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Abstract: In this work, we review recent advances in the use of high-temperature solution growth
that allow for the growth of single crystalline samples of synthetic minerals. We outline how low-
melting binary or ternary solutions are attractive solvents for solution growth and provide examples
of the growth of bismuthinite (Bi2S3), galena (PbS) and parkerite (Ni3Bi2S2). We then focus on the
Rh-S, Pd-S and Ni-P phase spaces to discuss how the low-melting regions near transition metal-
main group eutectic compositions make excellent solvents for crystal growth of several binary and
ternary minerals containing both high melting and volatile elements as well as for the discovery of
new materials. We end by discussing the growth of synthetic canfieldite (Ag8SnS6) and argyrodite
(Ag8GeS6) from Ag2S–Sn-S-based solutions.
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1. Introduction

Condensed matter research is driven by the discovery of new materials and new
ground states. Over the past decades, discoveries of high-temperature superconductivity
in cuprates and iron-arsenides [1–3], discoveries of quantum criticality in fragile magnetic
systems [4–6], discoveries of previously forbidden symmetries in thermodynamically stable
quasicrystals [7–10] and discoveries of high energy density, high-temperature ferromag-
nets [11] have all created new subfields and motivated the discovery of novel compounds.

Whereas many of the goals or targets of searches for new materials are readily enun-
ciated: better this and bigger that, unexpected behavior, or lower-priced ingredients, the
route to such discoveries is less clear and sometimes depends on a combination of keen
intuition and pure serendipity, or, stated more technically, a strongly guided or biased
random walk through phase space. As in any such endeavor, it is helpful to see what “the
competition” is doing, especially if “the competition” has eons more experience. As such,
drawing inspiration and taking guidance from nature and mineral systems is a rich and
promising starting point for new materials growth and development.

In this article, we outline our use of high-temperature solutions to grow synthetic
single crystals of minerals and outline how the mastery of such growths and systems allows
us to explore familiar, mineral-based compositional spaces for novel materials and states.
We begin with the growth of several binary mineral-based crystals, review the use of binary
phase diagrams, and introduce the idea of using solutions based on compositions near
eutectic points as (i) promising melts in general and (ii) useful tools for the control and use
of volatile elements. To finish, we provide examples of the growth of ternary minerals in
the canfieldite (Ag8SnS6) and argyrodite (Ag8GeS6) phase space. In addition to showing
how synthetic single crystalline samples of these minerals can be grown, these results can
be used to suggest or outline growth mechanisms or routes that could have taken place in
nature over short (hours/days) timelines.
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2. Discussion
2.1. Single Crystal Growth from High-Temperature Solutions

Using solutions to grow single crystals is an extremely versatile method for inor-
ganic as well as organic compounds [12]. For inorganic compounds, growth from high-
temperature solutions (up to 1200 ◦C or, in some cases, 1500 ◦C) allows for the growth of
oxides, sulphides, borides, intermetallics, etc. and often permits crystallization at consid-
erably lower temperatures than traditional solid-state methods, such as the arc melting
and sintering of powders [13–16]. Over the past 30 years, there have been a number of
innovations ranging from improvements in how crystals are separated from the remaining
solution [17] to innovations in what solutions can be readily used as starting points for
growths [15,18–20].

The essence of high-temperature solution growth is cooling a single-phase liquid
down to a temperature that lies on the liquidus line, in a binary phase diagram, or liquidus
surface, in a ternary phase diagram. Upon intersecting the liquidus, further cooling leads
to crystallization and the formation of a two-phase system with the composition of the
remaining liquid given by the liquidus line/surface. The binary phase diagrams for Bi-S
and Pb-S are shown in Figure 1a,b, respectively. Although elemental sulfur boils below
500 ◦C, Figure 1a shows that solutions of bismuth and sulfur have greatly reduced vapor
pressures. Indeed, as shown by the dotted lines in Figure 1a, a mixture of Bi60S40 can be
heated to 1000 ◦C and still be well below 1 atmosphere of partial pressure. Cooling such a
Bi60S40 melt from 1000 to 400 ◦C over as little as 36 h leads to the formation of well-formed
synthetic bismuthinite (Bi2S3) crystals (see inset of Figure 1a).

Whereas, in nature, these crystals would be found encased in, or in the vicinity of,
elemental Bi, in the lab, we have the luxury of decanting off the excess high-temperature
solution once the growth we are interested in is completed. For the case of bismuthinite
described above, we would contain the Bi60S40 melt in an Al2O3 crucible with an alumina
frit and a second, inverted alumina crucible sealed in a silica tube [16,17]. Once the cooling
from 1000 to 400 ◦C is finished, the sealed growth ampule can be removed from the furnace
and inverted into a centrifuge so as to decant the excess liquid with the grown crystals
staying on the growth side (either due to adhesion to the crucible or the filtering action of
the frit). Crucibles of 2, 5 and even 10 mL volumes can be readily used, allowing for single
crystals as large as several cubic cm or larger.

In a similar manner, sulfur can be dissolved into Pb, again, with greatly reduced vapor
pressures. Synthetic galena (PbS) can be readily grown from a Pb90S10 mixture; heating it
to 1000 ◦C and cooling to 600 ◦C over as little as 15 h. After decanting off the excess Pb,
well-faceted twins (twinned along the crystallographic [111] direction) are revealed (inset
of Figure 1b). In both the case of the bismuthinite as well as the case of the galena, larger,
and, in some cases, better-formed crystals could be grown by slowing down the nucleation
and growth by increasing the cooling times by factors of 2, 4, 8 or 16, depending on the
experimental requirements on sample size.

Of course, there is no reason to be limited to two dimensions, as with A. Square in
the classic geometric love story, “Flatland” [21], we can consider an additional dimension:
ternary (and quaternary) compounds can also readily be grown. For example, single
crystals of synthetic parkerite (Ni3Bi2S2) can be grown by adding Ni to a Bi-rich, Bi-S melt.
Initial melts ranging from Bi88Ni6S6 to Bi70Ni17S13 were cooled from 1050 to 550 ◦C and
yielded crystals of Ni3Bi2S2 [19]. Parkerite is a rare mineral superconductor, albeit with a
very low critical temperature of Tc ~ 0.75 K.
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Figure 1. Binary phase diagram of (a) Bi-S (ASM diagram #981133) [22] and (b) Pb-rich side of Pb-S (ASM diagram #101195) [23]. 
Note: dotted lines in (a) indicate isobars at (from top) 105, 103, 10, 10−1 and 10−3 Pa. The inset in (a) is a picture of Bi2S3 crystals, and the 
inset in (b) is a picture of PbS crystals. The crystals in each picture are on a mm grid. 

2.2. Growth out of Liquids Based on Binary Eutectic Compositions 
The growth of bismuthinite and galena were examples of using a low-melting ele-

ment, Bi or Pb in these examples, as the basis of the “high-temperature solution”. In each 
case, we simply added some S to the element and could cool the melt back down to near 
the elemental melting temperature. Whereas this is conceptually simple, it is not the only 
way to approach the growth of synthetic minerals out of high-temperature melts. In Fig-
ure 2, we show three binary phase diagrams of relatively high-melting transition metals 
with volatile chalcogen or pnictogen elements: Rh-S, Pd-S and Ni-P. The common feature 
shared by these three binary phase diagrams is a rather deep eutectic close to the transition 
metal side.  

In each case, the eutectic temperature is over 500 °C lower than the melting temper-
ature of the associated metal. Whereas the difficulty in working simultaneously with high 
melting and volatile elements makes such pairs poorly suited for traditional solid-state 
synthesis techniques, we have shown over the past years that the low-melting composi-
tions near the eutectic composition can be used as low-vapor-pressure melts that allow 
access to difficult to grow binary compounds as well as serve as the starting point for 
ternary melts that can allow for the growth of ternary compounds based on the volatile/re-
fractory pair [19,20]. 

We can start with the Rh-S binary phase diagram shown in Figure 2a. The liquidus 
line for miassite (Rh17S15) is clearly accessible and can be intersected by cooling a Rh60S40 
melt from 1150 to 920 °C over 50 h. After decanting the excess liquid, mm sized, well fac-
eted crystals were found. Temperature dependent electrical resistivity and magnetization 
measurements show that synthetic miassite has a superconducting critical temperature of 
5.3 K. In a similar manner, the Pd-S binary phase diagram (Figure 2b) indicates that syn-
thetic crystals of a Pd-rich variant of braggite (PdS) can be grown as well as Pd4S. Whereas 
these Pd-S compounds have been suggested to form from hydrothermal reactions, melt-
ing temperatures as low as 650 °C and the fact that these minerals are often reported in 
nuggets from alluvial deposits with platinum sulfides suggests that natural growth out of 
Pd-S melts is another strong possibility. 

Figure 1. Binary phase diagram of (a) Bi-S (ASM diagram #981133) [22] and (b) Pb-rich side of Pb-S
(ASM diagram #101195) [23]. Note: dotted lines in (a) indicate isobars at (from top) 105, 103, 10, 10−1

and 10−3 Pa. The inset in (a) is a picture of Bi2S3 crystals, and the inset in (b) is a picture of PbS
crystals. The crystals in each picture are on a mm grid.

2.2. Growth out of Liquids Based on Binary Eutectic Compositions

The growth of bismuthinite and galena were examples of using a low-melting element,
Bi or Pb in these examples, as the basis of the “high-temperature solution”. In each case,
we simply added some S to the element and could cool the melt back down to near the
elemental melting temperature. Whereas this is conceptually simple, it is not the only way
to approach the growth of synthetic minerals out of high-temperature melts. In Figure 2, we
show three binary phase diagrams of relatively high-melting transition metals with volatile
chalcogen or pnictogen elements: Rh-S, Pd-S and Ni-P. The common feature shared by
these three binary phase diagrams is a rather deep eutectic close to the transition metal side.

In each case, the eutectic temperature is over 500 ◦C lower than the melting tempera-
ture of the associated metal. Whereas the difficulty in working simultaneously with high
melting and volatile elements makes such pairs poorly suited for traditional solid-state
synthesis techniques, we have shown over the past years that the low-melting compositions
near the eutectic composition can be used as low-vapor-pressure melts that allow access
to difficult to grow binary compounds as well as serve as the starting point for ternary
melts that can allow for the growth of ternary compounds based on the volatile/refractory
pair [19,20].

We can start with the Rh-S binary phase diagram shown in Figure 2a. The liquidus
line for miassite (Rh17S15) is clearly accessible and can be intersected by cooling a Rh60S40
melt from 1150 to 920 ◦C over 50 h. After decanting the excess liquid, mm sized, well
faceted crystals were found. Temperature dependent electrical resistivity and magnetization
measurements show that synthetic miassite has a superconducting critical temperature
of 5.3 K. In a similar manner, the Pd-S binary phase diagram (Figure 2b) indicates that
synthetic crystals of a Pd-rich variant of braggite (PdS) can be grown as well as Pd4S.
Whereas these Pd-S compounds have been suggested to form from hydrothermal reactions,
melting temperatures as low as 650 ◦C and the fact that these minerals are often reported
in nuggets from alluvial deposits with platinum sulfides suggests that natural growth out
of Pd-S melts is another strong possibility.
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Figure 2. Binary phase diagrams for (a) Rh–S (ASM diagram #980012) [24], (b), Pd–S (ASM diagram 
#979991) [25] and (c) Ni–P (ASM diagram #1201691) [26]. The insets are pictures of (a) Rh17S15 (mi-
assite), (b) PdS (braggite) and (c) Ni2P (allabogdanite) on mm grid paper. 
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even lower boiling temperature than S. As was the case for the transition metal rich Rh-S 
and Pd-S melts with compositions near the eutectic compositions, Ni-P melts with com-
positions near Ni81P19 and Ni60P40 have sufficiently low vapor pressures and can be con-
tained in evacuated fused silica tubes for temperatures up to 1200 °C. Compositions near 
these eutectics allow for the growth of synthetic, Ni-rich Schreibersite (Ni3P) as well as Ni-
rich synthetic allabogdanite (Ni2P). 

Whereas, in some cases, we grow the binary mineral for specific physical studies (mi-
assite to study superconductivity and allaboganite to study possible non-traditional elec-
trical conductivity), these melts often provide the starting point for more complex growth 
of ternary compounds. For example, once we mastered use of Rh-S melts, we expanded 
our phase space to ternary systems based on Rh-S and, in doing so, discovered multiple 
new Rh-S-based superconductors: Bi2Rh3S2, Bi2Rh3.5S2 and Rh9In4S4 [27–29]. In a similar 
manner, we used compositions near the Pd-S eutectic composition to serve as the solution 
for the growth of RPd3S4 (R = Ce and Eu) compounds for the study of mixed valence be-
havior [20,30–34].  

In this latter case, starting compositions of R5Pd58S37 were fractionated by first cooling 
from 1150 to 1050 °C to remove solidified slag as well as binary rare earth sulfides and 
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Figure 2. Binary phase diagrams for (a) Rh–S (ASM diagram #980012) [24], (b), Pd–S (ASM diagram
#979991) [25] and (c) Ni–P (ASM diagram #1201691) [26]. The insets are pictures of (a) Rh17S15

(miassite), (b) PdS (braggite) and (c) Ni2P (allabogdanite) on mm grid paper.

Figure 2c presents the Ni-P binary phase diagram. Phosphorous boils at ~300 ◦C,
an even lower boiling temperature than S. As was the case for the transition metal rich
Rh-S and Pd-S melts with compositions near the eutectic compositions, Ni-P melts with
compositions near Ni81P19 and Ni60P40 have sufficiently low vapor pressures and can be
contained in evacuated fused silica tubes for temperatures up to 1200 ◦C. Compositions
near these eutectics allow for the growth of synthetic, Ni-rich Schreibersite (Ni3P) as well
as Ni-rich synthetic allabogdanite (Ni2P).

Whereas, in some cases, we grow the binary mineral for specific physical studies
(miassite to study superconductivity and allaboganite to study possible non-traditional
electrical conductivity), these melts often provide the starting point for more complex
growth of ternary compounds. For example, once we mastered use of Rh-S melts, we
expanded our phase space to ternary systems based on Rh-S and, in doing so, discovered
multiple new Rh-S-based superconductors: Bi2Rh3S2, Bi2Rh3.5S2 and Rh9In4S4 [27–29]. In
a similar manner, we used compositions near the Pd-S eutectic composition to serve as
the solution for the growth of RPd3S4 (R = Ce and Eu) compounds for the study of mixed
valence behavior [20,30–34].

In this latter case, starting compositions of R5Pd58S37 were fractionated by first cooling
from 1150 to 1050 ◦C to remove solidified slag as well as binary rare earth sulfides and
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then resealing the decanted liquid and cooling from 1075 to 900 ◦C over 150 h. The
resultant, up to cm sized, single crystals were then used for detailed thermodynamic,
transport, diffraction, and spectroscopic measurements. Mastery of such low-temperature,
eutectic-based melts continues to provide fruitful platforms for discovering new materials.
Using essentially the same process outlined above, we recently found that, by adding
small quantities of 3d transition metals into melts near the Pt-P and/or Pd-P eutectic
compositions, we could grow mm-scale single crystals of the new compounds CrPt5P
and MnPd5P, each of which are high-temperature ferromagnets with respective Curie
temperatures of 454 and 295 K [20,35,36].

2.3. Growth of Synthetic Canfieldite (Ag8SnS6) and Argyrodite (Ag8GeS6)

Canfieldite, and its neighboring argyrodite, are ternary silver chalcogenide minerals
that exhibit rich structural chemistry and favorable thermoelectric properties [37,38]. As
canfieldite is often found to occur alongside silver and tin sulfides and salts, the use of Ag2S
(acanthite or argentite) to create a high-temperature solution for crystal growth is strongly
suggested. Indeed, both the Ag−S and Sn−S binary phase diagrams have accessible liquid
regions for compositions near Ag2S and compositions between SnS2 and SnS with eutectic
temperatures as low as 740 ◦C. Perhaps more importantly, studies of parts of the ternary
Ag−Sn−S phase diagram indicate the existence of an exposed liquidus surface for the
primary formation of Ag8SnS6 (Figure 3a).

On the basis of the existing phase diagram data, as well as our experience with S-based
growths, we used Ag2S (Alfa-Aesar, Heysham, UK, 99.5%), S (Alfa-Aesar 99.99%) and
Sn (Alfa-Aesar, 99.99%) in a molar ratio 35:38:27, respectively, giving a stoichiometry of
Ag41Sn16S43 as the initial composition of our melt. Figure 3b presents the Ag-Sn-S ternary
phase diagram and shows the pseudo-binary cut associated with Figure 3a as a red line
with the target canfieldite shown as a red dot. Our initial melt composition is shown as the
blue dot. After confirming that our Ag41Sn16S43 melt was a single phase liquid at 800 ◦C,
we proceeded with crystal growth by heating the mixture to 800 ◦C, dwelling for 10 h and
then cooling over 200 h to 625 ◦C [39].

After decanting the excess liquid, large, mirror-faceted, single crystals of Ag8SnS6
weighing up to 1 g with dimensions as large as 5−10 mm were recovered (see the inset
of Figure 3). While studying our synthetic canfieldite specimens, we discovered a new,
low temperature structural phase transition near 120 K, in which the rt-Pna21 structure
transforms to a different Pmn21 arrangement that is isostructural to the selenide analogues
Ag8SnSe6 and Ag8GeSe6 [39]. This first-order transition has an exceptionally large thermal
hysteresis and even allows for the quenching of the room temperature structure to 4 K in a
long-lived metastable state.

The rich polymorphism characteristic of the argyrodite family [41] encouraged us to
further explore the broader argyrodite structure class by systematically replacing Sn with
Ge. We found that Ag8GeS6 (argyrodite) and alloyed samples (Ag8Sn1−xGexS6) can be
prepared in the same manner as outlined for Ag8SnS6, substituting elemental Ge (Alfa-
Aesar, 99.99%) for Sn using initial compositions of Ag41(Sn1−xGex)16S43 to produce single
crystals of Ag8Sn1−xGexS6 (x = 0.1, 0.25 and 1).

In the case of pure argyrodite (Ag8GeS6), we were able to grow crystals as large as 2
g from our ternary melts (see inset of Figure 3). These large crystals are ideally suited for
inelastic neutron experiments to investigate the exceptionally soft phonon spectrum found
in argyrodite compounds. Furthermore, we found that the substitution of Sn by Ge rapidly
eliminated the low-temperature structure change found in Ag8SnS6, which we attribute to
the chemical pressure associated with partial replacement of Sn atoms with the smaller Ge,
consistent with the smaller volume analogues Ag8GeS6 and Ag8SiS6 adopting the Pna21
structure as rt-Ag8SnS6 [39].
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Figure 3. (a) Pseudo binary cut across the Ag-Sn-S ternary phase diagram (ASM diagram #204086) [40].
(b) Ternary Ag-Sn-S phase diagram with the ternary cut shown in (a) as a red line, Canfieldite
(Ag8SnS6) shown as a red dot, Ag2S shown as a green dot and our starting melt composition shown
as a blue dot. In (b), the upper and lower insets are pictures of a canfieldite (Ag8SnS6) and argyrodite
(Ag8GeS6) crystals on mm grids.

3. Summary

In this brief review, we discussed how synthetic single crystals of many mineral
types can be grown out of high-temperature solutions. By using fritted crucibles and
decanting off the excess liquid, we can cleanly separate the single crystal samples from
the remaining liquid [16,17], thereby, eliminating the problem of separating the specimen
from the matrix. Whereas these compounds all can crystallize naturally given suitable
conditions and geological time scales, our method allows us to grow high quality single
crystals readily out of melts cooled over tens of hours.

Sample sizes are often of the order of the crucible size. The solution-based techniques
discussed here should be readily generalizable for the growth of many single crystal mineral
(or mineral-based) compounds. Furthermore, the relatively modest melting temperatures
exploited by our growths from binary or ternary solutions suggests that the existing mineral
samples may have grown from the cooling of complex melts rather than the more typically
considered hydrothermal or vapor transport near volcanic vents.
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