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SUMMARY: 24 

Here, we present a protocol to synthesize two types of UTe2 crystals: those exhibiting robust 25 

superconductivity, via chemical vapor transport synthesis, and those lacking superconductivity, 26 

via molten metal flux synthesis. 27 

 28 

ABSTRACT: 29 

Single crystal specimens of the actinide compound uranium ditelluride, UTe2, are of great 30 

importance to the study and characterization of its dramatic unconventional superconductivity, 31 

believed to entail spin-triplet electron pairing. A variety in the superconducting properties of 32 

UTe2 reported in the literature indicates that discrepancies between synthesis methods yield 33 

crystals with different superconducting properties, including the absence of superconductivity 34 

entirely. This protocol describes a process to synthesize crystals that exhibit superconductivity 35 

via chemical vapor transport, which has consistently exhibited a superconducting critical 36 

temperature of 1.6 K and a double transition indicative of a multi-component order parameter. 37 

This is compared to a second protocol that is used to synthesize crystals via the molten metal flux 38 

growth technique, which produces samples that are not bulk superconductors. Differences in the 39 

crystal properties are revealed through a comparison of structural, chemical, and electronic 40 

property measurements, showing that the most dramatic disparity occurs in the low-41 

temperature electrical resistance of the samples. 42 
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INTRODUCTION: 44 

At temperatures typically much lower than room temperature, many materials exhibit 45 

superconductivity—the fascinating macroscopic quantum state in which the electrical resistance 46 

becomes absolutely zero and electrical current can flow without dissipation. In the typical 47 

superconducting phase, instead of acting as separate entities, the constituent electrons form 48 

Cooper pairs, which are commonly made up of two electrons with opposite spins, in a spin singlet 49 

configuration. However, in very rare cases, the Cooper pairs can instead be made up of two 50 

electrons with parallel spins, in a spin triplet configuration. Among the few thousand 51 

superconductors discovered so far, there are only a few superconductors that have been 52 

identified as spin triplet candidates. This rare quantum phenomenon has attracted a lot of 53 

research interest because spin triplet superconductors are proposed to be one potential building 54 

block for quantum computers1,2, the next generation of computation technology. 55 

 56 

Recently, Ran and coworkers reported that UTe2 is a candidate spin triplet superconductor3. This 57 

superconductor has many exotic properties indicative of a spin triplet configuration: an extreme, 58 

disproportionately large, critical magnetic field required to suppress the superconductivity, a 59 

temperature-independent NMR Knight shift3, a spontaneous magnetic moment indicated by the 60 

optical Kerr effect4, and a chiral electronic surface state indicated by scanning tunneling 61 

spectroscopy5. Moreover, additional superconducting phases are actually induced in high 62 

magnetic field6, an example of the unusual phenomenon of reentrant superconductivity. 63 

 64 

Although these new results are robust, the superconducting properties of UTe2 depend on the 65 

synthesis process used by different groups7–9. Crystals of UTe2 synthesized using the chemical 66 

vapor transport method superconduct below a critical temperature of 1.6 K. In contrast, those 67 

grown using the molten flux method have a greatly suppressed superconducting critical 68 

temperature or do not superconduct at all. In anticipation of applications such as quantum 69 

computing, reliably obtaining crystals that superconduct is highly desirable. Moreover, 70 

investigating why nominally similar crystals do not superconduct is also very helpful for 71 

understanding the fundamental superconducting pairing mechanism in UTe2, which, while novel 72 

and a topic of intense research, must differ significantly from that of conventional 73 

superconductors. For these reasons, the two different synthesis methods are complementary 74 

and useful to compare. In this paper, two different methods for synthesis of UTe2 are 75 

demonstrated and properties of the single crystals from the two methods are compared. 76 

 77 

PROTOCOL: 78 

 79 

1. Removing uranium oxide from the uranium metal 80 

 81 

1.1. In a fume hood, prepare three beakers that contain 1 mL of nitric acid, 5 mL of distilled 82 

water, and 5 mL of acetone, respectively. 83 

 84 

1.2. Using a saw or cutters, cut a piece of uranium metal to the desired mass. 85 

 86 



1.3. Using tweezers, place the uranium into the beaker with nitric acid. Wait for 87 

approximately 10 s for the acid to dissolve the black oxidized surface, such that the uranium 88 

appears shiny and metallic. 89 

 90 

1.4. Take out the piece of uranium from the acid, rinse it in distilled water for 5 s, and then 91 

remove the piece of uranium. 92 

 93 

1.5. Put the uranium into the beaker containing acetone for 5 s and remove it. 94 

 95 

1.6. Determine the mass of the uranium. The uranium is ready for synthesis. 96 

 97 

2. Chemical vapor transport 98 

 99 

2.1. Weigh out an appropriate amount of elemental tellurium, depending on the amount of 100 

uranium previously cleaned, following an atomic ratio of uranium to tellurium of 2:3. 101 

 102 

2.2. Weigh out an appropriate amount of iodine, determined by the desired density of 1 103 

mg/cm3 in the volume of the quartz tube to be used during synthesis. Choose a length of the 104 

tube to span the furnace, with each end sitting in one of the temperature zones. Ensure that 105 

the diameter fits well in the furnace. 106 

 107 

NOTE: Samples previously reported3 were made in a quartz tube that is 11 cm long, with a 14 108 

mm inner diameter, so that the total mass of iodine is about 17 mg. 109 

 110 

2.3. Close one end of a fused quartz tube using a torch. A hydrogen/oxygen torch works 111 

well. Use any torch that gets hot enough to soften fused quartz. Allow the tube to cool. 112 

 113 

2.4. Put all the materials into the quartz tube. Evacuate the tube using a dry vacuum pump 114 

and seal the tube with the torch. 115 

 116 

2.5. Insert the tube into a 2-zone horizontal tube furnace. When doing this, make sure to 117 

slide all the raw materials to one side of the tube, which will be the hot side. 118 

 119 

2.6. Over 12 h, heat at constant rates the hot side to 1060 °C, and the other side to 1000 °C. 120 

Hold the temperatures for 1 week, and then turn off the furnace to allow it to cool slowly to 121 

room temperature. 122 

 123 

3. Molten metal flux growth 124 

 125 

3.1. Weigh out uranium and tellurium according to the atomic ratio of 1:3. 126 

 127 



3.2. Put all the materials in a 2 mL alumina crucible. On top of this crucible, place another 2 128 

mL crucible, filled with quartz wool, facing downward. 129 

 130 

3.3. Close one end of a fused quartz tube using a torch. A hydrogen/oxygen torch works 131 

well. Use any torch that gets hot enough to soften the fused quartz. Allow the tube to cool. 132 

 133 

3.4. Place the two crucibles into a quartz tube having a 14 mm inner diameter. Use a dry 134 

vacuum pump to evacuate the tube and then seal the tube with the torch. 135 

 136 

3.5. Put the quartz tube into a 50 mL alumina crucible to be used as an exterior container for 137 

stability. Place these in a box furnace. 138 

 139 

3.6. Over 12 h, heat the furnace at a constant rate to 1180 °C. Hold the temperature for 5 h. 140 

Cool the furnace at constant rate to 975 °C for over 100 h. 141 

 142 

3.7. Prepare a centrifuge with a swing out rotor and metal buckets. At 975 °C, take out the 143 

tube using furnace tongs, carefully invert it, and then put it into the centrifuge. Spin at 2500 x g 144 

(4000 rpm for these sealed quartz tube assemblies) for 10–20 s, forcing the extra liquid 145 

tellurium to separate from the UTe2 crystals and get caught in the quartz wool. 146 

 147 

3.8. Allow the tube to cool to room temperature. 148 

 149 

4. Opening the tubes and harvesting the crystals 150 

 151 

4.1. Place the quartz tube into a sealed plastic bag and place it on a hard surface, such as a 152 

laboratory benchtop or a fume hood. 153 

 154 

4.2. Using a small hammer or any other blunt object, carefully crack and break the quartz 155 

tube, preferably at the end away from the crystals. 156 

 157 

4.3. Open the plastic bag and pick out the UTe2 crystals. Perform this process within an hour 158 

or so, as UTe2 is air-sensitive and noticeably degrades over the course of several hours. 159 

 160 

4.4. Rinse the crystals with 2 mL of ethanol to remove iodine. 161 

 162 

4.5. Store the UTe2 crystals under an inert atmosphere, such as inside a nitrogen glove box. 163 

 164 

REPRESENTATIVE RESULTS: 165 

Both growth techniques yield crystals of UTe2 having dimensions on the millimeter length scale. 166 

Crystals are shiny, with a metallic luster. The crystal morphology is variable, and intergrowths can 167 

occur. Generally, chemical vapor transport and flux grown crystals look similar and are not easily 168 

distinguishable by visual inspection, as is evident in Figure 1. 169 

 170 



To confirm the crystal structure, powder x-ray diffraction measurements are typically performed 171 

on crushed single crystals of both CVT grown and flux grown UTe2 single crystals at room 172 

temperature. Single crystals from both growth techniques have the same crystal structure and 173 

are single phase, with no sign of impurity phases. Figure 2 shows the collected x-ray diffraction 174 

data and a refinement to a body-centered orthorhombic crystal structure with the space group 175 

Immm10. 176 

 177 

The temperature dependence of the electrical resistance is a typical way to characterize metallic 178 

materials. Figure 3 compares the temperature dependence of the electric resistance, normalized 179 

to the room temperature value, for samples of UTe2 synthesized using chemical vapor transport 180 

and flux methods. These data were collected in a commercial refrigerator system using a 181 

standard 4-lead configuration. Above 50 K, both samples show a slight increase of the electrical 182 

resistance upon cooling, which is atypical of metals. This behavior is consistent with that caused 183 

by scattering of conduction electrons off the uranium atomic magnetic moments, known as the 184 

single ion Kondo effect. A broad maximum is also seen in both samples, followed by a drop in 185 

resistance due to the onset of Kondo coherence. 186 

 187 

A distinct difference between the samples is that the value of the residual resistance, or value of 188 

the resistance in the zero-temperature limit, is dramatically larger in the sample synthesized by 189 

the flux method. The residual resistance ratio RRR, or the ratio between the resistance value at 190 

room temperature and the residual resistance, is approximately 2 for the flux grown sample, 191 

which is about 15 times smaller than the RRR value of the chemical vapor transport sample. The 192 

greatly reduced RRR of the flux grown sample indicates that there are more crystallographic 193 

impurities or defects in the flux grown sample, which are responsible for stronger scattering of 194 

the conduction electrons, and hence the higher residual resistance. These values are consistent 195 

with previous reports7. 196 

 197 

A more dramatic difference is that the flux grown samples do not superconduct. In general, the 198 

presence of impurities and defects is detrimental to superconductivity because increased 199 

scattering weakens the electron pairing interaction that underlies superconductivity. The effects 200 

of disorder may be even more pronounced in UTe2, in which superconductivity is believed to be 201 

of the unusual spin triplet variety that is generally more sensitive to pair breaking11–19. The effects 202 

of disorder and chemistry on superconductivity in UTe2 are still in the early days and are currently 203 

an active field of study. 204 

 205 

The DC magnetic susceptibility, or magnetization normalized to the applied field, of both flux 206 

grown and CVT grown UTe2 look very similar. As shown in Figure 4, in which the data were 207 

collected at 1000 Oe in a commercial SQUID magnetometer, the high-temperature magnetic 208 

susceptibility shows a paramagnetic response when the magnetic field is applied along the 209 

crystallographic a-axis of the samples. At low temperatures, the magnetic susceptibility increases 210 

sharply and then shows a slight slope change at ~10 K, likely due to the Kondo coherence. The 211 

difference between the magnetic susceptibility curves of the two samples is small and 212 

attributable to slight sample misalignment, rendering the two samples indistinguishable to this 213 

measurement. 214 



 215 

FIGURE AND TABLE LEGENDS: 216 

Figure 1: Photographs of single crystals of UTe2. (A) flux grown and (B–C) CVT grown. The grids 217 

are 1 mm. 218 

 219 

Figure 2: Powder Xray diffraction data of CVT grown UTe2. The data shows the good quality of 220 

the sample with no visible peaks from impurities. 221 

 222 

Figure 3: Normalized electrical resistance data as a function of temperature for both CVT grown 223 

and flux grown UTe2. The flux grown sample has a substantially larger residual resistance, which 224 

is a signature of increased crystallographic disorder. 225 

 226 

Figure 4: Magnetic susceptibility, or magnetization normalized to applied magnetic field, as a 227 

function of temperature for both CVT grown and flux grown UTe2.The samples show similar 228 

behavior, including a characteristic kink at approximately 10 K. A magnetic field H = 1000 Oe is 229 

applied parallel to the crystallographic a-axis. 230 

 231 

DISCUSSION: 232 

To perform chemical vapor transport, it is simplest to utilize a two-zone horizontal furnace, which 233 

can generate a temperature gradient by setting the two zones at different temperatures. 234 

Successful use of a one-zone furnace to grow superconducting samples has not yet been 235 

demonstrated. Starting materials are sealed with a hydrogen-oxygen torch in a fused quartz tube, 236 

which must be purged of air. The purging and sealing can be accomplished by connecting the 237 

tube to a manifold attached to a dry pump and an argon gas cylinder. Once prepared, this tube 238 

is placed in the furnace such that two ends of the tube span the two temperature zones. In the 239 

case of UTe2, the end of the tube containing the starting materials is placed at the hot end. The 240 

elemental uranium and tellurium react with iodine, travel down the tube as a vapor, and 241 

eventually solidify at the cold end the quartz tube in the form of single crystals. Generally, the 242 

growth of large crystals is material-dependent and can take several weeks. For UTe2, 7 days is 243 

enough to grow crystals with mm dimensions. Following the growth, the tube is removed from 244 

the furnace and opened to harvest the crystals. 245 

 246 

The molten metal self-flux method requires a simple resistive box furnace with one temperature 247 

zone. Uranium dissolves in molten tellurium, and the solubility of UTe2 is dependent on 248 

temperature. Starting materials, elemental uranium, and tellurium, are placed in an alumina 249 

crucible. On top of this crucible, a second crucible is placed upside down, filled with quartz wool. 250 

The two crucibles are sealed in a quartz tube, which is put in a box furnace. This time, instead of 251 

generating a fixed temperature gradient over a distance, the temperature is varied as a function 252 

of time, as the furnace is slowly cooled at a fixed rate. At the highest temperature, all the uranium 253 

will be dissolved in liquid tellurium, which has a much lower melting temperature than uranium. 254 

As the furnace cools, the solubility of UTe2 decreases and UTe2 single crystals precipitate and get 255 

larger. At a temperature that is low enough to have generated sufficiently large UTe2 single 256 

crystals, but still high enough for the tellurium to remain liquid, the quartz tube is removed from 257 

the hot furnace, placed it into a centrifuge and spun, which separates the solid UTe2 from the 258 



liquid tellurium before it freezes. After that, the tube is allowed to cool to room temperature, 259 

before it is broken to collect the crystals. 260 

 261 

Working with depleted uranium is a heavily regulated activity that requires awareness of and 262 

compliance with applicable laws. Familiarize and follow all local applicable hazardous and 263 

radioactive materials safety rules, and secure necessary permission to perform this work. These 264 

rules vary by jurisdiction and institution and cannot be addressed here. However, some general 265 

principles apply that can help with the planning of research. Researchers should be trained to 266 

work with radioactive and hazardous materials. Wear necessary personal protective equipment, 267 

including gloves. Work methodically and take care to avoid the spread of radioactive material. 268 

Discard waste in labeled and approved containers. 269 

 270 
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Name of Material/Equipment Company Catalog Number

2-zone tube furnace MTI Corporation OTF-1200X-S-II-25-110

Alumina crucible Coorstek Inc. 65530-CN-2-AD-998

Box furnace MTI Corporation KSL-1500X

Centrifuge Thermo Scientific

Mo/No: CL2, 

S/N:42618752

Fused quartz tube Quartz Scientific 100014B

Iodine J. T. Baker Inc. 2208-04

Tellurium Alfa Aesar 42213

Uranium Dept. of Energy (NBL) CRM115
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Comments/Description

Size = 2 mL

14 mm ID, 16 mm OD, 48" length

Sublimed, 99.997% pure,  typically approximately 14 mg

99.9999% pure,  Typically approximately 0.5 g

Uranium (Depleted U238) Metal (0.99977 g U/g).  Typically approximately 0.5 g
235U/238U = 0 +- 3.6x10-9



The requested changes and clarifications were made. 
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