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Supplementary Methods39

Here we go into more detail about the approach used in RooSt [1] to map a40

material composition to a predicted property. The composition is encoded as41

a fully-connected graph, where each node i corresponds to an atomic species42

found in that composition. Each species i has an initial representation vector43

h0
i specified by the user (e.g., a one-hot encoding of species type), and the44

fraction wi of the composition it makes up (e.g., for Zr3Fe4Sn4, wZr = 3/15).45

A series of t = 0, . . . , T − 1 message-passing updates iteratively update each46

species representation vector to ht+1
i as follows:47

et,mi,j = f t,m(ht
i, h

t
j) (1)

at,mi,j =
wj exp(e

t,m
i,j )∑

k wkexp(e
t,m
i,k )

(2)

ht+1
i = ht

i +
∑
m,j

at,mi,j gt,m(ht
i, h

t
j), (3)

where i and j are species indices, f t,m and gt,m are multi-layer perceptrons,48

at,mi,j are soft attention coefficients computed with a weighted softmax, and49
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Supplementary Table 1 Precursor List for Experimental Runs

Element or Compound Source Form Purity
Mg Alfa Aesar turnings, 3.2 mm wide 99.8%
MgSi2 Beantown Chemical powder 99.5%
Ca Alfa Aesar granules, -16 mesh 99.5 %
Sc Alfa Aesar pieces 99.9 %
Ti Alfa Aesar foil, 0.25mm 99.5 %
Zr Strem foil 99.8%
Hf Alfa Aesar foil, 0.025mm 99.5 %
V Alfa Aesar foil, 0.127mm 99.8 %

Alfa Aesar wire, 1.5mm 99.8 %
Nb Alfa Aesar foil, 0.3mm 99.8 %

Alfa Aesar foil, 0.025mm 99.8 %
Strem foil 99.8 %

Ta Alfa Aesar foil, 0.025mm 99.95 %
Beantown Chemical foil, 0.025mm 99.95 %

Mo Beantown Chemical foil, 0.025mm 99.95 %
W Alfa Aesar wire, 0.75mm diameter 99.95 %
Mn Beantown Chemical pieces 99.95 %
Fe Goodfellow foil 99.8 %
Co Alfa Aesar pieces 99.9+ %
Co Aldrich pieces 99.5 %
Ni Alfa Aesar foil 99+%

Alfa Aesar -300 mesh 99.8%
Cu Strem foil 99.9 %

Alfa Aesar powder, -325 mesh 99%
Alfa Aesar shot, 4-6 mm, Pufratronic 99.999%

Ag Alfa Aesar wire 99.9 %
Zn Alfa Aesar ingot 99.99 %
B Alfa Aesar powder, -325 mesh 98 %
Al Beantown Chemical wire, 1.0 mm diameter 99.999 %
Ga NOAH Tech chunks 99.99 %
In Alfa Aesar shot, 4 mm tear drop 99.99 %
C Alfa Aesar graphite rod, 6.15 mm diameter 99.9995%
Si Alfa Aesar lump 99.999+%
Ge Beantown Chemical pieces, 3-9mm 99.999%
Sn Beantown Chemical shot (8-20 mesh) 99.5 %

Beantown Chemical granules 99.9 %
Pb Alfa Aesar pieces 99.999 %
P Sigma Aldrich red, powder 97+%
Bi Alfa Aesar needles, 1-5 cm, 1.5mm diameter 99.99%
S Alfa Aesar powder, Puratronic 99.999%
Yb Alfa Aesar pieces, sublimed 99.9 %

the index m denotes separate “attention heads” that stabilize training and 50

improve model expressivity. 51

The final species representation vectors hT
i are gathered into a material- 52

level representation vector h after a final soft-attention operation and then fed 53

through a final MLP fy to yield a predicted property ŷ: 54

eT,m
i = fT,m(hT

i ) (4)
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aT,m
i =

wi exp(e
T,m
i )∑

j wj exp(e
T,m
j )

(5)

h =
∑
m,i

aT,m
i gT,m(hT

i ) (6)

ŷ = fy(h) (7)

Note that pure (unary) elemental materials are not amenable to this represen-55

tation and cannot be ingested by a RooSt model.56

All of the model’s weights for the message-passing and prediction mecha-57

nisms (i.e., each f t,m and gt,m, and fy, are trained in an end-to-end manner58

using a cross-entropy loss.59

For arc melting, more volatile components were wrapped in metallic foils60

of less-volatile components and melted with a full-scale current of ∼50-100A61

with ∼0.7 atm argon present in the vacuum chamber. Zirconium metal, which62

reacts quickly with oxygen, was first melted in the chamber after it was filled63

with argon to remove any remaining oxygen before the samples were melted.64

Samples were melted 2-3 times, flipped, and then melted 2-3 times. If evidence65

of a superconducting transition was observed, homogenizing heat treatments66

were performed at temperatures that depended on the chemistry of the sample67

(generally near 1000 ◦C for times ranging from overnight to several days).68

For metals containing magnesium or calcium, due to their tendency to69

vaporize, arc melting was not feasible. CaIn6Cu6, Ca(Al2Cu)4, Ca(AgGe)2,70

Ca2Zn3Ag, Ca3(Cu2Sn)4, and CaCu9Sn4 were made by wrapping samples in71

tantalum foil (to minimize reactions with the quartz ampoule) and sealing72

them in evacuated quartz ampoules. The samples were then heated to 700 ◦C73

for 2 h and the furnace was turned off and allowed to naturally cool. The same74

was done for Ca3(Cu2Sn)4, CaCu9Sn4, Ca(CuSi0.33Sn0.33Ge0.33)2, Ca2Zn3Ag,75

and Ca(AgGe)2 except the anneal was performed at 900 ◦C. Vaporization of76
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magnesium in ampoules was more of an issue for the Mg-containing samples 77

compared to calcium vaporization in the Ca-containing samples. Samples with 78

nominal MgCuSn, and MgCuBi compositions were similarly wrapped in tan- 79

talum foil and sealed in evacuated quartz ampoules. The samples were then 80

heated in a box furnace to 900 ◦C for 2 h. The furnace was then turned off and 81

the samples allowed to cool to room-temperature. Since tantalum foil has a Tc 82

of 4K, it was important to separate the samples from the foil before measuring 83

AC susceptibility. This was much more difficult for some of the Mg-containing 84

samples so we also attempted to make MgCuSn and Mg2Cu3Si wrapped in 85

molybdenum foil using the same procedures. These samples tended to react 86

with the molybdenum foil and, therefore, did not form the targeted phases. 87

Supplementary Discussion 88

We synthesized many binaries and did not see evidence of superconductivity 89

above 2K unrelated to indium. A small, very broad diamagnetic signal was 90

observed in a ZrIn3 sample that went away upon annealing. The intensity of 91

the superconducting signal was largest for compositions near “ZrNiIn4”. XRD 92

showed that these specimens were not phase pure, and contained compounds 93

not known to superconduct above 4K. 94

Magnetic susceptibility measurements for ZrNi2In reported in 1999 showed 95

no evidence of a superconducting signal [2]. However, in 2004, members of 96

the same group presented at E-MRS that ZrNi2In superconducts with a Tc of 97

9K [3], suggesting there is a 9K superconductor somewhere in this ternary 98

phase diagram (There is no archival paper that we could locate and no data 99

is readily available.) The abstract for the E-MRS talk did not make note of 100

the indium-rich conditions that we observed seem required. The isostructural 101

compounds ZrNi2Ga and ZrNi2Al superconduct with a Tc of 2.9K and 1.38K, 102
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respectively [4, 5]. Their superconductivity has been attributed to a Van Hove103

singularity at the L point near the Fermi level that should also be present in104

ZrNi2In [4, 6]. Nearly phase-pure ZrNi2In had a weak signal compared to more105

In-rich compositions, indicating that the superconducting phase observed here106

is not due to stoichiometric ZrNi2In.107

One alternate explanation of the ∼9K signal that we investigated in detail108

was the possibility of ZrN traces contributing to the signal. Gold-colored flecks109

were observed in some of the strongly superconducting arc melted samples110

and cubic ZrN is the only known gold-colored phase that had any chance of111

being present. Cubic ZrN has a Tc of 9.8-10.0K, so an air leak might explain112

the observed ∼9K Tc [7]. Samples shown by XRD to definitively contain113

ZrN (Zr2InNi and ZrNi, melted under nitrogen) showed a Tc below 6K. No114

superconducting transition was observed in ZrNi samples melted under argon,115

demonstrating that indium is necessary for the ∼9K Tc.116

The strongest signal that we achieved in arc melted samples came from a117

sample melted under argon and annealed for 5.5 days at 1000 ◦C. This anneal118

allowed indium to vapor transport away from the bulk of the sample. Parts of119

the sample with a shiny gray and gold appearance had a comparatively strong120

superconducting signal (Figure 3a).121

Supplementary Figures and Tables122
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Supplementary Figure 1 Distribution of raw Tc values in the version of SuperCon used
as training data. The data are long-tailed with a small number of high-Tc outliers.
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c. 

d. 

b. 

a. 

Supplementary Figure 2 (a) All samples within the Zr-In-Ni phase diagram that were
made, including several binary alloys. (b) shows a heat map averaged over all the sam-
ples in the system where the color equals the normalized XRD intensity multiplied by χ′

AC
(color = −χ′

AC × IntensityXRD). Indium is consistently present in samples with strong
superconducting signals below 3.4K but cannot explain the ∼9K transition that is con-
sistently observed. (c) and (d) show how XRD was used to identify the phases present in
samples with and without strong superconducting signals. Indium diffraction peaks were
used as an internal standard to correct for sample height variations since In-rich samples
were extremely malleable and could not be made into a powder. The nominally ZrNi2In1.1
sample contained only indium and ZrNi2In. The nominally Zr2Ni2In sample was primarily
Zr2Ni2In. Rietveld refinements of samples containing a strong superconducting signal (d)
showed indium, ZrNi2In, and Zr2Ni2In present. Our Zr2Ni2In sample did not superconduct,
implying that ZrNi2In does superconduct under certain indium-rich conditions. To rule out
ZrN impurities as the superconducting phase, a number of samples were melted in nitrogen.
Samples intentionally made with the largest amount of ZrN present based on XRD had a
Tc below 6K and, therefore, ZrN impurities would not explain the ∼9K transition.
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Supplementary Figure 3 The existence of the ∼9K signal was robust for both arc melted
samples and “single crystals”. To rule out ZrN impurities as the source of the superconduct-
ing signal, we arc melted samples of ZrNi and Zr2NiIn, and ZrNiIn2 stoichiometry under
nitrogen (a). ZrN was identified using XRD in these samples. When ZrNi was melted under
argon like most of our samples containing the ∼9K signal, no superconducting transition
was observed. The ∼9K signal was only visible in samples with indium-rich compositions.
Indium acted as a useful internal standard such that the strength of its superconducting
signal could be compared to the strength of the ∼9K signal to determine the relative frac-
tion of sample that superconducts at different temperatures. The strength of the indium
signal is relatively comparable to the strength of the ∼9K signal (when indium could be
clearly observed using XRD), indicating that the ∼9K transition is a bulk behavior. Fur-
thermore, when indium was vapor transported away from the bulk of an indium-rich sample
arc melted under argon, the leftover bulk of material exhibited a strong superconducting
signal without indium. A photo of this material is shown in (a). Single crystals of In5Ni3
grown in an indium flux (b) contained varying amounts of the ∼9K superconducting phase,
demonstrating that some amount of the ∼9K superconductor forms in materials made using
vastly different growth techniques, suggestive of the metaphase nature of the actual super-
conductor in this phase diagram. As the magnetic field increased, the ∼9K signal shifted
to lower temperatures and, by 5000Oe, disappeared. This is further evidence that the ∼9K
transition is a bulk behavior.
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Supplementary Figure 4 machine learning (ML) Prediction-expert evaluation-
experimental measurement loop and expert evaluation process. We closed the
ML prediction-experimental measurement loop four times in this study. To improve suc-
cess, experts evaluated lists of predicted superconductors following the procedure outlined
to the right to determine which predictions were most promising. When evaluating these
predictions, the data sources referenced are denoted by color. “Experiment” includes both
literature data and internal data collected in prior loop iterations. “Computation” includes
data from computational databases, computed literature data, and targeted computational
data that we acquired.
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