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ABSTRACT

In this dissertation work, report on the interesting results of our detailed investigations
of the synthesis, structural, electrical and magnetic characterization of three didfasset of
intermetallic systems

MosSh; wires, thin films and microfibers exhibit the higheékt ~ 8 K, which is
substantiallyhigher than the 2.2 K reported for the single crystal and powder gbi/loThe
suppression of the spin fluctuat®mn MosSh; is evident by the absence @& parabolic
dependence of magnetic susceptibility at 1 T. MoN wires, thin films anddmatrofibers have
T. ~13 K which is consistent witthe values reported itheliterature. To my knowledgéor the
first time we reporton the magnetotransport and critical current measurements in MoN and
MosSb; in these forms. We sho¥l - (T/Tcy)*? dependence of the critical current density of
MoN- and Ma@Sh;,-coated microfibers near the transition temperatiite, The extrapolated
values of the gitical current densityo zero temperatur®r the MoN- and MgShy-coated fibers
areJ,(0) = 1.66 x 18 A/lcm? andJ(0) = 7.7 x 16 Alcm? , respectively.

The results of magnetic susceptibility and tramsgproperties measurements Mb;-
xBeCNiz and Mg.«LiCNis for x = 0 to 0.2 shoeda very small change iff; andH., due toBe
and Lidopingin MgCNis. The heat treatment die carbon deficient samples Mg@@sfor 2 hin
N gasimproved the superconductivity of the compourdsvigCy /Ni3, the supeconductivity re
appeared after the treatment.

Single crystals and polycrystallineamples ofVB, and other transition metal diborides
were synthesizedr, VB, areparamagnetic for x > 0.2&nd nasuperconductivitys observed

above 1.8 KWe also preent theresults of magnetotransport and de Haas Alphen (dHVA)

Xiv



measurements omigh quality single crystals of V\Bgrown from a molten aluminum flux. At
low temperature the magnetoresistanceVef, is very large D1100%) and is found to be

extremely sensitive to sample qualigRRvalue).
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CHAPTER 1
INTRODUCTION

Superconductivityis a phenomenon occurring in certaimaterialsat extremely low
temperaturescharacterized by exactly zeetectrical resistancend the exclusion of the interi
magnetic field(the Meissner effegt The onset of superconductivity is accompanied by abrupt
changes in various physical properties, which is the hallmarkpbfae transitianFor example,
the electronicheat capacitysuffers a discontinuous jump at the superconducting transition
temperature, and thereafter ceases to be lisegrerconducting magnesse some of the most
powerful electromagnet&nown. They are used imaglev trans, MRl andNMR machines and
the bearrsteering magnets usedparticle acceleratorSuperconductors have also been used to
build Josephson junctionshich are the building bcks of SQUIDs (superconducting quantum

interference devices), the most sensitivegnetometersnown.

Specific heat ¢, (arbitrary units)

Fig: 1.1Right: A magnetevitating above &igh-temperature superconducteooled withliquid
nitrogen Left: Behavior of heat capacity,jc and resistivity (1) at
transition.

Since the discovery of the sengonductivity in mercury in 1911 [1], a broad and

significant research effort has been aimed at identifying and characterizing superconducting

materials. In 195The first widelyaccepted theoretical understanding of superconductivity (BCS

1


http://en.wikipedia.org/wiki/Material
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Electrical_resistance
http://en.wikipedia.org/wiki/Magnetic_field
http://en.wikipedia.org/wiki/Meissner_effect
http://en.wikipedia.org/wiki/Phase_transition
http://en.wikipedia.org/wiki/Heat_capacity
http://en.wikipedia.org/wiki/Superconducting_magnet
http://en.wikipedia.org/wiki/Electromagnet
http://en.wikipedia.org/wiki/Magnetic_levitation_train
http://en.wikipedia.org/wiki/Magnetic_resonance_imaging
http://en.wikipedia.org/wiki/NMR
http://en.wikipedia.org/wiki/Particle_accelerator
http://en.wikipedia.org/wiki/Josephson_junction
http://en.wikipedia.org/wiki/SQUID
http://en.wikipedia.org/wiki/Magnetometer
http://en.wikipedia.org/wiki/Magnet
http://en.wikipedia.org/wiki/High-temperature_superconductor
http://en.wikipedia.org/wiki/Liquid_nitrogen
http://en.wikipedia.org/wiki/Liquid_nitrogen
http://en.wikipedia.org/wiki/Liquid_nitrogen

theory) was published. Since then, many theoretical and experimental results in this exciting
research field have been discovered. Since 1986, copper oxide compounds haveeddimna
superconductivity fastrack, but copper oxides are ribe only superconductors worthy of study.

In 1953, researchers first saw the zegsistance phenomenon in a multimetal compound based
on niobium, designated A12]. In 1974, a group of chests achieved superconductivity at a
temperature of 23.2 K in a niobiubased thin filma breakthrough that has gone unchallenged
for nearly 20 years3]. Now, superconductivity researchers are refocusing attention on such
"intermetallic” compounds [4]My research work include following three major branches of
intermetallic systems: i) AlB type structure compounds, ii) Mg compounds containing
refractory elements such as B and C and iii) A15 phase Mo based compounds.

In the framework of the BCS theo[§] lower-mass elements result in higher frequency
phonon modes which may lead to enhanced transition temperatures. The highest superconducting
temperature is predicted for the lightest elemégtrogen 6,7,8], under high pressure. At
ordinary pressuresthe light metallic elementLi does not show any evidence of
superconductivity down to /K [9], but recent calculations for Li predict thRtcanreach 7K
at high pressureslp,11]. Be has al. of 0.25mK, but in thin films this increase® 10.5K
[12,13]. For example molynitride compounaschibit higherT; in intermetallic. Finally, the
recent discovery of superconductivity in Mg&ndMgCNis confirms the predictions of higher
Tc in compounds contaiing light elements

At the beginning of the Zicentury, the discovery of 39 K superconductivity in MgB
with its unique multiple superconducting gap structure has reignited interthstimermetallic
superconductorslfl]. MgB; have layered crystal structurealternating hexagonal layers of Mg
ard B in the MgB compound. MgB, has subsequently been intensively studied because of its

exotic properties4].



The AIB; structure type seems favor a superconducting state in many materials [
17]. The announcement stiperconductivityn MgB, hasproved to be catalyst for the discovery
of several superconductors, some related to magnesium diboride. This discovery revived the
interest ina search of superconductivity, especialtyrelated boron compoungdwith the very
hope that this material wilbe he ti p of a much Ohottero6 icebe
diborides witha much higherT.. The transitiormetal borides are interesting because of their
highly refractory properties and corrosiogsisant characteristicsand due to the discowenf
superconductivity in MgB the AIB,-type transitioametal diborideshave attracted a lot of
interest, with many experimental and theoretical studies going dhesecompounds [18].
However, a clear proof of superconductivity could not be shownrfgrod these isostructural
compounds [3]. Most of the results suggest Mg be a conventional superconductoth the
layers of the boron atoms playing a very important role for superconductivity of 2R
Hence, most work has concentrated tba researchon the influence of the boron atoms on
superconductivity of MgB However, there is no doubt the metal atoms have played
important rolein thesuperconductivityas well Some research [21] has shown that the difference
of the metal atom in thes@mpounds can influence the electronic properties, phonon behavior
and electronphonon coupling effect.The fact that some borides have been found
superconducting by some authors while others did not find traces of superconductivity in the
same materials, uggests that nestoichiometry may be an important factor in the
superconductivity of this family [15]. This has been the case with, TaB, and BeB [15, 19,
22]. Therefore, further work is necessary to settle the controversy in these systems. Growth of
single crystals can provide the best measure of intrinsic properties. With the motivation from

these developments | have synthesized and characterized some transitions metal diborides using



various techniques. | grew high quality single crystal of,\Wihich exhibit unusually large
magnetoresistance [27].

Shortly after the discovery of MgBa reporton superconductivity in MgCNicame as
another surprise2B]. This was the first example of a perovskite superconductor that did not
contain oxygen. Furtlmore, the discovery of superconductivity in this compounddnrag/n
attention owing to its high nickel content, which may complicate the origin of superconductivity.
Additionally, MgCNk may provide a possible link between the traditional intermetallic
superconductors and the high oxides. Energy band calculations show that the density of states
(DOS) at the Fermi leveN(Eg), is dominated by Ni-dgtates, and there is a von Hove singularity
in the DOS just beloviEr [24, 25, 26]. It is surprising that t conduction electrons are derived
from partially filled Ni d-states, which typically lead to ferromagnetism in metallic Ni and many
Ni-based alloys. Notwithstanding the widespread interest in MgGiNistatus as a neBCS
superconductor remains controsi@l. It has been theoretically suggested to be an
unconventional superconductor and nieatability to ferromagnetism34]. Experimentally, the
pairing mechanism of MgCRlis quite controversial. Electron tunneling studies of the density of
states in plycrystalline powders have yielded conflicting results as to whether or not MgCNi
exhibits a BCS density of states speeen. London penetration dep#mdthe earlier tunneling
spectrasuggested an unconventional pairing stateile the NMR relaxationate, specific heat
datg ard the latter tunneling spectsaipport a conventionatwave BCS type behavig28-32,

44]. Though no longange magnetic order has been observed, FM spin fluctadtave been
confirmed to be vigorous in both pristin80, 31] and doped 33] MgCNis. Tunneling into
sintered powders is technically difficult, and indeed, a detailed quantitative characterization of
MgCNiz has, in part, been hampered by the fact that only polycrystalline powder samples have

been available.



Review of the literature indicates that the investigations of chemical doping in
polycrystalline MgCNi canresult in more interesting properti€shemical doping experiments
are motivated by the unusual band structirihis compoundMost groups have doped inetiiNi
sites. Rosner et al have suggested if 12 % Mg is replaced by Na or Li, long range magnetic order
can be observe®@4]. It contains higly volatile Mg and refractorglements C and.BVy goal is
to investigate the effect of doping in Mg and C siteriderstand the role of Mg and C in SC and
optimize the SC properties of MgGNA lattice compression is expected if the larger ion Mg is
substituted by the smaller Be. In order to study the effects of valence change and lattice
expansion on the superconting properties of these intermetallic compounds, pseudo
quaternary Mg:M,CNisp ol ycrystal | i ne ,wtwemMlisdior B, ihdavéitbedh O x
synthesizedThe effect of N on the superconducting properties of M¢samples for x = 1.2,

1, 0.9, ad 0.7 has also been investigated.

Overthe past 20 years, both theoretical and experimental efforts were made on materials
which not only underga superconducting transition but also exhibit rather unconventional
properties in their normal and supercontthg states. Among them, it is worth mentioning
Chevrel phases containing ragarth ions such asthe heavyfermion CeCuSi, compound
which displag an intimate interplay of superconductivity and magneti§8b37] and the
intermetallic actinides such &t; or UCq, with spin fluctuation behavioi3B, 39]. Only a few
materials without anactinide element exhibit both superconductivity and spin fluctuation
behavior fi0]. More precisely, spin fluctuation effects usually manifest themselves at low
temperatire as ar? term in the electrical resistivity, parabolic temperature dependence of the
magnetic susceptibility and for some compounds, an uptuthe specifieheat temperature

dependence3p).



Recently, a new type Il superconductor, namelys8la, which crystallizesn thelr;Ge;-
type structure (space grouim3m), was identified as being a Pauli paramagnet with a
superconducting transition temperaturg,of 2.1 K and an upper critical field of 17 kGH]. In
another study 42], the maximum energy g@avalue (0.32 meV) as well as the critical
temperaturg(2.2 K) have been derived from the Andreev reflection metBdg82 meVis close
to theexpected BCS value of 0.35 meV asdn good agreement with that found by Bukowski
et al.[41]. Candolfiet al report on electrical resistivity, magnetic susceptibility, and, for the first
time, heat capacity measurements on a3ppolycrystalline sampled@3]. The results suggest
that Ma;Shy could be classified as a coexistent supercondisgtior fluctuation sysm [@43]. It is
known for long time that spifiuctuations ould suppress superconductivityjany materials in
low dimensional phases such as thin films and microfibers offer a loppdrtunity forthe
condensed matter researcherinvestigatevery interesting physical propertiesuch as critical
current density, magnetoresistance etc. Furthermore, some materials only show
superconduciity in reduced dimensions. For example, Be can fawes high as 10 K in thin
films [45]. This motivated us to study bfosShy; in the form of wires, thin films and microfibers.
Substantially higher superconducting transition temperatiiggsand upper critical fieldHco,
were observed in M&b; wires, thin films and coated-@icrofibers. This has been explained as
a reslt of the suppression of spin fluctuations in the system in these low dimensional forms.
Transition metal nitrides are known to have a set of interesting physical properties such
as low compressibility, high melting point, magnetism, and supercondudégty0]. A large
number of experimental and theoretical works exist which focus on their synthesis and on the
microscopic understanding of these properties. Of particular interest is the molybdenum nitride

phase which, at ambient conditions of pressutetamperature, is nitrogen deficigbi].



v-Mo2N is a known superconductor with; ~ 5 K [52]. It is reported thaé-MoN is also
a superconductor witifl. ~ 5 K [53]. The hexagonab-MoN was crystallized in a slightly
distorted NiAs type structure undés GPa b4, 55, and the resulting phase showed
superconductivity withT, ~ 12 K [54]. A theoretical study predicted that-didered
stoichiometric MoN with the cubic NaCl type structure (so caB&eMoN) would havea T; as
high as 29 K$6-59]. SinceB1-MoN is believed to be a metastable phase, many studies adopted
thin film deposition techniques, such as magnetron sputtehgam assisted deposition, and ion
implanting for the synthesis ofihphase $0-63, 51, 64, 65]. The B1-MoN films reported in the
|l iterature, however, Thave not exhibited such

It could be argued that the abopeediction of the29 K-T. is not realistic for a higf,
transition metalnitride because this class of compounds tends to form with vacancies on the
nitrogen subdttice[57]. Althoughd-MoN with its hexagonal structure has been known for some
time, [55] the quality of the crystals was not sufficiently good to determine the positions of the N
atoms. Recently stoichiometric 3-MoN has been produced with high pressamd high
temperature annealin, 54]. Combined room temperatureray and low temperature neutron
diffraction experiments 54] revealed the positions of the perfectly ordered N atoms. The
superconducting transition temperature was 12.1 K.

MoN can be ged to form higkhardness, refractory films making it potentially useful for
micro-electromechanical components, tribological applications, and/or protective co&igs |
57]. These in combination with its relatively high transition temperatyre I3 K provide
ample motive for further developmd®2]. The bulk modulus of hexagon&MoN phase is the
highest of any known compound materia6,[66]. For the first time, we present the transport

and critical current measurements on MalNd MgSh,-coated Gmicrofibers.



Young et al have createé new type of superconducting wire, made from an unusual
magnesiunrcarbonrnickel compounds layered around a carbon fiber, that not only carries a high
electric current without resistance but also is remarkably sttbmgand long [67]. This is the
research work that motivated me to synthesizg9¥pand MoN on commercially available 40
nm thick Mecoated C microfibers.

The discovery of exciting physical properties in the abmemtioned novel intermetallic
systems pesuadd me to explore the superconductivity and magnetic properties of other
magnesium compounds. Among the reported over 60[88) intermetallic compounds,
approximately 450 are binary, ternary, and quaternary magnesium compounds. There are only
three khown magnesium carbon compounds, and among them, Mg€Niuperconducting.

Many of the magnesium compounds were found to still be uncharacterized. On the course of
investigation of these known phases of magnesium, | synthesized and characterized several o
them. The very recent discovery of a newK Shoncentrosymmetric (without a center of
inversion symmetry intermetallic superconductoMgiolrigBis [69] has given me further
encouragement in this research.

With the motivation from the review of the litgure and the preliminary results of my
work, | set up the general goal of my thesis explore andapply efficient techniquesn
identification and characterization of superconducting compowittiselenents N, Sb, CMg,

B, Li and Bewhich are difficultto deal but favor to superconductivity and other interesting
physical properties.

Thi s t h e s ilrzvestigation ioft dugertondictivity and physical properties of
intermetallic compounddvioN, MosSh;, MgCNiz and Transitiomrmetaldiboride® i s elr gani z
into seven chaptersin this chapter a general introduction of superconductivity, literature review

and my overall motivation and goals have been giVée. detailed justification and procedural
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steps of the synthesis of single and polycrystalline sesnpl transition metal diborides, powder
pressed pellets of MgChNiand doped systems and wires, thin films and thin coamgG
microfibers of MoN and MgShb, are presented in Chapter Chapter 3and 4 provide the
interesting results of our detailed irstigations of the synthesis, structural, electrical and
magnetic characterization of @by, MoN and MgCN4 are presented, respectively. The study
of transition metal diborides is discussed in chapter 5. Then, with the brief presentation of future
work in chapter 6 the thesis is concluded in chapter 7.
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CHAPTER 2
EXPERIMENTAL DETAILS

2.1  Introduction

In this chapter, we discuss in brief the methodology (sgis and characterization
procedures), and technical details of the instruments used in this work. The synthesis and
characterizatiomreessential pastof aninvestigation dealing with intermetallic systems. Several
new synthesis and characterizatiocht@ques have been developed recently for the investigation
of the physical properties of these materials which depend upon the nature of the sample of
study. The material synthesis, structural characterization, and the measurement of physical
properties wre performed in material science laboratories in Bepartment ofPhysics,
Chemistry and Geology dtouisianaState University. The details of the equipment set up,
sample preparation and characterization procedure are discussed in the following.sections
22  Synthesis

The equipment set up in our laboratories nsakevariety of synthesis techniques
available which are necessary for preparing the materials discussed in this thesis. These
techniques include: 1) preparation of polycrystalline samples g stdte reaction in high
temperature tube and box furnaces and by induction and arc melting, 2) synthesis of volatile
materials in sealed Ta tubes, 3) single crystal grdwy chemical vapor transport and metallic
fluxes, and #thin film growth by ebeamvaporization.
2.2.1 Polycrystalline Samples
2.2.1.1Solid Sate Reaction

The bulk polycrystalline sam@evith the starting materials like Mg powder which are
volatile above 647C, are prepared in the form afpressegellet[1]. Stoichiometric amountsf

the powders of starting materials are mixed and ground well in an alumina mortar. The mixture
13



is then pressed into pellets of fin diameter under 638IPa pressure using a stainless steel

Graseby Specac dand hydraulic press {gure2.1).

_all

Fig: 2.1 Tools used for preparation of pellets of materials in powder form.

Fig: 2.2 High temperature tube furnaces used to anneal the samples.
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The pellets are then wrapped with Ta foil and put in an aluming§Atrucible. The
crucibles are sealed a quartz tube in vacuum or under Ar atmosph@itlee sealed tube is then
put in ahorizontal tube furnacéor sintering.For some samples the crucibles with pellets are
placed in a long quartz tube and heated in a horizontal tube furnace in a stresesolflg Ar,
N or NHz. We can set the different sequence of heating treatments as required. In this kind of
furnace available to our lab we can heat up to 1200
2.2.1.2Arc and RF Induction Melting

Polycrystalline samples of nonvolatile materials, especiaitgrmetallics, can be
prepared by arc and RF induction melt[@§ To arc melt the sampledesired compositions are
weighed and reacted under flowing ultra high purity argon gas in an arc melter using a tungsten
electrode and a wateooled copper hedrt A Zr button was used as an oxygen getter. The
sample was flipped over and-meelted 3-5 times to ensure homogeneous mixing of the

constituent elements. The sample chamber is pumped, purged and sealed at least three times

beforemelting

Fig: 2.3 Arcmelting chamber andopper hearth.
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LLibhebbiby

Fig: 2.4 RF induction melting system.

If the starting materials are in powder form, the powders are mixed and pressed into
pellets as explained in previous section. This resulted in the formation of smallsb{tten
sample button is wrapped in Ta foil, sealed in a quartz tube under vacuum, and annealed at
suitable temperature and time peri®F Induction heating provides reliable, repeatable- non
contact and energgfficient heatin a minimal amount of timeThe powe supply sends
alternating current through a coil, generating a magnetic field. Whemdtkpiece(sample) is
placed in the coil, the magnetic field induces eddy currents iwaonkpiece generating precise
amounts of clean, localized heat without anlyygical contact between the coil and the
workpiece. Induction heating provides fast, controllable temperature ramp, allowing for
consistent quality results. Both ferrous and -femous alloys can be melted in induction
furnaces. The sample is placed igracible wrapped with a tantalum foil as a susceptor inside

the induction coil and RF power is supplied. The charge can be melted and then maintained in
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the liquid state, depending on the application requirements. The operating frequency of our RF
supplyis 0-100 KHz.
2.2.2 SingleCrystals

A polycrystalline sample of a material that belongs to one of the non cubic crystal
systems can have significant baiitstrain. Single crystals do not exhibit artificial effects due to
strain or impurities. This is the §it reason why access to single crystals is important. Sg¢cond
it is necessaryo study the anisotropic, or directionally dependent, properties of a material in a
single crystal. The properties of many crystalline materials depend on the axis alonghetich
are measured. For example, some materials are thought to be metallic (conducting) along one
axis and insulating along another. Crystals can belong to one of several crystal systems, each of
which is characterized by certain symmetries. There areugan@ys of single crystatgowth
The two techniques we have adopted are explained below.
2.2.2.1Metallic Flux Growth

Flux growth is a comparatively simple technique: the crystals are grown out of a solvent
that reduces the melting point of the desired compoifndie heat the mixture of starting
materials up to melting poinit turns out that the small amount thfe material is dissolved into
molten metallic flux, which has a relatively low melting poifihe melt is then slowlyaoled,
and beautiful single crgtalscangrow out of the flux sometimes several mm in leng8ingle
crystals of many intermetallic compounds can be grown in a metallid3Juxlt is a versatile
technique that allows for the growth of congruently and incongruently melting mateitials
equalease. The primary requirement for growth is that tberan exposed primary solidification
surface in the appropriate equilibrium phase diagram.

For the materials with low melting point, below 120Q, starting materials in a

stoichiometric rab are placed in a small alumina crucible and filled with metal used as flux, for
17



example antimony or tin. The approximate mateialux mass ratio is taken as 1:iditially.

The open side of the crucible is closed by quartz wool and then sealecewa@rated quartz
ampule. Then the sample undergoes a suitable sequence of heat treatment in a boxrhenace
guartz tubeshould bevertical. The temperature sequence is determined by studying the phase
diagram of the materiallhe sample igooled veryslowly to just above the melting point of the
metallic flux. Then very quickly the quartz tube is taken out of furnaeerted,and spunn a

centrifuge for 30 secondeeping it upside down. The flux drains out of crucible and leaves the

crystals of tle material at the bottofd].

Fig: 2.5 High temperature verticiirnacesused for single crystal growth.

This method is not always feasible to grow single crystals of the materials with very high
melting points, for example boron and carlyéih In thatcase we melt the material inside a
bigger vertical tube furnace using molten Al aBux. A 10- 50 ml alumina crucible is filled
with stoichoimetric amounts of starting raw materials and the metal used asifturnaterial to
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flux mass ratio 1:@. Thecrucible is put insiderertical mullite tube which passes through the
middle of the vertical furnace. For volatile materials like Mg, the alumina crucible is sealed in a
Ta crucible of a larger size in an Ar atmosphere in a glove[®oxThen the samplis heated
underflowing Ar atmosphere with a suitable heating program. After the sample is cooled to
room temperature the single crystals are extracted from the solid Al by etching it away with a hot
solution of NaOH. By this method we cheatdifferentsamples using four different cruciblat
the same time. The surfacetbe grown crystals i€leaned by etchinthemin very dilute nitric
acid Then the crystals amashed, rinsed with ethanol, and dried.
2.2.2.2Chemical Vapor Transport

Nonvolatile solid sultances can be transported through a vapor phase by chemical vapor
transport (CVT) when the suitable reactive gases are provided in the presence of a temperature
gradient, such as to transform the solid substanceggaseous compounds via heterogeneous
chemical reactions and vice versa. The vagmwn crystals are often perfect enough and good
enough quality crystals to be used in solid state physics experif@@nts our lab single
crystals are grown by the CVT method using iodine as the transpogerg. &A mixture of
elements igplacedin a quartz ampule of length 18 cm and a diameter of 1 cm along with an
iodine concentration of 10 mg/émThe ampule is evacuated to around 2%i@r, and sealed
off. The ampule is placed in a havigal furnace wh small openings on eackide. The
determination of suitable growth duration and the temperajtagient alonghe source zone
and growth zone iakeyto this method.
2.23 Thin Films and Micro Fibers

Thin film science and technology play an importaoié rin the higktech industries. Thin
film technology has been developed primarily for the integrated circuit industry. The demand for

development of smaller and smaller devices with higher spspécially inthe nextgeneration
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of integrated circuitsrequires advanced materials and new processing techniques suitable for
future giga scale integration (GSI) technology. In this regheihysics and technology of thin
films can play an important role to achieve this goal. Thus, knowledge and determofatie

nature, functions and new properties of thin films can be used for the development of new

technologies for future applicatiofis, 8.
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Fig: 2.6 Experimental set up for thin film growth.

There are various types ofiemical andohysical depositin processsof thin films. In
our lab we do an electrdmeam deposition [9]. The material to be deposited is placed on a boat
(crucible) made o& material with high melting point. Depending on the type of the materials to
be depositedacarbon or tatalum boat is used. An electron beam evaporator fires aemgigy
beam from an electron gun to boil a small spot of material; since the heating is not uniform,
lower vapor pressure materials can be deposited. The beam is usually bent thrangje sof

270° in order to ensure that the gun filament is not directly exposed to the evaporant flux.
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Typical deposition rates for electron beaevaporation range from 0.1 tb0 nanometer

persecond in a 2 micfborr vacuum.

Fig: 2.7 Mo coated C fiberproduced by JW Composities LC.

A carbon fiber is a long, thin strand of material about 0.6@0R04 in (0.00%.010 mm)
in diameter and composed of carbon atoms. Carbon-ri@iorced composite materials are
used to make aircraft and spacecraft padsing car bodies, golf club shafts, bicycle frames,
fishing rods, automobile springs, sailboat masts, and many other components where light weight
and high strength are need@there are various ways synthesizing the carbon fibers [LW
Composits has developed a unique technology for incorporating graphite fibers into a copper
matrix [11]. Graphite fibers are not wetted by many metals including coppgrproviding a
thin layer of molybdenum metal on the surface of each graphite filamentydbedcfibers are

spontaneously wetted by molten coppéihe molybdenum coating provides a strong bond
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between the fibers and copper; a bond that is stable even above the melting point of copper!
Once coated with molybdenum, the graphite fibers haveiealypetallic appearance.

Fibers coated with various metals (nickel, copper, gold, etc.) for use in aerospace,
defense, electronics, communications and biomedical applicati@@id Youngetal have
found a way to synthesize a layerM§CNi; an 8 Ksuperconductor directly onto tiny carbon
fibers that are five times smaller than a human hair, and the results could lead to @dlvance
space travel and transp¢i?]. MoN and M@Sh; were synthesized in our lab reacting the Mo
coated carbon fibers with N drsh respectively.
2.3  Characterization

Sample structure and phase purity analysis will be performed by powder and single
crystal Xr avy di ffraction usi ng Cu KnUincident fodam a c t 0 me
monochromator in the Chemistry Departme®EM imagesard elemental analysis were done
using JEOL 840AThe physcal properties measurements wesegried out in Quantum Design
Physical Property Measurement System (PPMS).
2.3.1 Structure and Elemental Analysis
2.3.1.1X-ray Diffraction

The X-Ray diffraction method isnost useful for qualitative rather than gquantitative
analysis (although it can be used for both) of powders, single agsiglthin films. We can use
it to identify phases, to measure crystal lattice parameters, residual stress, texture, and crystalline

size of nanomaterials.

The X-ray radiation most commonly used is that emitted by copper, whossctdréstic
wavelength for theadiation isA = 1.54056 A. For powder Xray diffraction, well grounded
powder ofthesamples waplaced onto a sample hold#rthediffractometer equipped with Cu

Kygr adi ation (& = 1.54056 j).
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Fig: 2.8 A Bruker D8 Advance Powder Diffractometeoused at Chemistry department.

Data were col | %te8Fevith afcansiamt scan sgeed-of 22 Bt room
temperature When the incident beam strikes a powdample, diffraction occurs in every
possible orientation of2 The diffracted beam may be detected by using a moveable detector
such as a Geiger counter, which is connected to a chart recorder. In normal use, the counter is set
to scan over a range of Xalues at a constant angular velocity. Routinelyp ashge of 10 to
80° is sufficient to cover the most useful part of the powder patfene. scanning speed of the
counter is usually 2° mihand therefore, about 30 minutes are needed to obtaice trathis
work, XRD measurements were carried out usitige Bruker D8 Advance Powder

Diffractometer housed in tHeepartment ofChemistry at Loisiana State University. Tperform
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the single crystal Xay diffraction a small crystal fragment is gluedadalass fiber and mounted
on the goniometer of a Nonius Kappa CCD diffractometer equipped with pMadiation { =
0.71073 A). Dataverecollected at 29 K.
2.31.2 EDX Spectroscopy and SEMMicroscopy

Energy dispersive Xay spectroscopyEDS or EDX) is an analytical technique used
predominantly for the elemental analysischemical characterizatioof a specimen [13]. Being
a type ofspectroscopyit relies on the investigation of a sample through interactions between
electromagnetic radiatioand matter, analyzink-raysemitted by the matter in this particular
case. Its characterization capabilities are due in large part to the fundamental principle that each
elementof theperiodic tablehas a uniquatomic structureallowing x-rays that are characteristic
of an element's atomgtructure to be uniquely distinguished from each other. Spectroscopy data
is often portrayed as a graph plottingay energy vs. count rate. The peaks correspond to
characteristic elemental emissions.

EXM3AT LAS & GSFC
10’ —_—

or 50 12
Enargy {ke')

Fig: 2.9 Spectroscopy data for an elemental analysis.
There are four primary compents of the EDS setup: the beam source; theyX
detector; the pulse processor; and the analyzer. A number efténeding EDS systems exist.

However, EDS systems are most commonly foundscanning electron microscop€SEM).
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Electron microscopes are equipped witlcaghodeand magneticlenses to create and focus a

beam of electrons, and since the 1960s they have been equipped with elemental analysis
capabilities. A detector is used to convertay energy intosoltagesignals; this information is

sent to a pulse processor, which measures the signals and passes them onto an analyzer for data
display and analysis. Thezanning electron microscof8EM) is a type ofelectron microscope

that creates various images by focusing a high energy beam of electrons onto the surface of a
sample and detecting signals from the interaction of the incident electrons with the sample's
surface.The SEM also produces images of high resolution, which means that closely spaced

features can be examined at a high magnification. Preparation of the samples is relatively easy

since most SEMs only require the sample to be conductive.

Fig: 210 JEOL 810A Scanning electron microscope in the geology department at LSU.
The types of signals gathered in an SEM vary and can include secondary electrons, characteristic
x-rays, and backcattered electrons. In an SEM these signals come not only from the primary

beam impinging upon the sample, but from other interactions within the sample near the surface.
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The SEM is capable of producing higbsolution images of a sample surface in its primary use
mode, secondary electron imaging.

SEM images of our samples wetaken using a JEOL 840A SEM in the SEM and
Microprobe lab at the Department of Geology and Geophysics. This machine is equipped with
four detectors (SE, BE, CL, and-rdy). Analog photography of secondary and backscatter
images is supported by a dedica@BT and Polaroid camera. A Mac G4 computer with dual
monitors is used to work with a 4Pi ADC (Spectral Engine Il) and multichannel analysis system
to acquire digital SEM images and EDS spectrum. NIH Image or Evolution of 4pi is used to
acquire and analyzienage data. The sample stage supports 12 mm stub, 32 mm stub, and thin
section. Sample exchange is rapid and sample throughput potentially quite fast. This instrument
is very simple and quite robust.

2.32 Physical Roperties
2.3.21 Overview of PPMS

The Physical Property Measurement System (PPMS) provides a flexible, automated
workstation that can perform a variety of experiments requiring precise thermal control. The
unigue open architecture of our Model 6000 PPMS allows us to use differeatirer@ant
options, such as the AC Measurement System option, AC transport apitbrigat capacity
option. We can also usebreakout box to connect with external instrunséatmeasurdransport
critical current density anthe thermoelectric effectThe sample environment controls include
fields up to £ 9 Tesla and temperature range of-1480 K. Temperature is reported with a
typical accuracy 0£0.5%. The slew rate is 0.@1dt < 12 K/min. with full sweep capability. The
PPMS unitoperats with a nitiogen jacketed dewar. The dewar contains the liquid helium bath
in which the probe is i mmersed. The probeds i

control hardware, the superconducting magnet, the hdbusl meter, the gas lines, the sample
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puck connectors and a variety of electrical connections. The pins from the sample puck
connector are wired to the pins on the graygged Lemo connector that is on the probe h&ad.
stateof-the art technology of the AC Measurement System offers extessisceptibility and
magnetization capabilities while retaining a uBeEndly environment. The ACMS houses the
drive and detection coils, thermometer, and electricahections for the ACMS systeifine AC

drive coil set provides an alternating exciatifield, and the detection coil set inductively
responds to the combined sample moment and excitation field. The insert fits directly in the
PPMS sample chamber and contains a sample space that lies within the uniform magnetic field
region of the host MRS, so DC field and temperature control can be performed with
conventional PPMS methods. The ACMS coils are connected to the PPMS electronics through

the 12 pin connector located in the base of PPMS sample chamber. The ACMS is both a DC

magnetometer angh AC susceptometer.

“%“»i'

Fig: 2.11 Physical Property Measurement System.
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2.3.2.2Resistivity and Hall Coefficient
The measurement of transport properties such as electrical resistivity, magnetoresistivity,

and Hall coefficient are performedtine AC transport opon of the PPMS MultiVu software.

Fig: 2.12 Liquid He tank and other tools for sample installment inside the PPMS.

We adopt a standard feprobe technique. Hall coefficient measurements, however, measure the
sampl eds Hall v 0 | t eag differentnadnfiguratien. €he sameple is eugari r
polished into a bar with dimensions of approximately 2 x 1 x 1 firime. sample is glued on a
special kind of plastic holder (G10) using VGE varnisbur pieces 00.002 inch size platinum

wire are used to ake electric contact to the smooth surface of the sample using a conductive
epoxy (Epotek H20E)t is placed on a hot plate for several minutesure the epoxy. Then the
wires areconnected to the current and voltage points on a PPMS sample fhelkcatact

resistance is checked with a voltmeidne puck is placed inside the PPMS for the measurement.
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Fig: 2.13 Single crystal with four current and voltage leads and Samples puck and base for Ac
transport.

In the active AC transport option, the mdsiity control center makes basic system operations
such as installing samples, selecting or creating data files, measurement sequmelsmiting

up and running immediate mode resistance measurenitbsthe help of the PPMS MultiVu
software, the magtude of excitation current and the sequence of temperature and magnetic field
variation forthe measurement are provided. The resistivity measurements are typically made by
passing a known current through the sample and measuring the voltage droghacsassple in

one direction. We can turn on the magnetic field for magnetoresistivity and Hall coefficient
measurements.

The resistivity in different directions of applied magnetic field can be measured using a
rotator. The sample is mounted on a speeaai@e puck which fits on a rotating holder.
2.3.2.3Magnetization and Susceptibility

For magnetization and susceptibility measurements in the PPMS, samples may be
mounted directly on the ACMS sample holder, a teftap or on clear plastic drinking straw.

The teflon and clear plastic straw adds a negligible magnetic moment. We can alsa use
nonmagnetic material like quartz wool or piece of tape to ensure that the sample will not shift

within the holder. The sampl e hedndotathin, rigidhel d
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sample rod. The purging, evacuating, sealicentering the sample and measurement can be
performed inthe ACMS option using PPMS MultiVu software. DC magnetization measurements
measure a sampl eds magn eticfietd Hratoaspeafit temperataenT a p p |
(M= M(H,T)). The sample is moved quickly through both sets of coils, inducing a signal in them
accordingtoFar adayo6és | aw and it is analyzed with a
t he sampl e 6mentnMagnetie susceptibityois given by magnetic moment per mole
per unit field.
2.3.2.4Thermoelectric Power

The Seebeck coefficient (also called the thermopougrthe ratio between the elecric
field and the temperature gradient (or equivalently, the ratwdmset the voltage difference and
temperature difference between the ends of the sample). The sign of tlaekSesdfficient
depends on the sign of timeajority charge carriers (whether positive or negative charge builds
up on the cold end). So measuring tBeebeck coefficient is a way to determine whether the
charge carriers in a particular material are holes or electe@ehack coefficients measurements
are performed by using a comparative technique with a constantan standarD(8//K). We
have degined a special board @PPMS puck where a 1000 ohm resistance heater is thermally
attached to the plate. The sample and the constanéapproximately othe same dimensions
and attached to the plate parallel to each other so that the temperatuengaadiss eacls
equal. When the heater is,mme end of botlthe constantan and the sample are heated. From the
temperature gradientAT) and potential differenceAyY) between the engsthe Seeback
coefficient can be obtained bys § AVJAT for the saple and for the constantgis. =
AVJAT:). SinceATs = AT, Ss = (AVJAV,) S . Temperature dependence tbé Seeback
coefficient canbe performed with the help dfabView softwareby placing the sample puck

inside the PPMS. The softwatakes the datfor AVsandATs until the temperaturaT saturates
30



with time. The Seeback coefficient S, given by the slope of the gragf/givs. AT, at different
temperatureis recorded.
2.3.2.5Critical C urrent Density

The critical currents of the samples in the formnu€rofibers with verylarge normal
stateresistivity are measured in a four probe geometry using a standard pulsed te¢h?jgue
The sample is mounted aPPMS transpopuck as explained in section Z2. The current
and voltage leads were directhpndedto the surface of the fiber with a distance e 8&1m
between them. The puck is then installed into the PPMS sample chamber so that the temperature
and the magnetic field can be varied as required. The electrical connection is carried out to the

critical current measurement system from the probe head of PPMS through the breakout box.

Fig: 2.14 Equipments for the measurement of critical current density.

Below the superconducting transition temperature of the matetiedlents are driven

usinga pulse duration of 2 ps with a duty cycle of 1/1000, and resulting voltages are measured
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via a boxcar integrator. We need to insure that the pulse width and duty cycle are low enough to
avoid significant heating @he contacts. Superconductors can supmnly a finite amount of
supercurrentAs the current increases, the voltage drop across the sample is monitored. As long
as the sample remains superconducting, the measured voltage lshaalid WWhen the sample
becomes resistive, the current througbenerates a potential difference across the sample. The
current at which this occurs in a given superconductor is theatrgurrent. The data for input

and output voltages are recorded and plotted ukaig/iew software. We can calculate the
currentdensity using the resistance of the resistor used and the cross sectional area of the sample.
2.4  References

[1l]Ren ZA,Che G C, JiaSL,ChenH,NiY M, LiuG D, Zhao Z X 2P@%sica C371 1

[2] Jackson D D, McCall S K, Weir S T, Karki A B, Yourly P, Qiu W, Vohra Y K 2007
Physical Review B5 (22): Art. No. 224422

[3] Canfield P C, Fisher | R 200Jdournal of crystal growtl225155161

[4] Cho J Y, Moldovan M, Young D P et.al. 200@urnal of Physics : Condensed Matted
(26): Art. No. 266224

[5] Karki A B, Gautreaux D P, Chan J Y, Harrison N, Browne D A, Goodrich Rdang D P
2008 Journal of Physics : Condensed Matg&r 000000 (5pp)

[6] Wang J F, Saitou S, Ji S Y et al. 2006urnal of Crystal Growth295(2): 129132

[7] Assinese Alavarone M, Vaglio R et al. 20®hysical Review B2 (21): 1391513918

[8] Physics and Technology of thin Films IWTF 2003 Proceedings of the International
WorkshopTehran, Iran 22 Februarye March 2003edited byA Z Moshfegh(Sharif University

of Technology, Iran)H v Kanel(Politecnico di Milano, Italy) S C KashyaglIndian Institute of
TechnologyNew Delhi, India) & M Wuttig (I Physikalisches Institut der RWTH Aachen,
Germany)

[9] Young D Pet al.2003Physical Review B8 (2) Art. No. 020501

[10]Li Y J, Lau S P, Tay B K, Chen G Y, Sun Z, Chen J S, You G F, Sheeja DI¥afind
and Related Materiald.0 878882

[11] J.W. Composites, LC, 420 South 500 West, Salt Lake City, UT 84101
32


http://www.sciencedirect.com/science/journal/09259635
http://www.sciencedirect.com/science/journal/09259635
http://www.sciencedirect.com/science/journal/09259635
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235572%232001%23999899996%23279459%23FLA%23&_cdi=5572&_pubType=J&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=4b93a6be2af0f172e2d5dea8f211996a

[12] Young D P, Moldovan M, Adams P W 20P4ys. Rev. B0 064508

[13] http://en.wikipedia.org/wiki/Energgispersive_Xray_spectroscopy

33



CHAPTER 3
MOLYBDENUM NITRIDES AND ANTIMONIDES IN THE FORM OF WIRE S, THIN
FILM SAND COATING SON C-MICROFIBER S
3.1 Introduction

Transition metabased superconductors have been a historically important class of
materials, primarily due the fact that the A15 intermetallics such gSri\lbecame widely used
in high magnetic field applications, such as in the windinfgsuperconducting solenoids [1].
Though the most extensive research has been carried out on niobium intermetallics, there has
beenarecent renewal in interest in two particular molybderhased superconductors. The first
compound is MosSh; which has recdty been classified as a strong spin fluctuation
superconductor [8,9]The second is olybdenum nitride which ds attracted much attention as
superconducting materidlue to its relatively higfi (13 K) for an intermetallid.2].

MosShy is the only intemediateline compound in the Md&b system. It decomposes
peritectically at 78GC into pure components i.e. liquid antimony and solid molybdenum [14]. It
hasthe cubic IsGe-type crystal structure [15, 18pukowski et al. have shown M8b; to bea
type-ll superconductor witf; = 2.08 K [8].1t is believed to be similar to the naonventional
superconductor MgCRMi which also exhibits strong spin fluctuations due to its proximity to a
ferromagnetic ground state. In both these latter systems, strongflspumations alter the
superconducting ground state properties in-tmomal ways [10, 11]. Spin fluctuations may
compete with superconductivity or even lead to an exotic pairing mechanism other than
conventional svave.Up to now, more than 20 of theXy-type compounds (T is a transition
metal, X is pelectron metalloid, mainly In, Ge, Ga, Sn), have been recognized to crystallize in
this type of structure [17]. However, very little is known on the physical properties of these

phases. Most of them are rakic, known exceptions are semiconductingsAsy [17] and
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NbsSkyTes [18]. Metallic properties [19]and diamagnetism [17, 20, 2%jere reported for
Re;As;. The superconductivity withsf= 0.87 K was discovered ins(ee; by Raub et al. [22]. In
turn, Chakamakos et al. studied a single crystal oz:®u and reported it as a diamagnetic

metal, being nonsuperconducting down to 2 K [23].
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Fig: 3.1 Temperature dependence of the electrical resistivity for sSllsingle crystal. The
inset shows an enlargemanitthe data at low temperature, in the vicinity of the superconducting
transition [8].

There are a few studies on My, The detailed crystal structure of M, has been
determined by Jensen et al. [&4] single crystals prepared by chemical vaparspart. Hulliger
reported metallic properties and practically temperatumdependent paramagnetism (570 and

580 x 10° emu/mol at 8 and 300 K, respectively) fopolycrystalline MaSh; [17]. The

decomposition pressures of the §8b; compound were measurby Martet al.[25].
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Fig: 3.2 Magnetization of Mggb; as a function of temperature at various magnetic fields.
Numbers denote applied magnetic fields in T [8].

Molybdenumnitride forms several crystalline nitrides includimgvozN (cubic), f-Mo,N
(tetragonal), and hexagonalMoN [6,42]. »-Mo,N and s-Mo,N are known as superconductors
with T, ~ 5 K [30,43]. According to the Mdl phase diagram only the hexago@dloN exists
at the stoichiometric composition [6]. MON with Bylpe structure has been pi&dd to have a
higher superconducting transition temperattrg than NbN [44,41]. BAMoN does not appear
in the equilibrium phase diagram of the Mosystem [47]. This and the high density of
antibonding states make it difficult to synthesize a perdegstal of BEMoN. Recently some

workers have succeeded in preparingNBdN films by sputterdeposition techniques [36,45,48].
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The observednsetT., 12.5 K, however, is not as high as the theoretical prediction [36,44]. This
has been explained by the og@ce of nitrogen vacancies and nitrogen defects at the interstitial
sites [45].

Bukowski et al. have reported on electrical resistivity and magnetization measurements
of single crystals of Mgbby, grown viaa peritectical reaction between Mo metal diggiid Sb
[8]. The summary othe experimental procedure is as follows. Approximately 10 g of Sb (purity
99.99%) was placed in a thiekall molybdenum crucible and sealed undarAr atmosphere.
The crucible was heated in a vacuum furnace to £a08nd sbwly cooled (3°C/h) to 700°C
which wasfollowed by furnace cdimg to room temperature. Thehe crucible was opened and
transferred ta silica glass tube and an excess of Sb was removed by means of sublimation in
vacuum at 620C. The single crystal Isahe cubic IrGe; structure (space group Tr8m) with
lattice parameter a = 9.582 which is slightly higher than a = 9:57£3 reported inRef.[24].

Recently, Candolfet al have reported on electrical resistivity, magnetization and heat
capacity meagements on a M&by; polycrystalline sample [9]. The compound was prepared via
a metallurgical route. Stoichiometric amounts of Sb shot and Mo powders were loaded into a
quartz ampoule which was heated up to 760and left at this temperature for 10 dayse
product was then powdered and finally densified by hot pressing 4C6@0 2 h under 51 MPa
pressuraising graphite dies.

The onset superconducting transition temperafure 2.2 K, the residual resistivityy =
9 5 -enmgandthe debye temperataré, = 162 K were obtained by Bukowsét al [8]. The T
is comparable to the value, 2.3 K, obtained fritva sharp specifiheat discontinuityAC, as
shown in Figure 3(b) [9]. It must be noted that, surprisingly, the temperature dependétice
restivity reported by Bukowsket alona Mo3sShy; single crystal [8]Figure3.1) is different from

that reported by Candolét al on the M@Sh; polycrystalline sampléFigure 33(@)) [ 9]. It is
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interesting to note that the nornsthteresistivity is relatvely high (o = 9 5-cmegpgpd o =
1.4) for the single crystalThe high oy reflects the presence in this compound a rather strong
electronphonon coupling [8]. The onset superconducting transition tempeiatarg.2 K from
the magnetization measurementan applied magnetic field of 15 Oe agrees well with that

determined from the resistivity data in O T [8] [Fig@2].
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Fig: 3.3 (a) Electrical resistivity as a function of the temperature. Inset: parabolic dependence of
the electrical resistivitytdow temperature(b). Temperature dependence of the specific Ggat

of MosSh; at low temperature highlighting the specific heat jump at the transition temperature.
Inset: temperature dependence of the specific heat up to 300 K [9].

At room temperaturdMosSh; is paramagnetic withyy = 240 x 16 emu/mol [8].
Surprisingly this value is about two times lower than that reported by Hulliger [17] and Candolfi
et al.[9] for the polycrystalline sample. The magnetic susceptibility measurement performed in a
relatively high magnetic field (B = T) showsa constant behavior above 50 K suggesting that
this compound i Pauli paramagnet [8]. The uppds.f) and lower B.y) critical fields were
roughly estimated tbe 0.6 T and 1 mT, respectively [8]

The value 0B,(0) was estimatetly Bukowskiet al.[8] using a simple empirical formula:
BaAT)=Be0) (1(TIT))é é é 66 é6é6é6ééééé. (1)
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Their value of Hex(0) is 1.7 T, which is in close agreement with the result from the Andreev
reflection measurement by Dmitrieat al. [26]. The maximum energy gag(0) = 0.32 meV,
which is slightly smaller than that expected from BCS thed?§30) = 0.35 meV was reported

by Dmitriev et al. [26]. The smaller experimental gap value may be attributed to the magnetic
character of his material, where a destructive role of the dpm processes still cannot be

disregarded entirely.
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Fig: 3.4 The upper critical field Bof MosSh; vs. temperature. The solid line is the best fit to
Eq. (1) [8].

Candolfiet al. have reported Mgshy is also a spin fluctuation system on the basis of the
results ofthe electrical resistivity, specific heat capacity and susceptibility measurements [9].
According to the literature, the first strong evidence is the typical quadratic temperature
dependencef the electrical resistivity, at low temperature (¥ 50 K), associated with both a

largevalueand saturatiomigoing up to room temperatuféigure3.3a).
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Fig: 3.5 Magnetic susceptibility as a function of the temperature ysMoThe arrow idicates
the position of the maximum. Inset: low field magnetization curves for the two extreme
temperatures investigated (5 and 300 K)[9].

Second is the temperature dependence of the magnetic suscepfibifitye 3.5). The
susceptibility displays a paralic dependence at low temperature, then increases with
temperature, and at higher temperature becomes maximum around .18®bokKe this
temperature ibbeys CuriéWVeiss law. The parabolic dependence, which was also noticed in the
UAI, compound [27], is casistent with the theoretical prediction made by Bdahod et al

[28] on a spin fluctuation contribution to the temperature dependence of the magnetic
susceptibility. The third evidence for MBlb; to be considered as a spin fluctuator is the fair
agreemenof the ratioA//%, ~0.55 x 1 ¢ gcm(K-mol/mJY of this system with the Kadowaski
Woods relatiomA/y%, ~1.55 x 10 ¢ gcm(K-mol/mJY , which can be explained in terms of the
spin fluctuation theory [29]. The most encouraging part of this literatuns [@ht the transition
temperature obtained by the McMillan relation without spin fluctuation rescaling is substantially

higher, i.e.,T. ~ 8.7 K-11 K. The density of states #ite Fermi level is reported to be high due to
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the contribution of the Mal-staes, leading this materi#b the border of magnetic ordering [9,

38].
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Fig: 3.6 Electrical resistance vs. temperature for the starting material, and peesseaked
MoN films at various temperatures [7].

d-MoN crystallizes in a hexagonal structig (space group number 186) and the lattice
parameters reported are &73and ¢ =5.60A. The unit cell contains 8 formula units of MoN.
Sahuet al have performed LDA and GGA electronic structure calculations on the N ordered
phase ob-MoN [33-35]. Linker et al. have shown that a highly disordered phase (Mwith x
= 0.20) with aT. of 9.2 K was produced by ion implanatatiohnitrogen into molybdenum [39
For x > 0.20 a phase transformation to a FCC phase was observed. Later, Linker showed that t
lattice parameter of the FCC phase revealed a linear increase as a function of N concentration up
to a value of x = 0.5 @]. Moreover, Linkeret al, in view of the above predictions fog, have
fabricated nominally stoichiometric but not highly amelg MoN in the NaCl structure (B1

structure) to see if more nitrogen could be incorporated into the FCC phase-bguildirium
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techniquesso that the stoichiometric B1 phasauldfinally be obtained. The reactive sputtering
of the 150400-nm thick films was carried out in a RF system, and then implantation of nitrogen
was performed into Mo films using multiple ion energies. The superconducting transition
temperature is only about 3, kh contrast to expectations raised by theoretical and empirical
predctions [36,44]. The resistivity values of MoN are considerably larger than those of other
refractory superconductors also prepared by sputtering.

Ihara et al attempted to stabilize the nonequilibrium-Bdase MoN and fill the N
vacancies by interstitidN atoms by higkpressure annealing, because the density of thl&l
is larger than that of the equilibrium hexagonal MoN [%], 4They prepared BMoN films by
sputteringand annealed under a pressure of 6 GPa at a temperature between 600 8@dat100
8 h. The B1 phase MoN is converted mainlythe hexagonaphase and partly to tetragonal
phase MgN when annealed at temperature above @o(A residual phase was observed only at
an annealing temperature of 680. The onsefT; of the 1000 °C-anneéed films was 14.9 K
This is the maximum value found in the literature for theMWeystem[7]. Though they could
reveal the existence of the pure hexaggialse MoN with high, high pressuréargerthan 6
GPawas neededb obtain the nonequilibrium Bfhase MoN Sauret al prepared MoN in the
form of wires by heating the Mo wires of 0.5 mm at temperatoeéveen 750 and 95 in a
stream of ammonia gas under atmospheric pres8idfeThe highest transition temperature of
about 12.95 K was obtainéy a heat treatment at 880 for 232 hr.

To the best omy knowledge, there are no reports on the study of¥osynthesized in
the form @ wires, films and microfibers, and there are no reports on magnetotransport properties
of MoN. Thischapter reprts on the synthesis and characterization o§3flpand MoNwires,
films and coating on carbon microfibers This is firstreport on the transport critical current

measurements of annular MoN and 480y, fibers as a function of temperature.
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3.2  Synthesis

1 gam of bulk polycrystalline MgSb; was synthesized by RF mialy with nominal
formula MaSh;s. The powders of Molybdenum (99.95 % Alfa Aesar) and Antimony shot
(99.9999 % Alfa Aesar) were thoroughly mixed and ground well fet30ninutes. Then the
powder was pressed into a pellet of 10 mm in diameter. The pellet was put intgOgrerdicible
wrapped by a thick foil of t#alum fromthe outside. The crucible witthe sample was then
placed inside an induction coil and RF power was supplied. The mgerfa¢quency was
increased slowly uiitsufficient heat was produced to melt the pellet. The process was carried
out inastream of high purity Ar.

Hard and 99.8% pure metallic Molybdenum wires of 0.013 mm and 0.07 mm in diameter
wereobtained thragh Alfa Aesar fronthe Johnson Matthey Company. During the production
of these wiresa very small percent of W, Cr and $an become impuritiesSimilarly the
commercial fibers consistingf a 6micron diameter carbon conehich are coated a 40 nm thic
film of molybdenum metaWwereobtained from JW Composites, LC [13]. To synthesizg3ip
samplesa fewcentimeter log pieces othewires and the fibers wergdacedin a small alumina
(Al203) crucible. The crucible with a small amount of Sb shot @8 Alfa Aesar) assealed
in an evacuated quartz tube and heated at temperatures betwéena8@D1030C for different
time periods. The entire tube was quenebedled to room temperature. To optimize the
superconducting properties, the synthesisanfies was carried out many times with different
amounts of Sb at different temperatyrasdfor different time periods.

MoN wires and coatirgwere prepared by reacting the Mo wires and-ddated carbon
fibers in a 1 ATM stream oédmmonia gas (Nk) at 80 °C 1 1030 °C for differenttimes.
Exposures at 900C for 1h and 30 min resulted in the samples with the best superconducting

properties. To compare the structure and properties before and after the reaction, the wires and
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the fibers a obtained from # manufacturewere annealed at 90C for 1 hour and 30 minutes
without Sb.

In addition, we formed planar films of each compotingt by evaporating 6Gim films
of Mo onto sapphire substrates visdb@am vacuum deposition of amelted molybdenum
buttons(99.999% Alfa Aesar). Typical deposition rates werd.1 nm/s in a 2 puTorr vacuum.
The resulting Mo films were then exposed to either ammonia gas or Sb vapor as per the recipes
used to form the fiber coatings. Because the planar film synthesis didwvebteircarbon, it
provided us with control samples from which we could determine the effects of possible carbon
contamination from the fiber cores. The planar geometry, however, is not particularly suitable for
critical current measurements.
3.3  Characterization

The reacted thin wires and coated carbon microfibers of MoN angShiylavere
examined with a scanning electron microscope (SEM) and their chemical composition were
determind using EDX analysis byEOL 840A Scanning electron microscope
A bunch ofapproximately 4cm long pieces of wire and the fibers were heated with Sb aad in
stream of NH at a suitable temperature and time period to get the sufficient amount of powder
of MosSh; and MoN respectively for Xay diffraction. Well grounded powder afachsample
was placed onto a sample holder of a powderayX diffractometer equipped with CugK
radiation (& = 1.54056 df20.to 80 witha constant scancspeed e ct e
of 2° min® at room temperature. The phase purity ofs8tm and MoN thin films were also
verified by powder XRD.

To measure the transport properties of #n@es the contacts were made with two mil
platinum wires by applying Epotek conductive epoxy or silver paint directly on to the wires,

fibers and thin films. The electric resistance and magnetoreisatance measurements were
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performed by the standard feprobe ac technique at 27 HZ with an excitation current of 3 mA

for thewire and 0.01 mA for fibers and thin films. Critical currents 6fS33mm long fibers were
measured inthe 4-probe geometry using a standard pulsed technique. Superconductors can
supportonly a finite amount of supercurrent. As the current increases, the voltage drop across the
sample was monitored. The current at which the sudden potential drop occurs in a given
superconductor is the critical current. Currents were driven using puld®dsraf 22 € s wi t h
duty cycle of 1/1000, and the resulting voltages were measured via a boxcar int@dpaidata

for input and output voltages were recorded and plotted using LabView software. Care was
taken to ensure that the pulse width and dwyle were low enough to avoid significant Joule
heating at the contacts. The current density was calculated using the resistance of the resistor
used and the cross sectional area of the sample. The samples were caloéadapygr down to

1.8 K in magnet fields up to 9 T via a Quantum Design PPMS.

The temperature dependencelt magnetic susceptibility of M@k, wiresof 70 e m 1 n
diameter were measured at magnetic §ed20 Oe and 1T. A bunch of pieces of }8b; wires
waspacked in a plastic capsule and attached to the ACMS sample bbtdePPMS.

3.4  Results andDiscussions
3.4.1 Polycrystalline MozShy

The low tenperature electrical resistivity dhe RF meled polycrystalline sample of
MosShy is shown in Figure8.7. The superconducting transition temperatdre, (midpoint) is
2.35 K, which is comparable to the value reported for the single crystal and polyicrystal
sample of MgShy; [8, 9]. The T; obtained from lower temperature dependence of magnetic
susceptibility of the sample at a magnetic field of 20 Oe is consistent with the 2.35 K. The
powder sample of Mgsh,, prepared by solid state reaction, also shtives superconducting

transition around the same temperature.
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Fig : 3.7 Superconducting transition of a RF melted polycrystalline samples&8tiMadhe solid
line is a guide to the eye.

3.4.2 MagShb; and MoN Wires

Scanning electron microscopy of-ugacted and reacted wires showed an obvious change
in the Mo wires due to the reaction withitherSbor N. The crosssectional area of the M8b,
wire increased by approximately four times due to the reaction, while that of MoN did not
change substantigll Figures 3.8 and 3.%how the crossectional view of bare Mand MaSb,
wiresof 70 & m respectivalydsshowmein Figur8.9for the MgSbywi r e of 70
diameter, the reaction is not throughout the wire. We can see clearly a porticneaicted Mo

in the core othewire obtained by the heat treatment at 9GCor 1 h in Sb vapor
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Fig: 3.8 Scanning electron micrograph of

The EDX analysis of the wire revealéde chemical composition oMosSk; in the reacted
portion of the wire, while in the middle portion there is only Mibe powder Xray diffraction
obtained from the powder of M8b; wires has revealed the presence of the cubic phigisehe
Ir3Ge; structure type.A few impurity peaks, which cogspond tdhe unreacted Mowerealso

observed. XRD of powded MoN wires verified the crystallization in the hexagotaloN

phase.
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Fig: 3.9Scanning electron micrograph of B&,of wi re of 70 em i n di amet e
sectional view.
The temperature dependence of electrical resistivity of Mo andbMwvi r es of 70 ¢ |
diameter is shown in Figui21Q The MaSh; sample was prepared by heating Mo wire with a
lot of Sb at 90F°C for 1 hourwhich was followed byslow cooling down to room temperature.
As shown inthe inset of Figure3.1Q the superconducting transition temperatdig is 2.1 K
which is in good agreement with the values reported for single crystal and pdiforggbulk
samples [@)]. The shape and the magnitude of the normal state resistivity gdliare very

much different from that of Mo wire.

48



40
12F
10
< 08
a
Z o6f
0 B
a 04
. 0.2f
S
LI) 0.0H__ N
c 1.8 2.0 2.2 2.4
2 T (K)
> 20 O  Mo,Sh,
:E O Mo
0
[0
o
10
Ood)oO
o
Qoo 00)00690000(})0 J——
o oo O e ens=aaln) mmmjnmlﬂju
OHDD?IFDFF@E?EEfDTDllllll|||||||||||||||
0 50 100 150 200 250 300

Temperature (K)

Fig: 3.10 Temperature dependence of the resistivity of Mo argbavi r e s
diameter. Inset: Superconducting transition in the resistivity vs. temperature plotSih,Mo

Surprisingly, we found the transition temperajurg of theMosSh;t h i n

W i

re,

diameter, is almost a factor of four higltean theT. = 2.1 K forthe MosSby wi r e

of

of

70

wh i

70

diameter, presented earli@he crosssectional view of the SEM picture of the My, thin wire

is shown in Figure 3.11Figure 3.12 shows the superconducting transition of the;$t® thin

wire. Thetransition temperaturg; is about 8.05 K with a transition widthT.) of ~ 0.1 K.The

T is substantially higher thathat reported for single crystal and polycrystalline samples of

MosShy, synthesized in various forms [8, 9, 24]To optimize the physi& properties of the

material the synthesis and characterization of thessShavires were performed several times.

The heat treatment at Wfor 1 hour and 20 minutes is found to be the best synthesis route.
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Fig: 3.11 Scanning electron micrographa Ma:Sb wi r e of 13 em di ameter
sectional view. The reaction does not occur throughout the wire.

It can be seen that the shapelaf o(T) curve for the thin wire (onset in Figul2?) is
similar to that for thick wire as depicted figure3.1Q One can observe an upward curvature of
o(T) at low temperature followed by a downward one for high temperature. It looks similar to
that of conventional metals and different from the simply lifleatependence observed in
copper oxide superoductos. A similar shape has been observed in Mg@nNiwhich p(T) fits
well to the curve predicted by BloefBruneisen theory consistent withe electrorphonon

scatterind31].
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Fig: 3.12 Low temperature resistivity of M8, wire of 13e m i n di amet er .

Re

normalized by its normal state value. Inset: Resistivity vs. temperature plot over the temperature

range from 7 K to 290 K. Solid lines are a guide to the eye.

However, the magnitude of the resistivippdox= 7 5 tm @adpok= 5 0€m)olserved

for MosSby thin wire is much higher than that reported by Bukoswakal. and Candolfiet al.

[8, 9]. These values are approximately 100 timmigherthan that obtained for the M®Bb; thick
wire, which shows the lower tratisin. On the other hand, the residual resistivity ral®R =
Pro k! pao k] of the thick wire is 7.4, which is substantially bigger than the one for thin wire
(1.4). The crosssectional view in a SEM micrograph of MoN wire of 2t in diameter in
Figure 3.13 clearly shows the reaction of N with Mo. Unlike insSlm wire, the expansion in
the MoN wire due to the reaction is not observ@down in Figure3.14 is the temperature

dependence of the electrical resistivity of MoN in the form of thinwfire 13 e m i n di
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Fi g: 3.13 Scanning electron micrograph of a
sectional view.
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The shape of thg(T) curve ofthe MoN thin wire is different from that ahe Mo3Shb; thin wire.

Its residual ratio (RRR) is 10, which indicates tioenplete reaction of N with Mo in the wire.
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Fig: 3.15 Magnetic field dependence of resistivityMbsSbywi re (13 em di a. )
and 7 K (from right to left). The resistivities are normalized by their normal state values. The
solid lines are a guide to the eye.

To the best of my knowledge, there is no report on the measurentéetresistivity of
MoN in the form ofawire as a function of temperature in the range of 1.9 to 29ThK.lower
temperature resistivity measured at zero magnetic fielthBoMoN thin wire is shownn the
inset of Figure3.14.The sharp superconducting transition a8 with a small transition width
AT~ 0.3 K can be observed. This value is higher thaif¢hel2.95 K, reported fahe
MoN wire by Sauet al [37]. They obtained the highest transition temperatures of about 12.95 K

(midpoint) bythe heat treatmenat 800°C for 232 hrs. In my experiment, the highest transition

temperatee of about 13.2 K (midpoint) wanbtained by the heat treatment at 9QCfor 5 hrs.
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Fig: 3.16 Upper critical field K as a function of temperature for Miywi re (1.8 em di
The solid line is the fit to equation (2).

The upper critical fieldHc2(0) of MosSb; and MoN thin wires were determined from the
resistivity ( } data atvarioustemperatures. The magnetic field was applied along the wire axis.
Figure 3.15 presentsthe magnetic field dependence of resistivity at 2, 4, 5, 6, andf@r K
MosSh;. The transition width AH) is fairly small indicatinga sharp transitionCritical field ,

Hcz, is defined as the midpoint of the transitiofibe error bar ig 0.2 T. In Figure 3.16the
upper critical fieldof MosShy is plotted as a function of reduced temperature. The temperature
dependence of the upper critical fiéld,(T) is defined by a simple empirical formula:

Hea(T) = He2(0) (1-T/Te) eeéeeéeeéeeée. €32
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Hc2(0) is the upper critical field extrapolated to 0 K afgis the superconducting transition
temperature in zero applied magnetic field. The solid line in Figu@represents the best &f

the experimental data tmjuation 8.2) for MosSh;. Theextrapolation yieldedi »(0) = 11.3 T.

This corresponds t@ superconducting coherence lengft0) = 54 A, estimated using the
Ginzberg Landau formula for an isotropic three dimensional supercondtizi®) =
Do2750Y, wheredy = 2.0678 x 18 0e A? is a flux quantum. Thepper critical field ofthe

single crystal of MgSh; is 1.7 T [8, 26]. Not oyl is the critical field of the MgSh, wire
significantly higher thanhatof the single crystal, but the reduced critical fielg/T. ~ 1.4 T/K

is alsosignificantly higher than the 0.55 T/K of the single crystal. Indeed, the former is near the

Clogston imit [12].
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Fig: 3.18 Upper critical fieldkdas a function of temperature fo
solid line is the fit to equation (3.2).
Resistivity of MoN thin wire was measuredthé temperature2, 5, 7, 9, 10, 11, 12, and
20 K with varying magnetic field. It can be seen that thiaa hasa 15 % magnetoresistance
[(poTp0) o). The midpoint values of the magnetoresistive transitionanagnetic fieldwere
plotted in Figure20 as a function of reduced temperatufée data were fitted tequaion 32,
and extrapolated teero tempeature, which yielde@n uppercritical field He(0) = 5 T. To the
best of my knowledge, this is the first reporttbe magnetic field dependencéd theresistivity
for this system. It is to note that this value is pretty low in comparison to the vatig(@f for

the MosShy thin wire.
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3.43 MosSb; and MoN Thin Films

Results of powder Xay diffraction confirm the growth of Mo, M8y, and MoN thin films

with the absence of any impurities. The molybdenum films were grown on sapphirbedane
depositionof Mo buttons held in tungsten boats, thus there was no carbon involved in the

process.
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Fig: 3.19 Temperature dependence of resistivity oh@Ghick film of Ma;Sh; and MoN (left
axis) and Mo (right axis). The solid lines are a guide toyke e

The best samples in terms of the phase purity and the valug efefe obtained by
exposing 6m thick Mo films to (a) antimony vapor at 980 for 30 minutes for Mgsh; and

(b) a stream ofNHs at 900°C for 5 hrs.TheMoN film was formed in hexgonald-MoN phase.
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Shown in Figure3.19is the temperature dependence of the resistivity of the thin films of Mo,
MoN and M@Sh;. The shape gb(T) curve is similar to that of wires of respective materiale
normal state resistivitglecreased by andaer of magnitude when the Mo reacted to form;®Stn

and MoN in thin films. MoN film is observed to be more ordered thagS#4o The residual
resistivity ratic (RRR) are 1.5 and 1.7 for MBb; and MoN respectively. Sharp

superconducting transitions arbserved in thin films of MoN and M8b.
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Fig: 3.20 Low temperature resistivity normalized by its normal state value -afm@hick films
of MozSh; and MoN. The solid lines are a guide to the eye.

The low temperature resistivity data for MoN an@s8lb; thin films are shown in Figurd.20.
The resistivity is normalized by its normal state value. Tyfeom the midpoint of the transition
for MosShy is 8.2 K with the transition widtT, ~ 0.4 K This value is close to the value

obtained for the thimvire. The transition temperatufig (midpoint) ofthe MoN thin film is 12.3
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K with AT, ~ 0.2 K, which is consistent with that of MoN thin wire and the values reported for

3-MoN in literature [5,736,2,46).
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Fig: 3.21 Magnetic field dependence of sésity of a 60nm thick film of Mo;Sky at 2, 2.5, 3,
5,5.5,6, 6.2, 6.5, 7, and 7.2 K. The resistivity is normalized by its normal state value.
Figures3.21 and 3.22 present the magnetic field dependencehaf resistivity of the
MosSh; and MoN thinfilms at various temperatures. The resistivity is normalized by its value
at 9 T. It can be seen that for both sampthetransition width(4H) decreases with increase in
temperature. Thel-T phase diagram of each compound was derived from the-oppeal field
Hc, obtained from the midpoints of the transitionsthe R(H) data atvarioustemperatures in
Figures3.21 and 3.22 with error bat- 0.4 T. The datahus obtained was fit tequation (2) as
shown in Figure8.23and3.24(solid lines). The extyolation of the fit lines produces tk&,(0)
= 9.6 and 10 T for M¢Sb; and MoN thin films respectively. These valuesld§,(0) correspond

to coherence lengtlis(0) = 58.5 and 57 A for MgSh, and MoN respectively.
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The upper critical fieldHc»(0) of the thin film is approximately 2 T less than the value obtained
for the MaShy, thin wire. The decrease &f.; canbe explained in terms dhe H., dependence

on the effective coherence lendth: Hc o« @/&, wheredy is a flux quantum.
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Fig: 3.22 Manetic field dependence of resistivity of ai@ thick film of MoN at 3, 7, 8, 9,
10, and 20 K. The resistivity is normalized by its normal state value. Solid lines are a guide to
the eye.

For dirty superconductstthe effective coherence length isfihed asl/&é = 1/& + 1/,
where& is the Pippard coherence length aihid the mean free path [32]. We kndwaries with
residual resistivitypy through! = 2mVe/(né’py), for the sample used in [31], where ntfie
carrier density anWr is the Fermivelocity. The thin film is more ordered with the normal state
resistivity pp approximately 100 times lower than that tbe thin wire, which leads tdhe

elongaton of the mean free path On the other handy is related to the critical temperatut®:

= a(h/27)vo/kT., where a isa constant and yis the velocity athe Fermi level [32]. It did not
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shorten& simultaneously by increasin@; in the same proportion. In this situation one can

expect the lower value df., in this sample.

10 T T T T T T T T T T T T T T T T T T T

- MD3SD? Thin film -

B o

6 i
e F A
lf"'(_\)l L .
T4 @) <
2 — -

0 ] 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |

0 0.2 0.4 0.6 0.8 1

1-TiT

-
L&

Fig: 3.23 Uppecritical field H.; as a function of temperature for a6 thick film of MaSh;.
The solid line is a fit to equation (3.2).

Upper critical fieldHc2(0) of the MoN thin film is approximately double dhat ofthe MoN thin
wire reported earlierTo my krowledge, here are no any other reports wragnetetrnasport

measurementsf MoN in any phase.
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Fig: 3.24 Upper critical field K as a function of temperature for-6én thick film of MoN. The
solid line is a fit to equation (3.2).

The magnetoresiahce MR) which is definedby [( } (TH)@) ) @)]) versus applied
magnetic field at 20 K and 290 K for the thin film of My, is shown in Figure.25a At both
temperatures, the magnetoresistance increases thigh applied field. At 20 K the
magnetoresistance at 9 T is larg®1%) am shows no tendency toward saturatibhe study of
dependence of MR with the variation of thickness of the films will be interesting. The MR of

MoN thin films is found very small.
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Fig: 3.25a Dependence of magnetoresistance (MR) of th&i160-nm thid film on magnetic
field at 20 and 290 K.

The Hall voltage data fahe Mo3Shby thin film at 10 K is shown in Figurd.25b. Note that the
field dependence of théall voltage is not linear over the entire range of magnetic field. lahas
different slopeat different segments of the field range. The data and fitebnear equationpy

= RyB for the lower field regimere shown irthe lower right cornerandfor the higher filed
regime theat uppeteft cornerin the inset ofFigure3.25 At low field, Ry = 4.673 x 13° m*/C,
andthe calculated carrier density is 1.33 x*¥6m®, while at higher fieldRy = 9.617 x 103°
m*/C andthe carrier density is 6.4 x 28cm®. The main feature of the Hall effect is the positive
Ry. It definitely indicates that #hcarrier is hole type, which is strongly supported by the positive
t her moel ect r i c aobbsepedwtbharoons terper&@urecithevike. The behavior

of py andthedecrease in carrier density with field remains an open question.
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Fig: 3.25b Hall voltage vs. magnetic field data of a-8@ thick film of Mo;Sb; measured at
10K. Inset: upper left isy(H) at high field and lower right isy(H) at low field. The solid lines
arefits to the linear equationy = R4B.
On other hand, the negatisope ofthe (B) curve ofthe MoN thin film indicates the electron
type carrier. This is supported by the negative valuthefhermoelectric coefficient $ -5.1
>V/K measured at room temperature for ieN wire. The datavere more scatteredso that
they are not presented here.
3.44 Mo3Sbh; and MoN Coatings on CMicrofibers

The scanning electron micrograph of §8&; and MoN coated C microfibers are shown
in Figures 3.26 and 3.27. Since the coating is very thin 4Q@60 nm), the SEM pictures of

MosShy coated fiber [Figur@.27a)] and that of MoN @ated fiber [Figure 3.27(b)] loaimilar.
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