 
graphitic target, carbon nanotubes (CNT) have been attracting the attention of scientists and 
engineers for more than 20 years. Very soon after the discovery numerous theoretical studies 
predicted remarkable physical and chemical properties of individual single-wall (SWNT) and  
multi-wall carbon nanotubes (MWNT) (Table 1). Some of these properties have been confirmed 
experimentally and promise great potential to use CNTs in various applications [2]. 
Although carbon nanotube-based materials for practical use are still under development. Many 
applications require CNTs to be self-assembled in a periodic or aligned manner to have improved 
mechanical, thermal and electrical properties [3, 4]. Even though many commercial products 
already incorporate nanotubes in a basic way, there are plenty of areas where a complicated 
synthesis and refinement treatment of high quality CNTs is required, making most applications 
not economically competitive with existing cheap commercial analogues. 
Most commonly, CNTs are utilized in the form of thin films, or interconnected networks. Several 
synthetic methods have been developed to produce high-purity, high-quality free-standing films 
of carbon nanotubes with different number of walls, such as vacuum-filtration of SWNT 
suspensions [5, 6], drop-casting[7], aerosol CVD synthesis of SWNT [8], or drawing of CNT 
sheets from a vertically aligned CNT forest [9, 10, 11]. Thin films can also be obtained by low-
cost processes such as dip-coating, spin-coating, and spray coating [12, 13], although this group 
of methods requires substrates, and CNT films cannot be provided in a free-standing form. The 
number of applications that have been suggested with the use of CNT thin films is enormous and 
well-described in literature, including optoelectronic devices as transparent conducting 
electrodes [11, 14, 15], sound projectors[16, 17, 18], polarizers [19, 20, 21, 22], bolometers [23], 
and actuators [24]. Additionally these films can be twisted into yarns with high mechanical 
strength, electrical conductivity, temperature and chemical stability [25]. Composites of CNT 
films and yarns with functional materials allow extending applications in many areas [26]. 
 

Physical 
property 

Theoretical 
prediction for 
individual CNT 

Experimental 
measurement of 
individual CNT 

Examples of 
CNT-based 
material 
properties  

Properties of 
analogous non-
CNT material 

Tensile 
strength 

130 GPa (SWNT) 
[27] 

~52 GPa (SWNT) 
[28] 
~63 GPa (MWNT) 
[29] 

0.64 GPa 
DWNT cables 
[3] 
1.3 GPa wet-
spun CNT 
fibers [4] 

1.6–2.5 GPa 
Maraging steel 
 

Young’s 
modulus 

5.5 TPa (SWNT) 
[30] 

~1470 GPa (SWNT) 
[28] 
~950 GPa (MWNT) 
[29] 

200 GPa wet-
spun CNT 
fibers [4] 

200 GPa steel 
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Electrical 
conductance 

2𝐺01 (SWNT) (0.4 − 0.5) ∙ 2𝐺0 
(SWNT) [31] 
490 ∙ 2𝐺0 (MWNT) 
[32] 
(5 − 7) ∙ 2𝐺0 
(MWNT) [33] 

7·106 Sm-1 
DWNT cables 
[3] 
5·106 Sm-1 
wet-spun CNT 
fibers [4] 

6·107 Sm-1 

copper wire 

Maximum 
current 
density 

~109 A cm-2 
(SWNT) [34] 

4·109 A cm-2 
(SWNT) [35] 
~108 A cm-2 
(MWNT) [32] 
~1010 A cm-2 
(MWNT) [33] 

1.6·106 A cm-2 
DWNT cables 
[3] 
105 A cm-2 
CNT fibrils 
[36] 

1.4·104 for 
copper wire 0.5 
mm diameter 
 

Thermal 
conductivity 

6600 Wm-1K-1 
(SWNT) [37] 

3600 Wm-1K-1 
(SWNT) [35] 

640 Wm-1K-1 
wet-spun CNT 
fibers [4] 

3320 Wm-1K-1 
pure diamond 
[38] 

Table 1: Physical properties of carbon nanotubes 

1.2.
 

Clemson University Sub-Tasks on CNT synthesis and Doping 

In the past four years, Clemson and UTD teams have collaboratively endeavored to produce 
superconducting materials that exhibit high critical field and current density. To this end, 
Clemson team adopted a multi-pronged approach (as shown in Fig. 1) to produce nanostructured 
superconductors by completing the following tasks: 
 
Task 1-Synthesis of B-, N-, S- and P-doped carbon nanomaterials (single-, double-, & multi-
walled carbon nanotubes and graphene) using in-situ and ex-situ approaches. 
 
Task 2-Synthesis of nanocomposite materials using aligned and randomly oriented carbon 
nanotube paper (also known as buckypaper) and superconducting materials such as MgB2 for 
enhancing critical currents by vortex pinning, and 
 
Task 3-Development of non-linear optical, and Raman spectroscopic methods to identify the 
dopant configuration, environment, and bonding configurations.  
 

                                                   
1 𝐺0 = 2𝑒2

ℎ
= 77.48 ∙ 10−6𝑆 - quantum of conductance 

Figure 1.6: A schematic describing the multi-pronged approach of Clemson team for achieving carbon-
based superconductors with high current density. 
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Herein, we present the summary of Clemson team’s efforts in achieving carbon-based 
superconductors.  
 
Task 1-Synthesis of doped carbon nanomaterials: The possibility of doping/intercalation in 
carbon materials has attracted much interest from researchers since it allows the tailoring of 
structural and electronic properties for realizing unique properties. For example, calcium 
intercalated graphite (C6Ca) and highly B-doped diamond exhibit superconducting properties and 
charge density waves. In case of carbon nanomaterials, unique density of states (van Hove 
singularities in CNTs) and strong electron-phonon coupling present ideal conditions for attaining 
high Tc. In fact, Clemson team’s previous collaborative efforts with Haruyama’s group have 
shown promising results of superconductivity in B-doped SWCNT bundles [1]. Along similar 
lines, Ping Sheng’s group from Hong Kong University observed superconductivity in DWNT 
bundles while Grover Larkin’s group noticed indications of superconductivity in P-doped 
graphite [2,3]. Based on these exciting results, Clemson team synthesized several doped 
nanomaterials using different approaches. In this section, we present the synthesis and 
characterization summary of all the samples that are prepared as a part of this project. 
 
 Numerous samples prepared both in Clemson and in Japan have been tested by combination of 
Resistance, magnetization and LFMA  methods and reported at several APS and MRS meetings 
and AFOSR reviews. 
Summarizing those we can say that M(T) shows downturns, mimicking meissner effect (see 
below) but S-ing LFMA has never been observed. 
 

1.3.Synthesis of original CNT sheets in UTD and processing of CNT sheets. 

Carbon nanotube sheets from spinnable forest: synthesis and characterization. 
 

Vertically aligned forest of MWNT have been synthesized by catalytic chemical vapor 
deposition (CVD). Silicon wafers with native oxide were covered with 3 nm of Fe catalyst by e-
beam deposition. Prepared substrates were cut into small pieces (from 25x25 mm to 25x75 mm 
each) and put inside 3-zone CVD reactor (46 mm inner diameter). The growth was performed at 
temperatures 700-750 °C, growth time was 10 min in a low of the mixture of He (~70%), H2 
(~30%) and acetylene (2-5%). During heating and cooling steps the furnace was flashed with He 
(1000 sccm). 
Produced forest of CNT exhibited properties of drawability and spinnability (Figure 7). 
Depending on synthesis conditions, forests of different heights and densities can be produced, 
which immediately influence CNT-drawn sheets thickness and densities. 
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Figure 1.4: a) Side view of CNT forest (SEM); b) schematic representation of dry-drawing 
process of the CNT sheet from the CNT forest, where  𝒉 is a forest height, and 𝒅 is the CNT 
aerogel thickness. 

By ranging the furnace temperature, duration of synthesis and position of substrates inside the 
reactor, forests of different heights can be produced. Forests showed spinnability properties in a 
wide range of heights: from 150 to almost 800 um (Figure 8a). CNT sheets drawn from different 
forests exhibited different sheet resistance and transparency which varied in a wide range and 
strongly correlated with the forest’s height. Short forests (150 um) were transformed into sheets 
which had low conductivity (relative sheet resistance Rsh ~1500 Ohms/sq) and high transparency 
(T ~ 90%). At the same time from tall forests (up to H~  800 um) CNT sheets with low sheet 
resistance (Rsh ~200 Ohms/ sq) and low transparency (T ~ 30-40%) were produced. 

 
Figure 1.5: a) Forest height versus sheet resistance and transparency at wavelength 550 nm for 
5 different forests. CNT sheets were deposited on glass and densified with alcohol. Blue curve 
corresponds to sheet resistance, red curve – transparency measured in light polarized in direction 
perpendicular to the sheet orientation, green curve – transparency measured in light polarized in 
direction parallel to the sheet orientation; b) analysis of conductive regime in CNT sheets using 
bulk-like equation (3.1) (solids green line) and percolative regime equation (3.2) (dashed green 
line). 

We can characterize properties of CNT sheets in a framework of transparent conductors. 
Equations (1.2) and (1.4) can be transformed into linearized equations with variables 

�ln�𝑇−1/2 − 1�� and �ln � 𝑍0
𝑅𝑠𝑞
��: equation (3.1) for bulk-like behavior and equation (3.2) for 

percolative network: 
 

ln�𝑇−1/2 − 1� = ln �
𝜎𝑜𝑝

2𝜎𝑑𝑐
� + ln�

𝑍0
𝑅𝑠𝑞

� 𝑡 > 𝑡𝑚𝑖𝑛 (3.1) 

 
ln�𝑇−1/2 − 1� = − lnΠ +

1
1 + 𝑛

ln �
𝑍0
𝑅𝑠𝑞

� 𝑡 < 𝑡𝑚𝑖𝑛 (3.2) 

Both regimes can be identified for CNT sheets of various thicknesses (Figure 8b), although the 
percolative regime is only relevant for films with very high transparency. Since only few 
samples in our study are in this range, the estimation of figure of merit Π varies between 2.5 and 
10. In overall the most relevant model of CNT sheets is as a well interconnected network with 
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d.c. conductivity independent of thickness, and it is valid for the most samples used in our study 
(Figure 8b). The slope of the fitted line is ~1, which followed the proposed equation (3.1), and 
figure of merit is 𝜎𝑑𝑐

𝜎𝑜𝑝
= 1.48 ± 0.09. This value is very low for practical applications, where 

figure of merit of 35 is required, and additional treatment to improve conductivity can be made 
[10]. 
The dependence of transmission of CNT sheet on a direction of light polarization is observed 
(Figure 8a) and it follows from the anisotropy of nanotube orientation inside the sheets - 
nanotubes tend to orient along the drawing direction. 

. 

 

Figure 1.6: SEM images of densified CNT single sheets: a) thick sheets dry-drawn form forest of 
longer 550 μm height; b) thin sheets dry drawn from forest of shorter 200 µm height. 

Conductivity and transmission of carbon nanotube films produced by dry-drawing from vertical 
CNT forest have been characterized. CNT sheets have been shown to be a relatively good 
polarizer with high temperature and chemical stability. The main advantage of such polarizers is 
their great performance in a ultrawide wavelength range, which cannot be covered with 
commercial polymer and wire-grid polarizers. UV, visible, infrared and terahertz spectroscopy 
have been used to study optical anisotropy. 
 

Figure 1.7. Typical carbon vapor deposition system. 

  

Figure 1.8. SEM image of oriented multiwall CNT sheet. 

. 
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Figure 1.9. Non-oriented SWCNT grown via aerogel method in vertical reactor 

 
1.3.Theoretical concepts on enhancing Tc in ropes of single wall SWCNT: 

 
We have developed theoretical description of a bundle of SWCNTs that contains 
semiconducting and metallic tubes with interstitial Boron type doping or Charge transfer type 
intercalation doping. Due to doping Tc can be increased due to two possibilities considered 
below shortly:  
 

1.3.1. 
 

Increasing Tc in bundles of semiconducting and metallic SWCNTs 

Full description of this theory has been published (as Ref. 26 in Published papers) and below we 
show only short description of approach and results. 
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It is expected that doping of SWCNTs in a bundle by, for example, boron, may signiff 
icantly improve their superconducting properties6. At a proper level of doping the Fermi 
level may be at a one dimensional singularity of the energy spectrum that gives a higher 
density of states (DOS), that will lead to a higher critical temperature Tc. In particular, 
we assume here that such kind of mechanism of doping enhanced Tc may be much better 
pronounced in the case of semiconducting SWCNTs, which may have higher DOS due to 
lower in energy van Hove singularities. This is in contrast to metallic SWCNTs, where sin- 
gularities in the DOS are much higher in energy, and start being filled much later during 
the doping process (according to the Kataura plot8). This means that a bundle consisting 
of doped semiconducting nanotubes could be a much better superconductor, compared to a 
bundle made of metallic SWCNTs. 
 
However, synthesis of SWCNTs by currently known methods usually results in a mixture 
of semiconducting and metallic nanotubes. Since the nanotubes after the synthesis initially 
are not doped (or unintentionally slightly p-type doped, e.g. by oxygen of atmosphere), those 
are only metallic tubes, which may have superconducting transition, while semiconducting 
tubes will be \diluting" superconductivity in the bundle by the inverse proximity effect. 
Upon doping (i.e. by electrochemical methods), the semiconducting tubes can become su- 
perconducting with a higher superconducting gap and thus a higher Tc than in metallic 
nanotubes. 
One may try to estimate a spatially averaged order parameter and the corresponding 
effective critical temperature for a bundle consisting of a mixture of these two types of 
SWCNTs. From an experimentalist's point of view it is even more important to solve a 
bit more complex problem: for a given fraction of doped semiconducting SWCNTs in the 
bundle and the experimentally determined critical temperature Tc, to predict the critical 
temperature for a bundle, consisting only of doped semiconducting SWCNTs. It will be also 
interesting to know, whether it is possible to obtain the critical temperature Tc higher than 
in other carbon based nanostructures, like in alkali metal doped fullerenes. 
Spatial variations of the superconducting order parameter are signifficant for nanoscale 
systems, including nanotubes. In this work we used a microscopic theory based on inho- 
mogeneous Bogoliubov-de Gennes equations to establish how the superconducting properties 
of a bundle depend on the fraction of doped semiconducting nanotubes. We assume that 
the nanotubes in the bundle are approximately of the same radii and tightly packed mak- 
ing a triangular lattice in the bundle's transverse cross-section, with the primitive vectors 
~a1 = R~x, ~a2 = R~x=2 +p =2R~y. Here ~x; ~y are the unit basis vectors, and R is the average 
intertube distance. The lattice can be enumerated by indexes (p; k), which correspond to 
the position of a nanotube Rp;k = ~a1p +~a2k, but in this work we prefer to enumerate nan- 
otubes in a N _ N bundle using a single index through the mapping i = p + kN, where N 
is the number of nanotubes in the raw. The doped semiconducting nanotubes are assumed 
to occupy the fraction a of the sites in the bundle, and the metallic nanotubes occupy the 
1 󲐀 a fraction of the sites. A full three dimensional description of a bundle taking into 
account the band structure and chirality of individual nanotubes would make simulations 
of the Bogoliubov-de Gennes equations too complex. On the other hand, assumption about 
the translation invariance along the longitude direction of the nanotubes would make the 
simulations marginally simpler, because one still needs to deal with quantum problem in 
three dimensions, but at the same time this assumption would throw away the band struc- 
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ture diffeerence between semiconducting and metallic nanotubes. In this study we adopted a 
simplified two dimensional picture which allows us to repeat our simulations several dozens 
of times for different arrangements of the nanotubes in the bundle. In the two dimensional 
picture the conduction electrons can stay in a nanotube or can hop to the neighboring nanotubes 
(sites). 

 

 
According to our model for an optimally doped bundle consisting of 100% semiconducting 
SWCNTs the Tc should increase to the unsuppressed Tc of 19󲐀20K (please see Fig. 3). The 
effect of Tc suppression similar to discussed here has been observed in alkali metal fulleride 
molecular alloys of Ax(C60)x(C70)1󲐀x and adding non-superconducting component, i.e. C70 

molecules, which do not show any superconducting pairing due to symmetry reasons and 
probably due to weaker electron-phonon coupling, strongly suppressed Tc from 19 K in 
100% C60, i.e. in K3C60 to Tc=10 K in 20% substituted C70 alloy. The experiments with 
selectively separated metallic and semiconducting SWCNTs, which now become available by 
new methods of effective separation will allow to check the validity of presented here simple 
model and to clarify the role of quantum fluctuations, which has not been accounted here. 
One has to note that even for relatively small bundles 16_16 the physical properties have 
relatively small variations for different realizations of the spatial distributions of semicon- 
ducting nanotubes. To support this observation we plot a whole set of the spatially averaged 
order parameters for 50 random configurations of the nanotubes for different temperatures. 
We choose the equal number of the metallic and semiconducting nanotubes in the bundle 
a = 0:5. In Fig. 4 one can see there are relatively limited variations of the order parameter 
corresponding to different configurations of the nanotubes. The overall dispersion is limited 
to approximately 0:05t at zero temperature, and becomes relatively significant at temper- 
atures approaching the critical temperature. For experimentalists this means one needs to 
take extra care about her measurements of small samples near the critical temperature. 
In Fig. 5 we plot a particular realization of the spatial distribution of the superconducting 
order parameter (in units of t) at the percolation regime (a = 0:5) and zero temperature. In 
Fig. 5 red dots mark the triangular lattice of a 16_16 bundle. One can see the formation of 
big clusters of nanotubes with the same superconducting properties. For the measurements 
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of the transverse conductivity of such bundles at finite temperatures one should expect to 
see a dramatic drop of the conductivity for a > 0:5, i.e. above the percolation threshold for 
the triangular lattice. At this concentrations the semiconducting nanotubes will likely create 
a connected network within a finite bundle of nanotubes. We propose that this prediction 
will be tested experimentally. 

 

 
1.3.2.Ion screening in 1-d systems: promise for SC-ing pairing in ionic doped CNT 

Intercalation-type doping is an important practical means of providing the electronic subsystem 
with (extra) charge carriers without disrupting its chemical-bond skeleton. For quasi-1D systems, 
this doping is, for instance, a major route for controlling electric properties of conducting 
polymers. High dopant concentrations may be achieved in different ways: by traditional 
chemical volume doping  or by interfacial double layer charging , particularly with ionic liquids  
Many intercalation-doped systems exhibit qualitatively new properties such as superconductivity 
in graphite compounds in fullerides and in hydrocarbons. In addition to supplying charge 
carriers, dopant ions and intercalants in general may however also play other roles. So the size of 
the dopant is known to critically affect the distance between the fullerene molecules in 
alkalidoped fullerides . Electron coupling with intercalant vibrations was attributed to be the 
reason for higher SC transition temperatures in certain graphite compounds as well as in 
fullerides  
In the (paper 3 in Publications)  we have emphasized the role of the collective 
dynamics of dopant ions for quasi-1D electronic conductors as a source of the ensuing long-
range electronion Coulomb interaction, similarly to how it occurs in 3D for the BCS model. We 
point out that the dynamical response of the dopants may radically affect the interplay of the 
interactions by effectively screening the long-range electron-electron repulsion and thereby 
creatingmore favorable conditions for SC correlations. This represents another example of strong 
effects that may take place upon embedding 1D electronic systems in 3D environments. Our 
demonstration is based on the model of an anisotropic 3D system of Coulombically-interacting 
parallel Luttinger-liquid chains introduced by Schulz  that will be supplemented by their 
Coulomb coupling to the ionic subsystem. Being interested only in the spinindependent long-
range Coulomb interactions, we limit our discussion here to the Coulomb forward-scattering 
processes with small momentum transfer q (g2 = g4 processes in the g-ology language), for 
which the macroscopic expression for the bare Coulomb interaction 
 
V0(q) = 4π/q2, q2 = q2x + q⊥, (1) 
 
is valid. Here the 3D momentum (h = 1) q = (qx, q⊥) is specified via its components along, qx, 
and perpendicular, q⊥, to the chains. 
 
We have demonstrated (details can be found in paper 3 of Publications) that the dynamical 
response of the intercalated dopant ions may have a significant effect on the interplay of DW and 
SC instabilities in quasi-1D electronic systems. More favorable conditions for SC correlations 
are achieved via the screening of the long-range electron-electron repulsion by the ionic charge 
density polarization. The efficacy of this screening is particularly strong for the jellium-like ionic 
response making the low-energy electron-ion system excitations behave as for the non-
interacting electrons. In the effective 1D electron model this would correspond to forward 
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scattering coupling constants g2 = g4 vanishing at small momentum transfer. It is known for 1D 
electron systems with repulsive interactions that, with the inclusion of backward 
scattering processes (coupling constant g1), it is the sign of the combination 2g2−g1 that 
determines the dominant superconducting SC (negative sign) vs DW (positive sign) correlations. 
One may want to speculate then that perhaps the vanishing of the effective g2 due to the 
screening by the ionic jellium is sufficient to drive the system towards the SC behavior. This 
however needs to be checked with a self-consistent treatment of the ionic effects on backward 
scattering, which is beyond our current scope. On the other hand, we showed that the existence 
of the electron interaction with another non-polarizational phonon mode can result in negative 
effective g2 for small momenta. In this case, SC correlations may develop already due to the 
forward scattering only. It is clear that the presence of dopant ions may also cause detrimental 
effects such as the electron localization – presumably avoidable for sufficiently high dopant 
concentrations, the latter is of course also needed for practically meaningful magnitudes of the 
ionic plasma frequency Ωp. For instance, concentration ni = 1021 cm−3 of sodium ions would 
yield Ωp ≃ 66 K. It has been shown experimentally that the concentration of dopant ions in 
bundles of carbon nanotubes can bevaried in a wide range by interfacial double layer charging in 
electrolytes and ionic liquids strongly affecting theelectronic work function, transport and optical 
properties. While the model system we discussed in this paper is a 3D assembly of 1D chains, it 
is conceivable that the basic physical effect could also be operative in thinner layers. 

 
 
 
Part 2. Search for Superconductivity in CNT upon various doping and in nanocomposites 
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Doping may induce defects in their walls. This step is most important as it creates the necessary 
defects for allowing dopant substitution. Next, the 
refluxed SWNTs were vacuum filtered using a 0.45 
μm nylon membrane and washed thrice with 
boiling deionized water and dispersed into ethanol 
suspensions containing the dopant precursor (B2O3 
powder for B-doping, melamine for N-doping, 
phosphoric acid for P-doping, and elemental S 
powder for S-doping). Following a 1 h bath 
sonication and evaporation of the ethanol, the 
SWNTs mixture are annealed at 180 oC in a 100:10 
sccm Ar:H2 gas flow for 2 hours. Finally, all the 
samples are annealed in flowing Ar at 1000 oC for 
30 min to allow reconfiguration of defects/dopants.  
 
Fig. 4 shows the XPS spectra of B-doped SWNTs 
prepared using MEA with 0.5, 1 and 4.0 at% B2O3 
powder (labeled as S1, S2 and S3). The C1s 
photoemission spectrum for pristine SWNTs 
(which has been thoroughly investigated in Ref.6 
by Clemson team) exhibits a binding energy peak 
~284.45 eV. It is well known that the position of 
C1s peak varies with B- or N-doping. In case of 
MEA, we found that the C1s peak was downshifted by ~0.15 eV in B-doped SWNTs, in 
agreement with our previous results on laser ablated B-doped SWNTs [9]. Furthermore, we 
observed that the C1s peak width in all the samples (S1, S2, and S3) is ~0.6 eV similar to the 
laser ablated SWNTs. As shown in Figs. 4 b-d, the B1s core signal may be deconvoluted into 
two peaks at 191.5 and 192.8 eV, which correspond to the presence of substitutional B in the 
SWNT lattice and B2O3 respectively.  The latter peak (~192.8 eV) most likely appears due to any 

residual B2O3 left in the samples during the 
synthesis procedure. The substitutional B-
doping contents are shown in Table 1. As 
expected, we observed that the net substitutional 
B content increased with increasing nominal 
concentration of B2O3 in the synthesis indicating 
the MEA is suitable for achieving high doping 
concentrations. We have prepared several 
samples of SWNTs, DWNTs, and graphene 
samples using MEA for testing 
superconductivity in doped carbon 
nanostructures. A comprehensive list of these 
samples is given in the attached excel sheet.  
 
Previously, several groups have suggested the 
possibility of superconductivity in S-doped 
graphite [10]. For this reason, we have studied 

Figure 2.1: Normalized magnetization as a 
function of temperature at magnetic fields (H) 
of 100 Oe in FC and ZFC regimes in thin films 
of assembled B-SWNTs, which are 
synthesized from a target with nominal doping 
content NB~ 1:5 at:% 

Figure 2.2: The C1s (panel a) and the B1s lines 
(panels b-d) for the three B-doped samples prepared 
using the modified Eklund approach. 
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the magnetic properties of S-doped samples in detail. Below, we briefly discuss the 
magnetization results obtained on some of the doped SWNTs and graphene nanoplatelets (GnP).  
 
Experimental evidence for 
ferromagnetism in graphene-related 
systems has been controversial. Several 
studies have previously shown the 
presence of ferromagnetic (FM) 
ordering in highly oriented pyrolytic 
graphite (HOPG) and carbon films at 
room temperature. Recently, Nair et al. 
showed that point defects in graphene 
(such as fluorine dopant atoms and 
defects caused by ion-irradiation) carry 
magnetic moments with spin ½ [11].  In 
our samples, we observed an unexpected 
presence of ferromagnetism (FM) in 
pristine GnP. While many groups have 
attributed magnetic ordering to defects 
and edges in GnPs, the mechanism (direct/indirect exchange) responsible for the FM ordering at 
room temperature is still unclear. The fundamental understanding of this mechanism can  

 
 
 
 
 
possibly open 
new avenues 
for 
defect/dopant-
engineering to 
achieve 
superconductin
g phase 
transition via 
enhanced 
electron-
phonon 
coupling. For 
this reason, we 

studied the influence of defects and dopants on the FM of GnPs by subjecting bulk few-layer 
graphene to chemical exfoliation and sulfur doping. 
 
We found that the saturation magnetization of GNPs systematically decreased upon sulfur 
doping suggesting that S-dopants demagnetize defects in GNPs. Our density functional theory 

Table 2.1: The dopant content of three B-doped SWNTs 
prepared using MEA.  The second column shows the 
nominal concentration of B2O3 used in the synthesis 
procedure for preparing S1, S2, and S3 samples. The third 
column shows the percentage corresponding to B in 
substitutional configuration as determined from XPS. 

Figure 2.3: a) Magnetization curves for pristine and doped graphene samples at 300 
K obtained at Clemson University. b) Diamagnetic contribution to the net signal 
sho n in (a)  c) Ferromagnetic signal obtained after s btracting b) from a)   
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calculations provide evidence for defect demagnetization by the formation of covalent bonds 
between S-dopant and defects concurring with the experimental results.   

 
 
 
 
As shown in Fig. 2. 5, we observed significant FM ordering in both pristine and S-doped 
graphene samples at 300 and 5 K. The magnetization (M) vs. applied field (H) curves show FM-
like hysteresis superposed on a diamagnetic (DM) signal. We decoupled this diamagnetic 
response from the total magnetic signal (see Fig. 5b). The net ferromagnetic signal in the 
samples is shown in Fig. 4c. Similar signature was observed at 5 K (data not shown) suggesting 
that samples posses interacting defects leading to FM ordering. This observation is novel since 
the defects do not act as non-interacting spins, as shown by Nair et al [11]. We believe that S-
dopants interact with each other via pi-orbitals of graphene or adsorbed oxygen leading to FM 
ordering. Furthermore, susceptibility showed peculiar dependence on temperature (see Fig. 6). 
As shown in Fig. 6a, Pristine GnP showed a dip in susceptibility ~30 K comparable to the well-
known diamagnetism in graphite. Similar changes were also observed in 1 and 1.5 at% S-doped 
GnP. In addition, S-doped GnPs exhibit a valley below 30 K, which upturns for T <20 K (see 
Fig. 6c). These features may be caused by interacting S-dopants that form FM domains within 
the sample. It is possible that our samples contain FM and DM domains as depicted in Fig. 2.6d. 
Along similar lines, S-doped SWNTs also showed peculiar M vs T behavior upon S-doping 

Figure 2. 4: a), b) and c) show dependence of magnetic moment on temperature for all the 
graphene samples. Clearly, all the samples exhibit diamagnetic type response similar to bulk 
graphite ~30 K. d) shows the possible magnetic domains in graphene samples.  
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similar to GnP (as shown in Fig. 7). In fact, 
the field cooled magnetization data of all the 
S-doped SWNT samples exhibits a FM 
phase transition in agreement with the 
Landau mean-field theory. A clear transition 
can be observed in all the samples ~200 K 
along with an evident slope change ~30 K. 
In conclusion, S-doped GnP and SWNTs 
exhibit strong FM ordering due to the 
introduction of defects. 
 
 
 
 
2.4. Chemical Vapor Deposition (CVD) 
and equipment developed for CVD:   
The CVD technique is an important method for doping heteroatoms into the carbon lattice. Using 
this technique, Clemson team has synthesized a variety of samples including N-doped MWNTs, 
Pb-doped SWNTs, and N-doped graphene sheets. As shown in Fig. 8, Pb-catalyzed SWNTs 
showed significant drop in net magnetization ~20 K indicating the possibility of superconducting 
regions in the sample. In our extensive 
discussions with UTD, we realized that these 
drops may be arising due to known 
superconductivity of Pb ~8 K.   
 

Clemson team has also explored 
the synthesis of single, bi-, and 
few-layer graphene sheets. We 
utilized micro-Raman 
spectroscopy and XPS to study 
various bonding configurations 
possible in N-doped graphene. 
Previously, dopant induced 
changes in the Fermi velocity 
were observed to result in a 
effectively downshifted (up-
shifted) Raman peak below the 
G' band for n-doped (p-doped) 
single-walled carbon nanotubes. 
However, in case of N-doped 
graphene, we found that several 
Raman features can vary 
depending upon both the dopant 
concentration and its bonding 
environment. For instance, only 

Figure 2.5: Zero-field cooled magnetization data 
of all the S-doped SWNT samples is in 
agreement with the Landau mean-field theory. A 
clear transition can be observed in all the 
samples ~200 K along with an evident slope 
change ~30 K.  
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Figure 2.6: Magnetization measurements for CVD grown Pb-
catlysed SWNTs show a change in susceptibility ~20 K. 
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the pyridinic/pyrrolic dopants were observed to result in intense D & D' bands with a 
concomitant downshift in the G’ band frequency. In Ref. 12, we correlated XPS measurements 
with Raman spectroscopy to elucidate the effects of dopant bonding configuration on the 
electronic and vibrational properties of bilayer graphene. Our results showed that graphitic 
dopants are more suitable for superconducting application as they induce least amount of 
disorder.  
 
Partial Summary and Conclusion on Superconductivity Search in Carbon nanotubes and 1-
D nanowires 

The UTD-Clemson-Yale team concentrated efforts of years 2010-2013 on the search for 
superconductivity in several nanostructured systems: various nanotubes (SWCNT, MWCNT, 
Boron nanotubes (BNT), nanodiamond, graphene and HOPG)  upon various types of doping by 
p-type (Boron) and n-type doping: (As, P, S) by ion implantation and other methods: Progress in 
this search can be summarized as following: 

1. We have shown theoretically that in bundles of undoped pristine SWCNTs, containing 
1/3 of metallic tubes Tc is suppressed to observed 0.5 K by inverse proximity effect by 
semiconducting component, and we have found in a simple mean field theoretical 
approach that Tc should increase several times in  100 % metallic SWCNT bundles [1]. 

2. To increase further Tc in SWCNTs we checked experimentally the suggested effect of  
suppressing inverse proximity effect in mixed SWCNT (of composites of metallic and 
semiconducting) bundles. Since pure bundles of Semiconducting single wall SWCNT, 
are now available by separating pure (>99% purity) semiconducting S-SWCNT from 
pure metallic M-SWCNT, the Tc is expected to grow significantly in S-SWCNTs due to 
more favorable for doping position of singularities in density of states, as compared to M-
SWCNTs Examples of pure S-SWCNT doping have been demonstrated, which show 
promises for higher Tc. For now Tc ~ 6K is detected by LFMA in K- and B-doped 
Semiconducting SWCNTs, but not in Metallic SWCNTs. . Our team members (A. Rao, J. 
Haruyama [1, 2]) have already obtained Tc=15-19 K in boron doped mixed SWCNTs 
[3,4]. This results can not be reproduced by our doping methods. 

3. Most importantly the UTD team has observed and recently confirmed SC-ing type R(T) 
behavior in oriented  MWCNTs sheets, interconnected by T-junctions into 3-D networks 
[3]. However  some samples showed negative R(T) puzzle at lowest T<5 K. We will 
discuss the possible origin of this artifact and describe the “cross-interconnected” CNT 
networks, in which this artifact-effect can be suppressed.  Superconducting type 
correlations are observed starting around Tc~40-60 K in Boron doped (by ion 
implantation) MWCNTs sheets. This B-MWCNT samples are characterized by SQUID, 
low-field microwave absorption LFMA combined with ESR and ex-situ by SEM, AFM, 
transport measurements at T>2K. However the LFMA was not of SC-ing type 
Fundamental problem with achieving superconducting phase in quasi-one-dimensional 
systems, such as CNTs, is the necessity of 3-dimensional coherence, for which UTD team  
have developed several methods: formation of 3-D networks of T-junction interconnected 
MWCNT bundles by proper CVD synthesis conditions, infiltration by non-SC metals 
(Ag, Au ) for proximity effect (suggested to suppress phase fluctuations) and also spark 
plasma sintering (SPS) of CNTs (by Clemson sub-team). In such interconnected 
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MWCNT dense 3-D networks properly doped by boron by ion implantation the possible 
SC-ing type with Tc ~ 20-40 K has been detected in transport measurements but not 
confirmed by LFMA (though at lower T) this data needs further confirmation though by 
SQUID and ac-magnetometry.  And thus SC-ty is still not confirmed in present. 

4. We have developed methods to create light-weight superconducting wires and cables by 
co-spinning non-superconducting MWCNT yarns with various superconducting 
components. We have demonstrated new method for making wires of nanocomposites of 
MgB2 with MWCNT yarns [5] and YBCO with MWCNT sheets [5]. 

5. The new method of laser assisted CVD of boron coating on MWCNTs has been 
developed, permitting formation of MgB2 upon reaction with Mg vapor. The resulting 
superconducting wire is being now optimized gotr higher critical currents.      

6. We have performed B-doping and K-doping of separated SWCNTs” semiconducting and 
metallic and found superconducting low-field microwave absorption LFMA of SC-ing 
type with Tc at 6 K in semiconducting SWCNts, while metallic SWCNTs do not show 
signs of SC-ty. 

 
Methods and Equipment for Achieving New Objectives in 2-D and 1-D systems: 
 
1.1 Pulsed Laser Deposition (PLD): The PLD method is one of the most effective techniques for 
controlled heteroatomic doping in carbon nanostructures. Previously, Clemson team has 
succeeded in producing B-doped SWNTs by ablating boron and metal catalyst impregnated 
carbon target with Nd-YAG laser [4]. In the PLD process for producing B-doped SWNTs, a 

target is placed in a quartz tube and 
heated to 1100 oC in Ar 
atmosphere at a pressure of ~500 
mTorr. A Nd:YAG laser (1064 nm, 
10Hz) is then used to ablate the 
target. The targets contain 
graphitic carbon, Co:Ni catalyst 
(0.5:0.5 at.%) and elemental boron. 
In this project, Clemson team 
prepared 0.5-3.5 at% B-doped 
SWNTs using the PLD method and 
characterized them using electron 
microscopy, Raman and X-ray 
photoelectron spectroscopy (see 
Fig. 2). The list of all the PLD 
samples sent to UTD team is 
catalogued in the attached excel 
sheet.  
 
Previously, Haruyama’s group 
observed an evident drop in 
normalized magnetization in 1.5 
at% B-doped SWNT bundles is 
below 12 K (see Fig. 3). Although 

Figure 2. 7: Typical transmission electron micrographs of PLD 
grown B-doped SWNTs. C) The Raman spectrum of B-doped 
SWNTs clearly down-shifted with respect to pristine SWNTs 
due to electron phonon renormalization [5]. D) XPS spectrum of 
B-doped SWNTs shows the 1.5 at% nominal B-doped SWNTs 
contain 0.3 at% of boron in SWNT lattice as substitutional 
dopant.  
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the nominal doping ratio in these samples is known, the actual doping ratio could not be 
determined directly using Raman spectroscopy. The fact that B substitution in the SWNT lattice 
is not necessarily uniform makes it challenging to quantify the amount and bonding 
environments of boron. Nonetheless, we have utilized synchrotron based XPS to determine B-
doping levels in superconducting 1.5 at % B-doped SWNTs with sub-atomic precision. As 
shown Fig. 2D, our XPS results [6] indicated that ~0.3 at% substitutional boron is present in 
superconducting SWNT bundles. One of the disadvantages of PLD method is that an increase in 
the elemental boron content in the target can significantly alter the thermodynamics of the 
SWNT growth process inhibiting SWNT formation. Therefore, other techniques are much 
needed in order to increase the amount of dopant in B-doped SWNTs. For this reason, we have 
developed novel post-synthesis process to dope SWNTs, as described in the proceeding section. 
 
Part 3. SUPERCONDUCTIVITY in IRON PNICTIDES: Search for higher Tc phases  
 
 

 
   Figure 3.2: Various pnictide and chalcogenide structures. (a) 1111, (b) 122, (c) 111, (d) 
11 iv

      
 

3.2. Synthesis of iron pnictide Ba(Fe1-XCoX)2As2 and CNT Composites. 
 

A portion of the research during  N. Cornell’s eight week stay at Zhejiang University in 
Hangzhou, China involved the synthesis of iron pnictide superconducting compounds with the 
intention of measuring their properties as well as refinements in order to improve their utility.  
The length of time necessary for successful synthesis of these compounds required focus on one 
compound primarily.  We began with Ba(Fe1-XCoX)2As2 , an iron pnictide that exhibits a 
superconducting transition above 24K when doped to X=0.09. 
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Like other superconducting pnictides, Ba(Fe0.91Co0.09)2As2 , can be synthesized through solid-
state reaction methods to form polycrystalline samples, or single crystals through the flux 
method.  The first task was to synthesize the base compounds of FeAs and CoAs by combining 
the parent elements in the correct stoichiometric ratios, grinding them into uniform powders, and 
sealing them inside evacuated quartz tubes.   Then the sealed tubes were interred inside an 
electric furnace and heated to temperatures of 900°C and held for 24 hours.   
samples followed the same procedure combining the previously synthesized compounds together 
in the proper ratios before being likewise ground into powders.  Next the samples were pressed 
into pellets and placed within an alumina crucible inside a sealed and evacuated quartz tube 
before heating to 900°C for 24 hours.  Early synthesis of polycrystalline samples proved to be 
too brittle unless the barium was first reacted with arsenic to make BaAs before being combined 
with the FeAs, CoAs, and Fe to form the proper structure for the pnictide.  Additionally, 
polycrystalline samples need to be reground and reheated multiple times in order to become 
sufficiently homogeneous. 
Single crystal samples were grown from the flux combining barium, FeAs, and CoAs inside an 
alumina crucible and quartz tube.  The furnace required a much more controlled sequence than 
the polycrystalline synthesis, ramping up to hold at 700°C for 10 hours before increasing to 
1100°C and holding for 5 hours.  Upon cooling back to 900°C over 50 hours, 
Ba(Fe0.91Co0.09)2As2 crystals form within the flux.  Adjustments to the rate at which the furnace 
allowed the samples to cool increased the size and frequency of the grown single crystal 
pnictides. 
Transport measurements on the polycrystalline and single crystal samples of the iron pnictide 
can be seen in figures 3.4 and 3.5, respectively.  A clear transition into the superconducting state 
can be seen in both, with a Tc

zero of 24.4 K in the single crystal sample.  Further measurements 
were carried out in a Quantum Design MPMS on the magnetic susceptibility.  Figure 3.6 shows 
the field cooled vs zero field cooled curves for fields up to 1 Tesla in polycrystalline 
Ba(Fe0.91Co0.09)2As2, confirming the material's superconducting behavior.   

Figure 3.4  Superconducting transition in polycrystalline Ba(Fe0.91Co0.09)2As2 
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Figure 3.5  Superconducting transition in single crystal Ba(Fe0.91Co0.09)2As2 

 
 
 

2. Figure 3.6  SQUID measurements of susceptibility in polycrystalline Ba(Fe0.91Co0.09)2As2 
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Figure 3.7  SQUID measurement of a composite Ba(Fe0.91Co0.09)2As2 and carbon nanotube yarn 
showing the superconducting behavior of the included iron pnictide. 
 

  Attempts were made to combine polycrystalline Ba(Fe0.91Co0.09)2As2 with carbon nanotubes 
with the aim of creating a superconducting yarn that is light, strong, and easily fabricated.  
Highly spinnable forests of CNT were drawn into sheets before having fine ground powder of 
Ba(Fe0.91Co0.09)2As2 deposited on the surface before being twisted into yarns before annealing.  
Under the strain of twisting, even separate particles on the surface of the nanotube sheet are 
confined inside the yarn at micrometer or nanometer scales.  The tests with some of the first 
grown polycrystalline Ba122 pnictide samples were successfully spun into yarns, but were 
unable to replicate the superconducting transition in transport measurements of resistivity.  
Measurements of the magnetic susceptibility in the MPMS of the pnictide CNT composite as 
seen in figure 3.7 show that the robust grains of Ba(Fe0.91Co0.09)2As2 still remain superconducting 
nevertheless, and as such continues to be a viable candidate for further superconducting wire 
research. 
 

 
3.3. Study of 122 and 112 structures studied by Low Field Microwave Absorption. 

3.3.1. Comparison of Pr-doped Ca 122 and Ca 112 pnictides by Microwave LFMA 
spectroscopy 
 

Praseodymium doped CaFe2As2 (122 structure) and CaFeAs2 (112 structure) are 
characterized by modulated Low Magnetic Field Microwave Absorption (LFMA) spectrsocopy. 
In both (Pr,Ca)122 and (Pr,Ca)112 structures, a strong hysteretic LFMA is found, with a Tc1 of 
~22  K and ~20 K, respectively. However, in (Pr,Ca)122, measurements also show an unusual 
Narrow Peak (NP) LFMA signal appearing at higher temperatures, above the lower Tc1 
superconducting state until a Tc2 of 49 K. This NP LFMA is associated with interfacial 
superconductivity, which has been found earlier in (Pr,Ca) 122 by highly anisotropic 
magnetization measurements which showed very low critical field Hc1~1-3 G, comparable with 
the width of NP found here. The absence of NP in Pr-doped Ca 112 correlates with the absence 
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of higher Tc2 in this newly discovered crystal structure, which has chains of pure As between 
FeAs planes. These results give useful information about the microwave signatures of  interfacial 
superconductivity present in the (Pr,Ca)122 system, and may form a roadmap towards a 
stabilized high temperature superconducting phase in pnictides. 
 

Among the recently discovered class of doped pnictide superconductors, the so-called 
122 systems (MFe2As2 with M an element of valency 1 or 2 {Sasmal:2008dz}) have attracted 
significant interest {Lv:2011db, Kim:2009dg, Chu:2009ks, Rotter:2008hl, Sasmal:2008dz}. In 
particular, superconductivity in the studied Ca122 pnictide has been found to be significantly 
different from a seemingly similar system, Ca112 {Yakita:2014js, Katayama:2013cc}. The 
maximum Tc in reported 122 systems is only 38 K {Rotter:2008hl, Sasmal:2008dz}; however, a 
recent independent observation of a high temperature phase, with a significantly higher Tc (47-49 
K), in Pr-doped Ca122 {Lv:2011db} opens a new perspective to search for even higher critical 
temperatures. The reported high temperature phase has an exceedingly small volume fraction and 
is easily suppressed by small magnetic field. For this reason, combined with the absence of the 
characteristic specific heat anomaly anywhere between 2 K and 49 K {Lv:2011db}, and the high 
magnetic anisotropy below Tc {Wei:2013tq}, it is thought that the high temperature phase is 
formed from interfaces present in the crystal. This “interfacial superconductivity” may in the 
future be improved or stabilized {Kudo:2013fk}, leading the way for high temperature 
superconducting (HTSC) pnictides. 

In this paper, we report results of modulated low magnetic field microwave absorption 
(LFMA), a powerful technique in examining the microscopic behavior of each system below 
their respective Tc. The (Pr,Ca)122 system exhibits an unusual signal, with a very narrow 
absorption peak (NP) centered on zero field, between Tc = 49 K and a transition at around T = 30 
K. This type of signal is not observed in the (Pr,Ca)112 pnictides. 
 
(Pr,Ca)122 and (Pr,Ca)112 single crystals were grown from the self-flux method, as described 
previously by Lv, et al {Lv:2011db}. For LFMA measurements, the 122 crystals were affixed to 
a quartz capillary tube and sealed inside a 4mm EPR ampoule (Wilmad LabGlass) at ~10-6 torr. 
The crystals were fixed in such a way that their orientation relative to the measurement apparatus 
could be controlled. LFMA was performed inside a standard electron paramagnetic resonance 
(EPR) spectrometer (Bruker EMX), fitted with an X-band (9.8 GHz) microwave source and 
TE102 cavity. Temperature control is achieved by a ColdEdge cryogen-free cryostat, capable of 
reaching T = 4 K by a flow of helium transfer gas, which is passed over a heat exchanger 
attached to a Sumitomo compressor/cold head before being passed by the sample. 

The fields inside of the cavity are those shown in Figure 1. These fields are provided by a 
large pair of Helmholtz Coils (for H0), a pair of modulation coils within the cavity, and the 
microwave radiation itself {Lund:2011up}. Thus the sample is exposed to three magnetic fields: 
in the x direction, a slowly sweeping (2.5 G/s) magnetic field H0 (generally ramping between –50 
and +50 G) and a modulation field of intensity on the order of 1 G and sinusoidal oscillation with 
frequency of 100 MHz; and in the z direction, a magnetic field from the standing microwaves. 
The static and modulation fields form vortices or fluxons within a Type-II superconducting 
material, which are oscillated about their pinning centers by the microwave currents 
{Talanov:2005ww}. The oscillations absorb a portion of the microwave energy, causing a signal 
from the device {Stankowski:2006ux}. 

Magnetization measurements are performed in a Quantum Design MPMS.  
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Figure 3.8: Orientation of magnetic fields inside the TE102 resonant cavity of the EPR device, 

which is used for LFMA measurements. The sample location is denoted by a black circle. 
 

The typical LFMA spectra observed for (Pr,Ca)122, with Hmw || ab planes, upon zero 
field cooling of a sample to 4 K and increasing T slowly are shown in Figure 2(a) and Figure 
2(b), where H0 || ab planes or c axis of the crystal, respectively. An increased modulation field 
can bring out smaller features with less noise, at the expense of possible loss of detail. An 
increased microwave power increases the screening currents responsible for oscillations about 
the fluxon’s pinning centers. {Talanov:2005ww, Shaposhnikova:2007dk} 

LFMA shows two distinct shapes in temperature regions T < 30 K and T > 30 K. Below 
30 K, we see relatively typical LFMA signals for a superconductor with both flux trapping and 
Josephson decoupling {Shaposhnikova:2003hr}. Intensity and hysteresis width decrease with 
increasing temperature. Above 30 K, the signal changes dramatically. Hysteresis nearly vanishes, 
but a strong, narrow zero field peak, or NP, appears similar to that arising from Josephson 
Junction (JJ) decoupling found earlier in HTSC {Stankowski:2006ux}. The field width of this 
signal is only ~2 G. It is worth noting that the width of the NP is also observed in M(H) curves, 
in the T > 30 K regime, as the value of Hc1, the minimum of the characteristic “butterfly” curve 
of superconductivity (discussed below). 

We may compare these results with those in Figure 2(c,d), which differ only by a rotation 
of the sample about the z axis, that is, where H0 || c axis of the crystal, but still with Hmw || ab 
planes. Qualitatively the behavior is similar, with a transition from the hysteretic LFMA of the 
low temperature phase to the NP signal of the high temperature phase. However, the signal 
intensity is higher (which may be partially due to the demagnetizing factor), and the NP signal 
appears at a lower temperature than in the previous case. A similarly large anisotropy, supporting 
the hypothesis of interfaces, is also observed in magnetic measurements {Lv:2013tb}. 

The temperature dependence of intensity, as shown in Figure 3, reveals just how 
dramaticly the NP signal appears in measurements. The high temperature phase manifests as a 
sharp increase in peak-to-peak signal intensity, without a corresponding increase in the hysteretic 
signal. 
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 (a) (b) (c) (d) 
Figure 3.9: LFMA spectra of (Pr,Ca)122 sample, with the orientation fixed such that Hmw || ab 
planes; (a,b) H0 || ab planes of the crystal, and (c,d) H0 || c axis of the crystal. Each stack of 
curves represents a specific combination of microwave power and sinusiodal modulation field 
amplitude. The number to the right of each curve is the temperature of measurement in Kelvin. A 
dramatic transition is clearly seen in the vicinity of 30 K. Below that transition, the LFMA 
exhibits a purely hysteretic signal, from trapped flux within the superconducting state, while 
above the transition, a narrow field width absorption peak (NP) appears in the signal, with the 
absence of any hysteresis, and vanishes at ~49 K, the temperature observed by other methods as 
the onset of “interfacial superconductivity.” We note a general increase in signal strength for 
(c,d) (partially due to demagnetizing factor), and a decrease in the onset temperature of the NP 
signal. All curves (a-d) have a clockwise hysteresis. 

 
We may further analyze this signal by fitting the temperature dependence of LFMA 

intensity to the Josephson junction model of Nebendahl {Nebendahl:1993wz}. The model states 
that LFMA intensity, as a function of temperature, should fit an equation of the form: 

  (3.1) 
where a0, η0, Tc, and α are determined from curve fitting. The α parameter is particularly 
important, as it indicates the type of Josephson junctions (JJ) present: α =1 for SIS-type junctions 
(superconductor-insulator-superconductor), α = 2 for SNS-type junctions (superconductor-
normal metal-superconductor). 
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Constraining 1 ≤ α ≤ 2, and assuming that the NP feature is due to JJs, we can fit the H || 
ab curve with Tc = 48.3 ± 0.6 K, α = 2, η0 = 1.23 × 103, and a0 = 5.04 × 105. (H || c gives similar 
fitting coefficients.) Therefore, not only is the predicted Tc of 49 K confirmed, but the behavior 
of the high temperature superconducting phase is determined to be from SNS-type Josephson 
Junctions. 

 

  
 
 (a) (b) 

 
Figure 3.10: Intensity of hysteresis (solid) and hysteresis+NP (squares) versus temperature, 
where Hmod = 1 G, Pmw = 19.43 mW, for orientation (a) H0 || ab, and (b) H0 || c. The dashed line 
is the fit to the model of Nebendahl (Eq. 1). The appearance of the NP is clearly visible as a 
spike in the total intensity curve which does not appear in the hysteresis intensity dependence. 
The split in signals occurs at 26 K for (b), but does not occur until 35 K in (a). 

 
The (Pr,Ca)112 system has a substantially different behavior in LFMA measurements. 

Typical LFMA spectra observed upon zero field cooling of a sample to 4 K and increasing T 
slowly are shown in Figure 4. We observe two noticeable differences between the 112 and 122 
systems. Firstly, the (Pr,Ca)112 results show no indication of a higher temperature NP-type 
signal, only the hysteretic signal of the low temperature phase below 23 K. Figure 5(a) shows the 
falloff of intensity with temperature, and no additional spike appearing from a high temperature 
phase NP-type signal. (This behavior is correlated by magnetization in Figure 5(b); the zero field 
cooled and field cooled curves split above 40 K for (Pr,Ca)122, but remain together until close to 
20 K for the (Pr,Ca)112.) Secondly, the strength of the signal decreases dramatically with 
increasing microwave power (see inset of Figure 5(a)), an effect which was not observed in the 
122 case. In fact, the strength of the LFMA spectra for (Pr,Ca)122 increases with microwave 
power.  The magnetic field component of the microwave radiation has a square root dependence 
on microwave power, and can be calculated {Anonymous:tr} to be Bmw = 2.73 G at 15.43 mW, 
where the LFMA signal vanishes for all temperatures below Tc. Further investigation is required 
to understand this unusual behavior, and the significance of this Hmw ~ 3 G transition with 
(Pr,Ca)112. 
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Figure 3.11: LFMA scans of (Pr,Ca)112 sample for various microwave powers, and hence 
magnetic fields. (All scans performed with modulation amplitude of 1 G.) Increased microwave 
power causes a rapid decrease in LFMA hysteresis. All curves have a clockwise hysteresis. 

 
 (a) (b) 
Figure 3.12: (a) Main plot: dependence of hysteresis and peak-to-peak intensity on temperature 
for (Pr,Ca)112 with Hmod = 1 G, Pmw = 0.774 mW. We note the absence of any high temperature 
phase appearing in either curve. Inset: Strength of hysteresis at 8K, with Hmod = 1 G, as a 
function of applied microwave power. (b) Main plot: Zero field cooled (lower) and field cooled 
(upper) magnetization data with an applied field of 10 Oe, comparing (Pr,Ca)122 with 
(Pr,Ca)112. We note that the 122 pnictide ZFC data deviates from the FC data above 40 K, while 
the 112 pnictide ZFC does not deviate from FC until near 20 K. Inset: M(H) measurement for 
(Pr,Ca)122 at 30 K, showing the same small Hc1 as LFMA. (Counter-clockwise hysteresis.) 
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In conclusion we showed that Low-field microwave absorption LFMA is a powerful and 
ultra-sensitive technique for characterizing complex, multiphase superconducting materials such 
as the (Pr,Ca)122 and (Pr,Ca)112 single crystalline systems. We have demonstrated the ability to 
detect small volume fraction of lower Tc1 by hysteretic LFMA in SC phases in both Pr-doped Ca 
112 and 122 systems, and even smaller volumes of  “interfacial” phases of the higher Tc2 phase 
in (Pr,Ca)122. Additionally, we have shown that the 122 and 112 systems do not behave 
similarly near T1c, a fact which is only known from the complete absence of the narrow peak 
signal in the Ca 112 samples. Additional analysis will be required in order to fully understand the 
complicated nature of multiphase superconductivity in these electronically doped Ca 122 and 
112 pnictides. 

 
3.4. Re-entrant behavior of  EuFe2(As0.73P0.27)2 

 

Superconductivity and ferromagnetism are both states into which a substance can enter upon 
decreasing temperature.  In most situations these states are in opposition to each other and the 
presence of one either prevents or removes the other.  However, it has been shown that 
GdCeRuSrCuO exhibits coexistence of bulk superconductivity (Tc = 42K) in the magnetic state 
(TN = 180K).1  In addition Felner et al. shows the magnetic state to be confined to the Ru site 
and suggests that the STM data shows the samples to be composed of a single phase and not a 
mixture of magnetic and superconducting phases. Coexistence was also found in the similar 
compound of RuSrGdCuO2

Superconductivity can be suppressed by a magnetic field to varying degrees depending on the 
specific material being tested.  This is normally evidenced by a shifting of Tc to lower 
temperatures under an applied magnetic field.  However, if the material in question has a 
magnetic ordering that is temperature dependent, and occurs both below and near the 
superconducting transition temperature, the sudden emergence of the internal magnetic field can 
suppress the superconducting phase enough that it results in an increase in the resistance below 
Tc.  The internal field stabilizes quickly below TM, and as the temperature decreases, the 
superconducting phase continues to increase to the point where it once again dominates the 
internal field and the resistance will decrease with temperature down to zero.   

 where superconductivity was observed in bulk transport 
measurements of the resistivity within the persisting ferromagnetic phase.  Recently, there has 
been more work on another class of compounds possessing iron that can be doped to become 
superconducting, and in some cases coexist with internal magnetic states as well. 

 Pnictides of the 122 variety contain Fe2As2 layers with either Ca, Sr, Ba, or Eu. They are 
interesting both for their lack of oxygen content and being rich in iron.  Superconductivity has 
been achieved in this system by both charge carrier doping, and suppression of the spin density 
wave (SDW) transition from the long range Fe order through applied pressure. 

In SrFe2As2, studies were able to show a superconducting transition with Tc = 19.5 K when the 
Fe sites were doped by Co.3  They go on to conclude that this superconducting phase coexists 
with magnetism (SDW) that occurs higher than Tc, around 120K.  
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In BaFe2As2, doping by Co also showed the emergence of superconductivity, including within 
the SDW state for lower doping levels.4

3.5. Re-entrant Superconductivity in EuFe2(As1-xPx)2  

  Additionally, there was a splitting of the SDW 

transition upon increasing doping levels until the transition fell below Tc.  The Co doping in Ba-
122 and Sr-122 both provides electrons and suppresses the long range SDW in Fe. 

   EuFe2As2 as a parent pnictide shows superconductivity upon doping into the FeAs layers, as 
well as long range magnetic ordering in the Eu sublattice.  Without doping, the Fe sites also 
undergo antiferromagnetic ordering. Upon substitutional doping of the As sites with P, the FeP 
bonds shrink the lattice applying a chemical compression.5  This has an effect on the Eu2+, 
changing some from divalent to trivalent Eu3+.  The reduced lattice spacing also has the effect of 
increasing the interlayer RKKY coupling and encouraging Eu spins to a ferromagnetic ordering.  
The effects of increasing doping levels are shown below in the data from Guanghan Cao[6]: 
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     Those polycrystalline samples were synthesized via solid-state reaction of EuAs, Fe2As, and 
Fe2P.  Samples were ground, mixed, and pressed into pellets before annealing at 1273K for 20 
hours.  Superconductivity occurs in EuFe2(As1-xPx)2 starting with a doping level of x = 0.2.  
Additionally, there is a shoulder in the resistance below TC that occurs at TM for the Eu.  The 
magnetic ordering at first suppresses the superconducting transition just below TM, as seen by an 
increase in the resistance, before the superconducting transition dominates again at lower T. It is 
worth noting that the competition between superconducting and ferromagnetic phases are 
uniquely evident in the Eu-122 pnictide due to the fact that Tc and TM transitions are within 5K 
of each other.   

                Additional samples of EuFe2(As0.73P0.27)2 were measured in a Quantum Design 
physical property measurement system. R(T) data shown below: 

 

      In this doping level, similar to those shown above, there is an increase in the resistance 
below the magnetic transition TM.  The onset of superconductivity is more rapid than in 
previous samples, reaching zero resistance before its re-entrance.  Interestingly, upon the 
application of increasing magnetic fields, the onset of Tc does not decrease or change, only 
the magnitude of the resistance drop decreases until it vanishes.  Once the resistance 
shoulder has disappeared, further increases to the magnetic field now serve to decrease Tc 
as expected. 

 
Part 4. SUPERCONDUCTIVITY IN LAYERED IRON CHALCOGENIDES: FeSe and 
FeSeTe. 
 

4.1. Overview of FeSe and FeTe Chalcogenide Synthesis and Properties 
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Type-11 iron based superconducting materials, as well as their type-122 siblings, possess a 
layered structure with an Fe square plane coordinated with either a pnictogen or chalcogen 
element.v  Iron chalcogenides of the 11 variety in general exhibit a high tolerance for magnetic 
fields while in the superconducting state, evidenced by a very gradual decrease in the transition 
temperature with applied field.  This makes them greatly sought after for applications involving 
high-fields such as superconducting magnet energy storage for which they exceed the field 
resistance of current niobium-based superconductors.vi

                         Figure 4.1: Phase diagram of Iron Selenide 

  

Bulk crystals of FeSe exist in several phases: δ-FeSe, β-FeSe (sometimes referred to as α-FeSe) 
as well as Fe3Se4 can all be produced during synthesis (Fig.4.1).  FeSe also exhibits a structural 
transition from tetragonal to orthorhombic with decreasing temperature.  Upon substitutional 
doping of Te, the phase diagram of FeSe1-xTex reveals the suppression of the structural transition 
along with an increase in Tc to a maximum in the tetragonal phase at x=0.5.vii  This crystal 
sublattice is similar to that found in the oxypnictides such as LaOFeAs. It is of note that pure 
FeSe does not show a clear superconducting transition unless it is selenium deficient, when it 
shows a Tc that reaches its peak at a 0.88 Se/Fe concentration.viii

 
  

4.2. Thin Films of FeSe, FeSeTe, and High Esitmated Hc2 
 

  FeTe does not show signs of superconductivity in the bulk, but when prepared and deposited as 
a thin film via pulsed laser deposition, it possesses a superconducting transition temperature 
above 12K.ix  In addition, experiments performed on films synthesized in vacuum determined 
that oxygen can be crucial to the superconducting properties of Fe1.08Te:Ox films, where formerly 
it was considered detrimental.x

 
 

Nearly all thin films of iron chalcogenides are currently deposited though pulsed laser deposition 
(PLD), in which a stoichiometric sintered target is ablated by a laser in order to grow a well 
ordered film on a substrate.  Deposition temperature, laser frequency, energy, and distance 
between the substrate and target are all variable parameters that can affect the quality of the 
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grown thin films with both film thickness and deposition temperature having a strong effect on 
the superconducting transition.xi

 
   

Interesting as well, are the differences between the calculated μ0Hc2 of the Werthamer–Helfand–
Hohenberg (WHH) theory: 

And the zero temperature Pauli limiting field for weakly coupled superconductors given by 
 

where λso is the spin-orbit scattering constant.   In polycrystalline samples of type-11 
FeSe0.25Te0.75 the dμ0Hc2/dT was found to have large values that gave rise to estimated WHH 
orbital limited fields that exceeded both the Pauli and paramagnetically limited fields.xii

 

  It is 
common for the upper critical fields measured to deviate from the WHH model and become 
smaller than the estimate at low temperatures.  In this case, the measured upper critical field 
μ0Hc2(0) ~ 40 T still interestingly exceeds the Pauli limited field. 

The objective for our research follows from the problems described above.  We desire to develop 
a method for making better films of iron pnictides and chalcogenides, since thin films show 
increased critical field (Hc) ,critical current (Jc), and transition temperatures (Tc).  Additionally, 
we want to better study the details of coexisting superconductivity and magnetism, and to clarify 
the role of magnetism in increased physical properties, such as Tc.  Further refined measurements 
of transport, magnetic and microwave properties are also desired to better study very thin films 
and nanostructures such as rods or fibers.  Finally, we want to create nanocomposite wires of 
iron pnictides and chalcogenides with CNT yarns for advanced applications. 

 
 

 
4.3.  PLD deposition of FeSeTe 

Pulsed laser depositon (PPD) is a physical vapor deposition technique whereby a high-power 
laser beam is used to excite a target of the material to be deposited,  This pulsed beam causes 
ablation of the surface material and subsequent generation of a plume of the target material that 
expands through the vacuum chamber before depositing as a thin film on the working substrate.   
Depositions can be carried out either in ultra high vacuum or with a background gas. 
Factors that influence the deposition rate include laser energy, laser frequency, target material, 
distance from target to substrate, temperature of substrate, and pressure of the vacuum chamber.  
The FeSe0.1Te0.9 thin films were deposited at 400°C on single crystal STO (001) and glass 
substrates with a KrF excimer laser (Lambda Physik Compex Pro 205, λ = 248 nm, 5 Hz). The 
distance from target to substrate was kept at 4.5 cm. The growth rate of the FeSe0.1Te0.9 was 
around 0.5 Å/pulse.  The laser power density was 3 J cm-2.  The base pressure for all the 
depositions was less than 1 x 10-6 Torr in vacuum. 

 
4.4. Pulsed Plasma Deposition of Higher Tc Superconductors (system developed in 
UTD) 
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The method of pulsed plasma deposition (PPD) is a physical vapor deposition technique.  It uses 
a high-voltage and high-current source of electrons to ablate solid targets.  Pulses up to 20 kV 
and 2 kA lasting less than 5 microseconds at up to 100 Hz generate an extremely high energy 
density at the target, ablating the material and forming a plasma.  The plasma expands outward 
from the target as a plume of ions towards the substrate where it deposits into thin films as can 
be seen in figure 4.3. 

4.4.1. Pulsed Plasma Deposition of FeSe0.1Te0.9 Thin films 

 

Figure 4.2  Image of the PPD chamber showing the rotating target holder, quartz nozzle, and 
substrate heater. 

Figure 4.3  PPD system in operation with visible plume of ablated material. 
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Running the PPD source requires an operating gas, in our case argon, that flows through the 
electron gun and into the vacuum chamber.  The powerful electric field generated during a pulse 
ionizes the gas which provides the high-energy electrons and plasma that bombards the target.  
This gas flow is highly adjustable, leading to a wide range of deposition chamber pressures from 
5 x 10-5 to 1 x 10-2 mbar.  Since the optimum pressure for deposition varies between materials, 
this allows for increased tuning to find the best conditions for a specific thin film.  In addition, 
the chamber pressure influences the type of electrons generated.  Low pressures encourage the 
generation of high-energy electrons but limits the maximum current, increasing the duration of 
the pulses.  High pressures function in reverse, lowering electron energies but increasing current 
amplitudes for a shorter pulse.  Chamber pressure, distance between gun and target, operational 
voltage, and substrate temperature are all variable parameters to adjust when finding the optimal 
regime for target deposition. 

Since the PPD does not rely on laser absorption to create the plasma, target materials that would 
otherwise be difficult to deposit through PLD are made usable by this method.  The pulse of 
energetic electrons can ablate all kinds of target materials, regardless if it is an insulator, 
semiconductor, metal, or even optically transparent.  The pulsed nature of the plasma and the 
resulting ablation of the target allows for deposition on substrates at room temperature even 
though the temperature of the plume is much greater. 

Preliminary depositions were carried out with a target of FeSe0.5Te0.5 on unheated substrates of 
glass, SrTiO3, and carbon nanotube sheets.  Transport measurements of the resulting thin films 
confirmed that they were continuous but not superconducting. 

Figure 4.4  Resistance vs temperature measurements of FeSe0.1Te0.9 on plain glass substrate. 

DISTRIBUTION A: Distribution approved for public release.



Figure 4.5  Resistance vs temperature measurements of FeSe0.1Te0.9 on SrTiO3. 

Installation of a new substrate heater allowed for deposition to be done at 400°C with a chamber 
pressure of 1.2 x 10-4 mbar with the substrate at a distance of 3.4cm from the target and pulses up 
to 12kV.  Samples were prepared and deposited on substrates of glass and SrTiO3 with a 
thickness of ~100nm.  Figure 2.4 shows FeSe0.1Te0.9 deposited on glass with a Tc

onset of around 
~10 K, and figure 4.5 shows the same chalcogenide deposited on the single crystal SrTiO3 with a 
Tc

onset of ~11 K.  Because of the extremely broad transition, the superconducting volume fraction 
must be considerably low, likely the result of non-optimized deposition conditions. 

 
4.5.  Increased Hc2 in FeSe0.1Te0.9 close to as compared to FeSe0.5Te0.5   
                                    
Ever since the discovery of the iron-based superconductors [1], they have aroused a great deal of 
research interest. Among them, the ‘11’ type iron based superconductor iron chalcogenide has 
the simplest structure with only a binary composition. The iron chalcogenide FeSe1 – xTex 
demonstrates the interplay of structure, magnetism and superconductivity; the end-members 
FeSe and FeTe have quite different physical properties although they have similar crystal 
structure at room temperature. FeSe exhibits metallic behavior in the normal state and has a T 
onset c of 13 K [2]. FeSe and the composition close to the FeSe end will experience a transition 
from tetragonal to orthorhombic structure at low temperature described as distortion, indicated 
by the peak split in the XRD plot reported by Wang et al [3]. It was argued that the structural 
distortion is highly related to the superconducting transition temperature. The transition may also 
be suppressed by substrate confinement, for example, epitaxial thin film on MgO, SrTiO3 and 
LaAlO3 substrates with square pattern growth templates (a = b), which is not in favor of 
transition to the orthorhombic structure with a ≠ b. 
 
FeTe was predicted to have the highest transition temperature among the iron chalcogenide 
family [4].  However, FeTe exhibits antiferromagnetic (AFM) ordering at around 70 K along 
with a transition from tetragonal to monoclinic structure, which also corresponds to an anomaly 
in the temperature dependence of the resistivity plot, and it does not show superconductivity in 
bulk form [5]. Se or S can be covalently doped into FeTe to suppress the antiferromagnetic order 
from long range to short range to induce the superconducting transition [6]. The bulk materials 
have already been studied for the tellurium substitution effect on the superconductivity [2,5,7]. 
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High quality epitaxial thin film is an ideal template to conduct a comparison study of the 
superconducting properties in correspondence with theoretical calculations. Differently from 
their bulk material forms, epitaxial superconducting FeTe thin films have been obtained through 
the strain effect [8] and oxygen incorporation [9,10]. a super high upper critical field close to 200 
T has been achieved in FeTe thin films, which demonstrates the potential of this iron 
chalcogenide superconductor in high field applications [11,12]. 

     Figure 4.7.   The dependence of the transition temperatures (Tc
onset and Tc

zero from transport 
measurements) on x in FeSe1 – xTex.  The highlighted area marks the region for the compositions in 
this work and FeSe0.1Te0.9 presents the highest Tc, ranging from ~13.3 K (Tc

onset) to ~12.5 K (Tc
zero). 

       
Towards practical applications, the drawback of FeTe films is their low critical current 
density, which is not measurable even at 2K by a vibrating sample magnetometer (VSM) 
in a physical property measurement system (PPMS). The low critical current density is 
possibly due to the low superconducting volume fraction in FeTe thin films and only the 
portion effectively doped with oxygen interstitial or substitution causing distortion to the 
parent non-superconducting phase demonstrates superconductivity. This explanation was 
also supported by the coexistence of superconducting and antiferromagnetic properties in 
iron chalcogenide superconductors such as FeTe thin films [8,9] and KyFe2 – xSe2 [13–15]. 
It is also possible that the high upper critical field results from the parent 
antiferromagnetic phase. 
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   Figure 4.8.  XRD plots of the single layer FeSe0.5Te0.5, FeSe0.1Te0.9, and FeTe thin films 
on STO substrates. (a) θ – 2θ scan, (b) Φ scan of the FeSe1 – xTex peaks. 
 
    To resolve this dilemma and to achieve both high upper critical field and high critical 
current density for practical applications, we propose to explore FeSe1–xTex epitaxial thin 
films with compositions close to the FeTe end, the end with antiferromagnetic order. The 
Te rich compositions are far away from the FeSe side without the orthorhombic transition 
at low temperature and close to the FeTe end without the monoclinic transition at low 
temperature. The idea lies in introducing chemical pressure into the parent FeTe phase to 
suppress the structural change at low temperature as well as the long range magnetic order 
to induce superconductivity. Se was selected to dope into the FeTe thin film to achieve 
homogeneous and stable incorporation because of the small ionic size difference between 
Te and Se. Microstructural and superconducting property characterizations were 
conducted to explore the optimum compositions for structural stability and 
superconducting properties. 
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     Figure 4.9.  Parts (a) and (b) show the R(T) plots of the FeSe0.1Te0.9 and FeSe0.5Te0.5 
thin films on STO from 2 to 300 K.  The insets in (a) and (b) show the detailed 
superconducting transition regime from 2 to 20 K under magnetic field.  The estimations 
for Hirr and Hc2 are shown in (c) and (d) for FeSe0.1Te0.9 and FeSe0.5Te0.5 respectively. 

 
    FeSe, FeSe0.9Te0.1, FeSe0.5Te0.5, FeSe0.1Te0.9, FeSe0.05Te0.95, and FeTe  targets 
were prepared by a standard solid-state reaction method with the appropriate 
stoichiometric mixture of Fe, Se and Te powders. The pure FeSe1–xTex (x = 0.5, 0.9, and 
1)  thin films were deposited at 400°C on single crystal STO (001) substrates in a pulsed 
laser deposition (PLD) system with a KrF excimer laser (Lambda Physik Compex Pro 
205, λ = 248 nm, 5 Hz). During deposition, the target–substrate distance was kept at 4.5 
cm. The growth rate of the FeSe1–xTex was around 0.5 Å/pulse.  The laser power density 
was 3 J cm-2.  The base pressure for all the depositions was less than 1 x 10-6 Torr in 
vacuum.  The total thickness of the FeSe0.5Te0.5 thin films was kept at around 100 nm. 
     The microstructure of the films was characterized by x-ray diffraction (XRD) 
(Panalytical X’Pert x-ray diffractometer), transmission electron microscopy (TEM) (FEI 
Tecnai G2 F20) and aberration-corrected scanning transmission electron microscopy 
(STEM) (TEAM 0.5, a modified FEI Titan microscope). The superconducting properties 
were characterized using resistivity–temperature (R(T)) measurement from 2 to 300 K 
with a four point probe method in a PPMS (Quantum Design). Both the self-field and the 
in-field critical current density (Jc

sf and Jc
in-field (H‖C)) were measured under an applied 

magnetic field of 0-9 T at various temperatures with a VSM in the PPMS. 
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         After all the different composition films have been deposited, the superconducting 
properties of the films are first screened by temperature dependence of resistivity (R(T), 
2–300 K) measurements to screen the compositions. The Tc plots for Tc

onset and Tc
zero are 

shown in figure 2.7.  It is clear that FeSe0.1Te0.9 presents the highest Tc at 13.3 K while 
FeSe0.9Te0.1 and FeSe0.05Te0.95 either did not show obvious Tc

zero or showed lower Tc 
results than FeSe0.1Te0.9.  Therefore, this study focuses on the composition FeSe0.1Te0.9 
and its comparison to FeSe0.5Te0.5 and FeTe.  Figure 2.8(a) shows the standard θ – 2θ 
XRD scans for the FeSe0.5Te0.5, FeSe0.1Te0.9, and FeTe films deposited on STO substrates.  
All three films are determined to be in the tetragonal phase without impurity phases and 
highly textured along FeSexTe1-x(00l) on STO (001).  With increasing Te concentration 
the c axis parameters become larger for the FeSe0.5Te0.5, FeSe0.1Te0.9, and FeTe films and 
are calculated to be 5.9615 Å, 6.1851 Å, and 6.2585 Å, respectively.  Figure 2.8(b) shows 
the Φ scans of the FeSe1-xTex(112) peaks for FeSe0.5Te0.5, FeSe0.1Te0.9, and FeTe.  The 
four sharp peaks indicate the in plane texture for the thin films.  The full width at half 
maximum (FWHM) values for the FeSe0.5Te0.5, FeSe0.1Te0.9, and FeTe(112) peaks are 
3.7°, 1.9°, and 5.3°, respectively.  Apparently, the in plane alignment for the FeTe film is 
not as good as that of the doped one with the FeSe framework.  It is noted that the 
FeSe0.1Te0.9  has an even better in plane texture than the FeSe0.5Te0.5 thin film. 
      R(T) results (2-300 K) for FeSe0.1Te0.9 and FeSe0.5Te0.5 films on STO are plotted in 
figures 2.9(a) and (b), respectively.  The details from 2 to 20 K are shown in the insets of 
(a) and (b).  The FeSe0.5Te0.5 film shows a transition temperature Tc ranging from ~12.5 K 
(Tc

onset) to 10.5 K (Tc
zero).  In comparison, the FeSe0.1Te0.9 has a higher transition 

temperature Tc ranging from ~13.3 K (Tc
onset) to ~12.5 K (Tc

zero), which is also higher than 
that of its bulk counterpart [5, 7].  The R(T) measurements under magnetic field parallel to 
the c-axis up to 9 T was carried out to estimate the upper critical field.  The irreversibility 
line Hirr(T) extrapolated with the Tc

zero and upper critical field Hc2(T) extrapolated with the 
middle point of Tc(Tc

mid) and Tc
onset [16,17] are both plotted.  The upper critical field is 

estimated by the WHH model, 

                                                    − Hc2 (0)=
0.7 T c dH c2

dT∣Tc
                                                

Based on the Tc
mid, the upper critical field Hc2 is estimated to be 49 T and 114 T for the 

FeSe0.5Te0.5 and FeSe0.1Te0.9 films, respectively from the Tc
mid. The Hc2 is much higher in 

the FeSe0.1Te0.9 thin film and the value is comparable to those of pure superconducting 
FeTe thin films deposited on STO substrate [8] and in controlled oxygen atmosphere [9]. 
Compared to the pure FeTe, it is much easier to get reproducible results in terms of 
homogeneity as well as deposition condition control in the vacuum deposited FeSe0.1Te0.9. 
It is apparent that the FeSe0.1Te0.9 shows smaller normal state resistivity compared to the 
FeSe0.5Te0.5, which is consistent with the finding of better epitaxial quality based on the Φ 
scan. Another feature of FeSe0.1Te0.9 is the anomaly corresponding to the structure and 
magnetic transition in the R(T) plot usually reported at around 70 K for FeTe bulk and 
thin film [18], which indicates that the antiferromagnetic transition becomes a broad hump 
starting at a temperature higher than 100 K. 
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      Figure 4.10. The field dependence of the critical current density for (a) FeSe0.5Te0.5 
and (b) FeSe0.1Te0.9 thin films. The inset shows the magnetic hysteresis loops of the 
FeSe0.5Te0.5 and FeSe0.1Te0.9 thin films at 2, 4 and 8 K. (c) Normalized field dependence of 
the critical current density for the FeSe0.5Te0.5 and FeSe0.1Te0.9 thin films. 

 
     The magnetic hysteresis loops measured with the magnetic field parallel to the c-
axis of the thin films are compared in figure 4.10 for the FeSe0.5Te0.5 and FeSe0.1Te0.9 thin 
films. There is no obvious fishtail shape in the hysteresis loops for any of the samples, 
indicating that our films are free from the weak or non-superconducting phases reported in 
bulk FeSe0.5Te0.5 [19,20]. The critical current densities were derived by the Bean model, 
which gives a reasonable estimation of the actual Jc value for moderate magnetization 
change in the testing range [19–21]. The calculated Jc values are plotted in figure 2.10 for 
2, 4 and 8 K.  Self-field Jc is as high as 1.8 x 105 A cm-2 at 2K, 1.3 x 105 A cm-2 at 4 K, 
and 0.5 x 105 A cm-2 at 8 K for the FeSe0.1Te0.9 thin film, compared to 3.4 x104 A cm-2 at 2 
K, 2.0 x 104 A cm-2 at 4 K, and 0.14 x 104 A cm-2 at 8 K for the FeSe0.5Te0.5 thin film.  In 
addition, the Jc degradation of the FeSe0.1Te0.9 thin film is much slower under applied 
magnetic field, as indicated by the normalized Jc dependence on the magnetic field in 
figure 2.10(c). It should be noted that the Jc values of FeTe films were also measured by 
magnetization measurements. However, there is no obvious opening even at 2 K, which 
possibly indicates that the superconducting volume of the sample is relatively low. 
Therefore, it is difficult to give a definite value of the Jc for FeTe films at this stage. 
Further work is ongoing in the laboratory to further improve the FeTe transport properties. 
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       The cross-section TEM images of FeSe0.1Te0.9 thin film on STO substrate and the 
corresponding selected area electron diffraction (SAED) patterns in the insets in figures 
2.11(a) and (b) both show that the c-planes are parallel to the substrate surface with 
excellent epitaxial quality. The high resolution image along the film–substrate interface 
shows obvious film lattices and the clean film–substrate interface. The film thickness is 
around 100 nm. The film quality is comparable to the FeSe0.5Te0.5 thin film on STO 
substrate reported previously [22]. The c-axis parameter and ab plane lattice parameter of 
the FeSe0.1Te0.9 thin film are calculated to be 6.1721 Å and 3.8519 Å, respectively, 
according to the diffraction pattern. The c-axis parameter is consistent with the XRD 
result. Compared to the previous bulk FeSe0.1Te0.9 with c ~ 6.2136 Å and a ~ 3.8175 Å 
[7], the unit cell volume remains almost the same and the film lattice has ~0.67% 
compression in c and ~0.9% tensile strain in a.  It is similar to the FeTe thin film on STO 
substrate which easily adapts to accomodate the mismatch with the substrate [8]. 
      Figure 4.8(c) is a representative cross-section STEM micrograph. In STEM with the 
high-angle annular dark-field (HAADF) configuration, the image contrast is proportional 
to ~Z2. The contrast variation clearly demonstrates dark contrast nanoclusters which 
indicate the non-uniform distribution of the film composition. There are also nanoclusters 
with an average diameter of ~2 nm uniformly distributed in the thin film. This is, in a way, 
similar to our previous findings on the non-uniform composition distribution in 
FeSe0.5Te0.5 films, with dark contrast clusters as Te deficient or Se rich areas [22]. We 
further studied the details of the compositional variation with the intensity line profile 
based on the STEM images. It should be noted that the image contrast is an average 
through the sample TEM thickness. 
 
The intensity line profile across one such nanocluster, as marked by the arrow, is inserted 
in figure 2.8(d). It is obvious that the intensity difference is much lower than the value of 
ZTe

2=ZSe
2 and therefore suggests that the entire film region contains both Te and Se with 

minor variation in the composition between the matrix and the nanoclusters, i.e., slightly 
Se rich and Te deficient in nanoclusters. The volume fraction of the clusters is calculated 
to be ~6.28%. The average distance between clusters is ~5 nm, which is of the order of the 
coherence length of the iron chalcogenide [1,23]. The intrinsic chemical inhomogeneity 
was reported in an Fe1+ySe1–xTex thin film study with STEM [24], and this nanoscale 
phase separation of the Te rich or Te deficient clusters with different superconducting 
transition temperatures compared to the ‘parent’ phase acts as possible flux pinning 
centers to enhance the in-field Jc and the pinning force [22]. In the case of FeSe0.1Te0.9, it 
is highly possible that point defects of composition variation can work as the flux pinning 
centers which yield high upper critical field. It was reported that better pinning properties 
are expected upon further optimization of the composition to get more self-assembled 
pinning centers [11]. 
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        Figure 4.11. TEM results: (a) low magnification cross-section overview with the inset 
showing the SAED for the film with the substrate, (b) high resolution cross-section view for the 
FeSe0.1Te0.9 thin film on STO substrate, (c) STEM image of the low magnification cross-section 
overview for the FeSe0.1Te0.9 film on SrTiO3 (100) substrate, (d) high resolution STEM with 
intensity line profile along the marked chalcogen plane in a typical dark cluster, (e) high resolution 
Cs-corrected STEM image for the FeSe0.1Te0.9 film on the SrTiO3 (100)substrate, (f) enlarged view 
of the atomic lattice of the FeSe0.1Te0.9 thin film; the intensity line profile along the marked 
chalcogen plane is inserted. 
       
      To explore the Se and Te composition distribution in the film, an intensity line profile 
across the chalcogen planes was applied in the enlarged high resolution Cs-corrected 
STEM image in figure 2.8(e) to study the Se and Te distribution in the ‘parent’ phase. 
There is no obvious intensity variation in the peaks, as illustrated in the line profile 
inserted in figure 2.8(f), which indicates the homogeneous distribution of the Se and Te 
elements in the ‘parent’ phase, and also there is no obvious structural variation. The 
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intensity profile in the STEM micrograph identified a nearly random distribution of the Te 
and Se, which is very similar to our previous STEM study on FeSe0.5Te0.5[24] and single 
crystal FeSexTe1–x (0<x<0.5) by Ekino et al [25]. 
       Based on the above observation, a random distribution of the Te and Se throughout 
the ‘parent’ phase in the FeSe0.1Te0.9 thin film seems more reasonable and more likely to 
achieve better superconducting properties. Compared to the ineffective and unstable 
doping of oxygen into the FeTe indicated by the reversible oxygen incorporation during 
the thermal cycle under different atmospheres [10], uniform Se doping could be more 
ideal. The approach of doping the parent FeTe with a small amount of Se has been 
demonstrated to be effective to achieve homogeneous superconducting properties at the 
small price of a minor decrease of the upper critical field compared to FeTe:Ox thin film. 
In addition, a much higher critical current density was achieved in this FeSe0.1Te0.9 thin 
film compared to the FeSe0.5Te0.5 thin film. It is interesting that, even with minor Se 
doping in FeTe films, the FeSe0.1Te0.9 thin film still maintains the main characteristics of 
FeSe0.5Te0.5 films, such as tetragonal crystal structure, high critical transition temperature, 
high critical current, reproducible film growth, long term phase stability and good 
epitaxial quality. Now, combined with a high Hc2 value as large as 114 T, superconducting 
FeSe0.1Te0.9 thin films hold great promise for future high field applications. 
        In this research we have successfully grown epitaxial superconducting FeSe0.1Te0.9 
and compared it with FeSe0.5Te0.5 and FeTe thin films on STO substrates. The FeSe0.1Te0.9 
on STO has a transition temperature Tc ranging from ~13.3 K (Tc

onset) to ~12.5 K (Tc
zero). 

The Hc2 of the film is ~ 114 T, which is comparable to that of the superconducting FeTe 
thin film but much higher than that of the FeSe0.5Te0.5 thin film on STO. At the same time, 
a higher critical current density compared to the FeSe0.5Te0.5 thin film, which is promising 
for practical applications, was achieved in the FeSe0.1Te0.9 film. These results show that 
iron chalcogenide superconducting thin film with composition close to the magnetic order 
(FeTe side) presents great potential for high field applications. 

 
 

5.SUPERCONDUCTING WIRES BASED ON MgB2 COATED CNT. 
 

Superconducting properties of pure and C-nano doped magnesium diboride 

5.1. Introduction: Magnesium Diboride MgB2 as High Hc and Jc Classical Superconductors 

MgB2 is a promising superconductor for large scale industrial applications due to its high critical 
temperature (about 40 K), exceptional critical current densities, relatively low anisotropy, and 
low cost of starting materials. The significant advantage of MgB2 based superconductors is that 
MgB2 has “weak link” free grain boundaries and the supercurrent density is controlled by flux 
pinning rather than by grain boundary connectivity. But critical fields and critical current of a 
pure MgB2 are lower than in conventional superconductors NbTi and NbSn3. Significant 
improvements of superconducting properties of MgB2 can be achieved by doping with carbon-
based materials. 
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5.1.1. Origin of superconductivity in MgB2 

MgB2 is a metal with layered structure, where Mg atoms are located between the centers of 
hexagons of honeycombed boron planes (Figure 5.2a). The electronic states at the Fermi level 
are either σ- or π-bonding boron orbitals (Figure 5.2b-d) [62]. Two σ-states are confined in the 
boron planes, and couple very strongly to the in-plane vibration of boron atoms. This results in a 
strong electron-pair formation of the σ-bonding states with an average energy gap of 6.8 meV. 
Two π-states are formed between boron planes which also couple with phonons, and contribute 
to Cooper pair formation with smaller band gap of 1.8 meV (Table 2). Due to charge transfer 
from σ- to π-band, localized holes of σ-band are formed within the boron layer and have high 
anisotropy, while electrons at π-band are delocalized over the whole crystal. 

 
  a   b   c   d 

Figure 5. 8: a) crystalline structure of MgB2 [63]; b-c) σ-bonding states at Fermi level, derived from 
px,y orbitals; d) π-bonding states, derived from pz orbitals [62]. 

 
∆(0), meV λ(0), nm ξ(0), nm κ=λ/ξ 

σ 7.1 47.8 13 3.68 

π 2.2 33.6 51 0.66 

Table 5. 2: Characteristic properties of the σ and π bands. ∆(0) – zero temperature band gap, λ(0) zero 
temperature penetration depth, ξ(0) – zero temperature coherence length, κ=λ/ξ – Ginsburg-Landau 
parameter.[64] 

The single-band Ginzburg-Landau (GL) model is not valid for MgB2, and the theory has to be 
extended to the two-band case. The most straightforward approach is to express the free energy 
of the superconductor as a sum of two single-band GL functionals plus a Josephson type 
coupling term [65]. The interband coupling causes superconductivity always to appear in both 
bands at the same temperature [66], although superconductivity in the π-band has much less 
contribution and the band gap is small (Table 2). At small magnetic field (below 1 Tesla) and 
close to the transition temperature, Cooper pairs of the π-band have a noticeable contribution to 
the superconductivity, and that results in a positive curvature of upper critical field (𝐵𝑐2) near the 
critical temperature (𝑇𝑐) [67]. 
Characteristic properties of the σ and π bands. ∆(0) – zero temperature band gap, λ(0) zero 
temperature penetration depth, ξ(0) – zero temperature coherence length, κ=λ/ξ – Ginsburg-
Landau parameter.[64] 
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5.1.2. Superconducting properties of pristine undoped MgB2 

The critical temperature of pure MgB2 is considered to be 39.4K [68], and depends on the quality 
of the superconductor and impurities [69]. The only mechanism observed at the moment that can 
increase 𝑇𝑐 – is softening of the 𝐸2𝑔 phonon mode, which is strongly coupled to the σ-band. It is 
observed in high quality thin films of MgB2, where the lattice mismatch puts a tension on the 
MgB2 boron plane and increases the lattice parameter [70, 71]. Considering this, theoretical 
calculations suggest unique superconducting properties with high 𝑇𝑐 in MgB2-graphene bilayered 
structures [72]. 
The main four mechanisms that reduce the critical temperature are the reduction of density of 
states, the reduction of σ-band anisotropy, the hardening of the 𝐸2𝑔 phonon mode and intraband 
scattering. All the experiments on pressure as well as doping with various compounds showed 
the reduction of 𝑇𝑐 [73]. 
Studies of MgB2 single crystals showed anisotropy of superconducting properties, and first of all 
– magnetic properties [74]. The anisotropy coefficient 𝛾 = 𝐻𝑐2𝑎𝑏 𝐻𝑐2𝑐⁄ = 𝜉𝑎𝑏 𝜉𝑐⁄  ranges from 1.5 
to 4.5 depending on measurement techniques (Figure 3a), and increases for higher critical fields, 
since the contribution from σ-band become dominant. Even if the in-plane upper critical field 
exceeds 20 T with approaching 0 K, the out-of-plane critical field hardly reaches 5 T. Similar 
behavior is observed for textured thin films of MgB2 of a very high quality, although the film is 
polycrystalline [75]. So the grain boundaries can be considered transparent for supercurrent, 
which is confirmed by many other experiments and makes MgB2 attractive for practical 
applications  
In polycrystalline samples, upper critical fields reach about 15 T at 0 K (Figure 4b) which is 
lower than the maximum critical field reached in a single crystal, and show almost linear 
behavior with a pronounced positive curvature near 𝑇𝑐. With approaching nanocrystalline grain 
size of 40-100 nm, the slope of critical field dependence is higher with the lower 𝑇𝑐 (Figure 4b) 
[76]. Preparation conditions play a major role in superconducting properties of polycrystalline 
samples; the main improvement can be attributed to a low relative purity of samples (96 %).  
 
From the phenomenological Ginzburg-Landau theory the upper critical field Bc2 is related to the 
coherence length  ξ in the following way: 
 

𝐵𝑐2 =
Φ0

2𝜋𝜉2
 (1.3) 

Here Φ0 = ℎ
2𝑒 = 2.07 ∙ 10−15 Wb is the magnetic flux quantum. This relationship holds for high 

quality superconductors where the mean free path of electrons is much higher than coherence 
length (𝑙 ≫ 𝜉). If this condition is not valid, then the coherence length has to be modified 
1
𝜉

= 1
𝜉0

+ 1
𝑙
, where 𝜉0 is the intrinsic coherence length of the superconductor, 𝜉, the effective 

coherence length and 𝑙, the mean free path. Even without deep analysis, it can be clearly seen 
that as mean free path decreases, it starts dominating the effective coherence length and, as a 
result, upper critical field increases. The essence of decreasing mean free path is introduction of 
so called scattering centers 
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Figure 5.9: a) MgB2 single crystals, measured by various techniques for magnetic field applied along the c- and ab- 
axes. Inset shows the temperature dependence for the anisotropy coefficient γ [74]; b) critical field of poly (lines) 
and nano-crystalline (lines with symbols) MgB2 [76]; c) upper critical field of high quality textured MgB2 thin film, 
where c-asix is perpendicular to film surface [75]; d) upper critical field of MgB2 tapes, developed for commercial 
applications [77]. 

 
In MgB2 scattering centers can have various natures, usually of atomic size, such as vacancies, 
local disorder, grain boundaries, impurity-substitution atoms and nanocrystalline inclusions. So 
that even in comparison between polycrystalline and nanocrystalline samples the significant 
increase of upper critical fields can be explained by more defective structure in the latter (Figure 
5.3b). 
The common limit for achievable critical current density in superconductor is a depairing current 
Jd, that can be estimated with equation:  
 Jd = Φ0

3√3πλ2ξμ0
. (1.4) 

Here λ is the penetration depth and μ0 = 4π ∙ 10−7 V·s·A-1·m-1, the permeability of free space. 
The depairing current can be achieved only partially in superconductors (up to 10-15%) and 
mostly with optimized pinning, which prevents vortex flow. At 0K and without a magnetic field 
the main contribution to the superconducting current comes from σ-band, and if we use 
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parameters from Table 2, the depairing current density is 𝐽𝑑 ≈ 3.4 ∙ 1012 A·m-1. If the magnetic 
field above 1 Tesla is applied, the depairing current decreases [67]. 

 
Figure 5. 10: a) Critical current density for thin film at various temperatures [78]; b) critical current 
density of polycrystalline superconducting tapes [77]. 

The highest critical current density reported for thin films is around 3 ∙ 1011 A·m-1 from 
transport measurements (Figure 4) [78], although other reports have similar values [79, 80]. It 
has been shown that with decreasing grain size, the critical current increases, and this effect is 
attributed to improved flux pinning. Thus, grain boundaries can provide strong pinning. 
Improvement of 𝐽𝑐 by pinning is also confirmed in bulk samples, doped with nanocrystalline SiC 
(Figure 4).  

5.1.2.1. Improvement of superconducting properties of magnesium diboride by 

inclusion of carbon nanoparticles and by carbon doping 

The main important goal of doping is the enhancement of critical current and critical fields. 
There are two main mechanisms for such enhancement (as discussed above): boron substitution 
creates electron scattering centers, and incorporation of defects and impurity particles increases 
flux pinning strength [81]. 
The best results on enhancing 𝐽𝑐 − 𝐻𝑐2 performance are obtained by adding carbon in elemental 
form (fullerenes, nanotubes, nanodiamond, graphene) or by C-containing compounds such as 
SiC, TiC, B4C, and organic compounds. Improvement of the 𝐽𝑐(𝐻) dependence on different 
types of doping of MgB2 wires and tapes is shown in Figure 5. The in-field critical current for 
nano-SiC doped samples increased by more than one order of magnitude compared with the un-
doped samples. Fresh reactive carbon is released from the SiC at low temperature (600 °C), 
when SiC reacts with Mg to form Mg2Si. This reactive carbon can effectively substitute boron, 
and highly dispersed particles of Mg2Si and nanosized C act as flux pinning centers. 
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Figure 5.11: a) 𝑱𝒄 −𝑯𝒄𝟐 for MgB2 doped with various carbon containing compounds [82]; b) 𝑱𝒄 −𝑯𝒄𝟐  – 
MgB2 wire doped with carbon nanotubes [83]. 

The organic materials can decompose at relatively low temperatures, and generate the reactive 
carbon for MgB2 doping. But the high amount of oxygen that comes with the organic doping can 
negatively affect superconducting properties. 

  
Figure 5. 12: Superconducting properties of CNT doped MgB2 [84]: a) critical temperature as a function 
of the nominal carbon content using different carbon sources; b) Critical current density – field 
dependence from magnetization measurements with the same nominal composition x=10%, but different 
CNT types; c) upper critical field derived from transport measurements. 

Doping of MgB2 with carbon nanotubes showed significant improvements of superconducting 
properties, and also can be used to reinforce, improve heat transfer, and dissipation [85]. The 
optimum CNT nominal content is about 10% for highest 𝐽𝑐 − 𝐻𝑐2 performance. Comparing 
different types of nanotubes, one finds the highest effect on critical current from double-walled 
[86] and multi-walled CNT (20-30 nm diameter) [87] (Figure 6). That can be attributed to a more 
homogeneous C-incorporation by avoiding nanotube agglomeration. 
 
As a summary, even though critical temperature of MgB2 is only 39K, which is low for using 
cheap liquid cryogenic technologies based on liquid nitrogen, MgB2 is a promising 
superconductor for large scale industrial applications due to its exceptional critical current 
densities, relatively low anisotropy, and low cost of starting materials. It is a real competitor with 
commercial superconductors: NbTi and Nb3Sn. The significant advantage of MgB2 based 
superconductors over BSCCO (Tc~ 108K) and YBCO (Tc~92K) is that MgB2 has “weak link” 
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free grain boundaries, so the supercurrent density is controlled by flux pinning and by grain 
boundary connectivity [88]. 
Chemical doping is one of the most effective and relatively simple ways to improve 
superconducting properties of MgB2 and includes element substitution and/or inclusion of 
impurity particles. Even though no dopants were found to increase the transition temperature, 
substitutional and inclusion doping improved flux pinning, infield critical current densities, 
upper critical and irreversibility field. The most significant effect was observed for carbon and 
carbon-based compound doping [81]. Carbon nanotubes have several advantages as a component 
of superconducting composite: they can carry relatively high currents comparing to copper, can 
provide mechanical strength and have high thermal conductivity, which can improve thermal 
stability and enhance heat dissipation of MgB2 wire. Being one-dimensional nanostructures, they 
can act as highly effective pinning sites. 
 
As clear from the above Introduction both CNT and MgB2 are representing two classes of novel 
electronic materials, created in last decade and holding great potential for applications. 
 
The motivation for the present work was to combine this two unique materials and create a 
composite MgB2/CNT nanostructures which will have  superior properties to all existing 
superconducting wire systems beating them either in electrical or mechanical or thermal 
performance at same or less cost. 
Particularly the objectives are to create MgB2/CNT yarns, that can be combined into 
superconducting wires, that will be flexible, lightweight and will beat existing PIT (powder in 
the tube) type MgB2 wires in flexibility and nish applications. 
For this several tasks has been solved: 
The novel method was developed to synthesize MgB2 on the surface of carbon nanotubes, which 
included two steps: laser assisted chemical vapor deposition of boron on CNT sheets and 
annealing in Mg vapors to convert it into MgB2. The important question addressed in this process 
was optimization of synthetic conditions and the analysis of the thickness, morphology and 
crystalline structure of MgB2/CNT nanowires. 

5.1.3. Studying of superconducting properties of MgB2/CNT sheets yarns. 

Superconducting properties will be characterized with transport measurements and 
magnetization measurements. Critical temperature, critical field and critical current density of 
various MgB2/CNT yarns will be found and correlated with correlated with morphological and 
structural characteristics. Since our superconducting matrix is extremely porous (>90% porosity), 
we will pay special attention to the calculations of a critical current density, which is usually 
normalized by cross-section area. Several techniques will be used to improve the estimation and 
to compare with reported values for MgB2 superconductors. The anisotropy of superconducting 
propertis will help to understand the role of carbon nanotubes in such composites. 
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5.1.4. Superconducting wires based on MgB2/CNT hybrid sheets and yarns 

Soon after its discovery, MgB2 was already considered a promising candidate superconductor for 
various applications [1]. Besides having superconducting properties that are comparable to or 
even better than commercially used superconductors, MgB2 also has a simple crystalline 
structure, low density and can be synthesized from cheap raw materials. MgB2 can be prepared 
in the form of nanoparticles [2], nanofibers [3] and thin films [4], that have similar, or even 
improved, superconducting performance relative to its bulk form. 
The standard approach to make strong superconducting wires of brittle materials, such as MgB2 
is a powder-in-tube technique. The main disadvantages of this method are poor connectivity 
between MgB2 grains, usually covered with oxides, and low filling factor of the powder in 
cladding [5]. Also, these MgB2 wires are not very flexible: its bending strain before failure, 
defined as a ratio of wire diameter to the yarn diameter, is below 0.005 [6]. Doping with carbon 
compounds (organic compounds, nano-carbon, fullerenes, CNTs, graphene, and nanosized 
carbides) improves superconducting properties in high magnetic fields for drawn wires and tapes 
[7]. The final performance of doped MgB2 samples also improves due to increased filling factor, 
introduction of defects into crystalline structure and decrease of MgB2 grain size [7,8,9]. 
Carbon atom inclusions in the MgB2 crystalline structure serve as electron scattering centers, that 
increases the upper critical field (Hc2) and consequently critical current density (Jc), since the 
sample can sustain higher fields generated by current flow [10]. On another hand, embedded 
nanosize particles serve as pinning centers that hinder vortex movement, which requires energy 
and give rise to resistance. Carbon nanotubes, aside from doping effects, also provide mechanical 
reinforcement, improve heat transfer, and supply current dissipation in MgB2 superconducting 
wires [8]. The optimum CNT content seems to be about 5 wt% for highest Jc and Hc2 (which 
corresponds to the composition MgB1.8C0.2) [11]. 
Another synthetic approach to superconducting wires has been reported for MgB2 in which 
160 µm wires are produced by diffusion of Mg into the boron layer deposited around tungsten 
wires [12]. However, this method produces samples with multiple defects and cracks, which 
significantly reduces the mechanical strength of the wire.  
 

As a novel approach to create superconducting wires, we developed MgB2/CNT hybrid yarns 
using CNT sheets as a mechanically robust template for the synthesis of magnesium diboride 
nanowires, as well as an effective dopant that can improve superconducting performance (Figure 
5.12). Produced MgB2-CNT composite has the form of an aligned nanowire network, which can 
be spun into yarns of unlimited length. 

 

Figure 5. 13: a), c) Bundles of CNT coated with superconductor. b) CNT (12-15 nm diameter) 
coated with superconductor. 
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The first step is the production of boron nanowires using aligned carbon nanotube sheets as a 
template and BBr3 as the precursor for boron deposition. For this purpose, a forest of spinnable 
nanotubes was placed inside a photo-thermal chemical vapor deposition (CVD) reactor filled 
with BBr3 vapor (Figure 13). During the deposition process, a 50-100 nm thick sheet of carbon 
nanotubes is drawn from the CNT forest and wrapped around a mandrel while a stationary laser 
beam heats the CNTs, thereby causing the gas phase decomposition of BBr3 to produce boron 
coated CNTs. After the deposition, the mat of B-coated CNTs on the mandrel (comprising 20-
50 sheet layers) can be liquid densified with acetone and cut from the mandrel. Depending on the 
laser exposure time, the thickness of the boron coating can be varied from 20 nm up to several 
hundred nanometers (Figure 14). This birolling process and subsequent biscrolling process 
provides much higher current densities than the boron-particle-based biscrolling method that we 
have previously used to fabricate superconducting MgB2 yarns [26].  

 

Figure 14: a) Setup for continuous laser assisted chemical vapor deposition; b) B-CNT stack on 
mandrel and free standing 

 

 

Figure 5.15: a) SEM image of boron/CNT network; b) TEM images of boron nanowires; c) TEM 
image of individual boron wire with CNT core. 

Boron coated CNT sheets can be converted into MgB2, either before or after biscrolling the 
sheets into yarns. This is accomplished by annealing in Mg vapor (which enables subsequent 
diffusion of Mg inside the boron nanowires and corresponding chemical transformation). The 
transformation of the B into MgB2 was accomplished in a 1 atm tubular quartz furnace at a 
temperature of 900°C (for 10 minutes in Ar/5-10% H2 using a flow rate of 300 sccm). The 
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nanowire thickness observed in SEM images almost doubled, which supports magnesium 
penetration into the boron lattice and MgB2 formation (Figure 15). 
There are two samples selected for comparative study. Morphological differences as well as 
various hydrogen content during annealing in Mg vapors (5% for Sample A, and 10% for 
Sample B) contribute to the differences in superconducting properties. 
 

 

Figure 5. 16: a) MgB2/CNT yarn; b) MgB2/CNT nanowires of sample A; c) MgB2/CNT 
nanowires of sample B. 

Carbon nanotube networks have been previously used as a base layer to biscroll magnesium 
diboride particles into superconducting MgB2 yarns, although superconducting properties of such 
composites have been poor due to limited connectivity between MgB2 grains [13]. Another 
method to fabricate composite yarns is templating CNT sheets with inorganic materials through 
physical deposition methods and subsequent twist spinning into final shape [14]. 
We here present a new method for the synthesis of MgB2-CNT composites, wherein carbon 
multi-walled nanotubes (MWNTs), assembled in a highly oriented carbon nanotube aerogel 
sheet, provide a template for the deposition of a boron layer with controlled thickness around 
individual CNTs and CNT bundles, which is later converted into MgB2 to provide MgB2-CNT 
shell-core nanofibers. Sheets of coated nanofibers are twist spun in the solid-state to produce a 
superconducting yarn. 
Carbon nanotubes and their bundles are mechanically strong, have high thermal and electrical 
conductivity and therefore serve as suitable cores for MgB2 nanofibers, providing mechanical 
strength and damping during a superconducting quench. Even though bulk MgB2 is a very brittle 
material, MgB2-CNT yarns can be easily bent to small radii without damage. Moreover the 
continuous coating of CNTs with boron by chemical vapor deposition (CVD), during the 
simultaneous drawing of a CNT sheet from a CNT forest and twist-based spinning of the sheet 
into yarn, enables continuously production of tens of meters of B-CNT yarns, which can yield 
similar lengths of MgB2-CNT yarns. 
MWNT forests were synthesized by CVD on iron-particle-catalyzed silicon substrates and then 
drawn in the solid state to provide nanometer-scale thickness, carbon nanotube sheets having 
nearly the same density as air [15]. The drawing direction defined the preferential alignment axis 
of CNTs in these sheets, which can be twist-spun into yarns [16]. The extremely low areal 
density of these thin sheets, between 1.8 and 5.0 μg cm-2 in the present study (Table S1), 
combined with their low heat capacity [15], low thermal conductivity [17] and their high light 
absorption, allowed the localized heating of a carbon nanotube aerogel sheet to high 
temperatures (~2000 K in vacuum) [18] using similar power as obtained for an ordinary laser 
pointer (0.3 W). Local temperatures up to 1670 ºC were achieved for a 1.5 torr atmosphere of 
hydrogen gas pressure by using a focused laser beam having 250 W cm-2 intensity (Figure S1). 
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Local laser heating by a scanned beam was used to promote chemical reaction between BBr3 and 
hydrogen on the surface of CNTs and CNT bundles in sheets, which provided crystalline boron 
and hydrobromic acid vapor: 2BBr3+3H2=2B+6HBr. In parallel, boron carbide can be formed 
during this process: 4BBr3+6H2+CCNT=B4C+12HBr , although the rate of this reaction is limited 
by slow solid-state diffusion through the carbide layer. The thickness, crystallinity and 
morphology of the boron layer can be controlled over a very wide range by tuning the laser beam 
intensity, exposure time, and precursor vapor pressure. The typical microstructure of the initial 
and boron coated CNT sheets are shown in scanning electron microscope (SEM) images 
(Figure 1a and Figure 1b respectively). 
Since MWNT forests can produce very long sheets (each centimeter of forest yields typically 
about 5-6 meters of sheet having the same width as the forest (Table S1)) we were able to 
develop semi-continuous production of boron-coated CNT sheet and yarn (Figure 1c). For this 
purpose, a spinnable MWNT forest was placed inside a photothermal CVD reactor and exposed 
to a low-pressure mixture of BBr3 vapor and hydrogen gas. During the deposition process, a 
sheet of MWNTs was drawn from a forest while a scanned laser beam locally heated the sheet, 
thereby causing decomposition of BBr3 to produce boron-coated CNTs. Scanning of the laser 
beam in the sheet width direction was used to cover a wider area of the MWNT sheet as it passes 
under the laser (Figure 1d and Movie S1). Along the drawing direction the coating was very 
uniform. Perpendicular to that direction, however, there was a variation in the boron thickness 
due to the variation in laser exposure time during laser scan. The resulting long, thin sheet of B-
CNT nanofibers is flexible and can be wrapped around a mandrel to provide a layer stack. The 
boron coating is visible with the naked eye and usually changes the color of nanotube sheets to 
grey-brown. Alternatively to wrapping B-CNT layers and then twist spinning a segment from a 
layer stack, the B-CNT nanofiber yarns can be produced by using simultaneous sheet draw and 
twist-spinning during laser scan (Figure S2).  
We produced B-CNT nanofibers having diameters between about 50 and 100 nm (Figure 1b), 
with an average boron layer thickness of 20-40 nm around CNT bundles (as well as segments of 
individual nanotubes that are not bundled, which less commonly exist). Transmission electron 
microscope (TEM) shows a polycrystalline morphology (Figure 1e), however it is difficult to 
recognize CNT walls inside the nanofibers due to the similar atomic number of boron and 
carbon. From selected area electron diffraction (SAED) patterns, the boron in the B-CNT shell-
core composite (Figure 1f) is polycrystalline, containing possibly a mixture of boron allotropes 
that is dominated by the rhombohedral β-form. 
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Figure 5.1.1. a) pristine CNT sheet (SEM); b) boron-coated CNT sheet (SEM); c,d) schematic 
illustration and photograph for photohermal CVD of boron on a forest-drawn CNT sheet; e) 
TEM image of CNT bundle embedded in boron sheath; f) SAED pattern of a boron-coated CNT 
nanofibers. 
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These B-CNT nanofibers were used as scaffolds for formation of MgB2-CNT nanofibers by 
exposing them to magnesium vapor at 900 °C as described in the experimental section. The 
weight of the final MgB2-CNT composite nanofibers increased by about 90% compared to the 
weight of the original B-CNT nanofibers, suggesting complete conversion of boron into MgB2. 
The average CNT content in the final composite is about 4.8%wt. The MgB2-CNT nanofibers 
consist of connected nanosize crystals that can be clearly seen in SEM and TEM images 
(Figure 2a and Figure 2b). The main crystalline phase by x-ray diffraction (XRD) analysis is 
MgB2, with 8 %at. of MgO and 5 %at. of metallic Mg (Figure 2c). 
Investigation of the diameter distribution of nanofibers before and after reaction with magnesium 
(Figure 2d) shows an increase of the average diameter of the nanofibers from 50-100 nm for B-
CNT to 70-200 nm for MgB2-CNT. This is about the expected diameter change during the 
conversion from boron to magnesium diboride  
For studying superconducting properties of the composites, we prepared 50 to 250 um yarns 
(Figure 2e). The yarns were cut using a focused ion beam (FIB) to analyze their internal 
structure. SEM images of the cross-section of yarns show approximately 92-95% empty space 
(Figure 2f and Figure S3). The density of the sample used in this study is 0.124 g cm-3, which is 
an order of magnitude lower than for typical MgB2 wires produced by powder-in-tube methods 
inside metallic sheath (1.3-1.4 g cm-3 [19]) and 20 times less dense than MgB2 wire with 
tungsten core (2.4 g cm-3 [12]), which is close to theoretical density of MgB2 2.55 g cm-3. The 
density of MgB2-CNT yarn in our study, corrected by porosity of the yarn measured from the 
SEM image analysis of its cross-section, approximates the density of the bulk MgB2. 
Additionally, the specific surface area of such yarns is estimated from micrograph analysis along 
with gravimetric measurements and is about 160 m2 g-1 (Supporting Information). 
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Figure 51.2. a) SEM image of a MgB2-CNT nanofiber sheet, uneven morphology is due to large 
MgB2 nanocrystals forming  nanofibers; b) TEM image of a MgB2-coated bundle of carbon 
nanotubes; c) XRD spectra of a MgB2-CNT sheet stack; d) size distribution of B-CNT nanofibers 
and MgB2-CNT nanofibers; e) lateral SEM image of a 250 µm diameter MgB2-CNT twisted 
yarn; f) cross-sectional SEM image of a 50 µm diameter MgB2-CNT yarn. 
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Electrical resistance versus temperature for applied magnetic fields up to 7 Tesla is shown in 
Figure 3a. In the absence of magnetic field, the onset temperature for superconductivity is 
37.8 K and the resistance drops to zero at 34.3 K. The critical fields at which the resistance 
dropped to 90% and to 10% of normal state value (40 K) are plotted versus temperature in 
Figure 3b. The superconducting transition is broad and its width increases with increasing field. 
The T = 0 London penetration depth of clean, bulk MgB2 is 35-50 nm [10] and increases at 
higher temperatures, so it becomes comparable to the diameter of MgB2 nanofibers (about 70-
200 nm). The reduced dimensionality of nanofibers interconnected into a network gives rise to 
percolation and fluctuation effects, which broadens the zero-field transition. 
The high-field Hc2 characteristics for our likely carbon-doped MgB2-CNT nanofiber yarns are 
improved compared with those for bulk MgB2 wire [12], which agrees with earlier findings for 
carbon-doped MgB2 [11]. Carbon substitution at boron sites creates local scattering centers 
which, in the dirty limit, reduce the Ginzburg-Landau coherence length, thereby increasing the 
upper critical field at low temperatures toward the extreme dirty limit, Hc2=Φ0/(2πl2) (Φ0 – flux 
quantum) [10]. Indeed, differing mean-free paths (l) along different MgB2 pathways will result in 
a spread of upper critical field values, further broadening the transitions in applied magnetic 
fields. 
The critical current was determined by I-V measurements at different fields at 4.2 K using a 
voltage criterion of 1 µV/cm (Figure 3c). Due to the large difference in density compared to 
samples prepared by conventional methods and in order to compare yarns of various thicknesses 
and sizes, the critical current Ic was normalized by the linear gravimetric density (expressed as 
g cm-1), which is the same as critical current density Jc normalized by gravimetric density ρ (with 
units g cm-3): Jc/ρ [A cm-2 g-1 cm3 = A cm g-1]. This way, instead of using the total cross-section, 
which is up to 95% empty, only the effective cross-section is taken into the account. For 
comparison, we show critical current data for dense MgB2 wires obtained by transport 
measurements [12]. At higher fields MgB2-CNT yarn has an order of magnitude higher 
gravimetric critical current density than dense MgB2 wires (Figure 3c) at 5 K and at 20 K. While 
this result is surprising, considering the extremely high porosity of the MgB2-CNT yarn, it likely 
demonstrates the positive effects of high crystallinity, inter-grain connectivity along the wires, 
and the effective doping effect provided by carbon nanotube network. This behavior is similar 
for carbon-doped MgB2 wires [8,11] and is usually attributed to increased critical field. To the 
contrary, at low magnetic fields, doping does not much affect superconducting properties and the 
critical current in doped samples is similar and sometimes slightly lower than in non-doped 
samples [10]. 
The multifilament structure in MgB2-CNT nanofiber sheet provides outstanding flexibility 
comparing to conventional MgB2 wires: it can be easily bent without mechanical damage and 
applied to planar and highly curved surfaces. Moreover, these sheets can be twisted into yarns 
that maintain desired characteristics as a superconductor. As a prototype for a possibly practical 
superconductor, a B-CNT sheet was laminated with forest-drawn CNT sheet for reinforcement 
and twisted into yarn. After annealing in Mg vapor, this yarn was transformed into a MgB2-CNT 
yarn having excellent mechanical properties, which could be bent and even tighten into a knot 
while maintaining superconductivity (Figure 3d, Figure 3e and Figure S4). Considering the 
yarn and knot diameters, the bending strains can be estimated to be 0.25 and 0.45 for the 
maximum and minimum diameter of the knot, which are at least 100 times larger than is possible 
without fracture for MgB2 wires fabricated using conventional methods. The flexibility of these 
CNT laminated MgB2-CNT yarns enables them to be weaven into textiles (Figure 3f and 
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Figure S5). The room temperature resistance of these MgB2-CNT yarns have been stable for 
more than 60 cycles during the bending cycling test (Figure S6). The rupture tensile strength 
normalized by gravimetric density of MgB2-CNT yarns reaches 161±47 MPa g-1 m3 and exceeds 
the tensile strength of conventional metal-sheathed MgB2 wires [20] (Figure S7 and Table S2). 
 
 

 
Figure 51.3. a) R(T) for different applied magnetic fields, b) Hc(T) for a MgB2-CNT 
superconducting yarn, critical fields are defined as R(H90%,T)=0.9Rn, Rn is resistance in the 
normal state at 40K and R(H10%,T)=0.1Rn; c) Jc/ρ(H) critical current density normalized by 
gravimetric density, (A cm-2

) / (g cm-3
) = A cm g-1

; d) SEM micrograph of a knotted MgB2-CNT 
yarn with 4-probe connections to gold wires and e) R(T) for different applied magnetic fields for 
the knotted yarn shown in d); f) textile containing MgB2-CNT superconducting yarn. 
 
In summary, a semi-continuous method for producing flexible MgB2-CNT composite yarns 
having attractive superconducting properties has been demonstrated using forest-drawn MWNT 
sheets as a template. First, CNT sheets have been coated with boron by semi-continuous 
photothermal chemical vapor deposition, and then B-CNT networks have been converted into 
MgB2-CNT composite networks by annealing in magnesium vapors. 
The critical temperature reaches 37.8 K and gravimetric superconducting characteristics are 
significantly improved compared to those for bulk pure-MgB2 superconducting wires. The low 
density, flexibility and porosity of the MgB2-CNT yarns make them suitable for applications 
where these properties are required. For instance, superconducting yarns can be woven into 
textiles and braids and their porosity enables fast cooling using a penetrating cryogenic liquid or 
gas. Additionally, it is anticipated that the pores in the superconducting yarns can be filled with 
normal state conductors by infiltration or electrodeposition of metals. Finally, the existence of 
these porous superconducting yarns having giant internal surface area may provide a useful 
platform for investigating the effects on superconducting properties of (a) electronic coupling 
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with materials infiltrated inside the pores and (b) chemical or electrochemical charge injection 
into the MgB2 [21]. 
 
Experimental Section  
Continuous photothermal boron deposition. For continuous boron deposition, a spinnable CNT 
forest was fixed on the holder inside the quartz tube reaction chamber (50 mm diameter), and the 
end of a drawn CNT sheet was attached to a 13.2 mm diameter teflon mandrel. The inlet of the 
reactor was connected through a flow controller to a hydrogen gas cylinder, as well as to a 
cylinder containing BBr3 (Aldrich). The outlet of the reactor was connected to the vacuum pump 
through a liquid nitrogen trap. The BBr3 cylinder was kept in the ice bath to control its vapor 
pressure. The reaction chamber was maintained at 8.6 torr of BBr3 vapor and the hydrogen flow 
was 30 sccm. Local heating of the CNT sheets to deposite B from the BBr3 vapor was 
accomplished using an external laser power (808 nm wavelength, 1.2 W, 0.72-0.85 mm beam 
diameter) whose beam position was controlled using galvano-mirror system. During deposition 
of the boron, the mandrel was rotating at 1.5 rpm, which corresponded to the sheet draw from the 
CNT forest at 6.2 cm/min, and the laser beam was oscillating in direction across the sheet width 
at 30 Hz to produce a 8-mm-wide boron line on the CNT sheet. About 20 layers of boron-coated 
CNT sheets were collected on a mandrel. Afterwards, the sheet stack was carefully cut along the 
axial direction of the mandrel, so that separate strands of B-CNT could be peeled from the 
mandrel, twisted into yarn, and used later for magnesium treatment to convert the B to MgB2. 
Treatment in magnesium vapor. Boron-coated CNT samples were attached to the lid of a 
graphite crucible filled with magnesium flakes and loaded in the quartz tube (diameter 50 mm) 
chamber of an electrical furnace. The furnace was heated to 900 °C during 45 minutes with then 
cooled down to ambient at 8°C/min. The gas flow was 250 sccm for Ar and 50 sccm for H2. 
After this annealing in Mg vapor, the samples were used for transport measurements and other 
characterizations. 
Characterization of superconducting sheets and yarns. Imaging was by scanning electron 
microscopy (JEOL 2100F at 11 kV) and transmission electron microscopy (JEOL 2100 at 200 
kV). Yarn cross-sectional cutting for imaging utilized a focused ion beam (FEI Nova 200, Ga 
ions 30 kV, 1-7 nA). X-ray diffraction characterization utilized a Rigaku Ultima III XRD. 
Transport properties measurements in a 4-probe contact configuration were made using a 
Quantum Design PPMS-9 system and DC and AC options. 
 

Electrical resistance versus temperature for applied magnetic fields up to 7 Tesla was measured 
in a PPMS (Physical Properties Measurement System) using a 4-probe electrode configuration. 
Yarns of aligned, interconnected MgB2-CNT nanowires showed a critical temperature at zero 
field of 38 K (onset) and at 24 K the resistance dropped to 0 for sample B (Figure 16). Broad 
superconducting transition of sample A can be attributed to presence of weak links and 
Josephson junctions (JJ), with Tc much lower than that of MgB2 grains. The transition of JJ is 
observed as a separate step on R(T) curves with Tc below 20 K. Sample B has a broad 
superconducting transition but not as broad as sample A. Grain boundaries and impurity 
inclusions (MgO, CNTs, possibly B4C, Mg condensated) serve as an effective pinning centers, 
while intergrain scattering centers reduce the mean free path and as a result increase the critical 
field and critical current. 
The critical temperature for the upper critical field Hc2 was defined as the temperature at which 
ρ/ρn=90% (where ρ and ρn – are resistance at which the temperature is defined and resistance in 
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normal state respectively). The irreversibility field Hirr (the field at which current vanishes) was 
defined as ρ/ρn=3%. 

 

Figure 5. 17: Transport properties of MgB2/CNT yarns: a) sample A; b) sample B. 

The critical field dependence on temperature for MgB2 has specific features including linear 
dependence and positive curvature at temperatures near Tc [89]. The high-field Hc2 
characteristics for our likely carbon-doped MgB2/CNT yarns are improved compared with those 
for bulk MgB2 wire [68], which agrees with earlier findings for carbon-doped MgB2 [83]. Higher 
Hc2 and higher Tc of sample A suggests better crystallinity and bigger MgB2 grains (Figure 17). 
Although there is a pure connectivity between grains and possibly CNT connected regions which 
increases the amount of Josephson junction and weak links. Since Josephson junctions have 
lower irreversibility field (Hirr), the overall Hirr of sample A is significantly lower than in 
sample B.  
The critical current was determined by I-V measurements at different fields at 4.2 K using a 
voltage criterion of 1 µV/cm (Figure 17). To compare yarns of different thicknesses and sizes, 
critical current was normalized by gravimetric density 𝐽𝑐

𝑑
�𝐴∙𝑐𝑚

3

𝑐𝑚2∙𝑔
= 𝐴∙𝑐𝑚

𝑔
�. MgB2/CNT yarns’ 

critical current is the same order of magnitude as bulk MgB2 wires [68], which confirms high 
crystallinity and inter-grain connectivity along the wires. Sample B yarns have significantly 
higher critical temperatures due to low amount of Josephson junctions and weak links, comparal 
to Sample A. Also, improved pinning by grain boundaries and uniform defect distribution 
strengthens the critical field and critical current. 
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Figure 5. 18: a) upper and irreversibility fields for MgB2/CNT yanrs; b) critical current density 
dependence on applied magnetic field at 4.2K. 

5.4. LFMA: Low field microwave absorption in MgB2@CNT Superconductors 
 
To understand the origin of superconducting characteristics of various samples, low-field 
microwave absorption spectroscopy (LFMA) is performed on the samples (fig. 2b). Hysteresis 
intensity is assigned to grain sizes while peak-to-peak intensity can be assigned to a Josephson 
junction network and describes the connectivity between grains.  

 

Figure 5. 19: a) LFMA scans at various temperatures for sample A; b) relative intensities of hysteresis and peak-to-peak value, 
defined from LFMA scans; c) schematics of morphology of sample A. 

The correlation between the microscopy studies and the LFMA spectra are shown, with variation 
of grain size and morphology of interconnects in between. The large hysteresis of LFMA signal 
of the sample A suggests a big grain size (Figure 18). Although JJ network has a low pinning 
strength, which is described by peak-to-peak intensity on LFMA curves. That can be explained 
by large junction length (Figure 18c). Large peak-to-peak intensity of LFMA signal of the 
sample B at temperature 15-30 K is due to the uniform JJ network and the strong vortex pinning 
(Figure 19). The grain size is smaller in the sample B than in the sample A, since the hysteresis is 
not that significant. So the intragrain boundaries serve as effective pinning centers. 

 

Figure 5. 20: a) LFMA scans at various temperatures for sample B; b) relative intensities of hysteresis and 
peak-to-peak value, defined from LFMA scans; c) schematics of morphology of sample B. 
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By using Laser Assisted CVD of boron followed by Mg vapor treatment was possible to produce 
MgB2 nanowires using CNTs as a template in the form of birolled mats or twisted yarns. The 
critical temperature reaches 38.6 K (onset), the critical field has linear temperature dependence. 
The presence of CNT increases the mechanical strength of networks, improves flux pinning and 
increases critical field and current. The transport measurements of the critical field and the 
critical current combined with the LFMA studies confirmed that a Josephson junction network is 
formed. Grain size, uniformity and distribution of pinning sites and weak junctions have a large 
influence on superconducting properties. Also important, these MgB2-CNT composite yarns are 
highly flexible, in contrast with the case for conventional MgB2 wires. 
Our method for producing MgB2/CNT composite yarns using MWNT sheets as a template has 
produced superconducting yarns having attractive properties. The critical temperature reaches 38 
K, and the density-normalized critical currents and critical fields are comparable to those for 
bulk pure-MgB2 superconducting wires. Unlike conventional MgB2 wires, these MgB2-CNT 
composite yarns are highly flexible. LFMA studies, combined with characterization of 
morphology and crystalline structure of MgB2/CNT composite yarns, demonstrate the 
importance of pinning centers and Josephson junction networks on superconducting properties. 
Although we have already developed superconducting MgB2/CNT sheets and yarns, there is 
more improvement and study that needs to be done to extend this approach to other layered 
superconductors, such as FeSeTe coated on CNT: 
 
Part 6.  Search for SC-ty upon doping  in CNT, and nanocomposits with CNT, graphene 
and diamond 
 
             6.1. Doping by ion implantation by P and S 
             6.2. Ion implantation into MWCNT sheets: unusual negative resistance behavior 
             6.1 Post-synthesis doping:  
 
Chemical doping of various forms of sp2 carbons have been studied extensively since 1920 
beginning with graphite intercalation compounds [7]. Based on this existing research, Eklund’s 
group developed a novel post-synthesis chemical method to dope SWNTs [8]. However, the 
success of this method was limited since the high stability of the C═C bond in a SWNT makes it 
difficult to substitute a dopant atom. Furthermore, this method uses corrosive gases such NH3 
resulting in significant.3. Superconductivity in Boron doped diamond, 
structural damage to the tube deteriorating its electrical properties. For this reason, Clemson 
team developed a modified Eklund method to dope B, N, S, and P in SWNTs, MWNTs, and 
graphene. Such a modified Eklund approach (MEA) is advantageous since it is less time 
consuming, allows controllable doping, and is applicable to many carbon allotropes. In this 
process, high purity SWNTs (obtained from Nanomaterial Store. Product No: SN2102) are 
refluxed in a H2O2/HCl mixture for 72 hours to 
Figure 5.8.  SEM of pnictide powder on CNT. 
 

6.2.Puzzle of negative resistance observed in ion implanted MWCNTs at low T< 5 K. 
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Of course all resistances in CNT network are positive !. 
2.  However due to non-homogeneous spatially contacts to the 3-D porous network 
    The 4 probe contacts create inherent “Wheatstone bridges”, which  
     become imbalanced with T and can show effective negative V and neg R(T) in 
      I-V curves. 
3. Current dependent R(T) can phenomenologically explain nearly all  
    experimental findings of observed puzzle, particularly the functional shape of I-V 
4. The real origin of the dependence of Rx on I/Io is not clear though. 
    However a superconducting critical current is a good candidate for Imin,  
    since it becomes zero at Tc  
5. Different explanation might be possible, such as Coulomb blockade or similar  
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So the puzzle of negative R<0 can be explained as strongly inhomogeneous network of CNT 
with 4 contacts.  
It still does not disprove the possibility of superconducting small islands of CNt within a non-R 
network. 
 
This demonstrates the complexity to obtain clear evidence of SC-ty in MWCNTs.  

 
Task 5. 2 Synthesis of nanocomposites- Previously, Prof. Baughman’s group showed that spontaneous a 
forest of aligned nanotubes could be drawn into MWNT yarns and sheets. Further, they have coated bi-
scrolled nanotube yarns with 99 wt% of MgB2 to obtain superconducting yarn. However, the yarns are 
not robust and exhibit weaker mechanical properties compared to pristine yarns. Our approach is to 
achieve robust superconducting composites using buckypapers with lower percentages of MgB2. Further, 
we aim to improve the critical current and critical field in MgB2 by vortex pinning. To this end, we have 
successfully prepared multiwalled carbon nanotube (MWNT) bucky papers and impregnated them with 
MgB2 using a solvent exfoliation and vacuum filtration process. This process yields bucky papers that 
exhibit strong Meissner effect. Briefly, 50 mg of MWNTs and MgB2 (5, 10, or 25 wt %) were dispersed 
in 1 wt % aqueous solution of sodium dodecyl sulfate using 1/8” tip sonicator (Branson 250). 
Subsequently, the MWNT-MgB2 dispersion was vacuum filtered using a 0.45 m Nylon filter paper. 
Finally, the filtered powder was air dried overnight at room temperature. For the convenience of 
discussion, the samples are labeled as MWNT-MgB2-X (X = 5, 10, or 25 wt % of MgB2). As shown in 
Figure 9, the bulk MgB2 powder (Figure 9a) breaks into sub-micron (0.5-1 m; see Figure 9b) particles 
upon tip-sonication. The micro-morphology of the bucky paper changes considerably with increasing 
impregnation of MgB2. At lower concentrations (5 and 10 wt% in Figures 9b and 9c) the MgB2 particles 
decorate the MWNTs while micron-sized aggregates of MgB2 are formed at high concentration of 
impregnation (25 wt%; Figure 9d). 
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Figure 9: a) Bulk MgB2 breaks into micron sized particles upon tip sonication for 30 mins.  Panels  b), c) 
and d) show images for MWNT-MgB2-5, 10 and 25 samples. 
 
To gauge whether or not the increasing concentration of impregnated MgB2 has modified the overall 
properties of the bucky paper, UTD team performed magnetic susceptibility measurements of MWNT-
MgB2 bucky papers. As shown in Figure 10a (for MWNT-MgB2-5), the temperature (T) dependence of 
magnetization (M) was obtained at various fields in order to probe the vortex pinning induced by 
MWNTs. Firstly, as expected, all MWNT-MgB2 bucky papers exhibited Meissner effect at the same 
critical temperature as MgB2 (~39 K at 10 Oe). It is noteworthy that the magnitude of zero field cooled 
(ZFC; shown by solid lines in Figure 10) susceptibility increased with increasing weight percent of MgB2 
in the impregnated bucky paper. The MWNT-MgB2-25 samples exhibited an increasingly strong 
diamagnetic response (or field expulsion below the superconducting transition temperature) with 
increasing amounts of impregnated MgB2.  
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Figure 6. 10: a) FC and ZFC curves for MWNT-MgB2-5 at various fields show that the critical 
temperature decreases with increasing field. Panels b), c) and d) show the FC and ZFC curves for 
MWNT-MgB2-5, 10 and 25 samples. Clearly, the diamagnetic response below the critical temperatures 
increases with increasing concentration of impregnated MgB2.  
 
The observation of superconducting transition in transport measurements has been elusive in MgB2 
composites prepared using filtration method. Therefore, we have used the ‘Spark Plasma Sintering (SPS)’ 
technique to prepare sandwiched MgB2-CNT structures shown in Fig. 11. Our initial experiments showed 
the presence of Meissner effect in spark-plasma sintered MgB2-CNT sandwich structures. However, 
MgB2 was found to change its crystal structure upon SPSing and as a result exhibited poor transport 
properties.  
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2.1 SPSed nanotube composited for superconductivity: Clemson team applied a new technique, 
namely, spark plasma sintering (SPS), to control the inter-tube spacing and the type of bonding in aligned 
MWNTs and Buckypaper of randomly oriented MWNTs. The SPS technique is a pulsed plasma 
discharge process that can generate highly localized intensive heating over a short time. It can densify 
MWNTs to higher packing densities and/or turn the inter-tube bonding from van der Waals in a rope or 
yarn to robust sp2, or even to an sp3 bonding (in micro-diamond). In a bulk sample of MWNTs, the 
magnitude and temperature dependence of the electrical resistance are often dominated by the inter-tube 
junctions, instead of being determined by the particular chirality and crystallography of each individual 
MWNT. In a generic sense, these inter-tube junctions should be treated as the electrical “leads”. We 
prepared several SPS samples of SWNTs and MWNTs for exploring superconductivity. Some of the 
samples showed extremely promising results in magnetization. For example, as shown in Fig. 12, SPSed 
SWNTs at 800 oC exhibited significant drop in magnetization along with exhibiting the characteristic M-
H curve at 5 K. However, these samples did not exhibit any superconductivity in transport measurements 
suggesting that the superconducting volume is very small.  
 
We have also utilized the SPS process to dope boron atoms into SWNT lattice. For this procees, arc-
prepared SWNT bundles were soaked in boric acid solutions (H3BO3, 99.8%, Alfa Aesar) which 
contained increasing concentrations (x) of B. Boric acid powder and SWNT bundles were weighed and 
ultrasonicated for 5 min in ethanol to yield x = 0 at.%, 5 at.%, 7.5 at.%, 12.5 at.% and 15 at.% of B to C 
ratio in the mixture. The mixtures were vacuum dried and hand-ground for 10 min before loading into the 
graphite die (inner dia. ∼1.25 cm) of the SPS system (SPS, Dr Sinter 1020, Sumitomo Coal Mining Co., 
Ltd., Japan). The powdered samples were sintered at 1200 oC under vacuum for 5 min into densified 
pellets. As shown in Fig. 13, the electrical conductivity results showed that the resistivity of these samples 
decreases with increasing boron concentration suggesting that SPS can effectively modify SWNT 
structure and inter-tube junctions [13]. However, we did not find any evidence for superconductivity in 
these samples possibly due to high resistance arising from tube-tube junctions.  

Figure 6. 11: a) A schematic showing the SPS process for preparing MgB2-CNT sandwich b) 
and c) show representative scanning electron microscope images of MgB2-CNT composites. 
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Task 6. 3 Development of novel methods to identify the dopant configuration, environment, and 
bonding- The doping processes described in Task 1 and 2 do not necessarily result in a homogeneous 
distribution of heteroatoms in carbon nanostructures. For example, in the PLD method B substitution in 

the SWNT lattice is not necessarily 
uniform, and the formation of B 
nanodomains has been considered 
previously. The dopant-bonding 
environment can significantly 
influence superconducting properties 
of SWNTs. For this reason, 
quantifying the amount and bonding 
environments of B in the SWCNT 
lattice is highly important. 
Traditionally, researchers employ 
methods such as synchrotron based 
XPS and EELS to study the dopant 
configuration. However, these 
existing methods are time consuming, 
limited to single-crystal surfaces and 
incompatible with monitoring defects 
and dopants in nanomaterials with a 
high-throughput. In light of this, we 
have develop novel and facile 
methodologies to study surface states, 
dopant configurations, and defect 
chemistry through non-linear optical 
(NLO) spectroscopy. Dopant-induced 

changes in the electronic band structure of SWNTs are expected to influence their NLO properties.  
Indeed, Xie et al. predicted an enhancement in the second order hyper-polarizability in boron (B)-doped 
zigzag nanotubes due to the dopant-induced changes in the π electron cloud. We systematically studied 
the effects of substitutional B doping on the NLO properties of SWNTs by correlating open aperture Z-

Figure 12: a) M-H curves for SWNTs SPSed at 800 C show the characteristic features of 
superconductivity, b) and c) show the drop in magnetization ~35 K indicating the presence of 
small superconducting volume. 

Figure 6.13: The temperature dependence of resistivity 
shows that the boron doping alters the electronic 
properties of SWNTs resulting in the lowering of net 
resistance 
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scan measurements (carried out in both nanosecond (ns) and femtosecond (fs) excitation regimes) with 
XPS and Raman spectroscopy. We found that in the ns excitation domain non-linear absorption increases 
with B doping, which is evident from the corresponding increase in two-photon absorption coefficient (𝛽) 
seen in Fig. 14a. The increase of metallic character with doping underlies this direct correlation between 
doping levels and β.  Therefore, it is possible to utilize NLO studies to get an estimation of dopant levels 
in SWNT lattice. As shown in Fig. 14b, a standardized plot of β values with respect to doping levels can 
assist in prompt preliminary screening of samples for further XPS studies. 
 

Figure 14: (a) The variation of the nonlinear absorption coefficient β with on-axis peak intensity Io in the 
ns excitation regime suggesting excited state absorption in B-doped SWNTs when excited with the 532 
nm photons.  (b) The standardized correlation plot between nonlinear absorption coefficient and doping 
concentration allows one to promptly screen SWNT samples for determining the doping % 

6.1.1 Nanocomposite of Ba-122 pnictide and CNT. 
Attempts were made to combine polycrystalline Ba(Fe0.91Co0.09)2As2 with carbon nanotubes with 
the aim of creating a superconducting yarn that is light, strong, and easily fabricated.  Highly 
spinnable forests of multiwall CNT were drawn into sheets before having fine ground powder of 
Ba(Fe0.91Co0.09)2As2 deposited on the surface before being twisted into yarns and then annealed.  
Under the strain of twisting, even separate particles on the surface of the nanotube sheet are 
confined inside the yarn at micrometer or nanometer scales.  The tests with some of the first 
grown polycrystalline Ba122 pnictide samples were successfully spun into yarns, but were 
unable to replicate the superconducting transition in transport measurements of resistivity.  
Measurements of the magnetic susceptibility in the MPMS of the pnictide CNT composite as 
seen in figure 2.7 show that the robust grains of Ba(Fe0.91Co0.09)2As2 still remain superconducting 
nevertheless, and as such continues to be a viable candidate for further superconducting wire 
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6.3.Boron doped diamond research. 
 
Boron doped diamond created by colleagues in TISNUM (Troitsk, Moscow) has been studied by 
our complex methods and superconductivity has been proven by LFMA and M (T)< 0 methods. 
The structure of Boron-diamond single crystals is studied  by multiple characterization tools and 
the bilayers of Boron hexagons are found to be the key motive of this superconductors. Heavily 
BDD have a 2D layer structure with a periodic lattice of hexagonal boron bilayers separated by a 
modulation period of 43 Å. Formation of the 2D boron bilayer structure changes significantly 
physical properties of BDD defining the origin of Mott and superconducting transitions. The 
superconducting transition is detected only on the surface of overdoped BDD (having a short 
bilayers modulation period), while the Mott transition occurs within the bulk crystal where 
equilibrium boron doping exists. We demonstrate that the vibrational Raman bands and 
electronic Raman scattering with the new shallow acceptor level at ~65 meV, whose origin was 
previously unclear, are surely associated with the hexagonal boron bilayers within the diamond 
matrix. The observation of 2D structure in BDD will help in understanding the nature of the 
metallic conductivity and superconductivity for other elements of the fourth group of the 
periodic table in which these phenomena can exist. 
 
Part 7. Future Task 1:  FeSeTe @CNT wires with high critical field Hc for power 
applications 
 

     7.1. FeSe0.1Te0.9 Deposited on Carbon Nanotubes (CNT). 
7.2.Multiwall CNT forest dry drawn sheets:  preliminary results 
7.3.Singlewall CNT NanoComp & NanoEsko: promising preliminary results 

 
7.3. FeSe0.1Te0.9 Deposited on Carbon Nanotubes 
Multiwall Carbon Nanotube Substrates
Samples were prepared on glass consisting of multiple layers of CNT sheets. These were drawn 
into aligned sheets from forests of nanotubes that were grown through CVD.  These sheets could 
be densified via methanol to produce a more compact layer, but was not necessary for adhesion 
to the underlying glass.  They were taken to TAMU and deposition was carried out in their 

. 
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pulsed laser deposition (PLD) system using a target of FeSe0.1Te0.9 that was fabricated using 
standard solid state reaction methods.  A layer of the iron chalcogenide approximately 100nm 
thick was deposited on various samples. 

 

Figure 7.6.  FeSe0.1Te0.9 deposited on eight layers of drawn CNT sheets. 

 

In Fig. 7.6 above, the negative magnetoresistive character of the underlying CNT sheets can be 
clearly seen, showing a 6.28% decrease in the resistance at the peak.  It has been shown that this 
behavior arises from a change in the density of states (DOS) near the Fermi level due to the 
applied magnetic fields perpendicular to the CNT axis forming 2D Landau states.xiii

The onset of the superconducting transition is visible, however, much like the thin films 
produced on substrates of glass, the resistance does not reach zero by 2K.  This suggests the 
FeSe0.1Te0.9 film isn't continuous along the surface of the CNT and the islands of 
superconducting material are in competition with the insulating behavior of the CNT between 
them.  Since the diameters of multiwall CNTs can be in excess of 15nm and can have twenty or 
more tubes per bundle, the surface is very rough. 

   

7.3.

Samples were prepared on glass of two brands of singlewall CNT sheets, NanoComp and 
NanoEsko.  Unlike the multiwall sheets drawn from the forest, these are not aligned in one 
direction.  They were transferred to glass via methanol before having FeSe0.1Te0.9 deposited. 

Single wall Carbon Nanotube  SWCNT Substrates 
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Figure 7. 7. FeSe0.1Te0.9 deposited on singlewall NanoComp 

 

Both materials, NanoComp and NanoEsko, performed similarly as seen in Figs. 7 and 8.  
The magnetoresistance associated with CNTs is still present, though to a much lesser 
degree than in the multiwall tubes, due to a combination of greater connectivity in the 
unaligned network and decreased volume.  The shift of the superconducting transition 
under applied magnetic field is also much more pronounced near zero resistance than even 
FeSe0.1Te0.9 on STO. 
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Figure 7. 8 FeSe0.1Te0.9 on singlewall NanoEsko 

 

Figure 7. 9. SEM image of FeSe0.1Te0.9 on NanoComp 

Figure 10. SEM images of FeSe0.1Te0.9 on NanoEsko 

 
 
Part 8. Future Task 2:  8.1. High Field Investigation of FeSe0.1Te0.9 Thin Film. 
 
Pulsed field measurements carried out at the National High Magnetic Field Laboratory (LANL) 
showed the actual upper critical field to reach 45 T at low temperatures.  While much lower than 
the WHH estimate, it significantly exceeds the Pauli limit for paramagnetic pair breaking. The 
Kondo effect type behavior of R(T) clearly observed just above Tc can be the possible reason for 
such high Hc. The work on this important problem is going on in LANL despite the formally 
finished project. If the project will be extended more data will be obtained on systematically 
created FeSeTe films on different substrates, including SWCNT sheets and yarns. 
 
8.2.Search for Tc > 100 K single atomic and Few Layer FeSeTe 
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Few atomic layer films of FeSe and interfacial superconductivity 
One unit-cell thick films of FeSe grown on SrTiO3 substrates by molecular beam epitaxy were 
shown to have signatures of a superconducting transition at 50K in transport measurements.xiv

 

  
Through scanning tunneling microscopy, a superconducting gap as large as 20 meV was 
observed suggesting the possibility of superconductivity occurring above 77K.  It is argued that 
the epitaxial strain on the single unit-cell layer is too weak to account for the observed value of 
Tc.  The possibility of interface effects, such as interface enhanced electron-phonon coupling, or 
a polaronic effect associated with the high dielectric constant of STO are suggested. 

Figure 8.3: Transport measurements of 1 unit-cell thick FeSe film.xv

Figure 8.4: (a,b,d)STM topography of 1 unit-cell thick film of FeSe. (c) Schematic 
diagram of the films (e) Tunneling spectrum at 4.2K revealing superconducting gap. (f) 
Tunneling spectrum on a 2 unit-cell thick film revealing semiconductor-like behavior. 

 

 
LFMA in few layer FeSe: 
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Our LFMA investigation of few layer FeSe@STO has proven the existence of 
superconducting LFMA appearing below Tc=29 K. it correspons to published by several 
groups transport resistance zero: R = 0 exactly at t=29 K. this clearly demonstrated that 
existanse of LFMA in 2-D systems like few layers is related with true R=0. While at the 
initial drop of r at 56 k there is no LFMA observed.  
 

 
Summary of Accomplishments and New findings and Conclusion  
 

1. Low-field microwave absorption (LFMA) method has been developed in UTD both as a 
unique device with closed cycle cryostat and as a powerful and ultra-sensitive analytical 
technique for search of superconductivity in nanogram amounts of novel materials.  
It has been demonstrated that LFMA can be used as an ultimate test to prove 
superconductivity existence if either zero resistance R=0, or Meisner effect M(T)<0 can 
not be clearly proven.   
 

2. LFMA test has been used for characterizing complex, multiphase superconducting 
materials such as the (Pr,Ca)122 and (Pr,Ca)112 single crystalline systems. We have 
demonstrated the ability to detect small volume fraction of lower Tc1 by hysteretic 
LFMA in SC phases in both Pr-doped Ca 112 and 122 systems, and even smaller 
volumes of  “interfacial” phases of the higher Tc2 phase in (Pr,Ca)122. Additionally, we 
have shown that the 122 and 112 systems do not behave similarly near T1c, a fact which 
is only known from the complete absence of the narrow peak signal in the Ca 112 
samples. Additional analysis will be required in order to fully understand the complicated 
nature of multiphase superconductivity in these electronically doped Ca 122 and 112 
pnictides. 
 

3. The claims of Superconductivity in BN-nanotubes and BCN-nanotubes synthesized (by 
Lisa Pfefferle team in Yale) based on M(T) curves with downturn at T in the range of 80-
130 K, has been carefully checked by our methodology of triple test: R=0,M<0 and 
LFMA sharp non-zero dP/dH,  and conclusion is made that M(T) mimicking Meissner 
effect was due to contamination of 1-D nanotubes by Co- catalyst residuals, that cannot 
be eliminated. SC-ing LFMA has not been found in numerous samples (checked and 
documented carefully in UTD). Based on this > 2 year studies the search of SC-ty in BC, 
BN and BCN has been determined as premature and those tasks has been stopped. 
Objectives has been redirected towards search for higher Tc in newly discovered 2-D 
layered chalcogenides (FeSe, FeSeTe and FeTe thin films) deposited by PLD on various 
substrates.  
 

4. Boron doped SWCTs created in Japan by Haruyama team, and also CVD synthesized by 
PLD assisted method (by Clemson team of Apparao Rao) has been carefully tested by 
triple R=0, M<0, dP/dH LFMA test and M(T) curves of paramagnetic type have been 
obtained (always positive) with some unusual downturns mimicking Meissner effect. 
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Those curves are again assigned to residual Fe catalyst and Ni, Y and other magnetic 
transition metal catalysts residuals,  that also screen LFMA and show as ferromagnetic 
resonance in ESR. However since never R=0 has been observed and LFMA has never 
showed a typical SC-ing hysteretic curves with characteristic phase and peak at zero H-
field, the conclusion was made that earlier claims (published in PRL, PR, etc.) can not be 
confirmed by Occam’s razor test. Numerous experiments with doping by P, S, and other 
elements have not given clear evidences of high Tc. Therefore at present moment the SC-
ty in SWCNTs remains confirmed only at very low Tc and only in purely metallic tubes. 
Doping by B was not proven to increase Tc in SWCNTs. 
 

5. Alkali metal doping of SWCNTs has been studied by LFMA and in some samples of 
KxSWCNT doped by K vapors in vacuumated ESR tubes  non-zero LFMA has been 
observed at T < 13 K. This inspired the theoretical work on possible better SC-ing pairing 
in 1-d systems with intercalated ions surrounding 1-D chains. The experimental work 
needs to be concentrated on pure metallic and pure semiconducting SWCNTs once better 
samples will become available. The possibility of enhancing Tc in ionically intercalated 
SWCNT bundles (i.e. in AxSWCNT type systems) has been studied theoretically and 
promising results are obtained. 
 

6. We introduced a mean field microscopic model to describe superconductivity in a bundle 
of a mixture of carbon nanotubes of different superconducting properties. We have 
theoretically studied the dependence of the spatially averaged superconducting gap  on 
the fraction of doped semiconducting SWCNT (with a higher pairing strength) in the 
bundle at different temperatures. Note that for inhomogeneous nanoscale systems, the 
dependence  for different concentrations  may be nonlinear, as a manifestation of the 
breakdown of the bulk BCS theory. Indeed, our calculations of  show that for  the 
dependence  has less steep slope. The reason is that the bundle is a highly inhomogeneous 
system with a pronounced inverse proximity effect. At , below the site percolation 
threshold for a 2D triangular lattice, the bundle can be seen as a collection of finite 
islands of “good” superconductors (doped semiconducting nanotubes), diluted by normal 
or weakly superconducting material (metallic nanotubes). Such islands demonstrate 
significantly the suppressed superconductivity, even in the mean field description, due to 
the enhanced inverse proximity effect. 
 

7. In quasi-one-dimensional systems with the intercalation-type doping, the dynamical 
response of dopant ions can substantially affect the interplay of density-wave and 
superconducting instabilities. We study a generic model of the system of Coulombically 
coupled Luttinger-liquid chains modified by the Coulomb interaction with displacements 
of dopant ions. Our interest is in the macroscopic, long wave-length, effects of the ionic 
response. Just as in the simpler one-dimensional electron-phonon case, the three-
dimensional electron-ion model system is exactly solvable in the forward scattering 
channel allowing us to find the resulting system excitations and electron correlations. For 
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a jellium-like ion response, the effect of the bare electron-electron repulsion on the long-
range correlations is essentially canceled by the ions with the effective electron-electron 
interactions now exhibiting regions of shorter-range repulsion and longer-range 
attraction. This picture is clarified and reproduced within the macroscopic dielectric 
function framework. If the system also features a non-polarizational interaction with 
another optical phonon mode, superconducting correlations can be developed already due 
to the forward-scattering only.       
 

8. FeSe0.1Te0.9 thin films were deposited on single crystal SrTiO3 (STO) (100) substrates by 
a pulse laser deposition (PLD) technique. CeO2 nanolayer was introduced as either cap 
layer or buffer layer to investigate its pinning effects in FeSe0.1Te0.9 thin films. The 
results show improved film quality after doping with CeO2 nanolayers, and no impurity 
phase was identified. All the samples achieve Tc of 12.5 K, and in-field Jc was greatly 
enhanced after doping with either cap or buffer CeO2 nanolayer for the field range up to 7 
T. The buffered one shows the best self-field Jc of 0.89 MA cm-2 at 4 K and a high upper 
critical field Hc2 of 186 T as estimated by conventional WHH formula. 
 

9. Te-rich iron chalcogenide (FeSexTe1-x) thin films with a composition close to 
antiferromagnetic ordering have been deposited on SrTiO3 (STO) substrates. The 
superconducting critical transition temperature (Tc) of the FeSe0.1Te0.9 thin film on STO 
substrate ranges from ~12.5 to ~13.3 K. The upper critical field is as high as 114 T, which 
is much higher than that of the FeSe0.5Te0.5 thin film on STO substrate (~49 T). The self-
field critical current density (Jc

sf) at 2 K of 1.8×105 A cm2 is much higher than that of the 
FeSe0.5Te0.5 thin film, and the FeSe0.1Te0.9 thin film also demonstrates superior pinning 
properties under applied magnetic field. Compared to FeSe 0.5Te0.5, which was considered 
as the optimum composition, FeSe0.1Te0.9 presents even more promise for high field 
applications because of its high upper critical field and high critical current density.  
 

10. Pulsed field measurements carried out at the National High Magnetic Field Laboratory 
(LANL) showed the actual upper critical field to reach 45 T at low temperatures.  While 
much lower than the WHH estimate, it significantly exceeds the Pauli limit for 
paramagnetic pair breaking. The Kondo effect type behavior of R(T) clearly observed 
just above Tc can be the possible reason for such high Hc. The work on this important 
problem is going on in LANL despite the formally finished project. If the project will be 
extended more data will be obtained on systematically created FeSeTe films on different 
substrates, including SWCNT sheets and yarns. 

 
11. In addition, we also tried to grow FeSe0.5Te0.5 thin films on amorphous glass substrates, 

to our surprise, the films show excellent superconducting properties even on amorphous 
glass substrates. Superconducting FeSe0.5Te0.5 thin films are deposited on amorphous 
substrates, i.e., glass substrates by a pulsed laser deposition (PLD) technique. 
Microstructural characterizations show that the films are highly textured along (00l) with 
good crystallinity. The superconducting critical transition temperature (Tc) ranges from 8 
to 10 K. The self-field critical current density (Jc

sf) at 4 K is 1.2×104 A/cm2. The in-field 
criticalcurrent density (Jc

in-field) decreases slowly under high magnetic field confirmed by 
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both transport and magnetization measurements. The growth of high quality 
superconducting FeSe0.5Te0.5 thin films on amorphous substrates demonstrates a low cost 
architecture for future Fe-based superconductor coated conductors.  
 
 

12.  Flexible, weavable and knottable superconducting magnesium diboride yarns have been 
fabricated that provide attractive gravimetric properties as a superconductor, while 
having a 20 times lower density than for bulk MgB2. These yarns are made by templating 
forest-drawn carbon nanotube (CNT) aerogel sheets with boron using photothermal 
decomposition of BBr3 produced by a scanned laser beam, conversion of the B-CNT 
nanofiber arrays to MgB2-CNT sheets by exposure to Mg vapor, and twist spinning the 
MgB2-CNT sheets into yarns. Carbon nanotubes in the MgB2 structure serve as a strong 
conductive framework and provide carbon doping by creating scattering centers that 
improve the yarn’s superconducting properties. Carbon nanotube sheets are laminated to 
MgB2-CNT nanofiber sheets before the twist insertion process to additionally structurally 
reinforce the resulting yarns, and thereby produce strong flexible superconducting yarns 
whose bending strain before fracture exceeds 100-fold the value for high-temperature 
superconducting wires and tapes. While the nanoscale void volume in these knottable 
yarns is ∼95%, the critical temperature (Tc) reaches 37.8 K and the gravimetric critical 
current density is over 10 times higher than for dense MgB2 wires. The yarns remain 
superconducting even in regions that are tightly knotted. The high yarn porosity and 
associated large internal area will facilitate rapid cryogenic cooling and likely enable 
these very low density yarns to be used as a platform for evaluating the effect of 
infiltrated materials and electrochemical charge injection on superconductivity.  
 

13. Boron doped diamond created by colleagues in TISNUM (Troitsk, Moscow) has been 
studied by our complex methods and superconductivity has been proven by LFMA and 
M (T)< 0 methods. The structure of Boron-diamond single crystals is studied  by multiple 
characterization tools and the bilayers of Boron hexagons are found to be the key motive 
of this superconductors. Heavily BDD have a 2D layer structure with a periodic lattice of 
hexagonal boron bilayers separated by a modulation period of 43 Å. Formation of the 2D 
boron bilayer structure changes significantly physical properties of BDD defining the 
origin of Mott and superconducting transitions. The superconducting transition is 
detected only on the surface of overdoped BDD (having a short bilayers modulation 
period), while the Mott transition occurs within the bulk crystal where equilibrium boron 
doping exists. We demonstrate that the vibrational Raman bands and electronic Raman 
scattering with the new shallow acceptor level at ~65 meV, whose origin was previously 
unclear, are surely associated with the hexagonal boron bilayers within the diamond 
matrix. The observation of 2D structure in BDD will help in understanding the nature of 
the metallic conductivity and superconductivity for other elements of the fourth group of 
the periodic table in which these phenomena can exist. 
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Interaction/Transitions. 
 
This program has been linked and partnering with two internationally funded AFOSR programs: 
And our interactions have been with those groups: 

1. Search of SC in CNT by Haruyama in Japan, (Zakhidov visited Haruyama and got 
samples of Boron doped SWCNTs for LFMA studies)  
  

2. Superconductivity at interfaces led by Yakov Kopelevich in Brazil in University of 
Campinas. Kopelevich has visited UTD twice and measurements were performed on 
CuCl samples and also studies of graphene@Si interfaces have been performed in UTD 
facilities by a student from Campinas  
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12. APPENDIX 1.  
Centers of Excellence of Nanotech Institute/Phys Department created in support of AFOSR 
Project on ‘Strengthening Superconductivity in Nanostructures” 
During 5 year program the unique centers equipped by closed cycled liquid He systems have 
been created in UTD with the help of matching costs funds ($ 500 K additionally to AFOSR $ 3 
M funding) 
Currently, the equipment valued at approximately $ 1,5 M is placed in three labs and space there 
is  fully occupied. In addition, two smaller service rooms and part of old clean room service 
chase corridors are used for storage of supplies and gas cylinders. Approximately, the Solar 
NANOFab (ECSN 2.406) lab occupies approximately 1500 sq. ft , the Cryogenics Center (ECSN 
2.404a) houses the PPMS and MPMS systems occupies 400 sq. ft. and the Cryogenics Annex 
(Berkner 2.306) lab occupies 600 sq.ft. as shown at the diagrams below. 
The labs are located in area of former cleanroom that is very favorable for efficient equipment 
operation.  

1. CRYO-Center: The expensive PPMS and MPMS systems by “Quantum Design” have 
closed cycle He systems that require constant operation of two powerful compressors.  
They need to be a least 6ft away from systems for sound and vibration isolation.A power 
outage causes loss of liquid He inside systems and the refill may cost up to $4K. Even in 
well-equipped ECS building such events occur quite frequently.  

There is high demand for the PPMS and MPMS systems of CRYO Center from Prof. Julia Chen 
group, Nanotech and surrounding universities (UT Arlington, Texas State, SMU). 

2. Thin Film NANOFab lab includes Multi-chamber vacuum deposition system by 
“Angstrom Engineering” (of $ 500 K value) four glove boxes that require continuous Ni 
gas supply (loading dock). Two of the glove boxes are connected together and include 
complicated evaporator systems 

Below, diagrams of labs are shown with lists of equipment currently used. Also power needs of 
equipment and other additional needs 
 Cryogenics Center ECSN 2.404a 
The following equipment is installed: 

1. CCS- Closed Cycle System: 10 – 300K Transport 
2. MPMS- Magnetic Properties measurement system: 2 - 400K Magnetic Susceptibility 
3. PPMS- Physical Properties Measurement System: 2 - 400K Transport, Hall effect, and 

magneto-transport 
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Power and other needs: 

• Thirty 110V, 15A outlets 
• Four 208-240V, 30A outlets 
• Ultra High Purity He gas 
• He Liquid 
• Loading Dock 
• Uninterrupted Power Supply – Emergency Generators (each power outage requires refill 

of liquid He with approximate cost of $4K) 
• Water Chill 
• Sample preparation space 
• Installation of compressors at least 6ft from PPMS and MPMS system for vibration 

protection 
 
Cryogenics Annex Berkner 2.306  (is not planned for move now) 

1. Sample Sealing- Turbo Pump cart with Nitrogen trap to seal samples under high vacuum 
2. ESR- Electronic Spin Resonance system: 4 - 300K Counts number of spins 
3. Charging and Measurements Table- Electrochemical Charging Setup 
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Thin Film NANOFab ECSN 2.406 
The following equipment are installed: 

1. Organics Deposition- Eight Source, High Vacuum, Organics thermal deposition system 
with codeposition and PID control.  Glovebox prevents oxidization of samples. High-
vacuum load lock allows transfer between systems, Plasma Cleaning and Mask changing. 

2. Metals Deposition- Five Source, High Vacuum, High Power, Metals Thermal 
Deposition system with codeposition and PID control. Glovebox prevents oxidization of 
samples and has spincoating station. 

3. Measurements Table- Stylus Profilometer, and PV Optical measurement system 
4. Solar Simulator- AM1.5G 2x2 inch solar simulator in a Glovebox 
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A Search for New SUPERCONDUCTING materials can be effectively conducted at  
ESR/LFMA Cry-center II by contactless Microwave methode 
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APPENDIX 3.  
Superconducting TEXTILES. 
 

The flexibility of these CNT laminated MgB2-CNT yarns enables them to be weaven into textiles 

(Figure 3f and Figure S5). The room temperature resistance of these MgB2-CNT yarns have been 

stable for more than 60 cycles during the bending cycling test (Figure S6). The rupture tensile 

strength normalized by gravimetric density of MgB2-CNT yarns reaches 161±47 MPa g-1 m3 and 

exceeds the tensile strength of conventional metal-sheathed MgB2 wires [20]  

(Figure S7 and Table S2). 

 
 
 

xivQ. Wang et al.   Interface induced high temperature superconductivity in single unit-cell FeSe films on SrTiO3 Chinese Phys 
Letters  

xv Q. Wang et al.   Interface induced high temperature superconductivity in single unit-cell FeSe films on SrTiO3 Chinese Phys 
Letters  
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