
INVESTIGATION OF SUPERCONDUCTIVITY AND PHYSICAL 

PROPERTIES OF INTERMETALLIC COMPOUNDS : MON, 

MO3SB7, MGCNI 3 AND TRANSITION METAL DIBORIDES  
  

 

 

A Dissertation 

 

 

Submitted to the Graduate faculty of the  

Louisiana State University and  

Agricultural and Mechanical College  

in partial fulfillment of the  

requirement for the degree of  

Doctor of Philosophy  

 

 

in 

  

The Department of Physics and Astronomy  

 

 

 

 

 

 

 

by  

Amar Karki  

B.Sc., Tribhuvan University, 1991 

M.Sc., Tribhuvan University, 1995 

M.S., Southern University and A & M College, 2003  

August 2008 



ii  

 

ACKNOWLEDGEMENTS  

I wish to offer my sincere thanks to Dr. David P. Young, thesis advisor, for his relentless 

guidance, great support, continuous encouragement, and true devotion to the completion of this 

exciting research project in a very timely manner. 

I would like to extend my sincere thanks to Dr. Phillip W. Adams for his great 

contribution in the development of this thesis, mainly in helping me to synthesize thin films and 

microfibers and characterize them, and providing me valuable suggestions in writing the thesis. I 

also acknowledge Dr. Monica Moldovan for teaching me synthesis and characterization 

techniques.  

I appreciate Dr. Michel Cherry, Chair of Department of Physics, for providing me with a 

very good working atmosphere in the department.  

I would like to thank Dr. Dana Browne for his great work in theoretical calculations and 

justifications, for serving on my thesis committee, and for his advice and encouragement. 

Especially, I wish to thank Dr. John F. DiTusa and Dr. Ilya Vekhter for their lucid and 

inspiring teaching during the Seminar class and Solid State Physics class. I also acknowledge Dr. 

Roy G. Goodrich for his contribution in my research work. 

I would like to thank Dr. Julia Chan and her group for determining the crystal structure 

and lattice constants by X-ray diffraction measurements. I also thank Dr. Chan for serving on my 

thesis committee, and for her valuable suggestions. 

I am grateful to the department of Physics and Astronomy, for providing a graduate 

teaching assistantship and to Dr. Young for a research assistantship and extending all possible 



iii  

 

help during my Ph.D. I would also like to thank all the professors and staff in the department for 

their valuable help by different means.   

Finally, I wish to thank my parents, Mr. Shambhu B. Karki and Mrs. Budda Kumari 

Karki and my brother, Dr. Bijaya Karki and sister in law, Shanti Karki for their encouragement 

and support to pursue higher study. My greatest thanks go to my wife, Mrs. Sushila Karki for her 

contribution to make my Ph.D. study successful in every way. Thanks to my two little stars 

Monika Karki and Marina Karki for their understanding and support and tolerating my odd work 

hours. I also want to thank my other brothers, sister in laws and my nephews for their love and 

inspiration.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

TABLE OF CONTENTS  

 

           

ACKNOWLEDGMENTSéééé..éééééééééééééééééé.. ii   

LIST OF TABLESééééé...éééééééééééééééééééé. vi 

LIST OF FIGURESéééééé..ééééééééééééééééééé. vii 

ABSTRACT éééééééééé.ééééééééééééééééé..... xiv 

CHAPTER 1 INTRODUCTIONéééééééééééééééééééé.. 1 

1.1 Referenceséééééééééééééééééééééééé. 9 

  

CHAPTER 2 EXPERIMENTAL DETAILSéééééééééééééééé 13 

2.1  Introductionééééééééééééééééééééé.éé 13 

2.2 Synthesiséééééééééééééééééééééééé. 13 

2.2.1 Polycrystalline Sampleséééééééééééééééé 13 

2.2.1.1    Solid State Reactionééééééééééééé.. 13 

2.2.1.2     Arc and RF Induction Meltingéééééééé.... 15 

2.2.2 Single Crystalséééééééééééééééé..é........ 17 

2.2.2.1     Metallic Flux Growthééééééééééé..é.. 17 

2.2.2.2     Chemical Vapor Transportéééééééé..éé.. 19 

2.2.3 Thin Films and Micro Fibers éééééééééééééé 19 

 2.3 Characterizationééééééééééééééééééééé.. 22 

  2.3.1 Structure and Elemental Analysiséééééééééééé. 22  

2.3.1.1     X-ray Diffractionéééééééééééééé. 22 

   2.3.1.2     EDX Spectroscopy and SEM Microscopy.éééé.. 24 

  2.3.2 Physical Propertieséééééééééé.éééééé...... 26 

   2.3.2.1      Overview of PPMSééééé.éééééé.é.. 26 

   2.3.2.2      Resistivity and Hall Coefficient.éééééé.é... 28 

   2.3.2.3      Magnetization and Susceptibilityéééé.é.é..... 29 

   2.3.2.4      Thermoelectric Poweréééééééé.é.éé.. 30 

   2.3.2.5      Critical Current Densityéééééééé.ééé. 31 

 2.4 Referenceséééééééééééééé..éééééé.ééé 32 

 

CHAPTER 3 MOLYBDENUM NITRIDES AND ANTIMONIDES IN THE FORM OF 

WIRES, THIN FILMS AND COATINGS ON C-MICROFIBERSé 34 

3.1 Introductionééééééééééééééééééééééé 34 

 3.2 Synthesiséééééééééééééééééééééééé. 43 

 3.3 Characterizationééééééééééééééééééééé.. 44 

 3.4 Results and Discussionséééééééééééééééééé... 45 

  3.4.1 Polycrystalline Mo3Sb7ééééééééééééééé... 45 

  3.4.2 Mo3Sb7  and MoN Wiresééééééééééééééé. 46 

  3.4.3 Mo3Sb7  and MoN Thin Filmséééééééééééééé. 57 



v 

 

  3.4.4 Mo3Sb7  and MoN Coatings on C Microfibersééééééé 64 

3.4.5 Series of Mo3Sb7 Wires ééééééééééééééé.. 74 

3.4.6 Magnetic Susceptibility of Mo3Sb7 Wiresééééééééé 75 

 3.5 Conclusionsééééééééééééééééééééééé 78 

 3.6 Referencesééééééééééééééééééééééé.. 80  

 

CHAPTER  4 MgCNi3 AND DOPED SYSTEMSééééééééééééé.. 83 

 4.1 Introductionééééééééééééééééééééééé 83 

 4.2 Synthesis and Characterizationéééééééééééééééé 89 

 4.3 Result and Discussionsééééééééééééééééééé 91 

  4.3.1 MgCNi3ééééééééééééééééééééé.. 91 

  4.3.2 Mg1-xBexCNi3ééééééééééééééééééé 96 

  4.3.3 Mg1-xLi xCNi3ééééééééééééééééééé.. 103 

  4.3.4 MgCxNyNi3éé.éééééééééééééééééé 112 

 4.4  Conclusionsééééééééééééééééééééééé. 118 

 4.5 Referencesééééé...ééééééééééééééééé.... 119 

 

CHAPTER 5 TRANSITION METAL DIBORIDESéééééééééééé. 123 

 5.1 Introductionééééééééééééééééééééééé 123 

5.2 Cr1-xVxB2éé ééééééééééééééééééééé.. 124 

  5.2.1 Introductionéééééééééééééééééééé 124 

5.2.2 Synthesisééééééééééééééééééééé. 125 

  5.2.3 Characterization éééééééééééééééééé. 126 

  5.2.4 Results and Discussionsééééééééééééééé.. 128 

 5.3 Other Transition Metal Diboridesééééééééééééééé. 137 

 5.4 Conclusionséééééééééééééééééééééé é 138 

 5.5 Referencesééééééééééééééééééééééé.. 139 

 

CHAPTER 6   FUTURE WORKéé.ééééééééé..éééééééé é. 141 

 6.1 Referenceséééééééééééééééééééééééé 145 

CHAPTER 7  CONCLUSIONSééééééééééééééééééééé 147 

APPENDIX: LETTER OF PERMISSIONééééééééééééééééé 151 

VITAéééééééééééééééééééééééééééééééé 153 

 

 

 

 

 

 



vi 

 

LIST OF TABLES 

 

Table 5.1  Measured dHvA frequencies and effective masses for single  

crystalline VB2. The left side of the table corresponds to B ùù [001],  

and the right side corresponds to B ùù [010]éééééééééé.. 131  

 

Table 5.2 Calculated frequencies with magnetic field in different directions for  

perimentally determined lattice constants of VB2 (columns 1,2, and 4) 

and for the theoretically determined equilibrium lattice constants 

(column 3)ééééééééééééééééééééééé 136 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii  

 

LIST OF FIGURES 

 

Figure 1.1 A magnet levitating above a high-temperature superconductor, cooled 

with liquid nitrogen and behavior of heat capacity (cv) and resistivity (ɟ)  

at the superconducting phase transitionéééééééééééééé 1 

 

Figure 2.1  Tools used for preparation of pellets of materials in powder forméé. 14 

 

Figure 2.2  High temperature tube furnaces used to anneal the samplesééééé 14 

 

Figure 2.3  Arc melting chamber and copper hearthéééééééééééé.. 15 

 

Figure 2.4  RF induction melting systemééééééééééééééééé 16 

 

Figure 2.5  High temperature vertical furnace used for single crystal growthééé 18 

 

Figure 2.6  Experimental set up for thin film growthéééééééééééé. 20 

 

Figure 2.7  Mo- coated C fibers produced by  JW Composities LCééééééé 21 

 

Figure 2.8  A Bruker D8 Advance Powder Diffractometer housed at  

Chemistry departmentéééééééééééééééééééé.  23 

 

Figure 2.9 Spectroscopy data for an elemental analysisééééééééééé.  24 

Figure 2.10 JEOL 840A Scanning electron microscope in the geology  

department at LSUééééééééééééééééééééé. 25 

 

Figure 2.11  Physical Property Measurement Systeméééééééééééé. 27 

 

Figure 2.12  Liquid He tank and other tools for sample installment inside the PPMS. 28 

 

Figure 2.13  Single crystal with four current and voltage leads and Samples puck  

and base for Ac transportéééééééééééééééééé. 29 

 

Figure 2.14  Equipments for the measurement of critical current densityééééé 31 

 

Figure 3.1  Temperature dependence of the electrical resistivity for a Mo3Sb7  

single crystal.  ééééééééé..ééééééééééééé 35 

 

Figure 3.2  Magnetization of Mo3Sb7 as a function of temperature at various  

Magnetic fields. Numbers denote applied magnetic fields in Téééé 36 

 

Figure 3.3  (a) Electrical resistivity as a function of the temperature.  

http://en.wikipedia.org/wiki/Magnet
http://en.wikipedia.org/wiki/High-temperature_superconductor
http://en.wikipedia.org/wiki/Liquid_nitrogen


viii  

 

(b) Temperature dependence of the specific heat Cp of Mo3Sb7  

at low temperature highlighting the specific heat jump at the  

transition temperature. ééééééééééééé..ééééé...  38 

 

Figure 3.4  The upper critical field Bc2 of Mo3Sb7 vs. temperature. The solid line is  

the best fit to Eq. (1)éééééééééééééééééééé.. 39 

 

Figure 3.5   Magnetic susceptibility as a function of the temperature in Mo3Sb7. éé  40 

 

Figure 3.6   Electrical resistance vs. temperature for the starting material, and  

pressure-annealed MoN  films at various temperatureséééééé...... 41 

 

Figure 3.7   Superconducting transition of RF melt polycrystalline sample of Mo3Sb7.  46 

 

Figure 3.8   Scanning electron micrograph of Mo wire of 70 ɛm in diameterééé 47 

 

Figure 3.9  Scanning electron micrograph of Mo3Sb7 of  wire of 70 ɛm in diameter  

showing a cross-sectional viewéééééééééééééééé 48 

 

Figure 3.10   Temperature dependence of the resistivity of  Mo and Mo3Sb7 wires  

of 70 ɛm in diameter. ééééééééééééééééééé.... 49 

 

Figure 3.11   Scanning electron micrograph of a Mo3Sb7 wire of 13 ɛm in diameter  

showing a cross-sectional viewéééééééééééééééé. 50 

 

Figure 3.12   Low temperature resistivity of Mo3Sb7 wire of 13 ɛm in diameter. éé 51 

 

Figure 3.13   Scanning electron micrograph of a MoN wire of 70 ɛm in diameter  

showing a cross-sectional viewéééééééééééééééé. 52 

 

Figure 3.14   Temperature dependence of resistivity of MoN wire (13 ɛm dia.)ééé 52 

 

Figure 3.15   Magnetic field dependence of resistivity of Mo3Sb7 wire (13 ɛm dia.)   

at 2 , 4, 5, 6 and 7 K (from right to left). éééé..é........................... 53 

 

Figure 3.16   Upper critical field Hc2 as a function of temperature for Mo3Sb7  

wire (13 ɛm dia.)éééééééééééééééééééééé  54 

 

Figure 3.17   Magnetic field dependence of resistivity of  MoN wire (13 ɛm dia.)  

at 2, 5, 7, 9, 10, 11, 12, and 20 K. éééééééé.ééééééé 55 

 

Figure 3.18   Upper critical field Hc2 as a function of temperature for MoN  

wire (13 ɛm dia.). ééééééééééééééééééééé. 56 

 



ix 

 

Figure 3.19   Temperature dependence of resistivity of 60-nm thick film of Mo3Sb7  

and MoN (left axis) and Mo (right axis)éééééééééééé... 57 

 

Figure 3.20   Low temperature dependence of resistivity normalized by its value at  

Normal state of 60-nm thick films of Mo3Sb7 and MoN. éééééé 58 

 

Figure 3.21   Magnetic field dependence of resistivity of   60-nm thick film of Mo3Sb7  

at 2, 2.5, 3, 5, 5.5, 6, 6.2, 6.5, 7, and 7.2 K.  ééééééééééé 59 

 

Figure 3.22   Magnetic field dependence of resistivity of   60-nm thick film of MoN  

at 3, 7, 8, 9, 10, and 20 K. éé................................................................. 60 

 

Figure 3.23   Upper critical field Hc2 as a function of temperature 60-nm thick film of  

Mo3Sb7. éééééééééééééé.éééééééééé. 61 

 

Figure 3.24   Upper critical field Hc2 as a function of temperature 60-nm thick film  

of Mo3Sb7. The solid line is the fit to equation (3.2)ééééééé.. 62 

 

Figure 3.25a   Dependence of magnetoresistance (MR) of Mo3Sb7 60-nm thick film on 

 magnetic field at 20 and 290 Kéééééééééé..ééééé. 63 

 

Figure 3.25b   Hall voltage vs. magnetic field data of a 60-nm thick film of Mo3Sb7  

measured at 10Kéééééééééééééééééééééé  64 

 

Figure 3.26    Scanning electron micrograph of Mo3Sb7 coated carbon fibersééé.  65 

 

Figure 3.27   Scanning electron micrograph of (a) Mo3Sb7 (left) and (b) MoN (right) 

 coated carbon fibers showing the cross-sectional viewéééééé.. 66 

 

Figure 3.28   Temperature dependence of resistivity of C fibers coated with Mo  

and MoN (right) and Mo3Sb7 (left). ééééééééééééé... 66 

 

Figure 3.29   Low temperature of resistivity normalized by its normal state value of  

C fibers coated with Mo, Mo3Sb7, and MoNéééééééééé.. 67 

 

Figure 3.31   Magnetic field dependence of resistivity normalized by its normal state  

value of Mo3Sb7 and MoN coated C fibers at various temperatureséé.  68 

 

Figure 3.32   Upper critical field Hc2 as a function of temperature for a C fiber  

coated with Mo3Sb7. éééééééééééééé.ééé..éé 69 

 

Figure 3.33   Upper critical field Hc2 as a function of temperature for a C fiber  

coated with MoN. ééééééééééééé.éééééé..é 70 

 



x 

 

Figure 3.34   Typical I-V characteristics of Mo3Sb7 coated C fiber in zero field  

where the boxcar integrator output is plotted as a function of  

current pulse magnitudeé.ééééééééééééééééé 71 

 

Figure 3.35   Typical I-V characteristics of MoN coated C fiber in zero field where  

the boxcar integrator output is plotted as a function of current pulse  

magnitudeéééééééééééééééééééééééé.. 71 

 

Figure 3.36     Log-log plot of the critical current density in zero magnetic field 

 for Mo3Sb7coated fiber. ééééééééééééééééé..é 72 

 

Figure 3.37   Log-log plot of the critical current density in zero magnetic field for two 

 different samples of MoN coated fiberééééééééééééé. 73 

 

Figure 3.38   Superconducting transition temperature of Mo3Sb7 changes with the  

amount of Sb taken in the quartz tube for the synthesis with Mo wires  

of 70 ɛm in diameter.................................................................................. 75 

 

Figure 3.39    Magnetic susceptibility as a function of temperature in an applied magnetic  

field of 1 T for the Mo3Sb7 wires (sample A (left) and sample B (right)).  76 

 

Figure 4.1  The powder neutron diffraction pattern at ambient temperature for the  

sample of nominal composition MgC1.25Ni3 and the perovskite crystal  

structure for the superconducting compound MgCNi3 (inset)ééééééé 83 

 

Figure 4.2  The total and atomic site projected local DOS of MgCNi3éééééé. 84  

 

Figure 4.3  Magnetic characterization of the superconducting transitions for the  

intermetallic perovskite superconductor of nominal composition MgCxNi3. 85 

 

Figure 4.4  C(T)/T vs T. The data are presented as the solid circles. éééé 86 

 

Figure 4.5  The X-ray diffraction pattern at ambient temperature for the sample of  

nominal composition MgC1.5Ni3 and the perovskite crystal structure  

for the superconducting compound MgCNi3 (inset)éééééééééééé. 90 

 

Figure 4.6   Susceptibility versus temperature for MgCNi3 in an applied magnetic  

field of 20 Gausséé.éééééééééééééé..ééééé 92 

 

Figure 4.7  Resistivity of MgCNi3 as a function of temperature. ..ééééééé.  93 

 

Figure 4.8   The low temperature resistivity normalized by its normal state value of  

MgCNi3. The solid line is a guide the eyeééééééééé.ééé.  94 

 



xi 

 

Figure 4.9  Magnetic field dependence of resistivity of MgCNi3 measured at 4 K,  

4.5 K, 5.3 K, 5.8 K, 6.3 K and 6.7 K. éééééééééé.éé... 94 

 

Figure 4.10  Upper critical field Hc2 as a function of temperature for MgCNi3éé... 95 

 

Figure 4.11    Powder X-ray diffraction pattern of Mg1-xBexCNi3  

(x = 0, 0.01, 0.03, 0.05, 0.1, 0.15 and 0.2) sampleséééééééé.. 96 

 

Figure 4.12  Susceptibility versus temperature for Mg1-xBexCNi3  

(x = 0, 0.01, 0.03, 0.05, 0.1, 0.15 and 0.2) in an applied magnetic field 

of 20 Gaussééé éééééééééééééééééééé...  97 

 

Figure 4.13   Normal state magnetic susceptibilities of Mg1-xBexCNi3  

(x = 0,0.01,0.05,0.10, and 0.15)éééééééééééééééé  98 

 

Figure 4.14  Resistivity of Mg1-xBexCNi3 (x = 0, 0.05, 0.1, and 0.15) normalized by  

its room-temperature value as a function of temperature. éééééé 99 

 

Figure 4.15  Resistive transitions for Mg1-xBexCNi3 (x = 0, 0.05, 0.1, and 0.15)éé. 100 

 

Figure 4.16   Magnetic field dependence of resistivity at 4K, normalized by its normal  

state value, for Mg1-xBexCNi3 (x = 0, 0.05, 0.1, and 0.15). é.éééé 101 

 

Figure 4.17   The dependence of the upper critical field Hc2(T) on temperature for 

Mg1-xBexCNi3 (x = 0, 0.05, 0.1, and 0.15). ééééééééé..éé 102 

 

Figure 4.18    Powder X-ray diffraction pattern of Mg1-xLi xCNi3  

(x = 0, 0.03, 0.05, 0.1, and 0.2) samplesééé..ééééééééé. 103 

 

Figure 4.19   Powder X-ray diffraction pattern of Mg1-xLi xCNi3  

(x = 0, 0.03, 0.05, 0.1, and 0.2) samples focused on one peak near 70
o
é 104 

 

Figure 4.20  Susceptibility versus temperature for Mg1-xLi xCNi3  

(x = 0, 0.03, 0.05, 0.1, and 0.2) in an applied magnetic field  

of 20 Gauss. éééééééééééééééééééééé 105 

 

Figure 4.21  Resistivity of Mg1-xLi xCNi3 (x = 0, 0.03, 0.1, and 0.15) normalized by 

 its room-temperature value as a function of temperature. ééééé. 106 

 

Figure 4.22   Resistive transitions for Mg1-xLi xCNi3 (x = 0,0.03, 0.05, 0.1, 0.2)...éé 107 

 

Figure 4.23   Variation of the transition temperature as a function of Li concentration,  

x in Mg1-xLi xCNi3ééééééééééééééééééééé. 108 

 



xii  

 

Figure 4.24   Magnetic field dependence of normalized resistivity of Mg1-xLi xCNi3   

measured at 4 K. The solid lines are a guide to the eyeééééé..é. 109 

 

Figure 4.25    Variation of upper critical field (Hc2) at 4 K as a function of Li  

concentration, x in Mg1-xLi xCNi. éééééééééééééé.é 110 

 

Figure 4.26   The dependence of the upper critical field Hc2(T) on temperature 

 for Mg0.97Li 0.03CNi3. éééééééééééééééé.éé. 111 

 

Figure 4.27   The dependence of the upper critical field Hc2(T) on temperature 

 for Mg0.8Li 0.2CNi3. éééééééééééééééééé..é. 112 

 

Figure 4.28    Powder X-ray diffraction pattern of samples prepared with nominal  

composition MgCxNi3 (x =1.5, 1.2, 1, 0.9, and 0.7)éééééééé  113 

 

Figure 4.29    Powder X-ray diffraction pattern of samples prepared with nominal  

composition MgCxNi3 (x =1.5, 1.2, 1, 0.9, and 0.7) shows the peak  

shift around 70éééééééééééééééééééééé. 114 

 

Figure 4.30   Susceptibility versus temperature for samples prepared with nominal  

composition MgCxNi3 (x =1.5, 1.2, 1, 0.9, and 0.7) in an applied  

magnetic field of 20 Gaussééééééééééééééééé... 115 

 

Figure 4.31  Powder X-ray diffraction pattern of MgCxNi3 (x =1.5, 1.2, 1, 0.9, and 0.7)  

after the heating in flow of N2ééééééééééééééé.é. 116 

 

Figure 4.32  Powder X-ray diffraction pattern of MgCxNi3 

(x =1.5, 1.2, 1, 0.9, and 0.7) revealing peak shift in opposite  

direction after the heating in flow of N2éééééééééééé.. 117 

 

Figure 4.33  Low temperature magnetization for samples prepared with nominal  

composition MgCxNi3 (x =1.5, 1.2, 1, 0.9, and 0.7) and heat treatment 

 with N2. The solid are a guide to the eyeé..éééééééé.éé 118 

 

Figure 5.1  Single crystals of VB2ééééééééééééééééééé. 126 

 

Figure 5.2   AlB 2 type- crystal structure of  VB2ééééééééééééééé.. 126 

 

Figure 5.3 Peak shift in powder X-ray pattern of polycrystalline Cr1-xVxB2 samples 

 due to dopingééééééééééééééééééééééé. 127 

 

Figure 5.4  Temperature dependence of normalized resistivity of arcmelted  

Cr1-xVxB2 sampleséééééééééééééééééé.ééé 128 

 



xiii  

 

Figure 5.5   Magnetic susceptibilities of CrB2 (left axis) and VB2 (right axis)éé. 129 

 

Figure 5.6   Resistivity Ratios of a single crystal and an arc-melted sample of VB2. 130 

 

Figure 5.7   FFTs of the dHvA data for B ùù [010] and B ùù [001]. The symbols are the 

 names assigned to each fundamental frequency and some harmonicsé... 131 

 

Figure 5.8  The calculated electronic band structure of VB2 in the vicinity of the 

 Fermi level. éééééééééééééééé.ééééé.éé 132 

 

Figure 5.9  The calculated total (solid line) and partial density of states for VB2. .... 133 

 

Figure 5.10 Fermi surface of  VB2éééééééééééééééééééééééééééé. 133 

 

Figure 5.11   Dependence of isothermal magnetoresistance (MR) of VB2 on magnetic  

field at different temperature with H//a and I//cééééééééé.. 134 

 

Figure 5.12   Dependence of magnetoresistance (MR) of VB2 on the direction of the 

 applied magnetic field 9 Téééééééééééééééééé 137 

 

Figure 5.13   Field dependence of magnetoresistance (MR) of Ti1-xZrxB2 samples  

at 290Kééééééééééééééééééééé..ééé.. 138 
 

 

 

 

 

 

 

 

 

 

 

 



xiv 

 

ABSTRACT 

In this dissertation work, I report on the interesting results of our detailed investigations 

of the synthesis, structural, electrical and magnetic characterization of three different classes of 

intermetallic systems.  

Mo3Sb7 wires, thin films and microfibers exhibit the highest Tc ~ 8 K, which is 

substantially higher than the 2.2 K reported for the single crystal and powder of Mo3Sb7. The 

suppression of the spin fluctuations in Mo3Sb7 is evident by the absence of a parabolic 

dependence of magnetic susceptibility at 1 T. MoN wires, thin films and coated microfibers have 

Tc ~13 K which is consistent with the values reported in the literature. To my knowledge, for the 

first time we report on the magnetotransport and critical current measurements in MoN and 

Mo3Sb7 in these forms. We show (1 - (T/Tc)
2
)
3/2

 dependence of the critical current density of 

MoN- and Mo3Sb7-coated microfibers near the transition temperature, Tc.  The extrapolated 

values of the critical current density to zero temperature for the MoN- and Mo3Sb7-coated fibers 

are Jc(0) = 1.66 x 10
8
 A/cm

2
 and Jc(0) = 7.7 x 10

5
 A/cm

2
 , respectively.  

The results of magnetic susceptibility and transport properties measurements of Mg1-

xBexCNi3 and Mg1-xLi xCNi3 for x = 0 to 0.2 showed a very small change in Tc and Hc2 due to Be 

and Li doping in MgCNi3. The heat treatment of the carbon deficient samples MgCxNi3 for 2 h in 

N gas improved the superconductivity of the compounds. In MgC0.7Ni3, the superconductivity re-

appeared after the treatment.  

Single crystals and polycrystalline samples of VB2 and other transition metal diborides 

were synthesized. Cr1-xVxB2 are paramagnetic for x > 0.23, and no superconductivity is observed 

above 1.8 K. We also present the results of magnetotransport and de Haasïvan Alphen (dHvA) 



xv 

 

measurements on high quality single crystals of VB2 grown from a molten aluminum flux. At 

low temperature the magnetoresistance of VB2 is very large (Ḑ1100%) and is found to be 

extremely sensitive to sample quality (RRR value). 
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CHAPTER  1 

INTRODUCTION  

Superconductivity is a phenomenon occurring in certain materials at extremely low 

temperatures, characterized by exactly zero electrical resistance and the exclusion of the interior 

magnetic field (the Meissner effect). The onset of superconductivity is accompanied by abrupt 

changes in various physical properties, which is the hallmark of a phase transition. For example, 

the electronic heat capacity suffers a discontinuous jump at the superconducting transition 

temperature, and thereafter ceases to be linear. Superconducting magnets are some of the most 

powerful electromagnets known. They are used in maglev trains, MRI and NMR machines and 

the beam-steering magnets used in particle accelerators. Superconductors have also been used to 

build Josephson junctions which are the building blocks of SQUIDs (superconducting quantum 

interference devices), the most sensitive magnetometers known.  

  

 

Fig: 1.1 Right: A magnet levitating above a high-temperature superconductor, cooled with liquid 

nitrogen. Left: Behavior of heat capacity (cv) and resistivity (ɟ) at the superconducting phase 

transition. 

 

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

significant research effort has been aimed at identifying and characterizing superconducting 

materials. In 1957 the first widely-accepted theoretical understanding of superconductivity (BCS 
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theory) was published. Since then, many theoretical and experimental results in this exciting 

research field have been discovered. Since 1986, copper oxide compounds have dominated the 

superconductivity fast-track, but copper oxides are not the only superconductors worthy of study.  

In 1953, researchers first saw the zero-resistance phenomenon in a multimetal compound based 

on niobium, designated A15 [2]. In 1974, a group of chemists achieved superconductivity at a 

temperature of 23.2 K in a niobium-based thin film-a breakthrough that has gone unchallenged 

for nearly 20 years [3]. Now, superconductivity researchers are refocusing attention on such 

"intermetallic" compounds [4]. My research work include following three major branches of  

intermetallic systems: i) AlB2 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 theory [5] 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 element, hydrogen [6,7,8], under high pressure. At 

ordinary pressures, the light metallic element
 

Li does not show any evidence of 

superconductivity down to 4 mK
 
 [9], but recent calculations for Li predict that Tc can

 
reach 70 K 

at high pressures [10,11]. Be has a Tc of 0.25
 
mK, but in thin films this increases to 10.5 K 

[12,13]. For example molynitride compounds exhibit higher Tc in intermetallic. Finally, the 

recent discovery of superconductivity in MgB2 and MgCNi3 confirms the predictions of higher 

Tc in compounds containing light elements. 

  At the beginning of the 21
st
 century, the discovery of 39 K superconductivity in MgB2, 

with its unique multiple superconducting gap structure has reignited interest in the intermetallic 

superconductors [14].  MgB2 have layered crystal structures - alternating hexagonal layers of Mg 

and B in the MgB2 compound.  MgB2 has subsequently been intensively studied because of its 

exotic properties [14]. 
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The AlB2 structure type seems to favor a superconducting state in many materials [15-

17]. The announcement of superconductivity in MgB2 has proved to be catalyst for the discovery 

of several superconductors, some related to magnesium diboride. This discovery revived the 

interest in a search of superconductivity, especially in related boron compounds, with the very 

hope that this material will be the tip of a much óhotterô iceberg, being the first in a series of 

diborides with a much higher Tc.  The transition-metal borides are interesting because of their 

highly refractory properties and corrosion-resistant characteristics, and due to the discovery of 

superconductivity in MgB2, the AlB2-type transition-metal diborides have attracted a lot of 

interest, with many experimental and theoretical studies going on in these compounds [18]. 

However, a clear proof of superconductivity could not be shown for any of these isostructural 

compounds [15]. Most of the results suggest MgB2 to be a conventional superconductor with the 

layers of the boron atoms playing a very important role for superconductivity of MgB2 [20]. 

Hence, most work has concentrated on the research on the influence of the boron atoms on 

superconductivity of MgB2. However, there is no doubt the metal atoms have played an 

important role in the superconductivity as well. Some research [21] has shown that the difference 

of the metal atom in these compounds can influence the electronic properties, phonon behavior 

and electronïphonon 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, suggests that non-stoichiometry may be an important factor in the 

superconductivity of this family [15]. This has been the case with TaB2, ZrB2 and BeB2 [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 I have synthesized and characterized some transitions metal diborides using 
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various techniques. I grew high quality single crystal of VB2 which exhibit unusually large 

magnetoresistance [27].    

Shortly after the discovery of MgB2, a report on superconductivity in MgCNi3 came as 

another surprise [23]. This was the first example of a perovskite superconductor that did not 

contain oxygen. Furthermore, the discovery of superconductivity in this compound has drawn 

attention owing to its high nickel content, which may complicate the origin of superconductivity. 

Additionally, MgCNi3 may provide a possible link between the traditional intermetallic 

superconductors and the high Tc oxides. Energy band calculations show that the density of states 

(DOS) at the Fermi level, N(EF), is dominated by Ni d-states, and there is a von Hove singularity 

in the DOS just below EF [24, 25, 26]. It is surprising that the 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 MgCNi3, its status as a non-BCS 

superconductor remains controversial. It has been theoretically suggested to be an 

unconventional superconductor and near instability to ferromagnetism [34]. Experimentally, the 

pairing mechanism of MgCNi3 is quite controversial.  Electron tunneling studies of the density of 

states in polycrystalline powders have yielded conflicting results as to whether or not MgCNi3 

exhibits a BCS density of states spectrum.  London penetration depth and the earlier tunneling 

spectra suggested an unconventional pairing state, while the NMR relaxation rate, specific heat 

data, and the latter tunneling spectra support a conventional s-wave BCS type behavior [28-32, 

44]. Though no long-range magnetic order has been observed, FM spin fluctuations have been 

confirmed to be vigorous in both pristine [30, 31] and doped [33] MgCNi3. Tunneling into 

sintered powders is technically difficult, and indeed, a detailed quantitative characterization of 

MgCNi3 has, in part, been hampered by the fact that only polycrystalline powder samples have 

been available. 
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 Review of the literature indicates that the investigations of chemical doping in 

polycrystalline MgCNi3 can result in more interesting properties. Chemical doping experiments 

are motivated by the unusual band structure of this compound. Most groups have doped in the Ni 

sites. Rosner et al have suggested if 12 % Mg is replaced by Na or Li, long range magnetic order 

can be observed [34]. It contains highly volatile Mg and refractory elements C and B. My goal is 

to investigate the effect of doping in Mg and C site to understand the role of Mg and C in SC and 

optimize the SC properties of MgCNi3. A 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 superconducting properties of these intermetallic compounds, pseudo-

quaternary Mg1-xMxCNi3 polycrystalline samples with 0 Ò x Ò.2, where M is Li or Be, have been 

synthesized. The effect of N on the superconducting properties of MgCxNi3 samples for x = 1.2, 

1, 0.9, and 0.7 has also been investigated. 

Over the past 20 years, both theoretical and experimental efforts were made on materials 

which not only undergo a superconducting transition but also exhibit rather unconventional 

properties in their normal and superconducting states. Among them, it is worth mentioning 

Chevrel phases containing rare-earth ions, such as the heavy-fermion CeCu2Si2 compound, 

which displays an intimate interplay of superconductivity and magnetism, [35-37] and the 

intermetallic actinides such as UPt3 or UCo2, with spin fluctuation behavior [38, 39]. Only a few 

materials without an actinide element exhibit both superconductivity and spin fluctuation 

behavior [40]. More precisely, spin fluctuation effects usually manifest themselves at low 

temperature as a T
2
 term in the electrical resistivity, parabolic temperature dependence of the 

magnetic susceptibility and for some compounds, an upturn in the specific-heat temperature 

dependence [39].  
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Recently, a new type II superconductor, namely Mo3Sb7, which crystallizes in the Ir3Ge7-

type structure (space group Im3m), was identified as being a Pauli paramagnet with a 

superconducting transition temperature, Tc, of 2.1 K and an upper critical field of 17 kOe [41]. In 

another study [42], the maximum energy gap value (0.32 meV) as well as the critical 

temperature, (2.2 K) have been derived from the Andreev reflection method. 0.32 meV is close 

to the expected BCS value of 0.35 meV and is in good agreement with that found by Bukowski 

et al. [41]. Candolfi et al. report on electrical resistivity, magnetic susceptibility, and, for the first 

time, heat capacity measurements on a Mo3Sb7 polycrystalline sample [43]. The results suggest 

that Mo3Sb7 could be classified as a coexistent superconductor-spin fluctuation system [43]. It is 

known for long time that spin fluctuations could suppress superconductivity. Many materials in 

low dimensional phases such as thin films and microfibers offer a lot of opportunity for the 

condensed matter researcher to investigate very interesting physical properties such as critical 

current density, magnetoresistance etc. Furthermore, some materials only show 

superconductivity in reduced dimensions. For example, Be can have Tc as high as 10 K in thin 

films [45]. This motivated us to study of Mo3Sb7 in the form of wires, thin films and microfibers. 

Substantially higher superconducting transition temperatures, Tc, and upper critical field, Hc2, 

were observed in Mo3Sb7 wires, thin films and coated C-microfibers. This has been explained as 

a result 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 superconductivity [46-50]. 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 pressure and temperature, is nitrogen deficient [51].  
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-Mo2N is a known superconductor with Tc ~ 5 K [52]. It is reported that -Mo2N is also 

a superconductor with Tc ~ 5 K [53].  The hexagonal -MoN was crystallized in a slightly 

distorted NiAs type structure under 6 GPa [54, 55], and the resulting phase showed 

superconductivity with Tc ~ 12 K [54]. A theoretical study predicted that N-ordered 

stoichiometric MoN with the cubic NaCl type structure (so called B1-MoN) would have a Tc as 

high as 29 K [56-59]. Since B1-MoN is believed to be a metastable phase, many studies adopted 

thin film deposition techniques, such as magnetron sputter, ion-beam assisted deposition, and ion 

implanting for the synthesis of this phase [60-63, 51, 64, 65]. The B1-MoN films reported in the 

literature, however, have not exhibited such ñhigh Tc.ò  

It could be argued that the above prediction of the 29 K-Tc is not realistic for a high-Tc 

transition metal nitride because this class of compounds tends to form with vacancies on the 

nitrogen sub lattice [57]. Although -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 -MoN has been produced with high pressure and high 

temperature annealing [56, 54]. Combined room temperature x-ray 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 used to form high-hardness, refractory films making it potentially useful for 

micro-electromechanical components, tribological applications, and/or protective coatings [56, 

57]. These in combination with its relatively high transition temperature Tc  13 K provide 

ample motive for further development [52]. The bulk modulus of hexagonal -MoN phase is the 

highest of any known compound material [56, 66]. For the first time, we present the transport 

and critical current measurements on MoN- and Mo3Sb7-coated C-microfibers. 
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Young et al have created a new type of superconducting wire, made from an unusual 

magnesium-carbon-nickel compounds layered around a carbon fiber, that not only carries a high 

electric current without resistance but also is remarkably strong, thin and long [67]. This is the 

research work that motivated me to synthesize Mo3Sb7 and MoN on commercially available 40-

nm thick Mo-coated C- microfibers. 

The discovery of exciting physical properties in the above-mentioned novel intermetallic 

systems persuaded me to explore the superconductivity and magnetic properties of other 

magnesium compounds. Among the reported over 60,000 [68] intermetallic compounds, 

approximately 450 are binary, ternary, and quaternary magnesium compounds. There are only 

three known magnesium carbon compounds, and among them, MgCNi3 is superconducting. 

Many of the magnesium compounds were found to still be uncharacterized. On the course of 

investigation of these known phases of magnesium, I synthesized and characterized several of 

them. The very recent discovery of a new 5-K non-centrosymmetric (without a center of 

inversion symmetry) intermetallic superconductor Mg10Ir19B16 [69] has given me further 

encouragement in this research.  

With the motivation from the review of the literature and the preliminary results of my 

work, I set up the general goal of my thesis to explore and apply efficient techniques in 

identification and characterization of superconducting compounds with elements N, Sb, C, Mg, 

B, Li and Be which are difficult to deal but favor to superconductivity and other interesting 

physical properties.   

This thesis entitled ñInvestigation of superconductivity and physical properties of  

intermetallic compounds: MoN, Mo3Sb7, MgCNi3 and Transition metal diboridesò is organized 

into seven chapters. In this chapter a general introduction of superconductivity, literature review 

and my overall motivation and goals have been given. The detailed justification and procedural 
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steps of the synthesis of single and polycrystalline samples of transition metal diborides, powder 

pressed pellets of MgCNi3 and doped systems and wires, thin films and thin coatings on C-

microfibers of MoN and Mo3Sb7 are presented in Chapter 2. Chapter 3 and 4 provide the 

interesting results of our detailed investigations of the synthesis, structural, electrical and 

magnetic characterization of Mo3Sb7, MoN and MgCNi3 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 (synthesis and characterization 

procedures), and technical details of the instruments used in this work. The synthesis and 

characterization are essential parts of an investigation dealing with intermetallic systems. Several 

new synthesis and characterization techniques 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 were performed in material science laboratories in the Department of Physics, 

Chemistry and Geology at Louisiana State University. The details of the equipment set up, 

sample preparation and characterization procedure are discussed in the following sections. 

2.2  Synthesis 

The equipment set up in our laboratories makes a variety of synthesis techniques 

available which are necessary for preparing the materials discussed in this thesis. These 

techniques include: 1) preparation of polycrystalline samples by solid state 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 growth by chemical vapor transport and metallic 

fluxes, and 4) thin film growth by e-beam vaporization. 

2.2.1 Polycrystalline Samples 

2.2.1.1 Solid State Reaction 

The bulk polycrystalline samples with the starting materials like Mg powder which are 

volatile above 647 C, are prepared in the form of a pressed pellet [1]. Stoichiometric amounts of 

the powders of starting materials are mixed and ground well in an alumina mortar. The mixture 
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is then pressed into pellets of 10 mm diameter under 635 MPa pressure using a stainless steel 

Graseby Specac die and hydraulic press (Figure 2.1).   

 

 

 

 

 

 

 

 

 

 

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 alumina (Al2O3) crucible. The 

crucibles are sealed in a quartz tube in vacuum or under Ar atmosphere.  The sealed tube is then 

put in a horizontal tube furnace for sintering. For some samples the crucibles with pellets are 

placed in a long quartz tube and heated in a horizontal tube furnace in a stream of gases like Ar, 

N or NH3. 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
 
C.  

2.2.1.2 Arc and RF Induction Melting 

Polycrystalline samples of nonvolatile materials, especially intermetallics, can be 

prepared by arc and RF induction melting [2]. To arc melt the samples, desired compositions are 

weighed and reacted under flowing ultra high purity argon gas in an arc melter using a tungsten 

electrode and a water-cooled copper hearth. A Zr button was used as an oxygen getter. The 

sample was flipped over and re-melted 3-5 times to ensure homogeneous mixing of the 

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

before melting.  

 

Fig: 2.3 Arc melting chamber and copper hearth. 
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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 small buttons. The 

sample button is wrapped in Ta foil, sealed in a quartz tube under vacuum, and annealed at 

suitable temperature and time period. RF Induction heating provides reliable, repeatable, non-

contact and energy-efficient heat in a minimal amount of time. The power supply sends 

alternating current through a coil, generating a magnetic field.  When the workpiece (sample) is 

placed in the coil, the magnetic field induces eddy currents in the workpiece, generating precise 

amounts of clean, localized heat without any physical contact between the coil and the 

workpiece.  Induction heating provides fast, controllable temperature ramp, allowing for 

consistent quality results. Both ferrous and non-ferrous alloys can be melted in induction 

furnaces. The sample is placed in a crucible 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 

supply is 0-100 KHz.  

2.2.2 Single Crystals  

A polycrystalline sample of a material that belongs to one of the non cubic crystal 

systems can have significant built-in strain. Single crystals do not exhibit artificial effects due to 

strain or impurities. This is the first reason why access to single crystals is important. Secondly, 

it is necessary to study the anisotropic, or directionally dependent, properties of a material in a 

single crystal. The properties of many crystalline materials depend on the axis along which they 

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 are various ways of single crystals growth. 

The two techniques we have adopted are explained below. 

2.2.2.1 Metallic 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 compound. If we heat the mixture of starting 

materials up to melting point, it turns out that the small amount of the material is dissolved into 

molten metallic flux, which has a relatively low melting point. The melt is then slowly cooled, 

and beautiful single crystals can grow out of the flux, sometimes several mm in length. Single 

crystals of many intermetallic compounds can be grown in a metallic flux [3].  It is a versatile 

technique that allows for the growth of congruently and incongruently melting materials with 

equal ease. The primary requirement for growth is that there be an exposed primary solidification 

surface in the appropriate equilibrium phase diagram. 

For the materials with low melting point, below 1200 C, starting materials in a 

stoichiometric ratio are placed in a small  alumina crucible and filled with metal used as flux, for 
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example antimony or tin. The approximate material-to-flux mass ratio is taken as 1:10 initially. 

The open side of the crucible is closed by quartz wool and then sealed in an evacuated quartz 

ampule. Then the sample undergoes a suitable sequence of heat treatment in a box furnace. The 

quartz tube should be vertical. The temperature sequence is determined by studying the phase 

diagram of the material. The sample is cooled very slowly to just above the melting point of the 

metallic flux. Then very quickly the quartz tube is taken out of furnace, inverted, and spun in a 

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

crystals of the material at the bottom [4]. 

 

Fig: 2.5 High temperature vertical furnaces used 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 carbon [5]. In that case we melt the material inside a 

bigger vertical tube furnace using molten Al as a flux. A 10 - 50 ml alumina crucible is filled 

with stoichoimetric amounts of starting raw materials and the metal used as flux, with material to 
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flux mass ratio 1:70. The crucible is put inside vertical 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 box [3].  Then the sample is heated 

under flowing 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 can heat different samples using four different crucibles at 

the same time. The surface of the grown crystals is cleaned by etching them in very dilute nitric 

acid. Then the crystals are washed, rinsed with ethanol, and dried.  

2.2.2.2 Chemical Vapor Transport 

Nonvolatile solid substances 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 substances into gaseous compounds via heterogeneous 

chemical reactions and vice versa. The vapor-grown crystals are often perfect enough and good 

enough quality crystals to be used in solid state physics experiments [6]. In our lab single 

crystals are grown by the CVT method using iodine as the transporting agent. A mixture of 

elements is placed in a quartz ampule of length 18 cm and a diameter of 1 cm along with an 

iodine concentration of 10 mg/cm
3
. The ampule is evacuated to around 2x10

-6
 torr, and sealed 

off.  The ampule is placed in a horizontal furnace with small openings on each side. The 

determination of suitable growth duration and the temperature gradient along the source zone 

and growth zone is a key to this method. 

2.2.3 Thin Films and Micro Fibers 

Thin film science and technology play an important role in the high-tech industries. Thin 

film technology has been developed primarily for the integrated circuit industry. The demand for 

development of smaller and smaller devices with higher speed, especially in the next generation 
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of integrated circuits, requires advanced materials and new processing techniques suitable for 

future giga scale integration (GSI) technology. In this regard, the physics and technology of thin 

films can play an important role to achieve this goal. Thus, knowledge and determination of the 

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

technologies for future applications [7, 8].  

 

Fig: 2.6  Experimental set up for thin film growth. 

There are various types of chemical and physical deposition processes of thin films. In 

our lab we do an electron-beam deposition [9]. The material to be deposited is placed on a boat               

(crucible) made of a material with high melting point. Depending on the type of the materials to 

be deposited, a carbon or tantalum boat is used. An electron beam evaporator fires a high-energy 

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 through an angle of 

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 beam evaporation range from 0.1 to 10 nanometer 

persecond in a 2 micro Torr vacuum. 

 

Fig: 2.7 Mo- coated C fibers produced by  JW Composities LC. 

A carbon fiber is a long, thin strand of material about 0.0002-0.0004 in (0.005-0.010 mm) 

in diameter and composed of carbon atoms.  Carbon fiber-reinforced composite materials are 

used to make aircraft and spacecraft parts, racing car bodies, golf club shafts, bicycle frames, 

fishing rods, automobile springs, sailboat masts, and many other components where light weight 

and high strength are needed. There are various ways of synthesizing the carbon fibers [10].  JW 

Composites has developed a unique technology for incorporating graphite fibers into a copper 

matrix [11].  Graphite fibers are not wetted by many metals including copper.  By providing a 

thin layer of molybdenum metal on the surface of each graphite filament, the coated fibers are 

spontaneously wetted by molten copper.  The molybdenum coating provides a strong bond 



22 

 

between the fibers and copper; a bond that is stable even above the melting point of copper!  

Once coated with molybdenum, the graphite fibers have a typical metallic appearance.  

Fibers coated with various metals (nickel, copper, gold, etc.) for use in aerospace, 

defense, electronics, communications and biomedical applications.  David Young et.al have 

found a way to synthesize a layer of MgCNi3 an 8 K superconductor directly onto tiny carbon 

fibers that are five times smaller than a human hair, and the results could lead to advances in 

space travel and transport [12]. MoN and Mo3Sb7 were synthesized in our lab reacting the Mo 

coated carbon fibers with N and Sb, respectively. 

2.3 Characterization 

Sample structure and phase purity analysis will be performed by powder and single 

crystal X-ray diffraction using Cu KŬ diffractometer equipped with an incident beam 

monochromator in the Chemistry Department. SEM images and elemental analysis were done 

using JEOL 840A. The physical properties measurements were carried out in Quantum Design 

Physical Property Measurement System (PPMS).  

2.3.1 Structure and Elemental Analysis 

2.3.1.1 X-ray Diffraction  

The X-Ray diffraction method is most useful for qualitative rather than quantitative 

analysis (although it can be used for both) of powders, single crystals and thin 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, whose characteristic 

wavelength for the radiation is  = 1.54056 Å. For powder X-ray diffraction, well grounded 

powder of the samples was placed onto a sample holder of the diffractometer equipped with Cu  

KŬ radiation (ɚ = 1.54056 ¡). 
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Fig: 2.8  A Bruker D8 Advance Powder Diffractometer housed at Chemistry department. 

Data were collected from 2 ɗ = 20
o
 to 80

o
 with a constant scan speed of 2º min

-1 
at room 

temperature. When the incident beam strikes a powder sample, diffraction occurs in every 

possible orientation of 2. 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 2 values at a constant angular velocity. Routinely, a 2 range of 10 to 

80° is sufficient to cover the most useful part of the powder pattern.  The scanning speed of the 

counter is usually 2° min
-1

 and therefore, about 30 minutes are needed to obtain a trace. In this 

work, XRD measurements were carried out using the Bruker D8 Advance Powder 

Diffractometer housed in the Department of Chemistry at Louisiana State University. To perform 
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the single crystal X-ray diffraction, a small crystal fragment is glued to a glass fiber and mounted 

on the goniometer of a Nonius Kappa CCD diffractometer equipped with Mo KŬ radiation (  = 

0.71073 Å). Data were collected at 298 K.  

2.3.1.2    EDX Spectroscopy and SEM Microscopy 

Energy dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique used 

predominantly for the elemental analysis or chemical characterization of a specimen [13]. Being 

a type of spectroscopy, it relies on the investigation of a sample through interactions between 

electromagnetic radiation and matter, analyzing X-rays emitted by the matter in this particular 

case. Its characterization capabilities are due in large part to the fundamental principle that each 

element of the periodic table has a unique atomic structure allowing x-rays that are characteristic 

of an element's atomic structure to be uniquely distinguished from each other. Spectroscopy data 

is often portrayed as a graph plotting x-ray energy vs. count rate. The peaks correspond to 

characteristic elemental emissions. 

 

Fig: 2.9 Spectroscopy data for an elemental analysis. 

There are four primary components of the EDS setup: the beam source; the X-ray 

detector; the pulse processor; and the analyzer. A number of free-standing EDS systems exist. 

However, EDS systems are most commonly found on scanning electron microscopes (SEM). 

http://en.wikipedia.org/wiki/Characterization_%28materials_science%29
http://en.wikipedia.org/wiki/Spectroscopy
http://en.wikipedia.org/wiki/Electromagnetic_radiation
http://en.wikipedia.org/wiki/X-rays
http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Periodic_table
http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Scanning_electron_microscope
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Electron microscopes are equipped with a cathode and magnetic lenses 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 convert X-ray energy into voltage signals; this information is 

sent to a pulse processor, which measures the signals and passes them onto an analyzer for data 

display and analysis. The scanning electron microscope (SEM) is a type of electron 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: 2.10  JEOL 840A 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 back-scattered 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. 

http://en.wikipedia.org/wiki/Cathode
http://en.wikipedia.org/wiki/Magnetic
http://en.wikipedia.org/wiki/Voltage
http://en.wikipedia.org/wiki/Electron_microscope
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The SEM is capable of producing high-resolution images of a sample surface in its primary use 

mode, secondary electron imaging.  

SEM images of our samples were taken 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 X-ray). Analog photography of secondary and backscatter 

images is supported by a dedicated CRT and Polaroid camera. A Mac G4 computer with dual 

monitors is used to work with a 4Pi ADC (Spectral Engine II) and multichannel analysis system 

to acquire digital SEM images and EDS spectrum. NIH Image or Evolution of 4pi is used to 

acquire and analyze image 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. 

2.3.2        Physical Properties 

2.3.2.1    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 

unique open architecture of our Model 6000 PPMS allows us to use different measurement 

options, such as the AC Measurement System option, AC transport option, and heat capacity 

option. We can also use a breakout box to connect with external instruments to measure transport 

critical current density and the thermoelectric effect. The sample environment controls include 

fields up to ± 9 Tesla and temperature range of 1.8 - 400 K. Temperature is reported with a 

typical accuracy of 0.5%. The slew rate is 0.01  dt  12 K/min. with full sweep capability. The 

PPMS unit operates with a nitrogen- jacketed dewar.  The dewar contains the liquid helium bath 

in which the probe is immersed. The probeôs intricate design incorporates the basic temperature 

control hardware, the superconducting magnet, the helium-level 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 gray-ringed Lemo connector that is on the probe head. The 

state-of-the art technology of the AC Measurement System offers extensive susceptibility and 

magnetization capabilities while retaining a user-friendly environment. The ACMS houses the 

drive and detection coils, thermometer, and electrical connections for the ACMS system. The AC 

drive coil set provides an alternating excitation field, 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 PPMS, 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 and an AC susceptometer. 

 

Fig: 2.11  Physical Property Measurement System.  
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2.3.2.2 Resistivity and Hall Coefficient 

The measurement of transport properties such as electrical resistivity, magnetoresistivity, 

and Hall coefficient are performed in the AC transport option of the PPMS MultiVu software.  

 

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

We adopt a standard four-probe technique. Hall coefficient measurements, however, measure the 

sampleôs Hall voltage and therefore require a different configuration. The sample is cut or 

polished into a bar with dimensions of approximately 2 × 1 × 1 mm. The sample is glued on a 

special kind of plastic holder (G10) using VGE varnish. Four pieces of 0.002 inch size platinum 

wire are used to make electric contact to the smooth surface of the sample using a conductive 

epoxy (Epotek H20E). It is placed on a hot plate for several minutes to cure the epoxy. Then the 

wires are connected to the current and voltage points on a PPMS sample puck. The contact 

resistance is checked with a voltmeter. The 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 resistivity control center makes basic system operations 

such as installing samples, selecting or creating data files, measurement sequences, and setting 

up and running immediate mode resistance measurements. With the help of the PPMS MultiVu 

software, the magnitude of excitation current and the sequence of temperature and magnetic field 

variation for the measurement are provided. The resistivity measurements are typically made by 

passing a known current through the sample and measuring the voltage drop across the sample 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 special sample puck which fits on a rotating holder.   

2.3.2.3 Magnetization and Susceptibility 

For magnetization and susceptibility measurements in the PPMS, samples may be 

mounted directly on the ACMS sample holder, a teflon cup or on clear plastic drinking straw. 

The teflon and clear plastic straw adds a negligible magnetic moment. We can also use a 

nonmagnetic material like quartz wool or piece of tape to ensure that the sample will not shift 

within the holder. The sample holder is held within the insertôs coil set on the end of a thin, rigid 
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sample rod. The purging, evacuating, sealing, centering the sample and measurement can be 

performed in the ACMS option using PPMS MultiVu software. DC magnetization measurements 

measure a sampleôs magnetic moment in an applied magnetic field H at a specific temperature T 

(M= M(H,T)). The sample is moved quickly through both sets of coils, inducing a signal in them 

according to Faradayôs law and it is analyzed with a digital signal processor (DSP) to determine 

the sampleôs magnetic moment. Magnetic susceptibilty is given by magnetic moment per mole 

per unit field. 

2.3.2.4 Thermoelectric Power 

The Seebeck coefficient (also called the thermopower) is the ratio between the elecric 

field and the temperature gradient (or equivalently, the ratio between the voltage difference and 

temperature difference between the ends of the sample). The sign of the Seeback coefficient 

depends on the sign of the majority charge carriers (whether positive or negative charge builds 

up on the cold end). So measuring the Seebeck coefficient is a way to determine whether the 

charge carriers in a particular material are holes or electrons. Seeback coefficients measurements 

are performed by using a comparative technique with a constantan standard (Sc = 40µV/K). We 

have designed a special board on a PPMS puck where a 1000 ohm resistance heater is thermally 

attached to the plate. The sample and the constantan are approximately of the same dimensions 

and attached to the plate parallel to each other so that the temperature gradient across each is 

equal. When the heater is on, one end of both the constantan and the sample are heated. From the 

temperature gradient (T) and potential difference (V) between the ends, the Seeback 

coefficient can be obtained by Ss = Vs/ Ts for the sample and for the constantan (Sc =  

Vc/ Tc).   Since Ts = Tc, Ss = ( Vs/ Vc) Sc .  Temperature dependence of the Seeback 

coefficient can be performed with the help of LabView software by placing the sample puck 

inside the PPMS. The software takes the data for Vs and Ts until the temperature T saturates 
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with time. The Seeback coefficient S, given by the slope of the graph of Vs vs. Ts , at different 

temperatures is recorded.  

2.3.2.5 Critical C urrent Density 

The critical currents of the samples in the form of microfibers with very large normal 

state resistivity are measured in a four probe geometry using a standard pulsed technique [12]. 

The sample is mounted on a PPMS transport puck as explained in section 2.3.3.2. The current 

and voltage leads were directly bonded to the surface of the fiber with a distance of 3-6 mm 

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 material, currents are driven 

using a pulse duration of 1-2 µs 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 at the contacts. Superconductors can support only a finite amount of 

supercurrent. As the current increases, the voltage drop across the sample is monitored. As long 

as the sample remains superconducting, the measured voltage should be zero. When the sample 

becomes resistive, the current through it generates a potential difference across the sample. The 

current at which this occurs in a given superconductor is the critical current. The data for input 

and output voltages are recorded and plotted using LabView software. We can calculate the 

current density using the resistance of the resistor used and the cross sectional area of the sample. 
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CHAPTER    3 

MOLYBDENUM NITRIDES AND ANTIMONIDES IN THE FORM OF WIRE S, THIN 

FILM S AND COATING S ON C-MICROFIBER S 

 

3.1 Introduction  

Transition metal-based superconductors have been a historically important class of 

materials, primarily due the fact that the A15 intermetallics such as Nb3Sn became widely used 

in high magnetic field applications, such as in the windings of superconducting solenoids [1]. 

Though the most extensive research has been carried out on niobium intermetallics, there has 

been a recent renewal in interest in two particular molybdenum-based superconductors. The first 

compound is Mo3Sb7 which has recently been classified as a strong spin fluctuation 

superconductor [8,9]. The second is molybdenum nitride which has attracted much attention as 

superconducting material due to its relatively high Tc (13 K) for an intermetallic. [2]. 

 Mo3Sb7 is the only intermediate line compound in the Mo-Sb system. It decomposes 

peritectically at 780 
o
C into pure components i.e. liquid antimony and solid molybdenum [14]. It 

has the cubic Ir3Ge7-type crystal structure [15, 16]. Bukowski et al. have shown Mo3Sb7 to be a 

type-II superconductor with Tc = 2.08 K [8]. It is believed to be similar to the non-conventional 

superconductor MgCNi3, which also exhibits strong spin fluctuations due to its proximity to a 

ferromagnetic ground state. In both these latter systems, strong spin fluctuations alter the 

superconducting ground state properties in non-trivial ways [10, 11]. Spin fluctuations may 

compete with superconductivity or even lead to an exotic pairing mechanism other than 

conventional s-wave. Up to now, more than 20 of the T3X7-type compounds (T is a transition 

metal, X is p-electron 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 metallic, known exceptions are semiconducting Tc3As7 [17] and 
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Nb3Sb2Te5 [18]. Metallic properties [19] and diamagnetism [17, 20, 21] were reported for 

Re3As7. The superconductivity with Tsc = 0.87 K was discovered in Ir3Ge7 by Raub et al. [22]. In 

turn, Chakoumakos et al. studied a single crystal of Ru3Sn7 and reported it as a diamagnetic 

metal, being nonsuperconducting down to 2 K [23].  

 

Fig: 3.1 Temperature dependence of the electrical resistivity for a Mo3Sb7 single crystal. The 

inset shows an enlargement of the data at low temperature, in the vicinity of the superconducting 

transition [8]. 

 

There are a few studies on Mo3Sb7. The detailed crystal structure of Mo3Sb7 has been 

determined by Jensen et al. [24] on single crystals prepared by chemical vapor transport. Hulliger 

reported metallic properties and practically temperature- independent paramagnetism (570 and 

580 x 10
-6
 emu/mol at 80 and 300 K, respectively) for polycrystalline Mo3Sb7 [17]. The 

decomposition pressures of the Mo3Sb7 compound were measured by Mart et al. [25].  
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Fig: 3.2 Magnetization of Mo3Sb7 as a function of temperature at various magnetic fields. 

Numbers denote applied magnetic fields in T [8]. 

 

Molybdenum nitride forms several crystalline nitrides including -Mo2N (cubic), -Mo2N 

(tetragonal), and hexagonal -MoN [6,42]. -Mo2N and -Mo2N are known as superconductors 

with Tc ~ 5 K [30,43]. According to the Mo-N phase diagram only the hexagonal -MoN exists 

at the stoichiometric composition [6]. MoN with B1-type structure has been predicted to have a 

higher superconducting transition temperature (Tc) than NbN [44,41]. B1-MoN does not appear 

in the equilibrium phase diagram of the Mo-N system [47]. This and the high density of 

antibonding states make it difficult to synthesize a perfect crystal of B1-MoN. Recently some 

workers have succeeded in preparing B1-MoN films by sputter-deposition techniques [36,45,48]. 
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The observed onset Tc, 12.5 K, however, is not as high as the theoretical prediction [36,44]. This 

has been explained by the occurrence 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 Mo3Sb7, grown via a peritectical reaction between Mo metal and liquid Sb 

[8]. The summary of the experimental procedure is as follows. Approximately 10 g of Sb (purity 

99.99%) was placed in a thick-wall molybdenum crucible and sealed under an Ar atmosphere. 

The crucible was heated in a vacuum furnace to 1000 
o
C and slowly cooled (3 

o
C/h) to 700 

o
C 

which was followed by furnace cooling to room temperature. Then the crucible was opened and 

transferred to a silica glass tube and an excess of Sb was removed by means of sublimation in 

vacuum at 620 
o
C. The single crystal has the cubic Ir3Ge7 structure (space group Imï3m) with 

lattice parameter a = 9.582 Å, which is slightly higher than a = 9:5713 Å, reported in Ref. [24].  

Recently, Candolfi et al. have reported on electrical resistivity, magnetization and heat 

capacity measurements on a Mo3Sb7 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 750 
o
C and left at this temperature for 10 days. The 

product was then powdered and finally densified by hot pressing at 600 
o
C for 2 h under 51 MPa 

pressure using graphite dies.   

The onset superconducting transition temperature Tc = 2.2 K, the residual resistivity 0 = 

95 ɛɋ-cm and the debye temperature D = 162 K were obtained by Bukowski et al. [8].  The Tc 

is comparable to the value, 2.3 K, obtained from the sharp specific-heat discontinuity C, as 

shown in Figure 3.3(b) [9]. It must be noted that, surprisingly, the temperature dependence of the 

resitivity reported by Bukowski et al on a Mo3Sb7 single crystal [8] (Figure 3.1) is different from 

that reported by Candolfi et al on the Mo3Sb7 polycrystalline sample (Figure 3.3(a)) [ 9]. It is 
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interesting to note that the normal state resistivity is relatively high ( 0 = 95 ɛɋ-cm, 300/ 0 = 

1.4) for the single crystal. The high 0 reflects the presence in this compound a rather strong 

electron-phonon coupling [8]. The onset superconducting transition temperature Tc = 2.2 K from 

the magnetization measurement in an applied magnetic field of 15 Oe agrees well with that 

determined from the resistivity data in 0 T [8] [Figure 3.2]. 

 

Fig: 3.3  (a) Electrical resistivity as a function of the temperature. Inset: parabolic dependence of 

the electrical resistivity at low temperature. (b). Temperature dependence of the specific heat Cp 

of Mo3Sb7 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 temperature Mo3Sb7 is paramagnetic with M = 240 x 10
-6

 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 = 1 T) shows a constant behavior above 50 K suggesting that 

this compound is a Pauli paramagnet [8]. The upper (Bc2) and lower (Bc1) critical fields were 

roughly estimated to be 0.6 T and 1 mT, respectively [8].  

The value of Bc2(0) was estimated by Bukowski et al. [8] using a simple empirical formula:  

Bc2(T) = Bc2(0) (1-(T/Tc)
2
) ééééééééééééé.é(1)   
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Their value of Hc2(0) is 1.7 T, which is in close agreement with the result from the Andreev 

reflection measurement by Dmitriev et al. [26]. The maximum energy gap (0)  0.32 meV, 

which is slightly smaller than that expected from BCS theory, 
BCS

(0)  0.35 meV was reported 

by Dmitriev et al. [26]. The smaller experimental gap value may be attributed to the magnetic 

character of this material, where a destructive role of the spin-flip processes still cannot be 

disregarded entirely. 

 

Fig: 3.4  The upper critical field Bc2 of Mo3Sb7 vs. temperature. The solid line is the best fit to 

Eq. (1) [8]. 

Candolfi et al. have reported Mo3Sb7 is also a spin fluctuation system on the basis of the 

results of the electrical resistivity, specific heat capacity and susceptibility measurements [9]. 

According to the literature, the first strong evidence is the typical quadratic temperature 

dependence of the electrical resistivity,, at low temperature (T  50 K), associated with both a 

large value and  saturation in going up to room temperature (Figure 3.3a).   
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Fig: 3.5  Magnetic susceptibility as a function of the temperature in Mo3Sb7. The arrow indicates 

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 susceptibility (Figure 3.5). The 

susceptibility displays a parabolic dependence at low temperature, then increases with 

temperature, and at higher temperature becomes maximum around 180 K. Above this 

temperature it obeys Curie-Weiss law. The parabolic dependence, which was also noticed in the 

UAl 2 compound [27], is consistent with the theoretical prediction made by Beal-Monod et al. 

[28] on a spin fluctuation contribution to the temperature dependence of the magnetic 

susceptibility. The third evidence for Mo3Sb7 to be considered as a spin fluctuator is the fair 

agreement of the ratio A/
2
n ~0.55 x 10

-5
 ɛɋ-cm(K-mol/mJ)

2
 of this system with the Kadowaski-

Woods relation A/
2
n ~1.55 x 10

-5
 ɛɋ-cm(K-mol/mJ)

2
 , which can be explained in terms of the 

spin fluctuation theory [29]. The most encouraging part of this literature [9] is that the transition 

temperature obtained by the McMillan relation without spin fluctuation rescaling is substantially 

higher, i.e., Tc ~ 8.7 K -11 K. The density of states at the Fermi level is reported to be high due to 
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the contribution of the Mo d-states, leading this material to the border of magnetic ordering [9, 

38]. 

 

Fig: 3.6  Electrical resistance vs. temperature for the starting material, and pressure-annealed 

MoN  films at various temperatures [7].  

 

-MoN crystallizes in a hexagonal structure [3] (space group number 186) and the lattice 

parameters reported are a = 5.73 and  c = 5.60 Å. The unit cell contains 8 formula units of MoN. 

Sahu et al. have performed LDA and GGA electronic structure calculations on the N ordered 

phase of -MoN [33-35]. Linker et al. have shown that a highly disordered phase (MoNx with x 

= 0.20) with a Tc of 9.2 K was produced by ion implanatation of nitrogen into molybdenum [39]. 

For x > 0.20 a phase transformation to a FCC phase was observed. Later, Linker showed that the 

lattice parameter of the FCC phase revealed a linear increase as a function of N concentration up 

to a value of x = 0.5 [40].  Moreover, Linker et al., in view of the above predictions for Tc, have 

fabricated nominally stoichiometric but not highly ordered MoN in the NaCl structure (B1 

structure) to see if more nitrogen could be incorporated into the FCC phase by non-equilibrium 
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techniques, so that the stoichiometric B1 phase could finally be obtained. The reactive sputtering 

of the 150-400-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 K, in contrast to expectations raised by theoretical and empirical 

predictions [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 B1-phase MoN and fill the N 

vacancies by interstitial N atoms by high-pressure annealing, because the density of the B1-MoN 

is larger than that of the equilibrium hexagonal MoN [7, 41].  They prepared B1-MoN films by 

sputtering, and annealed under a pressure of 6 GPa at a temperature between 600 and 1100 
o
C for 

8 h. The B1 phase MoN is converted mainly to the hexagonal-phase and partly to tetragonal-

phase Mo2N when annealed at temperature above 750 
o
C. A residual phase was observed only at 

an annealing temperature of 600 
o
C. The onset Tc of the 1000 

o
C-annealed films was 14.9 K. 

This is the maximum value found in the literature for the Mo-N system [7]. Though they could 

reveal the existence of the pure hexagonal-phase MoN with high Tc, high pressure larger than 6 

GPa was needed to obtain the nonequilibrium B1 phase MoN. Saur et al. prepared MoN in the 

form of wires by heating the Mo wires of 0.5 mm at temperatures between 750 and 950 
o
C in a 

stream of ammonia gas under atmospheric pressure [37]. The highest transition temperature of 

about 12.95 K was obtained by a heat treatment at 800 
o
C for 232 hr.     

To the best of my knowledge, there are no reports on the study of Mo3Sb7 synthesized in 

the form of wires, films and microfibers, and there are no reports on magnetotransport properties 

of MoN. This chapter reports on the synthesis and characterization of Mo3Sb7 and MoN wires, 

films and coatings on carbon microfibers.  This is first report on the transport critical current 

measurements of annular MoN and Mo3Sb7 fibers as a function of temperature.  
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3.2 Synthesis 

1 gram of bulk polycrystalline Mo3Sb7 was synthesized by RF melting with nominal 

formula Mo3Sb7.5. The powders of Molybdenum (99.95 % Alfa Aesar) and Antimony shot 

(99.9999 % Alfa Aesar) were thoroughly mixed and ground well for 10-15 minutes. Then the 

powder was pressed into a pellet of 10 mm in diameter. The pellet was put into an Al2O3 crucible 

wrapped by a thick foil of tantalum from the outside. The crucible with the sample was then 

placed inside an induction coil and RF power was supplied. The operating frequency was 

increased slowly until sufficient heat was produced to melt the pellet. The process was carried 

out in a stream of high purity Ar.        

Hard and 99.8% pure metallic Molybdenum wires of 0.013 mm and 0.07 mm in diameter 

were obtained through Alfa Aesar from the Johnson Matthey Company.  During the production 

of these wires, a very small percent of W, Cr and Si can become impurities. Similarly the 

commercial fibers consisting of a 6-micron diameter carbon core, which are coated a 40 nm thick 

film of molybdenum metal, were obtained from JW Composites, LC [13].  To synthesize Mo3Sb7 

samples a few centimeter long pieces of the wires and the fibers were placed in a small alumina 

(Al 2O3) crucible. The crucible with a small amount of Sb shot (99.999% Alfa Aesar) was sealed 

in an evacuated quartz tube and heated at temperatures between 800 C and 1030 C for different 

time periods. The entire tube was quenched-cooled to room temperature. To optimize the 

superconducting properties, the synthesis of samples was carried out many times with different 

amounts of Sb at different temperatures, and for different time periods.  

MoN wires and coatings were prepared by reacting the Mo wires and Mo-coated carbon 

fibers in a 1 ATM stream of ammonia gas (NH3) at 800 C ï 1030 C for different times. 

Exposures at 900 C 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 as obtained from the manufacture, were annealed at 900 C for 1 hour and 30 minutes 

without Sb. 

In addition, we formed planar films of each compound first by evaporating 60-nm films 

of Mo onto sapphire substrates via e-beam vacuum deposition of arc-melted molybdenum 

buttons (99.999 % Alfa Aesar). Typical deposition rates were  0.1 nm/s in a 2 µTorr 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 did not involve carbon, 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 and Mo3Sb7 were 

examined with a scanning electron microscope (SEM) and their chemical composition were 

determined using EDX analysis by JEOL 840A Scanning electron microscope.   

A bunch of approximately 4-cm long pieces of wire and the fibers were heated with Sb and in a 

stream of NH3 at a suitable temperature and time period to get the sufficient amount of powder 

of Mo3Sb7 and MoN respectively for X-ray diffraction.  Well grounded powder of each sample 

was placed onto a sample holder of a powder X-ray diffractometer equipped with Cu KŬ 

radiation (ɚ = 1.54056 ¡). Data were collected from 2 ɗ = 20
o
 to 80

o
 with a constant scan speed 

of 2º min
-1 

at room temperature. The phase purity of Mo3Sb7 and MoN thin films were also 

verified by powder XRD.  

To measure the transport properties of the samples 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 four-probe ac technique at 27 HZ with an excitation current of 3 mA 

for the wire and 0.01 mA for fibers and thin films. Critical currents of 3 - 5 mm long fibers were 

measured in the 4-probe geometry using a standard pulsed technique. Superconductors can 

support only 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 pulse durations of 1-2 ɛs with a 

duty cycle of 1/1000, and the resulting voltages were measured via a boxcar integrator. The data 

for input and output voltages were recorded and plotted using LabView software.  Care was 

taken to ensure that the pulse width and duty cycle 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 cooled by the vapor down to 

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

The temperature dependence of the magnetic susceptibility of Mo3Sb7 wires of 70 ɛm in 

diameter were measured at magnetic fields of 20 Oe and 1T. A bunch of pieces of Mo3Sb7 wires 

was packed in a plastic capsule and attached to the ACMS sample holder of the PPMS.  

3.4 Results and Discussions 

3.4.1 Polycrystalline Mo3Sb7 

The low temperature electrical resistivity of the RF melted polycrystalline sample of 

Mo3Sb7 is shown in Figure 3.7. The superconducting transition temperature, Tc, (midpoint) is 

2.35 K, which is comparable to the value reported for the single crystal and polycrystalline 

sample of Mo3Sb7 [8, 9].  The Tc 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 Mo3Sb7, prepared by solid state reaction, also shows the superconducting 

transition around the same temperature. 
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Fig : 3.7  Superconducting transition of a RF melted polycrystalline sample of Mo3Sb7. The solid 

line is a guide to the eye. 

 

 

3.4.2    Mo3Sb7 and MoN Wires 

Scanning electron microscopy of un-reacted and reacted wires showed an obvious change 

in the Mo wires due to the reaction with either Sb or N. The cross-sectional area of the Mo3Sb7 

wire increased by approximately four times due to the  reaction, while that of MoN did not 

change substantially. Figures 3.8 and 3.9 show the cross-sectional view of bare Mo and Mo3Sb7 

wires of 70 ɛm in diameter respectively. As shown in Figure 3.9 for the Mo3Sb7 wire of 70 ɛm in 

diameter, the reaction is not throughout the wire. We can see clearly a portion of un-reacted Mo  

in the core of the wire obtained by the heat treatment at 900 
o
C for 1 h in Sb vapor.  
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Fig: 3.8   Scanning electron micrograph of a Mo wire of 70 ɛm in diameter. 

 

The EDX analysis of the wire revealed the chemical composition of Mo3Sb7 in the reacted 

portion of the wire, while in the middle portion there is only Mo. The powder X-ray diffraction 

obtained from the powder of Mo3Sb7 wires has revealed the presence of the cubic phase with the 

Ir3Ge7 structure type.  A few impurity peaks, which correspond to the un-reacted Mo, were also 

observed.  XRD of powdered MoN wires verified the crystallization in the  hexagonal -MoN 

phase.  
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Fig: 3.9 Scanning electron micrograph of Mo3Sb7 of  wire of 70 ɛm in diameter showing a cross-

sectional view. 

 

 

The temperature dependence of electrical resistivity of Mo and Mo3Sb7 wires of 70 ɛm in 

diameter is shown in Figure 3.10. The Mo3Sb7 sample was prepared by heating Mo wire with a 

lot of Sb at 900 
o
C for 1 hour, which was followed by slow cooling down to room temperature. 

As shown in the inset of Figure 3.10, the superconducting transition temperature, Tc, is 2.1 K 

which is in good agreement with the values reported for single crystal and polycrystalline bulk 

samples [8,9]. The shape and the magnitude of the normal state resistivity of Mo3Sb7 are very 

much different from that of Mo wire.  
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Fig: 3.10 Temperature dependence of the resistivity of  Mo and Mo3Sb7 wires of 70 ɛm in 

diameter. Inset: Superconducting transition in the resistivity vs. temperature plot of Mo3Sb7.  

 

Surprisingly, we found the transition temperature, Tc, of the Mo3Sb7 thin wire, which is 13 ɛm in 

diameter, is almost a factor of four higher than the Tc = 2.1 K for the Mo3Sb7 wire of 70 ɛm in 

diameter, presented earlier. The cross-sectional view of the SEM  picture of the Mo3Sb7 thin wire 

is shown in Figure 3.11.  Figure 3.12 shows the superconducting transition of the Mo3Sb7 thin 

wire. The transition temperature Tc is about 8.05 K with a transition width (Tc) of ~ 0.1 K. The 

Tc is substantially higher than that reported for single crystal and polycrystalline samples of 

Mo3Sb7 synthesized in various forms [8, 9, 24].   To optimize the physical properties of the 

material the synthesis and characterization of these Mo3Sb7 wires were performed several times. 

The heat treatment at 900
o
C for 1 hour and 20 minutes is found to be the best synthesis route. 
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Fig: 3.11  Scanning electron micrograph of a Mo3Sb7 wire of 13 ɛm diameter showing a cross-

sectional view. The reaction does not occur throughout the wire.  

 

 

It can be seen that the shape of the (T) curve for the thin wire (onset in Figure 3.12) is 

similar to that for thick wire as depicted in Figure 3.10. One can observe an upward curvature of 

(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 linear-T dependence observed in 

copper oxide superconductors. A similar shape has been observed in MgCNi3 in which (T) fits 

well to the curve predicted by Bloch-Gruneisen theory consistent with the electron-phonon 

scattering [31].  
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Fig: 3.12 Low temperature resistivity of Mo3Sb7 wire of 13 ɛm in diameter. Resistivity is 

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 resistivity (290 K = 751 ɛɋ-cm and 10 K = 506 ɛɋ-cm) observed 

for Mo3Sb7 thin wire is much higher than that reported by Bukoswski et al. and Candolfi et al. 

[8, 9]. These values are approximately 100 times higher than that obtained for the Mo3Sb7 thick 

wire, which shows the lower transition.  On the other hand, the residual resistivity ratio [RRR = 

(290 K) / (10 K)] of the thick wire is 7.4, which is substantially bigger than the one for thin wire 

(1.4). The cross-sectional view in a SEM micrograph of MoN wire of 70 m˃ in diameter in 

Figure 3.13 clearly shows the reaction of N with Mo. Unlike in Mo3Sb7 wire, the expansion in 

the MoN wire due to the reaction is not observed. Shown in Figure 3.14, is the temperature 

dependence of the electrical resistivity of MoN in the form of thin wire of 13 ɛm in diameter.  
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Fig: 3.13  Scanning electron micrograph of a MoN wire of 70 ɛm in diameter showing a cross-

sectional view.  
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Fig: 3.14  Temperature dependence of resistivity of  MoN wire (13 ɛm dia.). Inset:  Resistive 

transition of  the MoN wire. 
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The shape of the (T) curve of the MoN thin wire is different from that of the Mo3Sb7 thin wire. 

Its residual ratio (RRR) is 10, which indicates the complete reaction of N with Mo in the wire. 
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Fig: 3.15  Magnetic field dependence of  resistivity of  Mo3Sb7 wire (13 ɛm dia.)  at 2 , 4, 5, 6 

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 measurement of the resistivity of 

MoN in the form of a wire as a function of temperature in the range of 1.9 to 290 K. The lower 

temperature resistivity measured at zero magnetic field for the MoN thin wire is shown in the 

inset of Figure 3.14. The sharp superconducting transition at 13.2 K with a small transition width 

Tc ~ 0.3 K can be observed. This value is higher than the Tc ~ 12.95 K, reported for the  

MoN wire by Saur et al. [37]. They obtained the highest transition temperatures of about 12.95 K 

(midpoint) by the heat treatment at 800 
o
C for 232 hrs. In my experiment, the highest transition 

temperature of about 13.2 K (midpoint) was obtained by the heat treatment at 900 
o
C for 5 hrs.    
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Fig: 3.16  Upper critical field Hc2 as a function of temperature for  Mo3Sb7 wire (13 ɛm dia.).  

The solid line is the fit to equation (2).  

 

 

The upper critical field Hc2(0) of Mo3Sb7 and MoN thin wires were determined from the 

resistivity (ɟ) data at various temperatures. The magnetic field was applied along the wire axis. 

Figure 3.15 presents the magnetic field dependence of resistivity at 2, 4, 5, 6, and 7 K for 

Mo3Sb7. The transition width (H) is fairly small, indicating a sharp transition. Critical field , 

Hc2,  is defined as the midpoint of the transitions. The error bar is  0.2 T. In Figure 3.16 the 

upper critical field of Mo3Sb7 is plotted as a function of reduced temperature. The temperature 

dependence of the upper critical field Hc2(T) is defined by a simple empirical formula: 

Hc2(T) = Hc2(0) (1-T/Tc)            ééééééééééééé.é(3.2) 
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Fig: 3.17  Magnetic field dependence of  resistivity of  MoN wire (13 ɛm dia.) at 2, 5, 7, 9, 10, 

11, 12, and 20 K.  The solid lines are a guide to the eye. 

 

Hc2(0) is the upper critical field extrapolated to 0 K and Tc is the superconducting transition 

temperature in zero applied magnetic field. The solid line in Figure 3.16 represents the best fit of 

the experimental data to equation (3.2) for Mo3Sb7. The extrapolation yielded Hc2(0) = 11.3 T.  

This corresponds to a superconducting coherence length (0) =  54 Å, estimated using the 

Ginzberg Landau formula for an isotropic three dimensional superconductor Hc2(0) = 

0/2 (0)
2
,  where 0 = 2.0678 x 10

9
 Oe Å

2
  is a flux quantum. The upper critical field of the 

single crystal of Mo3Sb7 is 1.7 T [8, 26]. Not only is the critical field of the Mo3Sb7 wire 

significantly higher than that of the single crystal, but the reduced critical field Hc2/Tc ~ 1.4 T/K 

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

Clogston limit [12]. 
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Fig: 3.18  Upper critical field Hc2 as a function of temperature for  MoN wire (13 ɛm dia.). The 

solid line is the fit to equation (3.2). 

 

 

Resistivity of MoN thin wire was measured at the temperatures 2, 5, 7, 9, 10, 11, 12, and 

20 K with varying magnetic field. It can be seen that this sample has a 15 % magnetoresistance 

[( 9T- 0)/ 0]. The midpoint values of the magnetoresistive transitions vs. magnetic field were 

plotted in Figure 20 as a function of reduced temperature. The data were fitted to equation 3.2, 

and extrapolated to zero temperature, which yielded an upper-critical field Hc2(0) = 5 T. To the 

best of my knowledge, this is the first report on the magnetic field dependence of the resistivity 

for this system. It is to note that this value is pretty low in comparison to the value of Hc2(0) for 

the Mo3Sb7 thin wire. 
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3.4.3 Mo3Sb7 and MoN Thin Films 

Results of powder X-ray diffraction confirm the growth of Mo, Mo3Sb7, and MoN thin films 

with the absence of any impurities. The molybdenum films were grown on sapphire via e-beam 

deposition of 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 of  60-nm thick  film of Mo3Sb7 and MoN (left 

axis) and Mo (right axis).  The solid lines are a  guide to the eye. 

 

 

The best samples in terms of the phase purity and the value of Tc  were obtained by 

exposing 60-nm thick Mo films to (a) antimony vapor at 900 
o
C for 30  minutes for Mo3Sb7 and 

(b)  a stream of  NH3 at 900 
o
C for 5 hrs. The MoN film was formed in hexagonal -MoN phase.  
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Shown in Figure 3.19 is the temperature dependence of the resistivity of the thin films of Mo, 

MoN and Mo3Sb7. The shape of (T) curve is similar to that of wires of respective materials. The 

normal state resistivity decreased by an order of magnitude when the Mo reacted to form Mo3Sb7 

and MoN in thin films. MoN film is observed to be more ordered than Mo3Sb7.   The residual 

resistivity ratios (RRR) are 1.5 and 1.7 for Mo3Sb7 and MoN, respectively. Sharp 

superconducting transitions are observed in thin films of MoN and Mo3Sb7.  
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Fig: 3.20  Low temperature resistivity normalized by its normal state value  of  60-nm thick films 

of Mo3Sb7 and MoN. The solid lines are a  guide to the eye.  

 

The low temperature resistivity data for MoN and Mo3Sb7 thin films are shown in Figure 3.20. 

The resistivity is normalized by its normal state value. The Tc from the midpoint of the transition 

for Mo3Sb7 is 8.2 K with the transition width Tc ~ 0.4 K. This value is close to the value 

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

-MoN in literature [5,7,36,2,46].  
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Fig: 3.21  Magnetic field dependence of  resistivity of  a 60-nm thick film of Mo3Sb7 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. 

 

Figures 3.21 and 3.22 present the magnetic field dependence of the resistivity of the 

Mo3Sb7 and MoN  thin films  at various temperatures. The resistivity is normalized by its value 

at 9 T. It can be seen that for both samples the transition width ( H) decreases with increase in 

temperature. The H-T phase diagram of each compound was derived from the upper-critical field 

Hc2 obtained from the midpoints of the transitions in the R(H) data at various temperatures in 

Figures 3.21 and 3.22 with error bar  0.4 T. The data thus obtained was fit to equation (2) as 

shown in Figure 3.23 and 3.24 (solid lines). The extrapolation of the fit lines produces the Hc2(0) 

= 9.6  and 10 T for Mo3Sb7 and MoN thin films, respectively. These values of Hc2(0)  correspond 

to coherence lengths  (0) = 58.5 and 57 Å for Mo3Sb7 and MoN, respectively.    
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The upper critical field Hc2(0) of the thin film is approximately 2 T less than the value obtained 

for the Mo3Sb7 thin wire. The decrease of Hc2 can be explained in terms of the Hc2 dependence 

on the effective coherence length ( ):  Hc2  0/
2
, where 0 is a flux quantum.  
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Fig: 3.22  Magnetic field dependence of  resistivity of  a 60-nm 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 superconductors the effective coherence length is defined as 1/  = 1/ 0 + 1/l, 

where 0 is the Pippard coherence length and l is the mean free path [32]. We know l varies with 

residual resistivity 0 through l = 2mVF/(ne
2

0), for the sample used in [31], where n is the 

carrier density  and VF is the Fermi velocity. The thin film is more ordered with the normal state 

resistivity 0 approximately 100 times lower than that of the thin wire, which leads to the 

elongation of the mean free path l. On the other hand, 0 is related to the critical temperature: 0 

= a(h/2 )v0/kTc, where a is a constant and v0 is the velocity at the Fermi level [32]. It did not 



61 

 

shorten 0 simultaneously by increasing Tc in the same proportion. In this situation one can 

expect the lower value of Hc2 in this sample. 

 

 

Fig: 3.23  Upper critical field Hc2 as a function of temperature for a 60-nm thick  film of Mo3Sb7. 

The solid line is a fit to equation (3.2). 

 

 

Upper critical field Hc2(0) of the MoN thin film is approximately double of that of the MoN thin 

wire reported earlier. To my knowledge, there are no any other reports on magneto-trnasport 

measurements of MoN in any phase.  
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Fig: 3.24  Upper critical field Hc2 as a function of temperature for 60-nm thick  film of MoN. The 

solid line is a fit to equation (3.2). 

 

 

The magnetoresistance (MR) which is defined by [(ɟ(H) ī ɟ(0))/ɟ(0)], versus applied 

magnetic field at 20 K and 290 K for the thin film of Mo3Sb7 is shown in Figure 3.25a. At both 

temperatures, the magnetoresistance increases with the applied field. At 20 K the 

magnetoresistance at 9 T is large (Ḑ61%) and shows no tendency toward saturation. The 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 the Mo3Sb7 60-nm thick film on magnetic 

field at 20 and 290 K.  

 

The Hall voltage data for the Mo3Sb7 thin film at 10 K is shown in Figure 3.25b. Note that the 

field dependence of the Hall voltage is not linear over the entire range of magnetic field. It has a 

different slope at different segments of the field range. The data and fit to the linear equation H 

= RHB for the lower field regime are shown in the lower right corner, and for the higher filed 

regime the at upper left corner in the inset of Figure 3.25. At low field, RH = 4.673 x 10
-10

 m
3
/C, 

and the calculated carrier density is 1.33 x 10
22

/cm
3
, while at higher field, RH = 9.617 x 10

-10
 

m
3
/C and the carrier density is 6.4 x 10

21
/cm

3
. The main feature of the Hall effect is the positive 

RH. It definitely indicates that the carrier is hole type, which is strongly supported by the positive 

thermoelectrical power S = 8 ɛV/K, observed at the room temperature in the wire. The behavior 

of H and the decrease in carrier density with field remains an open question.   
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Fig: 3.25b  Hall voltage vs. magnetic field data of a 60-nm thick film of Mo3Sb7 measured at 

10K. Inset: upper left is H(H) at high field and lower right is H(H) at low field. The solid lines 

are fits to the linear equation H = RHB.   

 

 

On other hand, the negative slope of the H(B) curve of the MoN thin film indicates  the electron 

type carrier. This is supported by the negative value of the thermoelectric coefficient S = -5.1 

V˃/K measured at room temperature for the MoN wire.  The data were more scattered, so that 

they are not presented here. 

3.4.4 Mo3Sb7 and MoN Coatings on C Microfibers 

The scanning electron micrograph of Mo3Sb7 and MoN coated C microfibers are shown 

in Figures 3.26 and 3.27. Since the coating is very thin (40- 160 nm), the SEM pictures of 

Mo3Sb7 coated fiber [Figure 3.27(a)] and that of MoN coated fiber [Figure 3.27(b)] look similar.   


