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ABSTRACT 

 The series of compounds U2(NixCo1-x)2In is prepared and characterized through 

magnetic susceptibility, χ,  as a transition from paramagnetism to antiferromagnetism.  A 

search for non-Fermi liquid (nFL) behavior results in U2Ni1.3Co0.7In being described as a 

candidate nFL. The susceptibility of U2Ni1.3Co0.7In is fit to the form χ ~ χo – A T α, 

resembling the original nFL, U0.2Y0.8Pd3. 
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INTRODUCTION 

 Research into the metallic system U2T2X, where T is a transition metal and X is 

either In or Sn, has led to discoveries of two non-Fermi liquid systems: U2Pt2In [1] and 

U2Co2Sn [2].  Non-Fermi liquid (nFL) behavior, first experimentally observed in 1991 

[3,4], appears in systems on the verge of magnetic order and is usually found by doping 

compounds to bring them near the magnetic transition.  These new doped compounds are 

characterized by strong, even divergent, temperature (T) dependences of specific heat 

(C), magnetic susceptibility (χ), and resistivity at low temperatures, typically 0.1–10 K.  

Specifically, the measured properties as a function of doping indicate magnetic order at 0 

K at the critical doping concentration to cause non-Fermi liquid behavior.  Thus, the nFL 

is a type of magnetic ground state.   

 Two members of this new system, U2Co2In and U2Ni2In, introduced by Nakotte 

[5], display paramagnetism and antiferromagnetism, respectively.  Paramagnetism occurs 

as individual magnetic moments within atoms (the spin) align themselves parallel to each 

other in the presence of a magnetic field.  Otherwise, in no field, the moments have 

random orientation, acting to cancel any net magnetism.  Antiferromagnetism results 

when spins orient anti-parallel to each other.  Compounds displaying antiferromagnetism 

show order independent of any magnetic field.  The magnetic order can be characterized 

by plotting C / T vs T and χ vs T.  As the temperature decreases the curve will follow a 

paramagnetic plot until reaching a pronounced peak due to the magnetic order.  

Afterward, C / T and χ begin to drop, quickly.  This peak reveals the compound 

becoming antiferromagnetic, and we denote the peak temperature as the Neel 

Temperature, TN. 
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 Magnetism in f-electron-containing compounds, like U2Ni2In, has a distinct 

feature.  According to Hill [6], magnetism in f-electron compounds occurs as the distance 

between the f-atoms becomes greater than 3.5 Angstroms (Å).  From Nakotte, we see that 

U2Co2In has a U-U separation of 3.43 Å and U2Ni2In has a U-U separation of 3.57 Å.  

Applying Vegard’s Law [7] (stating that the distance between atoms should change 

linearly with dopant concentration x), to the system U2(NixCo1-x)2In, we see that at some 

point between the two compounds there should be a U-U separation equal to 3.5 Å.  

Then, magnetic order should appear.  At this point, TN would be equal to 0 K and we 

should see characteristics of a nFL. 

 In this paper, the series of compounds U2(NixCo1-x)2In is prepared, the crystal 

structure of the compounds is confirmed, and the magnetic properties are measured.  The 

goal of research is to find the point at which magnetism begins, TN = 0, making the 

compound a non-Fermi liquid candidate.   

 

METHODS 

Sample Preparation 

 Research begins by preparing high quality compounds to be studied.  Using 

commercially purified elements, we cut each metal into stoichiometric proportions 

yielding a total sample mass around one-half of a gram.  (NOTE: Uranium is a 

radioactive element – strict  safety precautions are followed while working with 

uranium.)  It happens that indium has a relatively high vapor pressure.  To combat this, 

we added about 5% additional indium mass to the sample.  After cutting, we melted the 

pieces together using an arc melting process.  The Edmund Bühler model arc melter 
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employed an argon atmosphere to melt the constituent elements at temperatures as high 

as 2500 K.  To create a high quality sample, we melted the pieces three times, after each 

melt flipping the sample over.  This ensured that a homogeneous compound had formed.  

Specifically for U2(NixCo1-x)2In, samples with x = 0, 0.50, 0.60, 0.65, 0.75, and 1.0 are 

prepared.   

 

X-ray Diffraction 

 Once the compounds have been prepared, their phase purity must be tested.  X-

ray diffraction provided the method of determining a compound’s crystal structure.  The 

process began by breaking a small piece off the homogeneous sample and grinding this 

into powder.  Next, we glued the powder to a microscope slide and brought the slide to 

the Major Analytical Instrumentation Center (located on the University of Florida 

campus), where diffraction takes place.  Mathematically, x-ray diffraction is based on 

Bragg’s Law of reflection (equation 1): 

λ ~ 2 d sin θ , 

where λ denotes the photon wavelength, d is the distance between atoms, and θ the 

reflection angle.  In the process, high-energy photons (‘x-rays’) are shot at the powder.  

Some photons collide with atoms and reflect into a detector.  By measuring the intensity 

of reflections and the reflection angle, we can learn the atomic spacing within the 

compound. 

 As both U2Co2In and U2Ni2In have been studied by Nakotte, they are classified as 

having a tetragonal, U3Si2 structure type.  To confirm the purity of our compounds, we 

compared experimental data to theory.  Inputting the structure type into the Powdercell 
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computer program gave a theoretical Intensity vs 2θ° plot.  Figure 1 compares theoretical 

and experimental x-ray diffraction plots for U2Co2In and U2Ni2In.  One can see small 

differences between theory and experiment.  We attributed these differences to the 

presence of a second phase, which includes unreacted elements and other compounds that 

possibly formed.  High quality samples are known as single phase.  The second phase in a 

sample should be limited to less than 5%.   

Likewise, the compounds between U2Co2In and U2Ni2In should display tetragonal 

symmetry.  Figure 3 compares various compounds with the experimental diffraction of 

U2Ni2In.  A transition within the crystal structure is evident, as well as some second 

phase.  Again, second phase should limited to less than 5%.  Once a sample has been 

shown to be single phase, measurement can begin.   

 

MEASUREMENT 

 Of the three standard measurements used to characterize compounds at low 

temperature, magnetic susceptibility was utilized to determine when magnetism begins in 

U2(NixCo1-x)2In.  A Superconducting Quantum Interference Device provided the means 

to measure the magnetic moment in each sample.  Susceptibility derives from the 

moment and a plot of χ vs T follows (see Fig. 3).  The data for U2Co2In, U2NiCoIn, and 

U2Ni1.3Co0.7In display paramagnetic behavior to the lowest temperature of measurement, 

2 K.  Meanwhile, U2Ni1.5Co0.5In and U2Ni2In show a paramagnetic trend ending with a 

peak before the decline of the susceptibility.  This antiferromagnetic signature reveals 

that U2Ni1.5Co0.5In and U2Ni2In order at TN ~ 5K and 14 K, respectively.  Clearly, 

somewhere between x = 0.65 and 0.75 the system begins to exhibit magnetic order. 
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DISCUSSION 

 Focusing our attention on U2Ni1.3Co0.7In, the compound with the highest          

Co-concentration to show paramagnetism, we can speculate whether TN could equal 0 K.  

To determine if U2Ni1.3Co0.7In is a strong candidate for nFL behavior, first, we fit the 

susceptibility to the form (equation 2): 

χ ~ χo – A T α . 

Figure 4 shows the best fit, corresponding to χo = 0.0159, A = 0.00133, α = 0.46.  

Clearly, for temperatures between about  3 K and 30 K this fit is justified.  Next, we 

compare the fit to nFL theories.  In fact, there are explicit nFL theories for the specific 

heat and resistivity, but no general theory for magnetic susceptibility.  In this case, we 

search for any known nFL system displaying a susceptibility of this form.  The nFL 

compound U0.2Y0.8Pd3 [3,4] provides the evidence as χ follows equation (2), with χo and 

A being constants and α = 0.5.  The similarities of the susceptibility are striking and lead 

us to accept U2Ni1.3Co0.7In as a possible non-Fermi liquid.   

 

CONCLUSION 

 A transition from paramagnetism and antiferromagnetism has been witnessed 

within the system U2(NixCo1-x)2In.  Although we must not base conclusions only on one 

type of measurement, this system has been shown to possibly contain a non-Fermi liquid 

member at the point where TN approaches zero.  More work must be done on this 

compound including measurements of magnetic susceptibility at lower temperatures, 

specific heat, and resistivity.  Also, the compound U2Ni1.4Co0.6In should be prepared and 
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measured to seek TN = 0 more precisely.  In conclusion, U2Ni1.3Co0.7In, with 

susceptibility similar to that of a known nFL system, should be considered as a possible 

non-Fermi liquid.  
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FIGURE CAPTIONS  

FIG.1. Comparison of theoretical and experimental X-ray diffraction scattering angles, 

o2θ, with the Intensity of reflections for various members of U2(NixCo1-x)2In.  

FIG.2. Experimental X-ray diffraction Intensity vs o2θ transition for compounds between 

U2NiCoIn to U2Ni2In. 

FIG.3. Magnetic susceptibility vs Temperature for U2(NixCo1-x)2In.  Notice the TN peaks 

around 5 and 14 K for x = 0.75 and 1.0, respectively. 

FIG.4. Best fit for the magnetic susceptibility of U2Ni1.3Co0.7In.  The susceptibility, χ, 

follows χo – A T α between 3 and 30 K.   
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