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Abstract: The use of liquid bismuth as reactive or inert flux
medium for the growth of intermetallic phases is reviewed.
Besides systematic phase analytical studies with respect to
discovery of new phases, large, mm-sized single crystals
allow direction dependent physical property studies.
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1 Introduction

Reactions in low-melting metal fluxes are one of
the important synthesis’s techniques for intermetallic
phases." ™ Depending on the reaction pathway, both reac-
tive (the so-called self-flux technique) and inert flux growth
have been intensively used. The most prominent low-
melting flux media are tin, aluminum, gallium, indium,
lead and zinc; also, eutectic mixtures have been used. The
growth of mm sized single crystals is important for direc-
tion dependent physical property studies, since crystalline
intermetallic solids are inherently anisotropic.

Experimental prerequisites for an efficient use of a
metal as flux medium are a sufficient solubility of the
reactants, good wettability (this is especially the case for
tin, thus its broad use as solder material) and complete
removal of the excess flux after the growth procedure. The
common techniques are high-temperature centrifugation
and etching with an appropriate solvent (diluted hydro-
chloric acid, acetic acid or glacial acetic acid/hydrogen
peroxide mixtures). The different experimental facets are
summarized in a review article.?

In the early reviews," only few flux growth experi-
ments with bismuth have been summarized. This was a bit
astonishing, since the low melting temperature of bismuth
(544K and the good solubility of many metals are
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promising for flux growth experiments. Although most of
the T-Bi (T = transition metal) and RE-Bi (RE = rare earth
element) phase diagrams are reported in the relevant
Handbooks,®'* several binaries have only recently been
synthesized (bismuth flux growth or high-pressure syn-
theses) and structurally characterized. Selected examples
are MnBi,,"* FeBi,,'®'” CoBis,'® NiBis;,'*?° the NiAs super-
structure variants Nig gPtg 4Bi, Nig;PdgBi, Mng qoPdg 1Bi,
Nig.oBi, and Nig-9Pdg 0gBi, %! CuBi and Cuy;Bi;,**** MoBi,,**
RhsBiy,, 2 IrBis?® and IrBiy,?” PtBi,*® NdsBi;, SmsBi;? and
HoBi.*® During the whole article we keep the classical for-
mula of the compounds, although in many cases the tran-
sition metals are more electronegative and carry a negative
charge, e.g., the iridide character of Bi,lr.?’

Besides the supplementary work on the binary phase
diagrams, many ternary intermetallic bismuthides have
been synthesized in a manifold of exploratory experiments,
especially in the many RE-T-Bi phase diagrams.* The flux-
assisted syntheses of intermetallics have large advantages
as compared to simple arc-melting synthesis, since the low
boiling temperature of bismuth of 1,883 K** can result in
severe evaporation losses, thus changing the starting
composition of the sample, often leading to multi-phase
mixtures. This is especially the problem when introducing
the high-melting transition metals (e.g., iridium with a
melting point of 2,683 K'?) and this might result in multi-
phase products.

Besides pure bismuth, eutectic mixtures find applica-
tion. This is mostly the case for low-melting tin/bismuth
alloys that can be used for soldering applications®* or as
fusible alloy fluxes for fire alarms and sprinkler systems.
The most prominent textbook example for low-melting al-
loys is Wood’s metal (50 % Bi, 25 % Pb, 12.5 % Sn, 12.5 % Cd)
with a melting temperature around 70 °C.*® These materials
are not in the scope of this micro review. We solely focus on
the synthesis of intermetallic phases.

Meanwhile many examples for bismuth flux synthesis are
known for compounds (binaries and ternaries) forming with
many metals of the whole Periodic Table. The present overview
gives a broader list of feasible synthesis and demonstrates the
large success of bismuth flux growth experiments. The relevant
literature was carefully reviewed; however, should a reference
be missing, it is unintentional.
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2 Experimental conditions

For the exact experimental conditions, we refer to the original
work. Herein we summarize the most important experi-
mental parameters for bismuth flux synthesis. Table 1 gives
an overview on many bismuth flux growth experiments
listing the starting compositions, the temperature sequence
for the flux growth procedure and the crucible material used.
Not all crystal growth conditions are documented in detail
in the original works. Sometimes, work on physical proper-
ties only mentions that the crystals were obtained from flux
experiments and the experimental conditions remain
unclear.”®¥’
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The most important prerequisite for the synthesis of
intermetallic compounds®® concerns the purity of the starting
elements as well as pure inert gas (e.g., dry argon) and inert
crucible materials. Since bismuth (as oxophilic element) is
used as majority component in the flux experiments, its
potential surface oxidation/hydrolysis might be a source for
oxygen contamination. Thus, bulk bismuth pieces should be
used instead of bismuth powder. Also, crucible materials
should not strictly be considered as totally inert; e.g., under
special conditions, silica tubes and also alumina crucibles can
be a possible oxygen source.”>'%

The standard crucible material used for the bismuth
flux experiments is alumina. Besides, also silica tubes,

Table 1: Examples of binary and ternary compounds grown in liquid bismuth. RT = room temperature. In those cases where cooling rates stopped at high
temperature, the flux was decanted, removed in a centrifuge or the sample was quenched; for details see the original work. In some cases, heating and
cooling rates were only given as slow and fast. In cases were only an excess of bismuth is mentioned for the starting composition, this is marked by + x.

Compounds Sample composition Typical preparation Crucible Reference
(atomic ratio) conditions (T in K, time in h) material

Self-flux syntheses (bismuth as reactive flux) - binaries

NiBis Ni:Bi 1:10 RT — 1,423 (fast), 2 h at 1,423, Sio, 19
1,423 — 673 (5Kh™)

Rh3Bi4 Rh:Bi 3:20 RT—870 (10Kh™), 24 h at 870, Si0, =
870 — 590 (6 Kh™"), 120 h at 590

PtBi, Pt:Bi 1:20 RT — 673 (100Kh™"), 96 h at 673, Canfield type o
673 — 573 (0.25Kh™)

RE3Bi, (RE = Nd, Sm) RE:Bi 1:100 RT — 1,273 (200K h™"), 5h at 1,273, Al,03 2
1,273 — 973 (50Kh™), 973 — 673 (5Kh™)

HoBi Ho:Bi 1:9 RT — 1,273 (fast), 3 h at 1,273, Al,O5 30
1,273 — 1,173 (33Kh™), 1,173 — 673 (5Kh™

Self-flux syntheses (bismuth as reactive flux) - ternaries

MgNi,Bi, Mg:Ni:Bi 1:2:10 RT — 1,073 (65Kh™), 30 h at 1,073, Al,O3 3
1,073 — 773 (8Kh™"), 24 h at 773,
773 — 623 (5Kh™),

AEsTir,Birg.x (AE = Sr, Ba) AETi:Bi 1:1:10 RT — 1,273 (200Kh™), 48 h at 1,273, Al,0; 35
1,273 — 773 (5Kh™")

MngZn gBiy 4 Mn:Zn:Bi 1:0.5:10 RT — 1,173 (293K h™"), 24 h at 1,173, Si0, 36
1,173 = 623 (6Kh™")

RMg.Bi; (R = Ca, Eu, Yb) R:Mg:Bi 1:4:6 RT — 1,173 (110Kh™"), 1,173 — 1,123 (50Kh™"),  Al,03 37
1,123 — 1,023 (10Kh™), 1,023 — 923 (4Kh™

SrNig.17Bi> Sr:Ni:Bi 1:1:3 RT — 1,273 (200Kh™), 48 h at 1,273, Al,0; 38
1,273 — 773 (5Kh™)

CaTi3Bi, Ca:Ti:Bi 1:1:20 RT — 1,273 (200K h™"), 48 h at 1,273, Al,O5 38
1,273 — 773 (5Kh™)

BaMn,Bi, Ba:Mn:Bi 1:2:10 RT — 1,273 (200K h™"), 15 h at 1,273, Al,03 3
1,273 — 688 (5Kh™")

EuMg,Bi, Eu:Mg:Bi 1:4:12 RT — 1,173 (180Kh™), 5h at 1,173, AlLO5 4
1,173 — 1,073 (100K h™"), 1,073 — 923 3Kh™)

REMG,Bi, (RE = Sm, Eu, Yb) RE:Mg:Bi 1:25:5 RT — 1,273 (98 Kh™"), 20 h at 1,273, stainless-steel 4
1,223 — 973 (2Kh™)

REGe,_,Biy RE:Ge:Bi 1:2:8 RT — 1,273 (200K h™"), 20 h at 1,273, Al,03 42

(RE=Y, Pr, Nd, Sm, Gd-Tm, Lu) 1,273 — 873 (10Kh™)

TbTi3Bi4 Tb:Ti:Bi 2:3:20 RT — 1,373 (200Kh™"), 12 h at 1,373, Canfield type s

furnace change, 873 — 673 (1Kh™)
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Compounds Sample composition Typical preparation Crucible Reference
(atomic ratio) conditions (T in K, time in h) material
RE;_TigxBig (RE = Th=Tm, Lu) RE:Ti:Bi 2:3:20 RT — 1,373 (200K h™"), 12 h at 1,373, Canfield type s
1,373 — 873 (2Kh™)

CaTBi (T = Mn, Cu) Ca:T:Bi 1:1:6 RT — 1,173 (fast), 1,173 — 673 (4Kh™") Al,05 a4
SmMnBi Sm:Mn:Bi 1:1:10 RT — 1,373 (108 Kh™"), 10 h at 1,373, Al,05 4
1,373 — 773 (5Kh™)

AMnBI, (A = Sr, Eu) A:Mn:Bi 1:1:9 RT — 1,273 (fast), 10 h at 1,273, AlL0; a6
1,273 — 673 (2Kh™)

CaMn,Bi, Ca:Mn:Bi 1:2:10 RT — 1,273 (180Kh™), 48 h at 1,273, AlL0; 4
1,273 — 673 (6Kh")

EuZnBi, Eu:Zn:Bi 1:5:10 RT — 1,273 (fast), 10 h at 1,273, Al,05 46,4849
1,273 — 673 (2Kh™)

ScNiBi Sc:Ni:Bi 1:1:12 RT — 1,420 (113Kh™"), 72 h at 1,420, Al,05 50
1,420 — 920 2Kh™)

RENi1_,Biz., RE:Ni:Bi 1:0.8:2 + x RT — 1,273 (fast), AlLO; >

(RE = La-Nd, Sm, Gd-Dy) 1,273 — 773 (7Kh™)

CeTBi; (T = Ni, Cu, Ag) Ce:T:Bi 1:1:2 + x RT — 1,273 (fast), 48 h at 1,273, Al,05 52
1,273 — 923 (0.5Kh™)

UsT5Bi, (T = Ni, Rh) U:T:Bi 1:2:10 RT — 1,423 (fast), 4 h at 1,423, Al,O5 3
1,423 — 923 (5Kh™)

CasT4Big (T = Pd, Pt) Ca:T:Bi 3:4:12 RT — 1,173 (100Kh™), 5h at 1,173, Al,O5 >4
1,173 — 1,023 3Kh™"), 1,023 — 1,073 (50Kh™"),
1hat 1,073, 1,073 — 923 (3Kh™),
923 — 973 (50Kh™), 1 h at 973,
973 — 823 (3Kh™), 823 — 873 (50Kh™"),
1h at 873,873 — 723 (3Kh™)

LaPd,_,Bi, La:Pd:Bi 1:1:12 RT — 1,170 (fast), 10 h at 1,170, Al,O5 =
1,170 — 770 (slow)

CePd,_,Bi, Ce:Pd:Bi 1:1:12 RT — 1,173 (fast), 10 h at 1,173, Al,05 56
1,173 = 773 (5Kh™)

REPd,_,Bi, (RE = La, Ce, Nd) RE:Pd:Bi 1:1:10 RT — 1,273 (fast), 10 h at 1,273, Al,05 57
1,273 — 973 (5Kh™)

HoPdBi Ho:Pd:Bi 1:1:15 RT — 1,373 (slow), 24 h at 1,373, Al,O5 58
1,373 = 1,173 (1Kh™"), 12 h at 1,173,
1,173 — 823 (1Kh™),

HoPdBi Ho:Pd:Bi 1:1:1 + x RT — 1,423 (fast), 36 h at 1,423, Al,O5 »
1,423 — 773 (3Kh™)

ErPdBi Er:Pd:Bi 1:1:1 + x RT — 1,423 (fast), 36 h at 1,423, Al,05 60
1,423 — 773 (3Kh™)

ScPtBi Sc:Pt:Bi 1:1:15 RT — 1,420 (50 Kh™), 24 h at 1,420, Al,05 61
1,420 — 970 (1Kh™)

NdPtBi Nd:Pt:Bi 1:1:15 RT — 1,473 (fast), 48 h at 1,473, AlLO; 62
1,473 — 823 (4Kh™)

GdPtBi Gd:Pt:Bi 1:1:9 RT — 1,473 (100K h™"), 12 h at 1,473, Ta 63
1,473 — 873 (2Kh™)

TbPtBi Th:Pt:Bi 1:1:9 RT — 1,273 (fast), 12 h at 1,273, Al,05 64
1,273 — 873 (5Kh™)

LuPtBi Lu:Pt:Bi 1:1:10 RT — 1,423 (75K h™"), 24 h at 1,423, Al,O5 65
1,423 — 923 (2Kh™)

CaAuBi Ca:Au:Bi 1:1:10 RT — 1,223 (fast), 5 h at 1,223, Al,05 66
1,223 — 673 (2.5Kh™)

REAUBI, (RE = La-Nd, Sm) RE:Au:Bi 1:1:20 RT — 1,123 (fast), 12h at 1,123, Al,05 67
1,123 — 823 (3Kh™), 24 h at 823

AnAuBi; (An = U, Th) An:Au:Bi 1:3:20 RT — 1,323 (fast), 8 h at 1,323, AlL0; 68

1,323 — 1,073 (83Kh™), 1,073 — 723 (5Kh™)
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Table 1: (continued)

Compounds Sample composition Typical preparation Crucible Reference

(atomic ratio) conditions (T in K, time in h) material

Bismuth as inert flux medium for binaries

GeP Ge:P:Bi 1:2:2 RT — 1,223 (fast), 96 h at 1,223, Si0, 69
1,223 — 773 (4Kh™), 773 — 573 (fast),
24h at 573

GaSe Ga:Se:Bi 1:1:4 RT — 1,173 (fast), 12 h at 1,173, Sio, 70
1,173 — 720 3Kh™)

Mn,Au Mn:Au:Bi 7:1:12 RT — 1,023 (fast), 12 h at 1,023, Al,O3 7
1,023 — 923 (fast), 24 h at 923,
923 — 743 (slowly)

Bismuth as inert flux medium for ternary phosphides

ScRheP, Sc:Rh:P:Bi 1:2:2:30 RT — 770 (20K h™), 24 h at 770, Si0, 72
770 — 1,320 (50 Kh™"), 100 h at 1,320,
1,320 — 970 (2Kh™), 970 — 570 (4Kh™")

YbRhgP, Yb:Rh:P:Bi 1:2:2:60 RT — 770 (20 Kh™), 24 h at 770, Si0, 7273
770 — 1,320 (50 Kh™"), 100 h at 1,320,
1,320 — 970 (2Kh™), 970 — 570 (4Kh™")

LuRhgP, Lu:Rh:P:Bi 3:2:2:30 RT — 770 20K h™), 24 h at 770, Si0, 72
770 — 1,320 (50 Kh™"), 100 h at 1,320,
1,320 — 970 (2Kh™), 970 — 570 (4Kh™")

ScIrP Sc:Ir:P:Bi 1:1:1:30 RT — 770 (50 Kh™), 24 h at 770, Si0, 74
770 — 1,370 (50 Kh™"), 100 h at 1,370,
1,370 — 970 (2Kh™), 970 — 570 (4Kh™")

LasRhgPs La:Rh:P:Bi 4:8:9:30 RT — 770 (50 Kh™), 24 h at 770, Si0, IS
770 — 1,370 (50 Kh™"), 100 h at 1,370,
1,370 — RT(2Kh™)

Sm4Rh;5Ps Sm:Rh:P:Bi 1:2:2:30 RT — 770 (50 Kh™"), 24 h at 770, Si0, 76
770 — 1,270 2Kh™"), 168 h at 1,270,
1,270 — RT(2Kh™)

Smalry3Pg Sm:Ir:P:Bi 1:1:1:30 RT — 770 (50 Kh™"), 24 h at 770, Si0, 76
770 — 1,370 2Kh™"), 168 h at 1,370,
1,370 — RT(2Kh™)

GdgIr;5Ps Gd:IrP:Bi 1.3:2:2:30  RT — 770 (50 Kh™"), 24 h at 770, Si0, 76
770 — 1,370 2Kh™"), 168 h at 1,370,
1,370 — RT(2Kh™)

Yb,lrisPq Yb:Ir:P:Bi 3:1:3:30 RT — 770 (50 Kh™"), 24 h at 770, Sio, 76
770 — 1,370 2Kh™"), 168 h at 1,370,
1,370 — RT(2Kh™)

RE7Ir 7P, RE:Ir:P:Bi 1:2:2:60 RT — 770 (20Kh™), 24 h at 770, Si0, 7

(RE=Y, Gd, Tb, Dy, Ho) 770 — 1,320 (50 Kh™"), 100 h at 1,320,
1,320 — 970 (2Kh™), 970 — 570 (4Kh™)

RESIr 0P, RE:Ir:P:Bi 1:2:2:60 RT — 770 (20Kh™), 24 h at 770, Si0, 8

(RE =S¢, Y, La-Nd, Sm-Lu) 770 — 1,320 (50 Kh™"), 100 h at 1,320,
1,320 — 970 (2Kh™), 970 — 570 (4Kh™)

LusIr,Ps Lu:Ir:P:Bi 1:2:2:60 RT — 770 (50 Kh™"), 24 h at 770, Si0, I

Bismuth as inert flux medium for ternary arsenides

MgsSigAsg
EuCo,As,

RECo,As; (RE = La, Ce, Pr, Nd)

LaCo,As,

RECo,_,As; (RE = Pr, Nd)
R,Coq,As; (R =Ca, Y, Ce-Nd, Sm-Yb)

CehaASZ
REIr;As; (R = La-Nd)

Mg:Si:As:Bi 3:6:8:50
Eu:Co:As:Bi 2:2:2:30
RE:Co:As:Bi 1:2:2:30
La:Co:As:Bi 1:2:2:30
RE:Co:As:Bi 1:2:2:30
R:Co:As:Bi 2:12:7:30
Ce:Rh:As:Bi 1:2:2:30
RE:Ir:As:Bi 1:2:2:30

770 — 1,370 (50 Kh™"), 100 h at 1,370,
1,370 — 970 (2Kh™), 970 — 570 (4Kh™)

RT — 1,123 (50Kh™), 140 h at 1,123

RT — 1,223 (fast), 192 h at 1,223

RT — 1,173 (fast), 240 h at 1,173

RT — 1,173 (fast), 240 h at 1,173

RT — 1,173 (fast), 240 h at 1,173

RT — 1,223 (fast), 192 h at 1,223

RT — 1,423 (113Kh™"), 1,423 — 973 (2.7Kh™")
RT — 770 20K h™"), 24 h at 770,

770 — 1,320 (20Kh™), 1,320 — RT(2Kh™)

carbonized SiO,
carbonized SiO,
Si0,
Sio,
SiO,
Si0,
SiO,
SiO,

80
81
82
83
84
85
86
87
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Table 1: (continued)
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Compounds Sample composition Typical preparation Crucible Reference
(atomic ratio) conditions (T in K, time in h) material

Bismuth as inert flux medium for ternary tetrelides

CeRh,Ge, Ce:Rh:Ge:Bi 1:2:2:25  RT — 1,320 (520Kh™), 1 h at 1,320, Si0, 88
1,320 — 570 (8 Kh™"), 570 — 530 (2Kh™")

CeRhgGe, Ce:Rh:Ge:Bi 1:5:4:50  RT — 1,320 (520Kh™), 4 h at 1,320, Si0, 88
1,320 — 770 (6Kh™), 770 — 520 (7Kh™")

Ce,Rh3Ges Ce:Rh:Ge:Bi 2:1:2:25  RT — 1,320 (520K h™"), 1 h at 1,320, Si0, 8

1,320 — 570 (8Kh™), 570 — 530 2Kh™")

carbonized silica tubes (usually the carbon coating is ob-
tained by thermal decomposition of acetone), hexagonal
boron nitride and tantalum have been used (see Table 1).
BeO was used as crucible material for the growth of UPt;
single crystals."

After the applied annealing sequence, removal of the
excess flux is essential in order to harvest the grown crystals.
Two different separation techniques are possible. Liquid
bismuth can be separated from the product crystals via
centrifugation. This requires a separator. In a simple setup,
the elemental mixture within the alumina crucible is usually
topped with a piece of quartz wool as barrier and then sealed
in an evacuated quartz tube. After the final cooling step, the
hot ampoules (for the final temperatures see Table 1) are
turned over and rapidly placed into a centrifuge. After me-
chanically breaking the tube, the crystals can be separated
from the quartz wool.

A more sophisticated technique for separation is the so-
called Canfield crucible setup'®* % where the quartz wool is
replaced by a frit-disc (www.Ispceramics.com). In the com-
mercial setup, the frit-disc separates two cylindrical cruci-
bles. This assembled system can then be sealed in evacuated
silica or tantalum ampoules. The Canfield crucible setup has
meanwhile also been adapted to the synthesis of amalgams
and experimental details are well documented in the orig-
inal publication.'®*

If the samples are completely cooled to room tempera-
ture, dissolution of the remaining flux proceeds chemically.
The flux can be acid etched with diluted hydrochloric acid,
with nitric acid or mixtures with hydrogen peroxide. For
pnictides, also 1:1 mixtures of H,0, (35 %)/glacial acetic acid
were used. The degree of acidity that can be used depends on
the stability of the product crystals.

The experimental conditions for the growth of Rh;Biy,
crystals were slightly different.® Rhodium and bismuth
were mixed in an atomic ratio of 3:20 and pressed to a pellet.
The latter was arc-melted under argon for homogenization

and subsequently sealed in an evacuated quartz tube. The
ingot was topped with a quartz wool filter. The experimental
setup was similar to the one reported by Bostrém and Hov-
moéller'® for the growth of MnsGas crystals. For the
annealing sequence we refer to Table 1.

Crystals that have been separated from the flux by
centrifugation might contain a residual bismuth coating on
the surface. In those cases, acid etching for cleaning the
surface is mandatory. A bismuth coating might hamper
contact formation for resistivity measurements. Further-
more, bismuth is the element with the highest intrinsic
diamagnetism (-280 x 10~® emu mol).!% Residual bismuth
coatings on crystals might thus falsify the property
measurements.

Some of the bismuthides listed in Table 1 contain a
second metal with a low melting temperature, e.g., Mg/Bi, Zn/
Bi or Cd/Bi. In such cases, an alloy instead of the pure metals
might serve as fluxing agent.

Table 2 gives a short overview on the crystal size (edge
lengths) of selected compounds grown in liquid bismuth. The
comparatively large size of some crystals allows reliable
direction dependent physical property studies. Although
well shaped single crystals have minimum surface when
compared to polycrystalline pieces or powders, several of
the grown bismuthide crystals are still moisture sensitive
and were mostly kept under inert conditions.

3 Selected examples

Metal flux growth of intermetallic compounds is an impor-
tant topic when searching for new materials. The enormous
potential for different classes of functional materials
has recently been reviewed in an article worth reading by
Paul Canfield."”” Bismuth fluxes are another piece of the
mosaic in this field. The recent results are summarized in the
following.
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Table 2: Crystal sizes (mm) obtained for some selected bismuthides and
related phases under bismuth flux conditions. Some crystal sizes were
estimated from the photos made on graph paper.

Compound Size Reference
GaSe 15%5x% 0.5 n
NiBi3 2x0.2x0.2 "
PtBi, 7x5x5 8
HoBi 4x3x3 3
ScNiBi 1.2x1.0x0.8 50
LaNig g4Bi. 04 10 x10% 1.5 5
LaPdo g5Bi, 5x5x%x05 55
ScPtBi 6x3x3 61
YbRhgP,4 0.04 x 0.04 x 0.75 72

3.1 Element crystals

The growth of black phosphorus crystals has been known for
a long time; however, the reported experimental conditions
were manifold, i.e., high-pressure application, reactions in the
presence of mercury and also the bismuth flux.""”* An
experimental hindrance is the non-solubility of red phos-
phorus in liquid bismuth. Baba et al. developed a completely
closed bismuth flux setup which allows conversion of red to
white phosphorus and finally the crystallization of black
phosphorus. Crystals were obtained in needle-, film- and
platelet-shape. The film-shaped ones had edge lengths of up to
500 um. The availability of high-quality crystals of black
phosphorus initiated broad studies on its physical properties
and potential applications (transistors, photonics, optoelec-
tronics, catalysis or batteries).">"4

3.2 Ternary bismuthides grown under self-
flux conditions

The largest family of compounds discussed in the present
micro review concerns ternary phases of the A-T-Bi systems
(A = alkaline earth, rare earth or actinoid metal; T = transition
metal) which were prepared under self-flux conditions,
i.e, bismuth acts as a reactive flux and is incorporated in the
product phase. The known phases and their experimental
conditions for crystal growth are summarized in Table 1;
some selected crystal sizes are given in Table 2. In the
following we shortly summarize the most remarkable prop-
erties of the A,T,Bi, phases.

Crystals of MgNi,Bi, form as a kind of matted agglom-
erate.** Selected needles form with 1 mm length. Resistivity
measurements of MgNi,Bi, show metallic behavior and this
is corrobhorated by its Pauli paramagnetism.

Self-flux conditions were used for the ternary calcium
bismuthides CaMnBi,** CaMn,Bi,,*" equiatomic CaAuBi®®
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and CasT,Big with T = Pd and Pt.>* Of all flux experiments
summarized herein, the growth of the CasT,Big crystals had
the most complex temperature profile. A sawtooth-shaped
profile with four steps was chosen for the cooling process
with slow cooling rates of 3 K h™ and re-annealing by 50 K (at
50Kh™) after each 150K cooling step (the complete
annealing sequence is given in Table 1).

Titanium forms a broader series of bismuth-rich phases
AgTiy,Biye, , With A = Sr, Ba and Eu.* The x values range from
0.5t01.0. The most interesting phase in this family is the solid
solution Srs_sEusTipBijg,,, Where strontium is partially
substituted by divalent europium. Samples were obtained
for § = 2.4 and 4.0. The divalent ground state of europium (4f’
configuration) was confirmed by magnetic susceptibility
measurements.

MngZn, gBi;4 is a bit unique in the family of ternary
bismuthides.*® It forms with two different transition metals
and was discovered during explorative phase analytical
work in the Mn-Zn-Bi system. MngZn, gBi; 4 crystallizes in
the form of long (up to 1mm) intergrown needles. The
manganese substructure shows long-range ferromagnetic
ordering with a sharp transition at T = 185 K.

Single crystals of EuMg,Bi, were studied with respect to
their magnetic properties.*”*>*! The direction dependent
susceptibility measurements show an antiferromagnetic
transition at Ty = 8.2K. The 1.9 K magnetization isotherms
exhibit a notable anisotropy. Saturation of the europium
magnetic moment with H parallel to the ¢ axis deserves a
larger external field. The saturation moment in both di-
rections is close to the expected value of 7 ug for Eu*".

BaMny,Bi, crystals were grown as large platelets with up
to 1cm edge length.* Resistivity measurements show semi-
conducting behavior with a small band gap of 6 meV. The
magnetic substructure of BaMn,Bi, exhibits antiferromag-
netic ordering at the comparatively high Néel temperature of
Ty =400 K. The c axis is the easy axis of magnetization. Single
crystals were also grown for the potassium substituted solid
solution Ba;_,K,Mn,Bi,. Due to the high volatility of potas-
sium, the maximum reaction temperature was 100 K lower
than for the parent compound. The potassium-for-barium
substitution induces a semiconductor-metal transition.

The ternary compounds REBi,Ge,_, (RE =Y, Pr, Nd, Sm,
Gd-Tm, Lu) structurally derive from the ZrSi, type struc-
ture.** The Bi/Ge mixed occupancies classify them as solid
solutions. The bismuth content in these phases is only low. A
typical composition refined from single crystal X-ray diffrac-
tometer data is PrBij 3;Ge; 3. The germanides REBi,Ge,_, with
the paramagnetic rare earth elements all order antiferro-
magnetically at low temperatures with the highest Néel
temperature of Ty = 23K observed for the gadolinium
compound.
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ThTi;Bi, is a really remarkable bismuthide.* The titanium
atoms form kagome networks. Precise direction dependent
magnetic susceptibility measurements show antiferromagnetic
ordering below 24 K. The Néel temperature is well expressed in
the measurement parallel to [100]. The magnetization isotherm
at 1.8 K fully corroborates the antiferromagnetic ground state. A
pronounced metamagnetic transition with a first saturation
plateau at around 1/3M,, is observed for H parallel [100] along
with substantial hysteresis. Rotation of the crystal to align the
three crystallographic axes with the external magnetic field
shows a shift of the critical field.

The bismuthides RET;_,Bi, with ZrCuSi, related structures
have thoroughly been studied.>** The cerium containing
members are the most interesting ones in this series. The
highest magnetic ordering temperature was observed for
CeCuBi, (Ty = 11.3K).** The magnetization isotherm at 2K
shows a pronounced anisotropy. The c axis is the easy axis of
magnetization. Above a critical field of ~27 kOe CeCuBi, shows
multistep metamagnetism and reaches a saturation moment
of 1.75 ug Ce atom™ above 43 kOe. CePd,_,Bi, and NdPd,_,Bi,
order antiferromagnetically at the lower Néel temperatures of
Tx =6 and 4 K, respectively, but again with strongly anisotropic
behavior.>**” LaPd,_,Bi, shows a superconducting transition
below 2.1 K>

Single crystals of the MgAgAs type phases (so-called half-
Heusler phases) HoPdBi,®**° ErPdBi,*° ScPtBi*" NdPtBi,**
GdPtBi,*® TbPtBi®* and LuPtBi® were obtained by self-flux
reactions and thoroughly studied with respect to their mag-
netic and transport properties. An interesting feature of these
phases is the interplay of long-range magnetic ordering and
superconductivity, e.g., Ty = 1.9 K and T = 0.7 K for HoPdBi.”®
The magnetic structure of HoPdBi was determined from
neutron diffraction data and revealed a propagation vector 1/2
1/2 1/2. Similar behavior was observed for ErPdBi (Ty = 1.06 K
and T = 1.22K).*° Magnetotransport studies of ScPtBi show
signature of a chiral magnetic anomaly in agreement with the
non-centrosymmetric crystal structure.®

The NdPtBi magnetic structure was determined from
single-crystal (2 x 1 x 1mm?) neutron diffraction data.® The
Néel temperature is Ty = 218K and an ordered magnetic
moment of 1.78 uz Nd atom™ was determined. The magnetic
structure is of the AFM-I type with ferromagnetically ordered
planes that are alternating antiferromagnetically along [100].
GdPtBi is a 9 K antiferromagnet which shows a sharp transition
in the muon-spin resonance data.”® Contrarily, the antiferro-
magnetic transition for ThPtBi (Ty = 3.4 K) is broad, although
single crystalline material was used.**

Crystals of the REAuBI, bismuthides were grown for the
RE=La, Ce, Pr, Nd and Sm members.®” The paramagnetic ones
order antiferromagnetically at low temperatures with the
highest Néel temperature of Ty = 13.6 K observed for CeAuBi,.
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The remarkable feature is the 2 K magnetization behavior of
CeAuBi, which is highly anisotropic. The easy magnetization
is along the c axis. In ¢ direction CeAuBi, shows a pronounced
metamagnetic transition which sets in at a critical field of
~60 kOe. CeAuBi, exhibits a narrow hysteresis and saturates
at the comparatively high value of 1.85 yg Ce atom ", compa-
rable to CeCuBi, discussed above. Also, PrAuBi, and NdAuBi,
show metamagnetic transitions, but less pronounced. UAuBi,
orders ferromagnetically at T = 22.5 K.%® Again, the c axis is
the easy axis of magnetization and UAuBi, shows a large
magnetocrystalline anisotropy. Such details can only be
deduced from precise single crystal data.

3.3 Ternary rare earth phosphides

Besides the use of iodine as mineralizer and salt fluxes, tin is
the standard flux agent for the crystal growth of phosphides,
especially for the large family of ternary rare earth transi-
tion metal phosphides®>"">"¢ A detailed summary of
experimental details (starting compositions, annealing
sequences etc.) is given in reference 3. Besides tin also lead
isfrequently used as flux. A change of the flux agent can pave
the way to unusual compounds. A recent example is
PbP7.117’118

So far, only few examples of bismuth flux grown phos-
phides are known.”>”® The examples (Table 1) all comprise
ternary phosphides of the high melting inert transition
metals rhodium and iridium. These are easily activated
within the flux and well-shaped single crystals of many
phosphides can be grown. ScRhgP, forms larger blocks while
isotypic YbRhgP, forms large rods with up to 750 um
length.”>”

The probably most remarkable flux grown phosphide is
LasRhgPg which exhibits the unusual diphosphenide unit
P, with 208 pm P-P distance besides P*~ phosphide an-
ions.” La,RhgP, is Pauli paramagnetic. The differently
charged phosphorus species were well resolved in the *'P
solid state NMR spectrum. The P,*~ units show side-on co-
ordination to the rhodium atoms within the complex
[Rthg]‘s‘ polyanionic network.

Three parameters need to be considered for the flux
growth experiments of the phosphides: (i) due to the high
reactivity and vapor pressure of phosphorus, the sample
annealing proceeds in two steps (Table 1) in order to avoid a
two vigorous reaction and bursting of the tubes, (i) the
samples with the less reactive iridium often have slightly
higher maximal annealing temperatures and (iii) care
should be taken, since the product sample can contain trace
amounts of white phosphorus (complete workup in a hood is
recommended).
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3.4 Ternary rare earth and related arsenides

One of the early examples for the growth of ternary arsenide
single crystals from liquid bismuth is DyNisAs,'™® The
starting sample composition was Dy:Ni:As:Bi = 2:6:2:10. The
reaction was performed in a silica tube (RT—1,143K at
10Kh™; 120h at 1,143K followed by cooling to 873K at
2Kh™). The DyNi,As, crystals were simply isolated me-
chanically from the bismuth flux. The detailed reaction
conditions of many other arsenide flux growth experiments
are summarized in Table 1.

The recent flux growth experiments on arsenides all
focused on high crystal quality for physical property studies.
The ternary system Mg—Si—As was unexplored. Bismuth flux
growth experiments yielded the new arsenide Mg;SigAsg
which crystallizes with a new non-centrosymmetric structure
type.®® Mg,SigAsg is a semiconductor with a direct band gap
around 2 eV. Unfortunately, Mg;SigAss shows no nonlinear
optical activity.

The arsenides RECo,As, (RE = La, Ce, Pr, Nd, Eu)® %
were thoroughly studied with respect to their magnetic
properties. Larger single crystals allowed for direction
dependent measurements. The bismuth flux growth exper-
iments revealed some remarkable features. The flux is
not completely inert. Precise single-crystal X-ray diffraction
experiments revealed the refined compositions Lag ¢7Big g3
Co191As; and CeggsBig ;€01 83As, for the lanthanum and
cerium containing crystals.®? It seems that the rare earth
sites in the ThCr,Si, type structure for the larger rare earth
elements can partially be substituted by bismuth. Thus, any
flux grown crystal should be studied at least by EDX, in order
to check for a potential inclusion of the flux. Another
important feature of the RECo,_,As, arsenides concerns the
formation of vacancies on the cobalt sites.*>®*

LaCo,As; is a good example for the importance of the
correctly chosen flux medium for crystal growth. LaCo,As,
can easily be prepared in polycrystalline form from the ele-
ments by a diffusion-controlled synthesis at high temperature
(1,250 K). Standard flux growth experiments with tin were not
successful.'® The bismuth flux growth works, however, small
quantities of bismuth were detected on the lanthanum site.**
The cobalt substructure of the bismuth flux grown samples
shows ferromagnetic ordering at T¢ = 200 K.

The whole series of RE,Co;,As; arsenides is accessible by
bismuth flux growth experiments.®** The striking representa-
tives are Ce,Co1pAS;, Eu,CopAs; and Yb,CoyppAs; which exhibit
mixed valence behavior. The cobalt substructures of the
RE,Coy,As; arsenides show ferromagnetic ordering at compar-
atively high Curie temperatures in the range of 100-140 K, while
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the rare earth magnetic ordering proceeds in the low-
temperature regime.

The standard flux growth synthesis of CeRh,As, showed
small compositional differences in the product crystals that
influence the physical properties. Most recently a new hor-
izontal configuration for a bismuth-based flux growth of
CeRh,As, crystals was proposed by Chajewski et al.*® This
really remarkable experiment runs with a three-part
ampoule in a two-zone horizontal furnace with three
different temperature regimes: (i) high-temperature regime
(1,423-1,293 K), (i) medium-temperature regime (1,273-
1,163 K) and (iii) low-temperature regime (1,133-1,043 K). The
growth process lasts 15 days and produces the so far best
quality CeRh,As, crystals. For further examples of flux
growth in horizontal configuration we refer to a review by
Yan et al."!

3.5 Rare earth transition metal tetrelides

The classical bismuth flux synthesis starting from the ele-
ments was successful for the germanides CeRhgGey,
CeRh,Ge,™ and Ce,Rh;Ges® (for the annealing sequence we
refer to Table 1). Selected single crystals of Ce,Rh;Ges> and
CeRhgGe,®® mounted on glass fibers are shown in Figure 1.

All other tetrelides were obtained from arc-melted
precursor compounds that were recrystallized from liquid
bismuth. The flux growth experiments were performed in
evacuated silica ampoules. Although bismuth acts as an inert
flux during these experiments, severe attack of the silica
ampoules was observed for some of the syntheses. Reacting
powder of a precursor sample with the initial composition
‘HoRhgSn,’ in liquid bismuth resulted in well-shaped crystals
of HozRh,Si,Sng, a quaternary compound that adopts a new
structure type."” Later on, the targeted syntheses from the
elements via arc-melting led to the complete series of silicide
stannides RE3;RhqSi,Sn; with RE = Y, Sm and Gd-Lu in
quantitative yield.

Similar phase analytical studies with a sample of the
initial composition ‘SmRhgSn,’ in liquid bismuth yielded the
quaternary compound SmRh,SiSn."*® Again, later targeted
syntheses produced the series RERh,SiSn with RE =Y, Nd, Sm
and Gd-Lu. Attack of the ampoule under bismuth flux con-
ditions led to the silicon incorporation. These quaternary
phases can be considered as ordered version of the YRh,Ge,
type (space group Pnma). In extension to the work on the
quaternary phases, also Sclr,Si; and the series of RERh,Si,
silicides with RE = Sc, Y and Th-Lu was synthesized. Sum-
ming up, experiments that went wrong due to ampoule
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CesRh3Ges

50 pm

CeRhgGey

Figure 1: Scanning electron micrographs of bismuth flux grown single
crystals of Ce,Rh;Ges®® and CeRhgGe,2® mounted on glass fibers.

attack led to the discovery of three larger series of new
intermetallic compounds.

The initial crystal growth study on CeRhgGe,*® started
from the elements. Further phase analytical work resulted in
the isotypic compounds RERhgSi, (RE = La, Nd, Th, Dy, Er,
Yb)*2* and RERhgGe, (RE =Y, La, Pr, Nd, Sm—-Lu).? All these
tetrelides were obtained as polycrystalline samples via arc-
melting of the elements. The crystal growth procedure for
the silicides (with RE = La, Nd and Yb*?*) was different from
CeRhgGe,. Here, arc-melted RERhgSi, pellets were ground,
mixed with 2 g of bismuth shot and sealed in evacuated silica
ampoules. The latter were heated to 1,220 K within 2h and
the temperature was kept for 12 days, followed by cooling to
room temperature at a rate of 3 Kh™. The germanide crys-
tals (with RE = La, Pr, Sm, Gd and Ho'**) were grown similar
to the cerium compound. The most interesting tetrelide of
this family is CeRhsGe,*® which orders ferromagnetically
below 2.5K. This initiated further work,”*>'*" classifying
CeRhgGe, as a quantum critical heavy-fermion ferromagnet.
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Ongoing crystal growth experiments also helped to crys-
tallize quite complex silicides. The new phases RE;;RhgqSizg
(RE = Nd, Th, Yb)'*® are isotypic with the silicide CegRhs(Siq
(space group P6,/m, Pearson code hP112).'* The crystal growth
process started with arc-melted ingots of the starting compo-
sitions ‘RERh,Si,’ (around 300 mg) which were powdered and
mixed with 2 g of bismuth shot. The educts were sealed in
carbonized silica tubes and subjected to the following
annealing sequence: (i) RT—1,220K within 2h, (i) 12h at
1,220K and (iii) cooling to room temperature at a rate of
3Kh™ The flux was finally dissolved in a 1:1 mixture of glacial
acetic acid and H,0, (35 %).

Nd;¢Rh73Gey9 crystals (new structure type)™" were ob-
tained from an arc-melted ‘NdRhgGe,’ precursor sample that
was powdered and mixed with a six-fold molar amount of
bismuth. The experimental conditions were: (i) carbonized
silica tube, (ii) RT — 1,320 K within 2 h, (iii) 20 h at 1,320 K, (iv)
cooling to 720 Kat arate of 3K h~'and (v) 1:1 HOAc/H,0,. The
complex germanide Ceqlrs;Ge,s™>' was grown under com-
parable conditions: (1) ‘Celr,Ges’ precursor sample
(~500 mg + 3 g Bi), (ii) Si0, tube, (iii) RT — 1,300 K within 2 h,
(iv) 10d at 1,300 K, (v) quenching and (vi) 1:1 HOAc/H,0,.
These are first examples for a presumably large family of
complex tetrelides.
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3.6 Binaries under inert flux conditions

Single crystals of semiconducting GeP can be grown from
liquid bismuth (Table 1).° After the crystal growth proced-
ure a final annealing step for 24 h at 573 K is important in
order to convert the remaining white phosphorus to red
phosphorus (!). While residual red phosphorus sublimes
from the crystal surfaces, remaining bismuth traces can be
dissolved by a treatment with a dilute HCl/H,0, mixture. GeP
crystals form on the larger um scale allowing high-quality
data collections for structure determination.

Liquid bismuth also served as inert flux for the growth
of GaSe crystals (Table 1).”° The sizes of the obtained crystals
are strongly depending on the temperature profile. While
most studies use a linear decrease of temperature in the final
crystal growth step, for GaSe, an oscillating temperature
profile (similar to the temperature profile discussed above
for the Ca;T,Big phases®®) helped to strongly increase the
crystal size. The decisive parameter influencing the number
and size of crystals is the number of crystal nuclei formed
during the cooling process. It seems that the oscillating
temperature profile can minimize the nucleus number.
Thus, many crystal growth procedures might be optimized
using modified temperature profiles in the cooling regime.
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Single crystals of antiferromagnetic Mn,Au were grown
from a starting composition Mn: Au: Bi = 7:1:12 (Table 1).”*
Larger block-shaped crystals with edge lengths up to 3 mm
were obtained. Mn,Au shows hydrolysis resistance. Bismuth
flux residues on the crystal surface were acid etched with a
2:1 mixture of HNO5/HCI for less than 2 min.

3.7 Suboxides

Besides pure bismuth intermetallics, also some suboxides
(still with metal-metal bonding) were grown from reactions
in a bismuth flux. The &-TiO polymorph,* which is isotypic
with e-TaN is one of the striking examples. For single crystal
growth Bi, Bi;0; and Ti were mixed with a Ti:O molar ratio of
1.0:0.9 and elemental bismuth was used in excess as fluxing
agent. The elements were placed in a h-BN crucible which
was subsequently sealed in a stainless-steel tube. The sample
was heated to 1,173 K at a rate of 7.5 Kmin~* and kept at that
temperature for 2 h followed by cooling to 773K at a rate of
10 Kh™, After furnace cooling, the excess bismuth flux was
removed by treatment with 4 M HNO;. The needle-shaped
¢-TiO crystals had edge lengths up to 900 um.

TigBig0p 5> was obtained from Ti (0.85 mmol), TiO,
(0.125 mmol) and Bi (1.5 mmol) using a tantalum crucible that
was inserted into a stainless-steel ampoule (sealed with a
stainless-steel cap). After rapid heating (400 Kh™) to 1,073 K,
the temperature was kept for 10 h and subsequently lowered
to 723K at a rate of 10Kh™, followed by quenching.
TigBigOg 25 single crystals could be isolated from the crushed
sample. The oxygen is located in a tetrahedral Ti, site.

Comparable reaction conditions were applied for the
syntheses of TisZns0, with x = 1.07 and 1.23.** The two
different starting compositions Ti: Zn: ZnO: Bi of 0.8:0.4:0.8:2.0
and 0.45:0.3:0.75:1.95 and a slightly different temperature
profile for the crystal growth procedure led to the crystals with
different oxygen content. The obtained crystals have edge
lengths around 60 ym. Further flux growth experiments led to
incorporation of small amounts of bismuth into the product
crystals, TigBiO,,* and the solid solutions Ty, sGa,Biz_,O10,">°
Tig(Sn,Bi;_)07 and Tiy; 17(SNo g5Bio15)3010.”

3.8 Binaries as flux medium

The use of binary Ni,Bi is at first sight an unusual flux me-
dium, however, it is bismuth based. The Ni,Bi has repeatedly
been used for crystal growth experiments of the rare earth-
based quaternary boride carbides RENi,B,C."**** This flux
has several advantages: (i) its melting temperature of ~1,373 K
is well below the decomposition temperature of the RENi,B,C
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phases and (i) Ni,Bi is a self-flux and does not introduce
further elements into the synthesis. In a typical experiment
for crystal growth of YNi,B,C,"*® a polycrystalline sample is
prepared by arc-melting. The product button is then placed
into an alumina crucible and covered with an equal mass of
Ni,Bi. The flux growth proceeds under flowing argon: (i) fast
heating to 1,763 K and subsequent slow cooling to 1473 K at a
rate of 10 Kh ™. Platelets of YNi,B,C can finally be broken out
of the solidified melt. The family of RENi,B,C boride carbides
has intensively been studied with respect to the interplay of
superconductivity and long-range magnetic ordering.

3.9 Miscellaneous

The bismuthides Ca;;Ga,Big_, (x = 0.8), Ca;;Ga,Bijg_y
(x = 1.1), Yby;Ga,Bijo_ (x = 0.7) and YbyIn,Bijo_, (x = 1.8)™*4
derive from the tetragonal Hoy;Ge,, type structure'® and
can be considered as solid solutions with partially mixed
occupied sites. The crystal growth experiments start with
Ca(Yb):Bi:In(Ga) atomic ratios of 1:1:4 using alumina as cru-
cible material. The heating sequence was: (i) RT —1,073 K at
100 Kh™, (i) 24 h at 1,073 K and (iii) 1,073 K— 773 Kat 5K h ™.
Although gallium (303 K) and indium (429 K) both have lower
melting points than bismuth (544 K),"* during the first heat-
ing step, all three elements melt and one can assume a mixed
flux situation.

The metastable fibrous phase Biy;;Mny, ,Co, wWas crys-
tallized under bismuth self-flux conditions."*® Crystal growth
attempts with starting compositions Mn:Co:Bi 10-x:x:90 with x
values of 0, 0.5, 1.0 and 2.0 were performed using alumina as
crucible material. The mixtures were rapidly heated to
1,423 K, kept at 1,423 K for 5 h and then cooled to 663 K at a rate
of 152 Kh, After dwelling for 1h at 663 K, the samples were
cooled to 553 K at a rate of 1 Kh ™ followed by centrifugation.
The product was an agglomerate of matted needles with
up to 25mm length. The striking crystal chemical feature
of Biy;1Mnyo_,Co, is the pseudo-pentagonal symmetry. This
is structurally closely related to NiysBiys'*” and NigBigS."*®

The bismuth self-flux technique is not limited to in-
termetallics. An interesting example concerns the topologi-
cal insulator Bi,Tel."*° Although broad property studies were
performed for this telluride iodide, high-quality single
crystals were not available. Ryu et al. systematically inves-
tigated the crystal growth conditions for Bi,Tel and obtained
good results with the bismuth self-flux technique. The
starting composition for flux growth was Bi,,,Tel with
x 2 0.5. The elements were sealed in a quartz tube under
2mbar argon pressure. The ampoule was heated to 1,123 K,
kept at that temperature for 72 h followed by cooling to 823 K
at rates between 0.5 and 2 Kh™. Single crystals up to 5mm
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edge lengths could be obtained. The grown crystals were
exfoliated with 3M Scotch® tape to remove surface con-
taminations prior to the property studies.

A final example concerns indium arsenide quantum
dots.” This is not a classical crystal growth experiment. For
those systems bismuth can serve as surfactant for modifying
the morphology and optical properties. Such surface layers
are grown using bismuth fluxes.

4 Summary and outlook

The present micro review underpins the powerful use of
bismuth fluxes for the crystal growth of different interme-
tallic compounds. A manifold of new phases has been
discovered in the last 20 years. Although many phases are
known, there is still work to do. Many of the ternary systems
are far from being completely understood with respect to the
phase relations; only few complete isothermal sections
known. Besides the help in phase analytical work, crystal
growth is indispensable for direction dependent property
studies. Especially the really rarely used sawtooth-shaped
temperature profiles hold great potential. Another scarcely
used topic concerns mixed metal fluxes. A recent example is
EuZnBi,,*5*®*° where an excess of zinc and bismuth
(Ew:Zn:Bi 1:5:10) is used for flux growth.
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