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 The skutterudite family of materials has garnered a lot of attention in the condensed 

matter community and it persists to be an important system for exploring the fundamental 

physics of solids. The initial interest into compounds with this common structure was due to their 

promising thermoelectric properties giving the possibility of efficient energy harvesting. Since, 

there has been a huge effort to systematically synthesize new filled skutterudite compounds, as 

nearly every type of strongly correlated behavior has been found within this family. As the field 

of topological materials has gained momentum, these materials have also been given a renewed 

interest in this regard. The skutterudite IrSb3 has been characterized in past studies with a focus 

on its (high temperature) thermoelectric properties, however not much work has been reported on 

the low temperature properties of single crystal samples. There have also been conflicting results 

found in ab initio calculations that have been carried out in the past few decades.  

 In this study, I report novel properties of single crystal IrSb3 grown using a horizontal 

flux transport method, those that are in contrast to previous measurements and theoretical 

calculations. I also discuss the implications of filling IrSb3 with a rare-earth ion and the 

characterization of the new single crystal skutterudite, Pr0.5Ir4Sb10.2Sn1.8. The structure and 

composition of these materials are first confirmed through powder x-ray diffraction and energy 

dispersive x-ray spectroscopy. The physical characterization is carried out through low 

temperature measurements of the specific heat, resistivity, and magnetization. These 

measurements show that IrSb3 can express behavior consistent with a zero-gap point fermi 

surface semimetal, as some calculations predict. This material also shows many transport 

characteristics common to topological semimetals, such as ultrahigh mobility, extremely large 

magnetoresistance, and sublinear magnetoresistance. The Pr filled skutterudite shows heavy 



 

 

 

 

fermion correlations in the resistivity and specific heat, while the magnetic susceptibility predicts 

a Kondo temperature 4KT K . There is also evidence of a superconducting transition seen as a 

small drop in the resistivity and a diamagnetic signal in the magnetization. Only a very small 

fraction of material becomes superconducting at low temperatures, possibly due to an impurity 

phase, superconductivity of reduced dimensionality, or sample inhomogeneity.  
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1   INTRODUCTION 
 

 

1.1   History and Motivation 
 

  

The mineral “skutterudite” that is composed of CoAs3, was originally named for the area 

of Norway (Skutterud) where it was found. Compounds that share the same crystal structure are 

now referred to as skutterudites. This structure is similar to the well-studied perovskite family in 

that they have large voids within the unit cell of the crystal. Large cations can fill these voids and 

have extreme effects on their properties. The “filled” skutterudite family of materials has played 

a large part in exploring strongly correlated electron behavior and new quantum states within 

solids over the last several decades. Much of the initial interest in this family was directed 

towards their thermoelectric properties and improving the thermoelectric figure of merit, the 

Seebeck coefficient. This is generally accomplished by adding in a filler ion to the interstitial 

spaces that are inherent to the skutterudite structure. There has recently been renewed interest 

into the unfilled skutterudites, as ab initio band structure calculations have predicted non-trivial 

topological states. In particular, recent predictions show IrSb3 to be a zero-gap topological 

insulator [1], RhSb3 to be a new class of zero-gap 3D Dirac semimetal [2], IrBi3 to be a strong 

topological insulator [3], and CoSb3 to be near a topological critical point  [4]. These recent 

bodies of work have given the scientific community a different lens in which to view this system.  

The filled skutterudites follow the formula RB4X12, where R is a lanthanide, actinide, 

alkali, or alkali earth metal (La, Ce, Pr, Yb, Eu, etc…), B are transition metals (Fe, Os, Ru, Co, 

Rh, Ir), and X are pnictogen atoms (P, As, Sb). Figure 1.1 shows a unit cell of the filled 

skutterudite structure. These materials crystalize in an LaFe4P12-type structure with two formula 

units per unit cell (Im 3  space group), which includes 8 corner-sharing canted octahedra of BX6 

groups. The octahedra have a distorted shape which has implications for the properties of the 

materials, as this lowers the point symmetry for the R ions [5]. At the center of this structure is a 

distorted icosahedral cage that can house R filler ions. The filler ions donate their electrons to the 

conduction band and become effective positive ions. These filler ions also tend to rattle in their  
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oversized cages, creating low energy optical modes. These anharmonic oscillations can scatter 

phonons, reducing lattice thermal conductivity [6]. This property has brought interest to this 

family of materials for thermoelectric applications. Poor thermal conductivity paired with good 

electronic conductivity is necessary to maximize the thermoelectric figure of merit 
2 /Z S   , 

where S is the Seebeck coefficient,   is the electric conductivity and   is thermal 

conductivity [7]. Skutterudites are one of the most promising thermoelectric materials due to 

their large figure of merit (ZT > 1), the relatively low cost of constituent elements, and their wide 

range of operating temperatures (300 K to 900 K) [8]. In terms of thermoelectric efficiency, ZT > 

1 is considered very well performing, as ZT = 2.6 is the largest figure of merit reported in a bulk 

material [9]. Many studies have been undertaken to try and improve this figure through 

examining the effects of different filler ions within the skutterudite lattice, as well as making 

substitutions on the other sites to effect the electronic properties [10–14].  

 This family of materials has also proven to be a workhorse in the development of 

fundamental condensed matter physics, as they show heavy fermion (HF) states [15–18], 

antiferro-quadrupolar order [19,20], non-Fermi liquid states [21,22], metal insulator 

transitions [23,24], topological insulators [25], and BCS [26,27] and exotic [28,29] 

superconductivity. Due to the rich variety of novel states found, there has been a systematic 

 
Figure 1.1: Unit cell of the filled skutterudite structure. 
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investigation into rare-earth based filled skutterudites. Pr based skutterudites in particular have 

drawn much attention. Until recently, the 4f2 configuration of Pr3+ ions within intermetallic 

compounds was thought to be stable, as no strongly correlated behavior was observed in this 

family of compounds. Most of the rare-earth HF compounds that had been studied were trivalent 

Ce or Yb systems. PrInAg2 and PrFe4P12 have proven to challenge this thinking, as both 

compounds show evidence of heavy electron behavior. The correlations in PrInAg2 are thought  

to be from coupling between the quadrupole moments of the non-Kramers doublet ground state 

of the Pr3+ ions and conduction electrons [30].  PrFe4P12 has a field induced heavy HF Fermi-

liquid ground state, which appears upon the suppression of an anti-quadrupolar ordered 

phase [31]. The anti-quadrupolar ordering is due to a structural phase transition which occurs in 

the proximity of 7 K; one that lowers the symmetry (due to shifts in the position of Fe), which 

results in a splitting of the 4f2 doublet into eigenstates with quadrupolar degrees of freedom [32].  

A recent report by Luo et al. [33] has shown that these compounds follow simple Zintl 

electron counting rules that can predict hundreds of new filled skutterudite compounds. A Zintl 

phase is formed through an electropositive network of cations that donate electrons to the 

covalently bonded electronegative anions to complete their outer shell. A prototypical example 

of a Zintl phase compound within the skutterudite family is CoSb3. In this example, the 

pnictogen Sb rings that make up distorted squares would be the anions, while the transition metal 

Co make up the cations. Sb in this phase is in a [Kr]4d105s25p3 valence configuration, so each 

need 3 electrons to fill their p shell. Two of those electrons come from the two covalently bonded 

Sb ions while the two Co ions donate the third. Thus, at a half electron for each Sb bond, we find 

Co at a valence of +3. Thus the skutterudite Zintl compound can be written 3 4

4 4 3( )Co Sb   [34]. 

This concept can be extended to adding a filler ion into the empty voids of the structure if the 

valence count is kept close to ideal. By keeping a constant count of 96 (24 x 4 valence electrons 

per formula unit), one can make substitutions on the X ion site to create new stable compounds 

with this structure. In this work, I describe an attempt at filling IrSb3 with Pr3+ ions in a single 

crystal growth, inspired by the work in Ref. [35] and the interesting properties found in the 

related material PrOs4Sb12.  

PrOs4Sb12 is the first instance of a Pr based HF superconductor [35]. It shows a double 

superconducting transition [36] that is in the proximity of a field induced anti-ferroquadrupolar 

ordered phase [31]. PrOs4Sb12 also displays unconventional heavy fermion superconductivity 
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that is thought to be mediated by quadrupole fluctuations [37]. Zero field muon spin relaxation    

(  SR) measurements have shown that PrOs4Sb12 breaks time reversal symmetry in its 

superconducting state as the spontaneous appearance of internal magnetic fields below cT  would 

suggest [29]. Due to this fact, it is thought to host Majorana Fermionic states, which are highly 

sought after in pursuit of stable quantum computing systems [38]. 

The amazing properties found within the Pr and Os based skutterudite created interest in 

the related compound Pr0.9Ir4Sb10.2Sn1.8, which was first theorized and synthesized into a 

stoichiometric powder in Ref. [33]. Some attempts to grow single crystal versions of this 

material have produced the related compound, Pr0.5Ir4Sb10.2Sn1.8. From the Zintl counting 

perspective, a rare earth atom (which donates its electrons and becomes a positive ion) added to 

the interstitial spaces of IrSb3 must be compensated by removing electrons from the system. So a 

partial filling of Pr3+ ions in IrSb3 can become chemically stable by making partial substitutions 

of Sn on Sb sites. By adding in 3 electrons with a Pr3+ ion on the R site, we must also remove 3 

electrons from the X site. Thus, Pr0.6Ir4Sb10.2Sn1.8 would represent the ideal count that is closest 

to the new material that we synthesized. 

This work begins with a characterization of the low temperature properties of high 

quality single crystal IrSb3 that was grown in a horizontal self-flux transport approach. Due to 

much of the interest of this system being in its thermoelectric properties, there has not been a 

comprehensive look into its properties at extremely low temperatures. Most previous inquiries 

were carried out on low quality polycrystalline samples. This is in contrast to the large and well 

formed single crystals used in this study. Initial characterizations through electrical transport 

suggest non-trivial topological behavior, as well as metallic behavior not before seen in this 

compound. If confirmed, this system would be added to relatively small list of 3D topological 

materials. A detailed analysis of its topological nature is however not included in this work, but 

is planned for future publication.  

The remainder of this thesis focuses on the effects of adding Pr3+ filler ions into the IrSb3 

structure, with a complete characterization and analysis of Pr0.5Ir4Sb10.2Sn1.8. Specific heat, 

electrical transport, and magnetization measurements all support the existence of heavy fermions 

within this material. Superconductivity is also detected at low temperatures; however, the 

fraction of material that is superconducting is quite small (< 1%).  
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1.2   Theoretical Background 
  

 

1.2.1   Local Moment Physics 
 

1.2.1.1   Heavy Fermions and Magnetic Moment Interactions 

 

 In the 1930’s a resistance minimum was observed in resistivity measurements of gold, 

copper, and silver by de Hass et al. [39]. This phenomenon was not explained theoretically for 

another 30 years. The first microscopic model for local moment formation in metals was 

established by Anderson in 1961 [40]. The Hamiltonian of the model was built on previous work 

by Friedel [41] but includes a term that accounts for a Coulomb interaction between d electrons. 

The Hamiltonian is given by 

 
0 0f d corr sdH H H H H    , (1.1) 

where 
0 fH  is the unperturbed energy of free-electron states and 

0dH  gives the energy of 

unperturbed d states of an impurity atom. 
corrH  is the exchange-correlation energy of the 

repulsive interaction between d electrons and sdH  is an s-d interaction term (which is a one-

electron energy term). 

Jun Kondo in 1964 was able to describe the resistance minimum found in metals with a 

dilute concentration of magnetic impurity atoms. He employed the s-d exchange model from 

Zener [42], Kasuya [43], and Yosida [44],  which included a key perturbative term in the 

Hamiltonian that describes an antiferromagnetic interaction between a local moment and 

conduction electron. This term is given by (0)IH J S  , where J  is the super-exchange 

interaction parameter, (0)  is the conduction electron spin density at the origin ,and S  is a spin 

½ [45]. The inverse scattering rate (to second born approximation) 
1 
 of conduction electrons 

on magnetic localized electrons resulted in  

 2

21
ln2( )J

D

T
J 










 


, (1.2) 

where D  is the electron bandwidth and   is the density of states of the conduction electrons. 

This offers a quantitative explanation of how a minimum in the resistivity is observed; as the 
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temperature is lowered, the logarithmic term begins to dominate the lattice resistivity. The need 

for a negative J  implies antiferromagnetic coupling is necessary for the Kondo effect to take 

place.  

Localized spin fluctuations can also qualitatively and quantitatively explain the Kondo 

effect, as the fluctuations become important at low temperatures where 1

0KkT    with 0  being 

the lifetime of the spin fluctuations. A localized spin fluctuation can be thought of as the 

continuous scattering from electron to hole and back of opposing spins on the impurity site [46]. 

Below the characteristic temperature 
KT , where the thermal energy is of the order of the lifetime 

of fluctuations (
0 B Kk T   from the time-energy uncertainty principle), a spin-compensated 

state forms. This picture is equivalent to a Kondo resonance forming well below the Kondo 

temperature. Again, this resonance (first introduced by Abrikosov [47], Suhl [48], and 

Nagaoka [49]) forms as the localized f-electron states of a heavy fermion hybridize with the 

Bloch waves of the conduction sea [50]. This resonance corresponds to an enhancement of the 

density of states at the fermi level and the particles in this area show an enhanced effective mass.     

The numerical renormalization group concept was required to make further progress, as 

Kondo’s perturbative method breaks down at low energies. With this technique, it was shown 

that the low temperature properties of a Kondo material are scaled by a characteristic energy                                                              

 )1 (2J

KT De   (1.3) 

called the Kondo temperature [50]. The high energy local moment state becomes screened 

continuously into a Landau-Fermi liquid singlet state as the temperature decreases below 
KT . 

The screening is primarily from conduction electrons in the neighborhood of the Fermi surface. 

 

1.2.1.2   Kondo Lattice  

 

Within the Kondo impurity regime, the Kondo effect results in magnetic impurities being 

screened by conduction electrons until they are confined to a singlet state. The effect of this is an 

increase in the probability of spin-flip scattering at temperatures O(
KT ), as the singlet ground 

state of the impurities act as a scattering center. The resistivity thus increases, as the electron’s 

momentum is not conserved when they scatter. Strangely, the same physical process can result in 

a metallic state as we move to materials that contain a lattice of magnetic ions within their 

structure. The Kondo effect develops coherence within a lattice of magnetic ions with 
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translational symmetry, and the scattering now conserves momentum. This leads to a decrease in 

resistivity at temperatures below the characteristic Kondo temperature, and ideally, the formation 

of a Landau-Fermi liquid results [51].  

Landau-Fermi liquid theory assumes there is a one-to-one correspondence of non-

interacting states with interacting quasiparticle states near the Fermi surface, if the interactions 

are slowly turned on [52]. The magnetic susceptibility   and electronic specific heat coefficient 

/vC T   are given by  

 *

0

2

1 a

B

F

 



 , (1.4) 

 2 2
*

3

Bk
  ,      (1.5) 

where Bk  is the Boltzmann constant, B  is the Bohr magneton, and 
0

aF  is the antisymmetric 

Landau parameter which measures the spin dependent portion of the quasiparticle interactions. 

The quasiparticle density of states at the Fermi-level ( F ) is given by   

 * *

2 2

Fk
m


 , (1.6)  

where 
*m  is the effective mass and 

Fk  is the Fermi wave-vector [50]. The linear specific heat 

coefficient is proportional to the effective mass of the quasiparticles, which is why these 

compounds are referred to as “heavy fermions”. The electronic specific heat coefficient   is 

greatly enhanced from that of a typical metal; on the order of 100-6000 times that of Cu [53]. At 

high temperatures, the magnetic susceptibility shows Curie-Weiss behavior which eventually 

gives way to a constant paramagnetic spin susceptibility at temperatures below 
KT . The low 

temperature resistivity obeys the Landau-Fermi liquid result, 2

0 AT   .  

 Most HF materials obey two scaling relations: (1) The Kadowaki-Woods ratio

2 5 2 1)10 ( ( )A m Kc mol mJ     was found to be constant for many heavy fermion materials 

with the parameters varying several orders of magnitude. (2) The Wilson ratio  

 2 2

2
2B

B

k
W

 

 
  , (1.7)  
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was also found to be nearly constant with large variations in the values of   and   [50]. It can 

be seen from the Landau-Fermi liquid expressions for those quantities that the renormalized 

density of states is common to both terms and factors out of the Wilson ratio. This relation 

allows one to perceive HF materials as a Landau-Fermi liquid with a large effective mass 

(renormalized density of states) that originates from a coherent lattice Kondo effect [51]. 

The coupling term J  found in the Kondo Hamiltonian is also responsible for an 

interaction that competes with the Kondo effect for a different ground state. The RKKY 

interaction is named after those who first considered it: Ruderman & Kittel [54], Kasuya [43], 

and Yosida [44]. This interaction allows for spin-exchange between local moments and is 

mediated by conduction electrons scattering between magnetic sites. The long-range exchange of 

the RKKY interaction causes local moments to order. Doniach was the first to realize that if the 

RKKY coupling energy becomes greater than the energy scale set by 
KT , then Kondo spin 

screening would be overtaken by magnetic order [55]. Therefore, depending on the strength of 

each interaction, a magnetic or nonmagnetic ground state can be realized at low temperatures. 
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2   METHODS 
 

 

2.1   Crystal Growth 
 

 

2.1.1   IrSb3 Horizontal Flux Transport  
 

 Single crystals of IrSb3 were grown in a horizontal configuration by way of flux 

transport [56]. Rather than slowly cooling the ampoule, as is done in a vertical configuration, it is 

held within a heat gradient. Generally, the highest temperature is set at the base of the tube where 

the constituent materials have been loaded and decreases outwards. The flux within the ampoule 

will melt and fill the bottom of the tube and the other raw material(s) will slowly transport to the 

cold end because of the composition/heat gradient. Nucleation will occur at the point where the 

concentration of dissolved metal within the flux (Ir in this case) reaches its solubility limit for the 

desired phase. A horizontal configuration also allows for larger yields of IrSb3 than a vertical 

growth, as there are limitations on the concentration of allowed Ir within the flux (  ~ 3 % ) to 

produce the correct phase [56].  

The starting raw materials were composed of 0.5 g  of Ir (powder, 4N) and 16.67 g  of Sb 

(shot, 5N), and were loaded into a 5” quartz ampoule with the Ir powder on the very bottom. 

This ampoule was then evacuated and filled with 500 mTorr  of argon gas before being sealed by 

way of hydrogen-oxygen torch. The end of the tube where the Ir sits was placed at the center of a 

tube furnace, as shown in Fig. 2.1. The temperature of the heating filament in the center is set to 

860 degrees C. The furnace was held at this temperature for 3 weeks to allow plenty of time for 

crystal growth to occur. The heating element was then turned off and the growth was allowed to 

cool to room temperature before being opened. A large ingot of mostly Sb flux was removed and 

large IrSb3 crystals were found on the extreme cold end of the tube, as seen in Fig. 2.2. This 

ingot was reheated to approximately 700 degrees C for 3 hours in a new quartz ampoule with a 

built in sieve made of quartz wool. The ampoule is then removed at that temperature and 

immediately place into a centrifuge at ~1500 rpm to separate the liquid flux from the solid 
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crystals. Crystals from this method ranged in size and morphology as there was a fairly large 

area where crystal growth occurred. Figure 2.3 shows the largest of the single crystals from the 

batch. Smaller crystals that were close to perfect rectangular prisms were used for most 

measurements.  

 

 

 

Figure 2.1: Horizontal flux transport growth of IrSb3. 

 

 

 

 

Figure 2.2: Horizontal growth of IrSb3 when first removed from furnace. 
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Figure 2.3: Largest single crystal IrSb3 samples. (Smallest division of squares ~ 1 mm). 

 

 

2.1.2   Pr0.5Ir4Sb10.2Sn1.8 Flux Growth 
 

 The process for growing single crystals of the praseodymium-based skutterudites was 

based on the method reported by Bauer et al. in Ref. [28] as well as Ref. [57]. For 

Pr0.5Ir4Sb10.2Sn1.8, the starting materials consisted of praseodymium (ingot, 3N), iridium (powder, 

4N), antimony (shot, 5N) and tin (shot, 4N). The ratio in which they were initially weighed 

(atomic ratios 1:4:13.33:6.66) was initially chosen to attempt to grow 
4 8 4PrIr Sb Sn . This was 

based upon the atomic ratio that 
4 12PrOs Sb  is grown with when using the self-flux method 

(1:4:20). The flux method of single crystal growth allows for metals with a high melting 

temperature (Pr, Ir) to dissolve into a liquid metallic flux (Sb) at a temperature lower than their 

respective melting temperatures. As the temperature of the solution is slowly decreased, single 

crystals form of the desired material. 

 The high temperature growth is performed within a carbon coated quartz ampoule, as Sb 

and Pr both react with SiO2, effectively destroying the ampoule at high temperatures. The 

ampoule is coated in carbon through pyrolysis of acetone. The quartz ampoule is filled to an 

approximate height of 3 cm with acetone and sealed with Kimtech Kimwipes that have been 

rolled into a cone shape. The Kimwipes act as a plug to keep in acetone vapor and soak up 

excess acetone liquid. After letting the liquid coat the surfaces of the ampoule, it should be 

turned horizontally to allow the liquid to absorb into the Kimwipe. Any boiling acetone will not 
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allow the carbon to adhere well to the surface and will destroy any previous coating. It is 

recommended that no additional acetone be added once the process has begun, as sudden 

changes in temperature can also cause the carbon to break from the surface. A hydrogen-oxygen 

torch is then used at a very low oxygen setting to heat the end of the ampoule where the starting 

materials will sit. The temperature needs to be high enough to see a bright orange glow (when 

pyrolysis occurs), but not too high as to soften the quartz. A sufficient coating is achieved when 

the carbon layer blocks most of the incoming light through the tubes bottom. The main 

importance is that the area of the ampoule which is in direct contact with the growth solution is 

completely covered, as the vapors present do not seem to break down the bare quartz.  

 The praseodymium ingots readily react with oxygen and form a green film due to the 

corrosion on the exterior. They were thus were handled and cut within an inert atmosphere in a 

glove box. The surface layers of the ingot were removed prior to use to ensure no oxidation was 

included in the growth. Half of the antimony and tin shot were the first to be loaded into the end 

of a large diameter open quartz ampoule that had been previously carbon coated. The iridium 

powder was then loaded into a smaller ampoule with a weighing paper slid into the end to 

prevent powder from sticking to the interior. This smaller ampoule is then slid into the larger 

carbon-coated ampoule and turned vertically so the iridium powder reaches the bottom without 

adhering to the sides. Next the small chunks of Pr ingot were loaded into the ampoule with the 

remaining Sb/Sn on top. This ampoule is then evacuated of air and refilled with argon multiple 

times to ensure there is no oxygen present. The final pressure of the argon gas within the tube is 

approximately 500 mTorr . The ampoule is then sealed with a hydrogen-oxygen torch by hand in 

the typical manner.  

 The temperature range used for growth can be deduced through previous literature on 

similar materials or through temperature-composition phase diagrams. In this case, PrOs4Sb12 

was the closest match, so similar growth parameters were used as in Ref. [58]. Temperature-

composition phase diagrams are also important to consider to avoid the accidental growth of 

undesired compounds. It is standard practice to consider other materials which may result from 

particular growth parameters. The temperature is first set to reach and sit at 650 C  to allow the 

Sb flux to melt completely for a few hours, then the temperature is ramped to 950 C . After 

resting at this temperature for 72 hours, a cooling rate of 1 /C hr
 is used to return back to 

650 C . 
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 To remove the remaining flux, the ampoule is inserted into a centrifuge at 650 C  and 

quartz wool inside of the ampoule acts as a filter to separate the crystals from the molten 

antimony/tin solution. The surfaces of the crystals are then cleaned using a dilute aqua regia 

solution (2:3:1  H20: HCl [37% concentration]: HNO3 [70% concentration]) that is able to 

dissolve excess antimony/tin in a short period of time. The single crystals are only kept in the 

solution for 10-15 minutes at a time and are subsequently checked under an optical microscope. 

The crystals generally formed in clusters of cubes with well-formed facets up to 1 mm in length. 

In subsequent growth attempts, the cooling rate was lowered to 0.6 /C hr
 and larger facets of up 

to 2 mm were found.  

 

 

2.2 Structure and Composition 
 

 

2.2.1 Powder X-ray Diffraction 
 

 Powder X-ray Diffraction (PXRD) measurements were taken to help identify the 

structure, relative composition, as well as any impurity phase present. The measurements were 

taken with a PANalytical Empyrean X-ray Diffractometer that uses CuK  x-rays with a 

wavelength of 1.5406 Å . To get the most accurate diffraction pattern a “perfect powder” is 

desirable; one in which all scattering planes are equally represented. Thus, it was necessary to 

use a granite mortar and pestle to grind the single crystal pieces for at least 10 minutes into a fine 

powder. This powder was then loaded onto a low background single crystal silicon sample 

holder with a small depression as to avoid the use of any adherent that would add to the 

background. If the material did not entirely fill this area then the sample holder was flipped over 

to a flat side and coated with an extremely small amount of low background grease for the 

powder to adhere to. The materials were all measured in a gonio scan from 5 2 90    in 

0.008 degree steps while spinning 4 times per second. A spinning platform is especially 

advantageous when doing measurements on a small amount of powder, as it ensures more crystal 

planes are equally represented. 

 Analysis of PXRD data was done using the PANalytical X’Pert Highscore proprietary 

software suite that is integrated with the diffractometer  [59]. The crystal structures and their 

respective diffraction patterns were simulated by inputting the constituent atoms, the space group 
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of the crystal, the Wyckoff positions of the atoms, and their expected occupancy fraction. For 

materials that have not been previously grown or analyzed, the exact Wyckoff positions can be 

estimated by the positions of related materials with similar constituent atoms. For example, the 

positions of Ir and Sb/Sn in 
10.25 10. 4 .8Pr Ir Sb Sn  were estimated from the positions of Ir and Sb/Sn 

within 10.9 4 10.2 .8Ir Sb SnLa  [33]. To get an estimate of the lattice constant of our materials we 

performed Rietveld refinement using the Highscore software suite [60]. The Pr, Sb, and Sn 

occupancy fractions for 
10.25 10. 4 .8Pr Ir Sb Sn  (which has fractional filling) were tentatively refined 

and found to be fairly consistent with our estimates from energy dispersive x-ray spectroscopy 

measurements (EDS), giving more confidence in the results. The isotropic Debye-Waller 

coefficient 
isoB  was also refined for the 3Pr   ions, as Pr ions within skutterudite materials have 

been shown to vibrate within their icosahedral cages (which results in a large 
isoB  value), 

throwing off expected intensities of the diffraction pattern peaks. The accuracy of this refined 

value should be met with caution though, as single crystal x-ray diffraction is the preferred 

method. This coefficient can be calculated through the relation between 
isoB  and 

E  given by 

 2
2

2
coth

228

iso E

B E

B
u

mk T



 
 

 
 
 

, (2.1) 

where 
isoB  is the isotropic Debye-Waller factor, 2u  is the average mean square atomic 

displacement amplitude,  is Planck’s constant, m  is the mass of the oscillating atom, and 
E  is 

the Einstein temperature of the oscillating ion. This relation also allows for a check on the fits to 

the specific heat data for 
10.25 10. 4 .8Pr Ir Sb Sn , which will be discussed further below.  

 

 

2.2.2 Energy Dispersive X-ray Spectroscopy 
 

 Energy dispersive X-ray spectroscopy (EDS) measurements were performed on small 

single crystal samples to determine the relative composition of our grown materials. Pr filling 

fraction was of particular interest and this technique proved to be quite useful in this manner. All 

EDS measurements were taken using a JOEL-JSM-IT100LA scanning electron microscope. The 

accelerating voltage was set to 15 kV for all measurements. The relative compositions of the 
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grown materials were determined by selecting multiple randomly selected flat areas and 

averaging those values together.  

 

 

2.3 Physical Properties 
 

 

2.3.1 Resistivity  

 

Electrical resistivity   measurements were taken using the Quantum Design Physical Property 

Measurement System (PPMS) Electronic Transport Option (ETO) at WMU. The tunable 

parameters for resistivity measurements are temperature (300 K to 1.7 K) and magnetic field (-

14 14T H T  ). The dilution refrigeration option for the PPMS was used in measurements for 

temperatures 0.05 4K T K  . Samples were measured using the standard 4-wire geometry with 

AC currents ranging from 1-10 mA while a smaller current of 0.25 mA was used for dilution 

refrigerator measurements. Figure 2.4 shows an example of two samples of IrSb3 that are wired 

to a PPMS rotator puck for the electronic transport measurements. The rotator option allows for 

angular dependent resistivity measurements in a magnetic field.  

 The samples that were chosen for measurement had smooth and large facets that made 

wiring less difficult of a procedure. Samples that had a cubic or rectangular prismatic shape were 

preferred, as close alignment of the crystal planes and voltage leads with respect to a magnetic 

field is necessary for precise magnetoresistance/hall measurements. Estimating the exact 

dimensions of the crystals is necessary to calculate an accurate absolute value for resistivity and 

symmetric samples tend to simplify that task. The surfaces of our single crystals were cleaned 

with acetone in a sonic bath after being thoroughly etched in dilute aqua regia solution. To get 

low contact resistance, we sputtered the surface with evaporated gold to create 4 leads where 

wires can be connected. This is done by first masking off the crystal with the legendary GE 

varnish in a striped pattern on the top of the crystal. This process required the proper consistency 

of varnish as it would often dry too quickly and become difficult to manipulate. Toluene can be 

added to GE varnish as a thinning agent and is recommended before each new masking attempt, 

as it quickly evaporates. Once the varnish had effectively dried on the samples, they were placed 

into a Cressington sputter coater for approximately 5 minutes with a current of 25 mA. Dotite  
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Figure 2.4: IrSb3 single crystals wired for resistivity measurements. 

 

 

silver epoxy was then used to attach the gold wires to the surface of the samples after cleaning 

off the masking. This epoxy had to be cured at 150 C  for at least an hour. 

 Low temperature resistivity data was theoretically fit to gain insight on the Kondo 

behavior found in Pr filled samples, search for a superconducting transition as well as check for 

Fermi/Non-Fermi liquid behavior. All data was fit with the assumption that Matthiessen’s rule is 

valid and the separate contributions to the total resistivity are a simple sum. The low temperature 

resistivity of most metals can be well described by  

 2 5

0 AT BT    . (2.2) 

The symbol 
0  represents the contribution from electrons scattering on impurities or defects 

within the crystal. This contribution is generally temperature independent and can be estimated 

by the resistivity at 0T K . This value is generally found using an extrapolation that results 

from a fit to the form above for the low temperature resistivity. This value also becomes useful 

as it allows one to characterize the “quality” of a crystal growth. The residual resistivity ratio is 

typically defined as  

 ( 300 )

( 0 )

T
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



,   (2.3) 
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where a large RRR is often indicative of a pure sample (depending on the material) [61]. The 

following term that is linear in 2T  is derived from Landau Fermi-liquid theory and accounts for 

electron-electron scattering [62]. The next term which is proportional to 5T  is due to electron-

phonon scattering and was first introduced by Bloch [63]. The materials that show enhanced 

effective mass have a significant 2T  contribution at low temperatures, such that the electron-

phonon Bloch term is not included in the low temperature fits. 

 

 

2.3.2 Magnetization 
 

DC magnetization measurements were taken using the Quantum Design PPMS Vibrating 

Sample Magnetometer (VSM) Option at WMU. Measurements were taken for 

1.7 300K T K   in magnetic fields 
014 14T H T   . The samples are typically mounted 

on a low-background quartz paddle using a small amount of GE varnish to secure the sample, as 

is shown in Fig. 2.5. Using this method made the process of aligning the samples fairly simple, 

as the facets of the cubic crystals were oriented to be parallel to the sides of the paddle. The 

small background from the glue and paddle can be disregarded when compared to the size of the 

signals measured.  

The VSM option operates under the principle of Faraday’s law of induction. A motor that 

sits atop the PPMS chamber is able to vibrate the sample’s position in a sinusoidal motion at a  

set frequency. If a sample has a net magnetic moment then the changing magnetic flux from the 

motion of the sample will induce a time dependent voltage in the pickup coil such that  

 
out

t

d
V

d dz

t dd dz

 
   ,    (2.4) 

where   is the magnetic flux through the coil, z  is the vertical position of the sample in the 

sample chamber with respect to the coil, and t  is time. If the vertical position of the sample is 

oscillating in a sinusoidal manner then )cos(2z A ft , where A  is the amplitude of oscillation 

and f  is the frequency of oscillation. After taking the time derivative,  

 
sin(2 )2 fA

dz
t

dt
f     (2.5) 

and the final expression becomes 

 sin(2 )2out fCmA fV t  , (2.6) 
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Figure 2.5: Small IrSb3 single crystal mounted on quartz rod for magnetization. 

 

 

where C is a coupling constant and m is the DC magnetic moment of the sample  [64]. The 

PPMS VSM unit is able to determine this coupling constant and measure the corresponding 

magnetic moment. The total moment m  (emu) is then converted to magnetization M  (emu/mol) 

by multiplying by the molecular mass of the sample (g/mol) and then dividing by the mass of the 

sample. With knowledge of the magnetization M  and the corresponding magnetic field H , one 

is able to calculate the (DC) molar magnetic susceptibility m  (
3cm mol ). The molar magnetic 

susceptibility for a magnetic material can be fit with the Curie-Weiss expression 

 
0

W

C

T
 





,  (2.7) 

where C  is the Curie constant, T is the temperature, and W  is the Curie-Weiss 

temperature  [65,66]. From this one is able to deduce the effective magnetic moment 
eff  

through the relation 
2 2 23 3A B eff A BBC p N k N k   , where 

AN  is Avogadro’s number, Bk  is the 

Boltzmann constant, B  is the Bohr magneton, and p  is the effective number of Bohr 

magnetons. The Curie-Weiss temperature indicates ferromagnetic or antiferromagnetic 

correlations, depending if it is positive or negative, respectively.  
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2.3.3 Specific Heat 
 

Specific heat measurements were taken using the PPMS Heat Capacity option for 

temperatures 1.7 300K T K   in magnetic fields up to 14 Tesla. The PPMS Dilution 

Refrigerator option is able to extend the temperature range of specific heat measurements with 

working temperatures 0.05 4K T K   in fields up to 14 Tesla. The measurements are taken 

using relaxation calorimetry, where a known amount of heat is added to a sample for a fixed time 

and then is allowed a cooling period of the same time. The temperature is monitored carefully 

with accurate time resolution to be able to deduce the characteristic time constant   which is 

proportional to the specific heat of the sample at that temperature. The PPMS software can also 

employ a “Two-Tau” model that is able to account for poor thermal coupling between the sample 

and sample platform [67]. To achieve good thermal contact with the sample platform, single 

crystals with well-formed facets that were mostly free of defects were preferred. A small amount 

of Apiezon N-grease is applied to the sample platform prior to measurement to ensure good 

thermal coupling. Figure 2.6 shows an IrSb3 crystal that has been mounted on the specific heat 

sample platform. The background contribution to the specific heat, which consists of the sample 

holder and N-grease, is also measured before mounting the sample so it can be reliably 

subtracted. Field dependence of the background was also considered when necessary, usually for 

samples with a relatively small signal.  

The specific heat data for the filled skutterudite was analyzed in multiple different ways 

(at different temperature ranges) to analyze the heavy fermion behavior and characterize the 

material. The high temperature data for the filled skutterudites are reminiscent of a typical metal 

that is described well by the Debye model. The fit for the high temperature specific heat takes the 

form  

 3
4
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

 
  

 
 ,  (2.8) 

where H  is the Debye temperature and 
Hx T  [68]. Fits of this type allow for the extraction 

of the Debye temperature that can then be compared with more complex models at the lower 

temperatures.  

 The low temperature specific heat data for the filled skutterudites usually consists of 

multiple terms in order to be properly described. In general, the specific heat can be modeled  
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Figure 2.6: IrSb3 single crystal mounted on sample platform of PPMS specific heat option. 

 

 

with an electronic contribution and lattice contribution, such that ( ) e lC T C C  . The low 

temperature electronic specific heat is linear in T , such that eC T  where   is the 

Sommerfeld coefficient. This coefficient is useful in characterizing heavy fermion behavior, as 

an enhanced value is indicative of strong electron correlations. The lattice specific heat is usually 

dominated by phonon degrees of freedom, which takes the form 3

lC BT  in the low temperature 

realm. The Debye temperature can then be extracted through the relation  

 4

3

12

5

A B

L

nN k
B




 , (2.9) 

where n is the number of atoms per formula unit and L  is the Debye temperature from the low 

temperature fit. In the case of the Pr filled skutterudites, an Einstein mode is included in the 

lattice term. Einstein modes have been previously found in several different filled skutterudite 

systems [69]. These atoms have varying Einstein temperatures depending on the constituent 

atoms and the available space within the lattice. The Debye lattice term must be modulated such 

that the Pr contribution is removed and replaced with an Einstein term. This is done by 

considering an additional parameter x  such that the lattice term becomes 
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where R is the gas constant and 
E  is the corresponding Einstein temperature of the participating 

Pr ions.  

 An additional analysis was performed on the extremely low temperature ( 0.5T K  

specific heat for Pr0.5Ir4Sb10.2Sn1.8, as there is a large nuclear Schottky peak present below 0.25 K 

which dominates the other contributions. This large upturn in the specific heat is a result of 

hyperfine coupling within the nuclear degrees of freedom of the system. Following Ref. [31], the 

fit for the specific heat in this temperature range takes the form  

 
2

( ) nN
n

A
C T T BT

T
   . (2.11) 

This form is chosen to allow a clean subtraction of all contributions that are not related to the 

nuclear Schottky peak, which allows one to calculate an accurate value for NA . It will be shown 

in the discussion that this value allows for a qualitative look at the site averaged magnitude of the 

Pr moments due to intrasite hyperfine coupling at these extremely low temperatures.  
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3   ANALYSIS AND DISCUSSION 
 

 

3.1 IrSb3 
 

 

3.1.1 Composition 
 

 A typical graph of EDS measurements for IrSb3 is shown in Fig. 3.1. Multiple points 

were measured over random areas of clean surface. Figure 3.2 shows an example SEM image of 

the surface of sample 73.1 that was used for measurement. The rough-looking material is silver 

epoxy from previous transport measurements. The relative composition from these 

measurements were averaged together for each sample. All samples were determined to be 

within 1% of the expected ratio of Ir to Sb (1:3 atomic ratio). Table 1 shows the results of two of 

the measured samples with their respective error. Out of five samples measured, only 1 was 

found to have slightly excess Ir. Interestingly, this sample (73.1) also shows transport behavior 

of a good metal ( 40RRR  ). Unfortunately, it is difficult to be sure of the accuracy of the results 

because the estimated error (based upon the standard deviation of the measurements) is nearly as 

large as the discrepancy from a perfect material.  

 

 

Table 1 

Relative Composition of IrSb3 from EDS Measurements. 

Sample %Ir %Sb 

73.1 25.11(6) 74.89(6) 

73.2 24.46(37) 75.54(37) 
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Figure 3.1: EDS graph for IrSb3 showing peaks attributed to each element.  

 

 

 

 

Figure 3.2: SEM picture of sample 73.1 of single crystal IrSb3. 

 

 

3.1.2 Magnetization 
 

  The molar magnetic susceptibility versus temperature graph is shown in Fig. 3.3 for a 

field strength of 0.1T . This material displays temperature independent diamagnetism, as is 

expected from a non-magnetic metal without unpaired electrons [70]. Diamagnetism is a result of 

the orbital motion of electrons in response to an applied magnetic field and has no connection to 
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the intrinsic spin of electrons. There is a hint of a low temperature Curie upturn that is likely 

from a small amount of impurity spins [33]. We will see in the discussion below that filling IrSb3 

with a rare-earth ion (Pr3+) that has an unfilled f-shell will result in a drastic change to the 

magnetic susceptibility.  

 

 

 
Figure 3.3:  The temperature independent magnetic susceptibility of single crystal IrSb3. 

 

 

3.1.3 Specific Heat  
 

The high temperature fit to the specific heat is shown in Fig. 3.4 for 2 200T K  . The 

Debye model given in equation 2.8 produces a satisfactory fit to the entire temperature range, 

with Debye temperature 282(2)H K  . Figure 3.5 shows the low temperature fit to the specific 

heat of the form 2/C TT B  , where   is the electronic coefficient and 31944 / LB n  . A fit 

of this type in the temperature range 2 2 23 40K T K   gives an extremely small 

20.019(4) /mJ mol K  , which is approximately 3 orders of magnitude smaller than the filled 

counterpart Pr0.5Ir4Sb10.2Sn1.8. The density of states effective mass in a single parabolic band 

model can be calculated through the relation * 2 2

0(3 / )F Bm k k V  , where 0V  is the volume of the 

compound per unit mole and 1/3(3 )F Hk n  [71]. The Fermi wave number is estimated through  
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Figure 3.4: High temperature specific heat of IrSb3.  

 

 

 

 

Figure 3.5: Low temperature specific heat divided by temperature versus temperature squared of IrSb3. 
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the carrier concentration as determined by Hall measurements, 18 33.9 10Hn cm  . The result of 

this calculation is *

00.17m m , where 0m  is the value of the mass of a free electron. This is not 

far from the small value of *m  that was predicted in Ref. [72]. The Debye temperature 

determined from the slope of the graph B  is given by 304(3)L K  . Ab initio calculations of 

an IrSb3 supercell with 128 atoms produced a remarkably close Debye temperature of 

303W K   [73]. Our measurement is also consistent with previous experimental values (

305L K  ), such as in Ref.  [71,74]. We shall see in the next section that the partial filling of Pr 

ions in this material induces a large change in electron correlations and lattice dynamics, as is 

shown through specific heat and resistivity measurements.  

 

 

3.1.4 Resistivity 

 
3.1.4.1   Longitudinal Resistivity   

 

Previous studies on the low temperature resistivity of IrSb3 show an insulating upturn in 

the resistivity at lower temperatures [75,76]. It should be noted that these studies were done on 

polycrystalline samples that were grown in a stoichiometric ratio. This is consistent with some 

ab initio calculations that predict a full bandgap across the high symmetry lines of the first 

Brillion zone [77]. However, other calculations have claimed IrSb3 to be a point Fermi surface 

zero-gap semiconductor and noted the quasilinear dispersion of the gap-crossing band at small 

wave vector values near the   point  [78,79].  Surprisingly, through a careful horizontal flux 

transport growth of this material, drastically different behavior from previous experimental 

reports has been observed in the transport properties. These properties also confirm the 

theoretical predictions that this material can behave semi-metallically. Figure 3.6 shows the 

normalized resistivity trends of several samples all grown within the same batch where 
0  

corresponds to the value of the resistivity at 300 K. One of the samples (73.0) shows the 

traditional semiconducting behavior with a much larger absolute value of the resistivity. Sample 

73.1 shows quite the opposite behavior with the resistivity trend of a decent metal with very low 

residual resistivity and a residual resistivity ratio 40.4RRR  . Sample 73.2 also demonstrates 

metallic behavior but has a larger absolute value of the resistivity and a much lower RRR of 

about 1.7 and a different functional dependence on temperature.  
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The large discrepancy in resistive behavior is likely due to a compositional gradient 

resulting from the horizontal growth technique and the atomic vacancies or inclusions that result. 

As the flux (Sb in this case) melts in the ampoule, Ir will start to transport from the hot end of the 

tube to the cool end. Somewhere along that path, the concentration of Ir reaches the solubility 

limit of the desired material and begins to crystallize. As the nucleation site grows, the point in 

the temperature gradient where the solubility limit was reached is no longer accessible. Thus, the 

growth has to occur at a different temperatures and local relative compositions as time goes on 

and as starting material is used up. This could easily result in an excess or lack of a 

stoichiometric amounts of Ir within the crystal structure. Large variance in transport behavior 

from crystals in the same batch has been observed in Dirac semimetal Cd3As2, with properties 

varying up to a factor of 200 [80]. Similarly, the topological insulator Bi2Te2Se and related 

compounds doped with Sb have been found to be both insulating and metallic in the bulk [81]. 

This has largely been attributed to Se/Te vacancies or defects within the material that change the 

carrier concentration and effectively shift the Fermi level in accordance. It is likely that much of 

the variance in behavior seen in single crystal IrSb3 can be attributed to Sb vacancies in the 

lattice or in some cases excess Sb found in interstitial sites. It should be noted that each sample  

 

 

 

Figure 3.6: Normalized temperature dependence of the resistivity of three samples of IrSb3. 
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has a slightly different size and morphology, so the current density is not constant between 

measurements. As sample 73.0 represents a more prototypical IrSb3 sample, that analysis is 

presented first. 

An Arrhenius plot of the resistivity data for sample 73.0 displayed in Fig. 3.7 is linear in 

the limited temperature range of 70 125K T K  . The activation energy   required for 

conduction can be extracted from the slope of the best fit line to the 1( )ln vs T   plot, as the 

Arrhenius equation is given by 
1 exp( )/ BTk   , where 1  is the pre-exponential factor  [82].  

This form for the resistivity however, does not fit well to the lower temperature range, as there 

seems to be a crossover in conduction mechanism as the temperature is lowered. Similar 

crossover behavior has been observed in fellow skutterudite CoSb3 [83], as well as three-

dimensional topological insulator Bi1.5Sb0.5Te1.7Se1.3  [82]. As a result, the resistivity for 

38 100K T K   has been fit to the 3D Mott variable range hopping (VRH) equation given by 

1/4

0 0exp( / )T T  , with 0T  representing the localization temperature. The localization 

temperature is inversely proportional to the density of states at the Fermi level ( )FN E  and is  

 

 

 
Figure 3.7: Arrhenius plot of IrSb3 sample 73.0 for 70 125K T K  .  
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Figure 3.8: Resistivity of IrSb3 sample 73.0 for temperatures 38 100K T K  .  

 

 

given by 3

0 21.2 / ( )B FT k a N E , where a  is the localization length [84]. Figure 3.8 shows a 

linear relationship in the 1/4( )ln vs T   over a large temperature range 40 100K T K  . The 

slope of the best fit line gives a value of 
0 0.26(3)T K . This value is extremely small in 

comparison to CoSb3, which amounts to 5

0 1 10T K   in Ref. [83]. Below this temperature 

range, the resistivity changes drastically from 3D VRH insulting behavior and begins to saturate. 

This saturation behavior has been observed in non-trivial topological semimetal LuPdBi and is 

attributed to a parallel circuit of insulting bulk and metallic surface conduction [85]. From this 

analysis one can conclude that 3D VRH is the dominant transport method for 100T K , similar 

to what was observed in related material CoSb3. 

The low temperature resistivity vs T  for sample 73.1 and corresponding fit is shown in 

Fig. 3.9. The resistivity behavior is reproduced well in the temperature range of 2 30K T K  , 

under the assumption that it takes the form 2 5

0 AT BT    . A fit of this form leads to the 

values 
0 3.57(6) cm   , 20.00472(6) /A cm K  , and 584.69(7) 10 /B cm K   .  
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Figure 3.9: Low temperature resistivity versus temperature for IrSb3. 

 

These values will be discussed later in relation to the filled isostructural material Pr0.5Ir4Sb10.2Sn-

1.8. The large RRR and small value of the resistivity is consistent with the semi-metallic behavior 

that was discussed earlier in this section.    

 

3.1.4.2   Magnetoresistance  

 

The low temperature resistivity of sample 73.1 shows novel behavior never before 

reported in IrSb3. The resistivity of this sample in a magnetic field follows suit with equally 

intriguing behavior. Applying a magnetic field along the a axis of the crystal with a 

perpendicular current along the c axis results in an extremely large magnetoresistance in the 

sample, as can be seen in Fig. 3.10. Figure 3.11 shows the geometry of the measurements on 

sample 73.1. The 3 perpendicular directions (a, b, c) are aligned along the normal of the facets of 

the measured crystal, which has a seemingly perfect rectangular shape. However, it cannot be 

said with certainty that these directions also correspond with the primary unit cell axes, as we do 

not have single crystal x-ray diffraction data to confirm the orientation. It is however possible for 

a cubic crystal to grow more in one direction if that is thermodynamically favorable, so these 

perpendicular facets may indeed correspond to the primary crystal planes. An applied magnetic  
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Figure 3.10: Low temperature resistivity versus temperature in various fields for IrSb3. 

 

 

 

 

Figure 3.11: Measurement geometry for magnetoresistance.  
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field as low as 0.25 T is enough to induce insulating-like behavior at low temperatures. This type 

of behavior has been previously observed in semimetals like bismuth and graphite, and was 

explained through a multiband treatment that is valid for semimetals with a compensated density 

of hole and electron carriers [86]. Semimetals that are close to perfectly compensated should 

have a non-saturating magnetoresistance that is 2H . The current and following sections will 

show that clearly is not the case for this material. This type of field induced metal to insulator 

behavior has also been seen in various topological semimetals, such as PtSn4 [87], Cd3As2 [80], 

WTe2 [88]. Notably, the closely related skutterudite RhSb3 that is thought to be a zero-gap 3D 

Dirac semimetal also displays a very similar field induced resistivity upturn [2]. The onset 

temperature increases with the magnitude of the field such that the sample becomes insulating at 

around 260 K in a field of 14 T. 

This upturn in resistivity is accompanied by a plateau at the lowest temperatures, and for 

higher fields this plateau becomes a peak. This plateau/reentrant behavior has been seen in 

graphite and bismuth and has been proposed to be due to multiband effects [86], as well as 

superconducting correlations of graphite in applied fields high enough to reach the quantum 

limit [89]. In more recent studies, graphite has been predicted to be topological insulating 

crystalline material  [90] while bismuth also has been experimentally demonstrated to be in the 

vicinity of a topological phase transition to a strong topological insulator [91]. It is possible that 

reentrant metallic behavior is a topological effect, as it has also been reported in topological 

semimetals WP2 and TaAs [92,93].  

The extremely large magnetoresistance is anisotropic in this material, as can be seen in 

Fig. 3.12-3.13, which compares resistivity with field along two perpendicular principle 

directions. The largest MR% is observed when the field is aligned with the a direction and 

reaches a value of 43.6 %10  by 14 T at 2 K. In the perpendicular direction along the b axis, the 

MR% only reaches approximately 41.9 %10  at the same field and temperature. Quantum 

oscillations are present in both directions, but have a larger magnitude along the b direction. 

Both curves show no sign of saturation up to 14 T, however much higher field levels would need 

to be measured to claim that the MR does not indeed saturate. The large MR is approximately an 

order of magnitude lower than Weyl semimetals NbP, NbAs, TaAs, and more than twice that of 

TaP [94]. It is also an order of magnitude larger (at 14 T) than that of related compound 

RhSb3 [2]. 
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Figure 3.12: MR% of IrSb3 for various temperatures with field along the a axis. 

 

 

 

 
Figure 3.13: MR% of IrSb3 for various temperatures with field along the b axis. 
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The functional dependence on field changes drastically with decreasing temperature. 

From room temperature to about 80 K there is typical Lorentzian magnetoresistance that is 2H  

for most of the field range. This behavior quickly becomes sublinear at low temperatures and 

high fields. Compensated semimetals with no other scattering mechanism generally have a very 

large MR which will continue as 2H  under the condition that 
h en n , which is clearly not the 

case here. Sub-linear MR ( nH , 1n  ) has been observed in various topological semimetals 

and is thought to be attributed to weak anti-localization (WAL) effects. WAL is a quantum effect 

that produces an additional scattering term that is a result of the destructive interference of 

electrons on time-reversed paths in parameter space. WAL has been commonly observed in 

topological materials [95] and is usually indicative of a non-trivial Berry phase [96].  

Previous theoretical analysis place this material in the proximity of a topological phase, 

with internal strain or tetragonal displacements in the Sb sublattice able to drive the system into a 

non-trivial topological state [97]. However, the results of their first principle calculations found 

no metallic character of the quasilinear band (contrary to other reports) and they thus concluded 

that IrSb3 is topologically trivial in its equilibrium structure. Contrary to this, the recent 

groundbreaking topological quantum chemistry theory predicts IrSb3 to be a topological 

semimetal  [98,99]. Specifically, it is categorized as a symmetry enforced semimetal with Fermi 

degeneracy (similar to HgTe) and can be driven to a topological insulating state by lowering the 

crystal symmetry. This analysis is seemingly the most consistent with many of the transport 

signatures observed experimentally. 

An in depth analysis of the topological transport characteristics that seem to be present in 

this material is currently outside the scope of this project. Further efforts will be focused on 

determining the Berry phase from quantum oscillations, as well as analyzing potential WAL 

effects in the magnetoresistance. Angle resolved photoemission spectroscopy (ARPES) 

measurements are generally necessary to confirm the existence of excitations with Dirac-like 

dispersion, along with evidence from transport measurements.  

 

3.1.4.3   Hall Resistivity   

 

The symmetrized hall resistivity hall  is shown in Fig. 3.14 for a full range of 

temperature values for sample 73.1. This sample was chosen as the focus for Hall measurements  
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Figure 3.14:  Symmetrized Hall resistivity versus temperature for IrSb3. 

 

 

as it shows the most interesting and novel behavior. The resistivity is calculated by taking the 

same measurements with the field direction reversed such that 

0 00.5( ( ) ( ))hall xy xyH H       , where 
xy  is the transverse resistivity. The purpose of this 

correction is to account for any misalignment of the hall leads that would produce a signal from 

the longitudinal direction. The positive slope of the hall resistivity confirms that holes are the 

dominant carrier for this sample. This is in agreement with previous studies that have found p-

type carriers in their undoped polycrystalline samples [75,100,101]. A single band model is 

assumed for simplicity, though the curvature in the lower fields of the hall resistivity hints at 

multiple carriers. The hall coefficient is given by H hallR B  and can be calculated from the 

high field slope of the 0hall vs H   plots. From that value one can also calculated the carrier 

concentration of holes 1H Hn R e  [65]. A plot of the Hall coefficient and corresponding carrier 

concentration as a function of temperature is shown in Fig 3.15. The room temperature carrier 

concentration 18 36.97 1 )0 (Hn cm   is of the same order as that found previously in 

polycrystalline samples [100–102]. This is a fairly low carrier-density system, and paired with 

metallic resistivity is consistent with the Fermi level crossing near the zero-gap at the   point. 

The carrier concentration decreases by only about 50% from room temperature down to base.  
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Figure 3.15: Hall coefficient (left) and carrier concentration (right) for IrSb3. 

 

 

The Hall mobility can be determined through its relation to the Hall coefficient and 

longitudinal resistivity and is given by /H H xxR  . The calculated Hall mobility is shown in 

Fig. 3.16 over the full temperature range. Previous measurements of the Hall mobility of IrSb3 

were reported to be on the order of 21,000 cm V s  at room temperature, whereas sample 73.1 is 

about 6 times that amount [75,103]. At lower temperatures this sample shows an extremely large 

value for the Hall mobility, surpassing 2220,000 cm V s  by 5T K . Such a large value has 

been coined as ultrahigh mobility and has been observed in many exotic semimetals. Weyl 

semimetal TaAs has a hall mobility of the same order [104], while Dirac semimetal Cd3As2 [80] 

and Weyl semimetal candidate NbP [105] are one order larger. Fellow antimony based 

skutterudite RhSb3 that was recently posited to be 3D Dirac semimetal also has an ultrahigh 

mobility that is slightly smaller than that found for sample 73.1 [2]. These Hall measurements 

are an additional piece of evidence towards the potential non-trivial topological nature of IrSb3. 

Ultrahigh mobility in this material may be indicative of a topological protection against 

backscattering that results in a long transport lifetime. This also helps to explain the large value 

of magnetoresistance, as the application of field could destroy this protection [80]. The previous 

section also presented other transport characteristics that have been commonly found within  
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Figure 3.16: Hall mobility versus temperature for IrSb3. 

 

 

topological semimetals, extremely large magnetoresistance (MR) and sub-linear MR that may be 

from weak anti-localization (WAL) effects.  

 

 

3.2 Pr0.5Ir4Sb10.2Sn1.8 
 

 

3.2.1 Crystallography and composition 
 

The first attempted growth of PrIr4Sb8Sn4 resulted in a composition that was different 

than intended. EDS measurements were used to verify the actual stoichiometric composition of 

the single crystal growth. Figure 3.17 gives an example of several clean spots that were chosen 

on the sample to measure to produce a data set. Multiple data sets were then averaged, which 

resulted in the composition Pr0.49(6)Ir4.03(4)Sb10.14(13)Sn1.83(8). For ease of reference and due to the 

compositional similarity to the synthesized powder in Ref.  [33], this compound shall be referred 

to as Pr0.5Ir4Sb10.2Sn1.8. 

 Figure 3.18 shows the PXRD pattern and Rietveld refinement of a powdered single 

crystal Pr0.5Ir4Sb10.2Sn1.8 sample. The refined parameters with estimated error can be found in 

Table 2. The peaks are well indexed by the LaFe4P12 type cubic structure with space group 3Im   
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Figure 3.17: Photograph of Pr0.5Ir4Sb10.2Sn1.8 at x650 magnification. 

 

 

 

 
Figure 3.18: XRPD pattern and refinement for Pr0.5Ir4Sb10.2Sn1.8. 
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Table 2 

Rietveld Refinement Parameters for Pr0.56Ir4Sb10.08Sn1.92. 

Cell Parameter 9.2783(4) Å  

Pr Occupancy Site Factor (SOF) 0.564(4)  

Pr Biso 23.649(17) Å  

GOF 3.23 

 

 

(#204). There is one very small peak of impurity phase at 28 . A search and match was 

performed to compare other potential phases that could have resulted from the growth, however 

no match was found. This peak has a very low intensity, thus it is mostly inconsequential to the 

fit. Refinement of the lattice parameter resulted in 9.2783a Å . This is very close to the value 

given by Ref. [33] of 9.2773a Å  for Pr0.9Ir4Sb10.2Sn1.8 . The Pr occupancy was tentatively 

refined using multiple separate data sets and found to be approximately 0.56. This result is in fair 

agreement with EDS measurements. The simulated pattern is produced under the assumption that 

within a unit cell there are random distributions of 12 Sb/Sn atoms on 24g sites. An Sb 

occupancy of 0.84 and Sn occupancy of 0.16 resulted in a better fit to the data and are close to 

the results of EDS measurements. Errors in the agreement of the refinement with EDS may also 

be due to variances of composition between crystals (as is seen in resistivity measurements) as 

well as a potential non-random substitution of Sn on Sb sites. Over or underestimations of peaks 

within the refinement may be due to preferential orientation of crystallites or larger crystal 

sections which were not properly ground prior to measurement. Compositional variances found 

in the samples could also contribute to the lack of a perfect fit.  

 

 

3.2.2 Magnetization 
 

Figure 3.19 shows measurements of the DC magnetic susceptibility   from 

2 300K T K   in a field of 
0 100H mT  . The temperature dependence of the data implies 

paramagnetic behavior, as can be seen by the increasing moment with decreasing temperature. 

Filling IrSb3 with Pr3+ ions has caused the material to display paramagnetism rather than  
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Figure 3.19: The molar magnetic susceptibility (left axis) and its inverse (right axis) for 

Pr0.5Ir4Sb10.2Sn1.8. 

 

 

temperature independent diamagnetism. This is due to the localized unfilled shell of f-electrons 

of the Pr ions. The local spins align with the applied field and create a net magnetic moment, one 

that gets stronger as spin fluctuations decrease with thermal energy.   

A Curie-Weiss fit is performed using the expression described earlier in the text, 

0 )( WTC    . The best fit produces 4

0 4.5(1) 10 emu mol   , .1.56( .15)eff B f u  , 

and Curie-Weiss temperature 15.5(5)W K   . Antiferromagnetic correlations which are 

common for Kondo lattice compounds are indicated by a large negative Curie-Weiss 

temperature [106,107]. The Curie-Weiss temperature can also be used to get a rough idea of the 

Kondo temperature through the relation 4K WT    [107]. This estimates the Kondo 

temperature as 3.9KT K . The effective moment of the Pr ions is calculated as

33.12 Preff B   , if one takes into account the partial filling of Pr3+ ions in Pr0.5Ir4Sb10.2Sn1.8.  

The effective moment found is smaller than the value of a Pr3+ free ion that has 3.58eff B  . It 

is however close to the effective moment .2.9 .7eff B f u   found for PrOs4Sb12 which also 

shows heavy fermion behavior [28]. The effective moment may be reduced in value due to 
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screening of the f-moments of the through the Kondo effect or mixed valence states of the Pr3+ 

ions. One can already start to deduce from the magnetization data that a main consequence of 

filling IrSb3 with a rare-earth ion is inducing Kondo-alloy effects.  

Figure 3.20 shows magnetic susceptibility  measurements for 2 8K T K  , for 

various low fields in a zero field cooled (ZFC) and field cooled (FC) experimental scheme. There 

is a transition at 4.2T K  (
0 5H mT  ) that is evidenced by a small and sudden diamagnetic 

signal. The transition shifts to lower temperature with increasing field and is eventually pushed 

below 2T K at a field of 
0 60 mH T  . There is hysteretic behavior seen when comparing the 

ZFC vs FC data. This behavior is consistent with superconductivity with 4.2cT K   [108,109]. 

Without considering demagnetization effects, the volume fraction can be estimated to be 0.5%  

. Demagnetization effects should not change the estimate by a considerable amount due to the 

geometry of the sample. 

Figure 3.21 shows ( )M H  sweeps at a constant temperature for Pr0.5Ir4Sb10.2Sn1.8 at 

temperatures in proximity of 4.2cT K . In the lowest fields to approximately 
0 60H mT   

there is magnetic hysteresis that reproduced well with multiple sweeps. There is a coexistence of 

paramagnetic behavior with a small diamagnetic peak at low fields  [110]. The diamagnetic peak 

and irreversibility in the ( )M H  loop are typical of a “dirty” type 2 superconductor [111]. The 

coercivity seen due to the diamagnetic signal monotonically approaches zero as T approaches 

cT . Thus, most of the hysteretic behavior is due the field sweeps into and out of the 

superconducting state “freezing” magnetic flux in the material.  

The possibility of an impurity phase within the material should be considered, as the 

superconducting fraction is very small. There is no direct evidence of Sn impurities in the PXRD 

data, however there is a possibility that the small superconducting fractions found in the majority 

of the samples are due to a small amount of impurity phase of Sn. Elemental Sn has a cT  that is 

lower than what is found for this material, approximately 3.7 K . However, there is evidence of 

Sn alloys doped with Sb that are type 2 superconductors and have greater transition temperatures 

close to 4 K  [112]. The highest transition temperature was found to be 3.96cT K  at a 6% 

atomic concentration of Sb. This value is close to, but still significantly lower than the transition 

temperature found in these samples. It also seems unlikely that this particular alloy would form,  
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Figure 3.20: ZFC and FC magnetic susceptibility near the superconducting transition for 

Pr0.5Ir4Sb10.2Sn1.8. 

  

 

 

 
Figure 3.21: Hysteresis loops for Pr0.5Ir4Sb10.2Sn1.8. 
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as the single crystals were grown in a flux of 2:1 ratio of Sb to Sn. The lower critical field 1cH  

values that are inferred from the hysteresis loops in Fig. 3.21 are also lower than that found for 

any superconducting Sn-Sb alloy reported in Ref. [112].  

 

 

3.2.3 Specific Heat 

 

Figure 3.22 shows the specific heat ( )C T  for 2 200K T K  . The high temperature 

specific heat has the general temperature dependence of typical metal and is reproduced well by 

the Debye model. The temperature dependence of the high temperature specific heat takes the 

form given previously in equation 2.8. The resulting Debye temperature is found as 268H K  . 

The compound LaOs4Sb12 has a comparable value of 304H K   [28] as well as the Pr based 

skutterudite PrRu4As12 ( 344 )H K   [113]. It is also slightly lower than what was found for the 

unfilled material IrSb3 ( 282H K  ). 

Figure 3.23 hones in on the low temperature ( )C T . Although the magnetization data 

indicates a superconducting fraction, there is no detectable peak from a superconducting phase  

transition. However, due to the small amount of superconducting material ( 0.5%) , the expected 

1.43cC T    (calculated assuming weak-coupling isotropic BCS theory) is difficult to detect, 

as the other contributions to the specific heat at that temperature are approximately two orders of 

magnitude greater  [114]. Kondo correlations that appear to be present in this material may 

further reduced a specific heat jump from superconductivity [115]. Figure 3.24 shows the same 

data as 
2( )C T vs TT  for 1.8 20K T K  . The solid line is a 

3( )C T BT  Debye term with 

240L K   for reference. One can see there is a curvature present that is causing the specific 

heat to deviate from 3T  behavior over the entire temperature range. There is likely an extra 

contribution to the specific heat from a low temperature Einstein mode or from Kondo resonance 

or a combination of the two.  

An Einstein oscillator term likely needs to be considered to model oscillations of the Pr3+ 

ions within their oversized pnictogen cages. Einstein modes have been found to exist in several 

different filled skutterudite systems as a result of the guest atoms. To test this hypothesis, the Pr 

contribution is removed from the Debye specific heat and is substituted for an Einstein mode,  
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Figure 3.22: High temperature specific heat for Pr0.5Ir4Sb10.2Sn1.8. 

 

 

 

 
Figure 3.23: Low temperature specific heat for Pr0.5Ir4Sb10.2Sn1.8. 
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Figure 3.24: Low temperature specific heat over temperature for Pr0.5Ir4Sb10.2Sn1.8. The black line is a 

guide to the eye. 
 

 

using fits of the form 

 ( ) ( ) ( ) ( ) ( ) ( )e D EC T C T n x C T x C T    , (3.1) 

for 1.8 25 KK T  . In this equation, 16.5n  , ( )eC T T , 3

DC BT  where 31944 LB   

with L  representing the Debye temperature, and 
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
, (3.2) 

where 
E  is the Einstein temperature. It should be noted that within the lattice term it is required 

that 0.5x  . This ensures that only the Pr3+ ions contribute. The values obtained for the fit are 

286(6) m KJ mol  , 240(1)L K  , 61(2)E K  , and 0.39(4)x  . The quality of the fit 

improves significantly as 
2 0.87   with the Einstein term, compared to 

2 7.23   without.  

The Debye temperature is consistent with the high temperature fit and is less than that 

found for the low temperature fit of IrSb3. The Debye temperature of a solid sets a limit on the 

highest normal mode of vibration found and is also related to the elastic and thermal properties. 

By filling IrSb3 with Pr (and Sn to compensate electronically), the lattice constant of the material 

increases slightly. This fact, along with fractional Pr filling, seems to have a softening effect on 
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the lattice. Random Sn inclusions on Sb sites may also introduce disorder into the lattice 

vibrations due to the mismatch of ionic radii. A previous report that focuses on the effects of a 

filler ion in the skutterudite structure claims that the Einstein modes that result from a filler ion 

couple with the acoustic modes of the lattice, effectively reducing the phonon group velocity in 

proximity to a characteristic frequency [116]. They thus concluded that anharmonic umklapp 

scattering processes are responsible for interfering with phonon propagation. This is in contrast 

to previous treatment of the filler ion, where rattling motion of the ion in its oversized cage is 

thought to result in resonant acoustic phonon scattering  [117]. The depression of the phonon 

spectrum from the filler ion is also thought to be responsible for lowering the thermal 

conductivity, a desired effect in the pursuit of a good thermoelectric material [118]. 

The value of the Einstein temperature found in the fit is close to values found for 

PrOs4Sb12 ( 75E K  ) in x-ray absorption fine structure measurements [39]. The enhanced 

isotropic Debye-Waller coefficient 
isoB  (mentioned earlier in the text) found for the Pr3+ ions by 

refinement of the PXRD data is also remarkably consistent with an existing Einstein oscillator 

with 63E K  . The electronic specific heat coefficient is relatively enhanced from that of a 

typical metal and is indicative of the strong electron correlations within this material. It also lies 

within the range that is typically classified as heavy fermion [50,119–121].  

The lattice contribution, which is made of Debye and Einstein modes, is given by 

 ( ) (16.5 ) ( ) ( ) ( )lat D EC T x C T r C T   , (3.3) 

and is subtracted from ( )C T . This allows for a deeper analysis of the low temperature specific 

heat, as only ( )e mC T  remains, the electronic and magnetic contributions. Figure 3.25 shows the 

plot of ( )e mC T T vs T
 for 1.8 20K T K   and fields of up to 

0 14H T  . Figure 3.26 shows 

2( )e mC T T vs T
 at the lowest temperatures. There is a wide peak centered near 8 K  at 

0 0H T   which has a strong field dependence. This peak is likely an artifact of the subtraction 

of the lattice contribution, though it is expected to have excess specific heat in this temperature 

region due to Kondo effects. The inset shows that the low temperature region starts to follow 

2( )C T T BT   more closely as the field is increased. The entropy due to the Pr ions is 

determined by combining dilution refrigerator data with higher temperature data to include the 

entropy below 1.8T K . Figure 3.27 shows the result of splicing the data from the two  
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Figure 3.25: Low temperature electronic and magnetic specific heat over temperature for 

Pr0.5Ir4Sb10.2Sn1.8. 

 

 

 

 
Figure 3.26: Low temperature electronic and magnetic specific heat over temperature versus 

temperature squared for Pr0.5Ir4Sb10.2Sn1.8. The line is a guide to the eye and represents adherence to 3T  

behavior as excess specific heat is suppressed with field. 
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measurements after the subtraction of the nuclear and lattice contributions to the specific heat.   

Numerical integration of the ( )lat nucC C C s TT v   plot gives the total entropy, which is then 

scaled to the amount of Pr within the material. The results show that the entropy is greatly 

reduced from that expected for a ground-state doublet, even up to 20T K . The implication of 

a reduced spin entropy, as well as the enhanced Sommerfeld coefficient, are both consistent with 

the Kondo effect appearing in this material  [115,122].  

The field dependent specific heat is analyzed by plotting  0 0( ) ( 14 ) /C H C H T T    

or ( ) /magC T T  , shown in Fig. 3.28. There is peak centered near 3T K  at zero field. This is 

fairly close to the estimate of the Kondo temperature 4KT K  from magnetic susceptibility 

data. The excess specific heat ( )magC T  appears to be shifted towards higher temperatures as the 

field is increased. This behavior is clearly indicative of Kondo correlations, as the suppression of 

the Kondo effect by magnetic fields has been observed in numerous materials [123–125]. When 

exposed to similar magnetic fields values, the Kondo alloys Ce1-xYxCu2Si2 and La1-xCexAl2  

 show the same qualitative behavior in ( ) / ( )C T T T  [126].   

  

 

 
Figure 3.27: Low temperature specific heat (left axis) and corresponding entropy (right axis) for 

20.25 0K T K   for Pr0.5Ir4Sb10.2Sn1.8. 
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Figure 3.28: Low temperature field dependent specific heat for Pr0.5Ir4Sb10.2Sn1.8. 

 

 

Finding a consistent model for the low temperature specific heat is difficult due to the 

coexistence of excess specific heat at low temperatures from the Kondo effect and a possible 

Einstein mode from rattling of the Pr ions.  Results of the fitting procedure vary depending on 

small changes in temperature range due to the relatively close proximity of these contributions. 

The parameters that are reported for the low temperature model do not entirely reproduce the 

high temperature data. They still however serve as an estimated lattice contribution to be used for 

subtraction. Inelastic neutron or inelastic x-ray scattering measurements may help in determining 

a more accurate Einstein temperature for this material without the use of interdependent fitting 

parameters [127]. It may also be possible to synthesize a lanthanum analogue of this material 

with a similar filling fraction of La to approximate the phonon contribution. 

Figure 3.29 shows the specific heat at very low temperatures (  0.25T K ) where a 

nuclear contribution from hyperfine splitting dominates. To separate the nuclear contribution, 

one can assume that the specific heat takes the form given in Equation 2.11, for 0.5T K . To 

get an accurate value for 
nA , it is useful to subtract a curve with the power dependence n  as a 

fitting parameter to remove all contributions that are not related to the nuclear Schottky peak. 

This fit gives a value of 1/2 2 1/22.26 10 ( )nA J molK  , which amounts to about 79% of the Sb  
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Figure 3.29: The nuclear specific heat with field dependence inset for Pr0.5Ir4Sb10.2Sn1.8. 

 

 

electronic quadrupole contribution estimated for PrOs4Sb12 from Sb NQR measurements [31]. 

According to Aoki et al., approximately 99% of the nuclear Schottky contribution comes from 

Sb for PrOs4Sb12 in zero field. Intra-site hyperfine coupling between the Pr3+ 4f moments and the 

nucleus is responsible for most of the field dependence of 1/2

nA  in PrOs4Sb12, while Os and Sb 

contribute a negligible amount. This allows one to get a qualitative view of the local site 

averaged magnetic moments of the Pr ions from the nuclear specific heat.  

Using the nuclear Schottky contributions of PrOs4Sb12 as a reference for 
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and a very small nuclear moment when averaged over all stable isotopes; thus it does not add any 

complication [129]. Experimental values of the electric field gradient E  as well as 
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more quantitative results. However, those measurements are currently beyond the scope of this 

work.  

A qualitative look at the site averaged magnitude of the Pr magnetic moment may still be 

formed because the field dependence of 1/2

nA  presents less complications. As stated earlier, 99% 

of the field dependence in PrOs4Sb12 is due to the hyperfine coupling of Pr ions. The Os and Sb 

in that material give a nearly negligible conttibution to the field dependence. A similarly small 

contribution is expected for the Sb/Sn in Pr0.5Ir4Sb10.2Sn1.8. As the magnitude of the nuclear 

moments for 191Ir and 193Ir are only approximately 4% of the magnitude of the 141Pr nuclear 

moment, the Ir contribution should not have a great effect on the analysis. The dominant 

interaction is expected to come from Pr due to the 4f moments becoming polarized in a magnetic 

field, while the other constituent atoms are non-magnetic. This would mean 
effH  is larger for the 

Pr nuclei, and thus a stronger hyperfine coupling.  

The Hamiltonian for the hyperfine interactions is given by     

 
2 ( 1)

'
3

N z z

I I
H a I P I

 
   

 
, (3.4) 

where ' hf za A J  represents the magnetic hyperfine constant and 

 
2 ( 1)

3
z

J J
P B J


  , (3.5) 

is the quadrupole coupling constant [17]. The magnetic hyperfine constant gives a measure of the 

electronic magnetization while quadrupole coupling constant provides an average value of the 

electric quadrupole moment. Following Aoki et al. [31], one can replace zJ with the site 

averaged 

1 2
2

/

ZJ
 
 
 

, and then define the site averaged magnetic moment of the Pr ions, 

2
1/2

Pr J Zm g J
 

  
 

. The magnetic hyperfine Pr contribution to the field dependent 1/2

nA  is 

 2

PrPr
( )

( 1)
3

hf

j

n

A mR
A I I

g

 
  

 
 

, (3.6) 

where 
hfA  is the magnetic dipole hyperfine coupling constant, Prm  is the site-averaged 

magnitude of the Pr magnetic moment and g  is the Landé g-factor. Through this relation, one 
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can determine that the plot of 1/2

0nA vs H  in Fig. 3.30 reflects a qualitative view of the 

magnitude of the site averaged moment.  

There is a steep increase in the magnitude of 1/2

nA  as the field is increased, followed by a 

saturation type behavior. The change in slope at approximately 0 5H T   is aligned well with 

( )C H T  data shown in Fig. 3.31, which also gives a measure of the Kondo correlations. The 

field dependence of the specific heat shows that as the conduction electrons couple with the 4f 

moments at lower temperatures, there is a notable loss of spin entropy. The 4f moments become 

polarized as the field magnitude is increased; this results in the probability of spin-flip scattering 

decreasing, thus the Kondo effect is suppressed. The plot of 
0vs H  shown in Fig. 3.31 was 

produced by fitting the specific heat to 3( )C T T BT   from 1.8 4K T K  . This analysis 

also agrees with the previous arguments on the field suppression of the Kondo effect. The 

Sommerfeld coefficient decreases with field and then saturates at around 210 mJ molK . 

A relatively weak correlation between the 4f moments and conduction electrons is implied by the 

value found for   in zero field ( 229 mJ molK ). This amount is on the lower end of the range 

where heavy fermions are typically defined. There is a discrepancy in the value found for   

 

 

 
Figure 3.30: Field dependence of the nuclear specific heat coefficient for Pr0.5Ir4Sb10.2Sn1.8. 
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Figure 3.31: The specific heat over temperature and linear specific heat coefficient versus field for 

Pr0.5Ir4Sb10.2Sn1.8. 

 

 

between this fit and the previous fit on a larger temperature range ( 286 mJ molK ). This is likely 

due to the complications in the specific heat presented by a Kondo resonance peak and potential 

Einstein mode, which can give varying results over different temperature ranges. Both fits show 

an enhanced electron correlations through the value found for  , however they are both close to 

the lower limit defined for a heavy fermion compound. This exhaustive analysis on the specific 

heat of the filled skutterudite shows that the filling of Pr within IrSb3 results in weak, but 

apparent Kondo-alloy effects; much like those seen in other Pr based filled skutterudites. 

Unfortunately, the superconductivity found in this material could not be analyzed through the 

specific heat to determine the gap structure due to the relatively small peak expected from the 

transition.  

 

 

3.2.4 Resistivity 

 
Figure 3.32 is a plot of the low temperature resistivity of sample 21.1. From 
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liquid, while at lower temperatures there is a minimum. To model this behavior, it is assumed the 

resistivity for 4.2 60K T K   takes the form  

 2

0( ) ( )KT AT c ln T    , (3.7) 

The first term 
0  is due to electron scattering on defects and impurities in the lattice, also known 

as the residual resistivity. The next term with 2T  dependence models the metallic electron-

electron scattering. The low temperature upturn that is likely due to Kondo scattering is 

accounted for by the term with logarithmic T  dependence [115]. The result of the fit gives 

0 397 cm   , 20.0092 KA cm  , and 4.6Kc cm   . Similar large values for the 

residual resistivity 
0  have been observed in Pr and Ce based Kondo materials [115,130]. As 

mentioned in the previous chapter, many heavy fermion systems have been found to closely 

follow the Kadowaki-Woods ratio 2 5 2/ 10 ( )A cm molK mJ   . The value for A  found in  

this analysis as well as the value found for the linear specific heat coefficient at low temperatures 

( 2/29.4 mJ mol K  ) results in a ratio of 2 5 2/ 1.06 10 ( )A cm molK mJ   . This is 

consistent with the expected value for a heavy fermion system. The minimum in the resistivity at 

10.3T K  that is followed by a logarithmic increase in   is indicative of incoherent Kondo  

 

 

 
Figure 3.32: The low temperature resistivity for sample 21.1 of Pr0.5Ir4Sb10.2Sn1.8. 
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scattering. The fit for the logarithmic term produces a value of 4.6Kc cm   , which is 

comparable to other heavy fermion systems that show Kondo scattering at low 

temperatures [115,131,132].  

 As the resistivity continues to increase logarithmically as the temperature decreases, there 

is a sudden drop in the resistivity at 4.2T K . This is consistent with the diamagnetic signal 

seen in the magnetization at approximately the same temperature that suggests only a small 

fraction of the volume is superconducting, as the resistivity does not go to zero. This means that 

normal state carriers are still dominant and coexist with a fractional amount of superconducting 

Cooper pairs. There are many different behaviors found in several other measured samples when 

looking below the superconducting transition. The resistivity in that region is depicted in Fig. 

3.33 for 5 samples from two different batches. Samples 64.1 and 64.2 are both in the Kondo  

impurity regime to the lowest temperatures measured, as there both continue in a logarithmic 

fashion as the temperature is lowered. The former does not have a transition in the resistivity 

while the latter has one of the larger drops in resistivity. The largest drop in resistivity is from 

sample 21.1, which is then followed by a weak temperature dependence as the resistivity 

gradually drops. The temperature dependence of 21.2 is nearly constant below the transition,  

 

 

 
Figure 3.33: The low temperature resistivity of 5 samples of Pr0.5Ir4Sb10.2Sn1.8 in a logarithmic 

temperature scale. 
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with a hint of a maximum near 3 K. Sample 21.3 has a logarithmic dependence below 4 K and 

has a maximum at 2 K. An argument towards this contrasting behavior is that the Kondo 

temperature and superconducting fractions vary between the samples. There is likely a range of  

occupancy fractions for Pr ions and the distribution of Sn atoms on Sb sites may not be 

consistent. This may result in lattice parameter changes, as well as differences in the local 

density of states for the f-electrons. This could result in the strength of the super-exchange 

interaction J  and the Kondo temperature 
KT  to change from sample to sample [133].  

 The complexities seen in the behavior below the transition is likely from an interplay 

between the superconducting fraction properties, the Kondo temperature, and the spin-flip 

scattering probability. As this material is only partially filled, it is expected to have a resistance 

that saturates at temperatures below 
KT . When the magnetic moments become completely 

screened, they form spinless elastic scattering centers that cause the resistivity to become 

constant. An example of this can be seen in the resistivity of CexLa1-xCu6. When the Ce atoms 

completely replace La ( 1x  ) the material shows coherent Kondo scattering. When the Ce 

concentrations are given by 0.9x  , then the resistivity becomes constant at temperatures below 

KT  [134]. This means that any strongly field dependent drop in the resistivity can be attributed to 

the superconducting portion of the crystal. As shown in the specific heat, the suppression of the 

Kondo effect requires a field of approximately 5 T , which is much higher than fields needed to 

effect the magnetoresistance.  

 To explore the superconductivity a bit further, the magnetoresistance versus field plots 

are shown in Fig. 3.34 in proximity of the transition. Rather than a smooth and steep transition, 

there are many kinks within the curves at the lowest temperatures. Evidence of this can be seen 

in Fig 3.35, a graph of the differential resistivity versus magnetic field. Below the upper critical 

field value for each temperature, there is a steep decrease in resistivity, which then becomes a 

shallow tail in the low fields. 

In zero field, the transition follows a similar trend with an initial steep drop and low 

temperature tail. As Ref. [135] has proposed for Ba0.07K0.93Fe2As2, this may be due to multiple 

areas within the sample that have varying critical fields and temperatures. In contrast to this, Fig. 

3.36 shows the magnetoresistance of sample 64.2, an example of more homogenous behavior. 

This sample shows Kondo scattering below the transition, all the way to 1.8 K . There is also no  
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Figure 3.34: Superconducting transitions in the magnetoresistance of sample 21.1 of Pr0.5Ir4Sb10.2Sn1.8. 

 

 

 

 
Figure 3.35: Superconducting transition at 1.8 K (left axis) and corresponding derivative with respect 

to field for sample 21.1 of Pr0.5Ir4Sb10.2Sn1.8. 
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Figure 3.36: Superconducting transition at 2 K of sample 64.2 of Pr0.5Ir4Sb10.2Sn1.8. 

 

 

low temperature tail below the initial transition and accordingly, there is little field dependence 

in the magnetoresistance until the assumed 2cH  at that temperature. One possible explanation is 

that there is more than one macroscopic superconducting domain in sample 21.1 while sample 

64.2 has a single homogenous superconducting domain. A bit of evidence towards this claim lies 

in the RRR  calculated for each sample. Sample 64.2 has a larger RRR  of 1.97, while sample 

21.1 is equal to 1.65. A larger value is expected for a more homogenous sample that is closer to a 

perfect crystal.   

 One other possibility should be mentioned because of the extremely small fraction of 

superconducting material. The broad transitions with multiple kinks that are been observed in the 

magnetoresistance may be due to effects of reduced dimensionality of the superconductivity. It 

has been previously reported that superconductivity of 1 or 2 dimensions is affected more greatly 

by thermal fluctuations of the superconducting order parameter [136]. These fluctuations can 

greatly influence the temperature at which zero resistance is reached [137]. Surface 

superconductivity with similar properties, such as nonzero resistance, has also been previously 

observed in the Weyl semimetal TaIrTe4 [138]. Further work is necessary to determine the 

dimensionality and origin of superconductivity found in these samples.  
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This extensive analysis of the resistivity has given a great amount evidence towards the 

heavy fermion behavior of Pr0.5Ir4Sb10.2Sn1.8. By adding in Pr ions into the interstitial spaces of 

IrSb3, as well as the necessary substitution of Sn on Sb sites, the resistivity is dominated by 

Kondo correlations at low temperatures. As this material is only partially filled, it falls into the 

Kondo impurity regime where one observes a logarithmic correction to the resistivity at 

temperatures below the characteristic temperature 
KT . The value found for the Fermi liquid 

coefficient A  is enhanced from the value found for its unfilled genesis IrSb3 and also confirms 

heavy fermion behavior through its agreement with the Kadowaki-Woods ratio. The origin of the 

superconductivity that was observed in the resistivity and magnetization is still unconfirmed. 

One potential way to look into this would be to systematically decrease one dimension of the 

crystal at a time and track the fractional superconducting volume. Another quick measurement 

check would be to powder the sample and take magnetic susceptibility measurements again. If 

the superconductivity is intrinsic and only occurs along 1D edges or 2D surfaces, then the 

superconducting fraction would increase as the powdered sample will have a larger surface to 

bulk ratio.   
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4   CONCLUSION 
 

 

In this study I have made a direct comparison between single crystal IrSb3 and a new 

filled version of this material, Pr0.5Ir4Sb10.2Sn1.8. I detail the growth methods as well as structure 

and composition determinations based upon PXRD and SEM/EDS measurements. Then, through 

careful low temperature specific heat, electrical transport, and magnetization measurements, I 

track the physical effects of filling IrSb3 with a rare earth ion as well as Sn to electrically 

compensate. Unexpected behavior is found within IrSb3 single crystal resistivity measurements 

that gives evidence towards its true band structure and topological nature. Heavy fermion 

behavior as well as a small superconducting fraction is observed in the filled version and is 

confirmed through its extensive physical characterization.   

It has been shown in this study that single crystal IrSb3 has very different properties than 

was previously reported in polycrystalline samples and past first principle calculations. Several 

samples from the same growth batch show metallic resistivity, with the highest quality crystal 

observed to have an extremely small residual resistivity 0 3.56 cm    and large residual 

resistivity ratio of approximately 40. There were also samples in the same growth that have the 

expected semiconducting behavior. This large variance in resistive behavior is likely due to a 

compositional gradient formed in the growth process. As they were grown in a horizontal 

configuration under a heat gradient, it is highly likely that certain growth areas have varying 

relative concentrations of Ir to Sb. EDS measurements give some evidence to this claim, 

however the differences in concentration are within the experimental error tolerance. The 

semiconducting samples show a crossover from activation behavior to 3D Mott VRH insulating 

resistivity as the temperature decreases and then saturates at the lowest temperatures. Transport 

characteristics that are common to topologically non-trivial semimetals were observed in one of 

the samples. The relativistic nature of topological semimetals and the Dirac/Weyl fermions that 

they host are thought to be responsible for extremely large magnetoresistance, ultrahigh mobility, 

small effective mass, and a non-trivial Berry phase that can produce WAL effects. Electron-hole 

compensation has been used as a potential explanation for the large non-saturating MR observed 
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in many topological semimetals, however hall measurements show this isn’t the case for many of 

these materials. There have also been proposals of a topological mechanism that protects against 

backscattering that is suppressed with the application of magnetic field [139]. Further studies are 

currently underway with a focus on the topological nature of the band structure of IrSb3 and the 

transport characteristics that result.        

Upon partial filling of the cage-like voids in Pr0.5Ir4Sb10.2Sn1.8, many changes are 

observed in magnetization, specific heat, and resistivity. The diamagnetic temperature 

independent magnetization of IrSb3 becomes paramagnetic due to the highly localized unfilled f-

shell of the Pr filler ions. The calculated effective moment of the Pr ions is reduced from that 

expected for a free Pr3+ ion, likely due to Kondo effects present or mixed valency. A small but 

steep diamagnetic response appears in the low temperature magnetization. Hysteresis curves as 

well as the comparison ZFC and FC data point to a small fraction of material (<0.5%) displaying 

type 2 superconductivity. An impurity phase of Sb doped Sn was first considered as the origin of 

the superconductivity, however the transition temperatures and critical field values do not match 

the reported values in the literature, and no evidence of an impurity phase was detected in the 

PXRD patterns.  

An extensive analysis on the specific heat of Pr0.5Ir4Sb10.2Sn1.8 highlights the effects of a 

rare earth filler ion. To model the lattice contribution properly, an Einstein mode from the 

rattling of Pr ions in their oversized cages had to be accounted for. The Debye contribution also 

increased from the unfilled IrSb3. Fits to the low temperature specific heat that included the 

adapted lattice model show an enhanced linear contribution ( 286 mJ molK  ), which was the 

first indication of heavy fermion behavior. The linear coefficient found for IrSb3 is 

approximately 4500 times smaller. This shows the large increase in the effective mass of the 

quasiparticles of the filled versus the unfilled version. A strongly field dependent portion of the 

specific heat is pushed to higher temperatures with increasing field, as one would expect from 

Kondo correlations. The low temperature entropy is also reduced from that of a ground state 

doublet. When conduction electrons completely screen the local moments, an inert Kondo singlet 

is expected to form. Most reported Pr based skutterudites have a ground state of at least two-fold 

degeneracy (the ground state degeneracy of this system is currently unknown); thus the reduced 

entropy is another sign of Kondo correlations. In depth analysis of the nuclear contribution to the 

specific heat and its dependence on field strength shows the destruction of the Kondo effect with 
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large field values. There is a sharp increase in the implied value of the magnetic moment that 

eventually saturates with field. The field dependence of the electronic specific heat also agrees 

closely with the previously mentioned analysis.  

Adding Pr3+ ions within the skutterudite lattice also results in extreme changes to the 

resistive behavior. Graphs of the resistivity show a logarithmic upturn at low temperatures, a 

behavior resulting from Kondo scattering between the conduction electrons and 4f moments of 

Pr ions. The Fermi liquid coefficient A  extracted from the low temperature resistivity as well as 

the linear specific coefficient follow the Kadowaki-Woods ratio 

2 5 2/ 10 ( )A cm molK mJ   . The value for A is also larger than that of its unfilled genesis, 

another effect of strong electron correlations.  

When the temperature reaches 4.2 K, there is a small drop in the resistivity; one that 

coincides well with the diamagnetic transition found in the magnetization. The fact that the 

resistivity does not quite reach zero is also consistent with only a small fraction of the material 

going superconducting, while other non-superconducting bulk carriers are still contributing to the 

resistivity. Multiple peaks in the differential magnetoresistivity versus magnetic field plots point 

towards a few potential situations in the superconducting behavior of this material. There may be 

nonhomogeneous samples with multiple superconducting domains with varying critical field 

values. Superconductivity of reduced dimensionality can also show similar broad and kinked 

transitions. More work needs to be done on the analysis of the superconducting behavior to 

determine if it is indeed intrinsic to the material.  

From careful self-flux and horizontal flux transport growth techniques, I have created 

IrSb3 with never before reported low temperature properties as well as a new filled version of this 

Skutterudite, Pr0.5Ir4Sb10.2Sn1.8. I have demonstrated through a comprehensive low temperature 

physical characterization using specific heat, electron transport, and magnetization 

measurements, that partial filling of IrSb3 with Pr ions results in Kondo-alloy behavior. This 

filled material also becomes superconducting at low temperatures and may host interesting 

superconducting properties, like the related material PrOs4Sb12. The small superconducting 

fraction may be from inhomogeneous samples or be of reduced dimensionality. An impurity 

phase has not been completely ruled out; current evidence however does not support this claim. I 

am interested to plan future work to discover if the superconductivity is indeed intrinsic to the 

material. One straightforward method with the characterization methods found in this work 
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would be to systematically decrease one of the dimensions of the crystal and track the effects on 

the superconducting fraction. This may give evidence towards surface, filamentary, or impurity 

superconductivity.  
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