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ABSTRACT: The Ba/Yb/Mg/Si intermetallic system is
extremely complex, with four competing structurally related
compounds forming from reactions of barium, ytterbium, and
silicon in magnesium-rich Mg/Al flux. In addition to the
previously reported Ba,Yb,oMg,, Si;, BasYb,Mg,-Si;,, and
Ba, YbsMg¢,Si,;, a new compound has been found.
BagYb, ¢,Mg;q 1¢Sis; crystallizes in the P6 space group, with
the ZrgNi, P ,; structure type. Quenching experiments and in
situ neutron powder diffraction studies were carried out to
determine the reaction parameters that favor particular
products. Under slow-cooling conditions, BasYb,Mg,,Si;,
precipitates from the flux at 800 °C. A faster cooling rate of
an identical reaction results in the formation of single crystals of
Bay YbsMgg,Siy; in the flux at 640 °C. This indicates that the
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crystallization of products in this metal flux reaction does not involve precipitation and interconversion of different phases but
instead depends on the rate of cooling across the supersaturated metastable zone in this system.

B INTRODUCTION

Metal silicides exhibit a wide range of properties ranging from
superconductivity (WSiy, V3Si, BagSiys) and magnetocaloric
behavior (Gd;Si,Ge,) to high stability and melting point
(TaSi,).' > Semiconducting or semimetallic multinary silicides
are of particular interest as potential thermoelectric materials.
Mg,Si and substituted derivatives such as Mg,Si,,Sn, ¢ exhibit
excellent thermoelectric figures of merit (ZT = 1.2 at 700 K)
despite their simple fluorite structure. Zintl phase silicides
such as BagAl(Siy, and Ba,¢Ca, Mgy ,Si; show promising
characteristics, in large part because of their low thermal
conductivity that results from complex structures, heavy-
element incorporation, and rattling atoms.”® Our recent
investigations of the metal flux growth of Ba/Yb/Mg/Si
compounds yielded three competing charge-balanced silicide
phases (Ba,Yb, Mg, ;Si;, BajYb,Mg,,Si,,, and
BaZOYbSMgGISi43).7 Ba, YbsMg,Siy; is of particular interest
as a thermoelectric material due to its semimetallic behavior,
large unit cell, structural disorder, and a composition of
relatively abundant nontoxic elements.

The formation of competing products is a feature and a
drawback of flux reactions, allowing for the discovery of new
phases but making isolation in pure form somewhat difficult.
The flux synthesis method uses an excess of a low-melting
metal or salt as a solvent for other reactants. The formation of
a solution eliminates the diffusion barriers inherent in the
solid-state synthesis method and enables crystal growth of
products if the solution is cooled slowly enough.8 However, it
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also allows for formation of different products if reaction
parameters (maximum temperature, cooling rate, quench
temperature) are varied. The typical way to interrogate this
behavior is by running many parallel reactions, modifying one
parameter at a time to observe the effects. The advent of in situ
diffraction experiments may streamline this process. The
“panoramic synthesis” diffraction method, wherein a flux
reaction is carried out in a heated sample holder in a
diffractometer to enable the observation of phase trans-
formation events, has proven extremely powerful for the
detection of intermediate phases that may form and
interconvert during heating or cooling of a reaction mixture.”
Information about such events is vital to understanding and
potentially controlling the growth mechanism of desired
products; because of this, in situ characterization methods
are of great interest as potentially transformative research
capabilities.'® The use of in situ diffraction has been
demonstrated for syntheses of complex metal sulfides in
polysulfide salt fluxes by Kanatzidis et al.”'' It has also been
used by the O’Hare and zur Loye groups to study the growth
of oxides in Na,SO, and KCI/NaCl fluxes, respectively.'"
In situ diffraction measurements on salt flux reactions have
been very informative, but there have been few (if any) reports
on similar experiments to explore metal flux reactions. In this
work, we used this method to investigate reactions of barium,
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ytterbium, and silicon in Mg/Al flux, a system that has yielded
three Ba/Yb/Mg/Si products and is highly sensitive to slight
perturbations in the cooling profile. This is demonstrated by
the fact that further modifications of heating profile lead to
formation of a fourth product, BagYb, g,Mg,514Si;5. However,
Ba;Yb,Mg,-Si;; and Ba,,YbsMgg,Siy; are the most prevalent
products. In situ neutron diffraction data were collected for
two sealed ampules containing identical flux reaction
components. Ba,;YbsMgg,Siy; crystallized at 640 °C from the
reaction cooled in 10 h, and Ba;Yb,Mg,,Si,, formed at 800 °C
in the reaction mixture cooled at a slower rate. These results
highlight the large metastable zone in the solubility of Ba/Yb/
Mg/Si phases in the metal flux and indicate that the
mechanism of intermetallic growth from molten metals may
be different from that of the salt flux growth of ionic
compounds. This information was subsequently used to adjust
reaction parameters in the laboratory, which successfully
yielded the desired phases reproducibly.

B EXPERIMENTAL PROCEDURE

Flux Growth of BagYb; g4Mg;316Sis3. The synthesis is similar to
that reported for the three previously reported Ba/Yb/Mg/Si phases.”
Elements were used as received (magnesium and aluminum slugs,
99.95% and 99.99%, Alfa Aesar; ytterbium chunks, 99.9%, Alfa Aesar;
barium rod, 99+%, Alfa Aesar; powdered silicon, 99+%, Strem). These
reactants were loaded into a stainless steel crucible under argon in a
Mg/Al/Si/Ba/Yb mmol ratio of 21:9:1.5:1.25:0.25. This crucible was
welded shut under argon and placed into a quartz jacket that was
flame-sealed under vacuum. The ampule was then heated from room
temperature to 950 °C in 10 h, held at 950 °C for 10 h, and cooled to
750 °C in 80 h. It was then removed from the furnace, inverted, and
centrifuged for 1 min to decant the excess Mg/Al melt. The crucible
was cut open, and the crystals adhering to the walls were scraped out.
BasYb, gMgs6Si;3 is only seen in some cases; reaction mixtures
prepared and heated identically were more often found to produce
Ba, YbsMgg, Siy; or BagYb,Mg),Sij,. Other reaction ratios were also
explored (such as an Mg/Al/Si/Ba/Yb mmol ratio of
29:1:1.5:1.25:0.25), prepared as described above. Centrifuging
temperatures between 700 and 800 °C were investigated; the flux
becomes highly viscous at lower temperatures. During processing of
identical sets of reaction mixtures heated in the same furnace, it was
found that if subsequent reaction ampules were immediately
centrifuged after a previous reaction vessel was removed, that ampule
would produce no solid, likely due to the temporary oscillation in the
furnace temperature causing products to redissolve. The heating
profile was therefore modified to include a 2 h holding period at 725
°C between when reaction ampules were removed, which drastically
increased the yield of product crystals.

Quenching Experiments. Rapid quenching reactions were
carried out in an attempt to eliminate effects of fluctuating furnace
temperature during the centrifugation process, as well as to determine
possible mmol ratios for in situ neutron diffraction experiments.
Reaction mixtures with several different Mg/Al/Si/Ba/Yb ratios were
prepared in quartz-jacketed stainless steel crucibles as described
above. The ampules were heated from room temperature to 950 °C in
10 h, held at 950 °C for 10 h, and cooled to 725 °C in 10 h. The
reaction ampules were then removed from the furnace and
immediately quenched in water (a more rapid process than the
centrifugation procedure, although the products become embedded in
the solidified flux). After cooling, the steel crucibles were sliced
horizontally into disks using a 3 in. diameter millimeter width slitting
saw and then polished using sandpaper of increasing grit. The disks
were then analyzed with a scanning electron microscope using
elemental mapping to determine the identity of the products.

Elemental Analysis. Products were analyzed by SEM-EDS using
a FEI Nova 400 NanoSEM with energy dispersive spectroscopy
(EDS) capabilities. Samples of flux-grown product crystals were
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mounted onto aluminum pucks using double-sided carbon tape and
analyzed using a 30 kV acceleration voltage. The surface of the pucks
was completely covered with carbon tape to eliminate Al artifacts
produced by the puck. For BasYb, g,Mg,s ¢Si,; crystals, a [16(0.5)]/
[4(0.5)]/[48(2)]/[32(1.4)] Ba/Yb/Mg/Si atomic ratio was indi-
cated. Element mapping was carried out on disks sliced from the
rapidly quenched reaction mixtures in order to detect what phases
were present in the ingot of solidified flux metals and products.
Single-Crystal X-ray Diffraction. Samples of Ba;Yb, ;Mg 6513
were examined under a microscope to select crystals for diffraction
studies. Suitable pieces were cut from larger crystals and were
mounted in Dual-Thickness MicroLoops (MiTeGen Loop/Mount)
using Parabar oil. Single-crystal X-ray diffraction data were collected
at 293 K using a Bruker APEX 2 CCD diffractometer with a Mo Ka
radiation source. Absorption corrections were applied to the data
using the SADABS program. Refinement of the structures were
performed using the SHELXTL package.'®'® The structure was
solved in the hexagonal P6 space group. Crystallographic data and
collection parameters for this compound are shown in Table 1.

Table 1. Crystallographic Data Collection Parameters for
BagYb, 3,Mg;s.165i13

chemical formula BagYb, 54(6)Mgi15.16(6)S113

molar mass (g/mol) 1949.36
cryst syst, space group hexagonal, P6
temp (K) 293
a, ¢ (A) 15.4554(11), 4.5046(3)
vV (A%) 931.85(15)
VA 1
radiation type Mo Ka
u (mm™) 11.53
no. of measd, indep, and obsd (I > 26(I)) 10868, 1696, 1690
rflns
Ry 0.020
20 values (deg) 20,0 = 1.521°, 260, = 56.948
no. of rflns 1696
no. of params 83
R1, wR2 (all data)” 0.0122, 0.0290
R1, wR2 (I > 26(1)) 0.012, 0.029
Ao A (e A7) 0.93, —0.82
absolute structure refined as an inversion twin
absolute structure param 0.375(13)

“Rl = Y(IF) — IF))/YIF,; wR2

[Xlw(F? — ED*]/ X (wl
Folz)zy/z.

Additional crystallographic data, including tables of atom positions
and thermal parameters and bond lengths, can be found in Tables S1
and S2 in the Supporting Information and have been deposited as a
CIF file.

Powder X-ray Diffraction. The products of flux syntheses were
analyzed using a PANalytical X-Pert PRO diffractometer with a Cu
Ko radiation source. Powder samples were prepared by grinding bulk
samples of solid products isolated from the flux by centrifugation. The
resulting patterns were compared to calculated patterns on the basis
of Ba/Yb/Mg/Si phase single-crystal structures.

In Situ Neutron Powder Diffraction. To increase the likelihood
that neutron diffraction peaks would be observable, quenching
reactions were carried out on increasingly concentrated flux reactions.
SEM and PXRD on the quenched products indicated that a
Mg:Al:Ba:Si:Yb 29:1:3:2.5:0.5 mmol ratio yielded Ba/Yb/Mg/Si
quaternary phases in observable amounts. Several batches of this
mixture were therefore loaded into stainless steel crucibles under
argon. The crucibles were sealed shut by arc welding under argon.
Neutron powder diffraction data were collected using the POWGEN
(BL-11A) diffractometer at the Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory.'® For each neutron diffraction
experiment, a steel reaction ampule was placed inside a 10 mm inner
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Figure 1. Structures of Ba/Yb/Mg/Si compounds grown in Mg/Al flux, viewed down the ¢ axis: (a) Ba,gYbsMgg, Si,; structure (Ho,oNigeP,; type,
P65/m) with eight unique silicon sites; (b) Ba,YbygMg,, ;Si, structure (Zr,Fe ,P; type, P6) with three unique silicon sites; (c) Ba;Yb,Mg;,Si;,
structure (HogNi;gPy, type, P62m) with three unique silicon sites. Ba sites are in black, Yb/Mg mixed sites are in red, Mg sites are in yellow, and Si
sites are in blue; Si@(Ba/Yb/Mg), tricapped trigonal prism building blocks are shown as blue polyhedra.
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Figure 2. Powder X-ray diffraction data for solid products of two series (series 1 on left, series 2 on right) of three flux reactions of Ba, Yb, and Si in
Mg/Al flux run in parallel, all with Mg:Al:Si:Ba:Yb mmol ratio of 29:1:1.5:1.25:0.25. Calculated patterns derived from the Ba,,YbsMgq,Si,; and
BasYb,Mg,,Si;, crystal structures are in black and gray, while the data for the powdered product are in shades of red and purple.

diameter vanadium sample can with a boron nitride lid. The vanadium
can was then loaded into the MICAS vacuum furnace at POWGEN.
Data were collected on two samples.

In the first experiment, the first sample was heated to 950 °C at 2
°C/min, held at 950 °C for 10 h, and then cooled to 500 °C at 1 °C/
min. Diffraction data were collected with a wavelength center of 2.665
A throughout the heating, dwell, and cooling process using the time
event mode data collection at SNS; this allows postprocessing of the
data as described in a previous report."” In the second experiment, 1
or 2 h soaks were introduced during the cooling process to allow for
more data collection at specific temperatures. The second sample was
heated to 950 °C at 4 °C/min, held at 950 °C for S h, and then
cooled from 950 °C at a rate of 1 °C/min to soak temperatures of
900, 820, 750, 725, 700, 675, 650, 625, 600, 575, and 550 °C. The
cooling was halted for 1 h hold times at 900, 820, 750, 725, 700, 675,
and 550 °C and 2 h hold times at 650, 625, 600, and 575 °C.
Diffraction data were collected with a wavelength center of 2.665 A
(covering a d spacing of 1.1—20 A) throughout the heating, dwell, and
cooling process.

B RESULTS AND DISCUSSION

Metal flux synthesis of intermetallics has proven to be a fruitful
method for discovery and crystal growth of new materials.
However, the mechanism of flux reactions is not understood,
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and the reaction outcomes are therefore difficult to predict or
control. Many metal flux systems yield competing products
that are structurally related, containing similar building blocks
assembled in different patterns."® Examples of such systems
include the Ce,PdlIn,,,, homologous series (grown in indium
flux), the Ce/Pd/Ga system (grown in Ga flux), and the
formation of tetragonal LagM;3Sn and La;;M;Sn, 4 (M =
Mn/Ni/Al) phases grown in La/Ni flux.'" %! We recently
reported three competing Ba/Yb/Mg/Si semimetallic silicides
formed from reactions in Mg/Al fluxes (Figure 1).” In our
continuing exploration of this system, a fourth phase has been
discovered.

The Ba/Yb/Mg/Si compounds initially reported include
Ba,Yb, Mg, ,Si;, BagYb,Mg,;Sij,, and Ba,oYbsMgy,;Siys, with
the last two being the predominant products. All three
compounds exhibit hexagonal crystal structures that are
analogous to those of ternary metal phosphides (Zr,Ni,P;,
HoNi;4P,, and Ho,gNigePys, respectively). All of the
structures feature silicon anions surrounded by nine divalent
cations in tricapped-trigonal-prismatic coordination; see Figure
1. Ba,oYbsMgg,Siy; is of particular interest as a potential
thermoelectric material, due to its large unit cell, disorder in
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the form of site mixing and splitting, heavy atoms, and charge-
balanced semimetallic nature. In attempts to optimize the
synthesis of this product, a reaction ratio of 29:1:1.5:1.25:0.25
mmol heated from room temperature to 950 °C in 10 h, held
at 950 °C for 10 h, and cooled to 725 °C in 10 h would
produce the desired compound in good yield and purity.
However, subsequent attempts to reproduce these results and
scale up the product by running identical reactions in parallel
resulted in several reaction vessels yielding no product. It was
observed that, when the initial reaction ampule was removed
from the furnace for centrifugation, the furnace would then
oscillate in temperature to restabilize at 725 °C. The
temporary increase in temperature may cause products in
other reaction ampules to redissolve into the molten flux; when
they were centrifuged a few minutes later, no solid products
could be isolated. To circumvent this issue, a 2 h holding
period at 725 °C between taking out reaction ampules was
implemented, increasing the yield of products obtained.
However, even though crystals were obtained, the phases
that were produced would vary, as can be seen with powder
diffraction data shown in Figure 2. Ba, YbsMgg,Si,; was the
most commonly observed product (all of series 1, and reaction
2B); however, several of these reactions yielded
BasYb,Mg,;Si;, (reaction 2A; also see Figure S1 in the
Supporting Information). One of them produced the new
BagYb, g,Mg s 16513, evidenced by the powder pattern that did
not match the expected reference patterns (reaction 2C).
Single crystals from this reaction were then analyzed to
determine the structure of the new product. The powder
pattern is compared to the calculated pattern for the
BagYb, g,Mg) 416513 structure in Figure S2.

Structure of BagYb;g,Mdig165i13. BagYb, gsMgys165is
has the ZrgNiyP,; structure type in the hexagonal space
group P6, shown in Figure 3.>* The silicon anions occupy the

Figure 3. BagYb, g;Mg5145i;3 structure viewed down the ¢ axis and
coordination of the five unique silicon sites shown as blue tricapped-
trigonal-prism polyhedra. The Yb/Mg mixed sites are in red, Mg sites
are in yellow, Ba sites are in black, and Si sites are in blue.

phosphorus sites of the parent structure, barium cations
occupy the zirconium sites, and magnesium and ytterbium
cations are positioned on the nickel sites. There are five
crystallographically unique Si anion sites, each of which is
surrounded by nine alkaline-earth and rare-earth anions

(Si@(Ba,Yb,Mg),). The Ba—Si bond lengths (3.454(1)—
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3.505(1) A) in these tricapped trigonal prisms are within the
range of previously reported Ba—Si bond lengths (3.3729—
3.7653 A) in BaSi,.”> The Mg—Si bond lengths (2.673(3)—
3.100(1) A) are shorter, and similar to those in M§ZSi (2.7657
A) and Ba, ,Ca, ;Mg,Si; (2.734(1)—2.903(1) A). S There is
only one disordered site, which is occupied by a mix of
ytterbium and magnesium. The site is a 3j Wyckoff site, which
refines as 61.2% Yb/38.8% Mg. The distance between this
mixed site and neighboring silicon sites (2.673(3)—3.100(1)
A) is similar to Yb—Si distances reported for YbSi, (2.896—
2.9898 A) but are too short to accommodate barium and
longer than Mg—Si bonds reported for Mg,Si (2.7657 A).***°
BagYb, g,Mg s ,6Si;; is part of a homologous series with
Ba,Yb,,Mg,,,Si; and Ba,;YbsMgg,Siys. Similar to the analysis
of their phosphide parent structures, these Ba/Yb/Mg/Si
stoichiometries are expressed by the formula Ba,;_;)(Yb/
Mg)(ﬂl)(wz)Sin(Ml)H, with n = 2, 3, 6; they feature triangular
substructures which increase in complexity as n rises, as
described in refs 26 and 27.

BasYb, g,Mg)q 16515 exhibits roughly temperature independ-
ent susceptibility, indicating it is Pauli paramagnetic, similar to
the behavior of the other Ba/Yb/Mg/Si compounds (see
Figure 4). This confirms that the ytterbium ions in this phase

100
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Figure 4. Temperature dependence of the magnetic susceptibility for
BagYb, g4Mg ;516513 collected with an applied field of 3000 G,
compared to data previously reported for other Ba/Yb/Mg/Si
compounds.

are divalent; given the 2:1 ratio of divalent cations (Ba*, Mg2+,
and Yb*") to Si*~ anions, it is therefore a charge-balanced Zintl
phase and is expected to be a small band gap semiconductor or
semimetal. The magnitude of the Pauli paramagnetism is
roughly 3.8 X 10° emu/mol M,Si, normalized to the 2:1 M,Si
formula unit. This is higher than that of Ba;Yb,Mg,,Si;, (3.0 X
1077 emu/mol M,Si) but lower than those of Ba,,YbsMgj,Siy;
and Ba,YbyyMg,,,Si, (7.8 X 107° and 6.6 X 107> emu/mol
M,Si, respectively). The low value of the susceptibility (in
comparison to other Pauli paramagnetic metal silicides such as
Yb(Zn,Si), and YbZn,Si,, which have moments in the 1073
emu/mol range)*® is likely due to a low density of states at the
Fermi level for these charge-balanced, semimetallic Ba/Yb/
Mg/Si Zintl phases. Ba,;YbsMgg;Si,; has the highest
susceptibility, indicating that the phase has more electronic
states at Ep and will exhibit more metallic characteristics than
the other phases, whereas BasYb,Mg,,Sij, has the lowest
susceptibility, indicating the phase likely has fewer electronic
states at Ep and will exhibit lower conductivity. All of these
compounds exhibit a pseudogap in the density of states at the
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Figure 5. SEM-EDX mapping of a disk cut from a reaction mixture of Mg/Al/Si/Ba/Yb with a mmol ratio of 29:1:2.5:3:0.5. The first image is an
SEM-EDS image of the selected area of interest. Subsequent elemental maps for magnesium, silicon, barium, and ytterbium are respectively

indicated in yellow, blue, green, and orange.
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Figure 6. Temperature dependence of neutron diffraction data for a reaction of Mg/Al/Ba/Si/Yb with a 29:1:2.5:3:0.5 mmol ratio in a steel
ampule (sample 1, fast cooling): (a) 2D plot of data collected during heating; (b) 2D plot of data collected during cooling. Disappearance and
reappearance of magnesium peaks are indicated by black circles. Ba,YbsMgg;Si,; diffraction peaks appearing during cooling are highlighted with

red symbols.

Fermi level between filled silicon bands just below Ep and
magnesium bands just above Ej (see ref 7 and Figure S3 in the
Supporting Information).

Quenching Experiments. Given the competing phases in
this system, in situ diffraction data collected during cooling
were needed to shed light on the precise temperature at which
the compounds form. X-ray diffraction studies were not
feasible because the Mg/Al flux will attack the thin quartz
capillaries typically used. The greater penetration depth of
neutrons, on the other hand, allows for diffraction from larger
samples in sealed steel ampules and is particularly beneficial for
flux reactions that are carried out in an excess of molten metal.
Quenching experiments were carried out to determine a
suitable reaction stoichiometry to use during these neutron
diffraction experiments. SEM elemental mapping images of
disks cut from quenched reactions of different concentrations
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of Ba, Si, and Yb in a Mg/Al flux are shown in Figure 5 and
Figures S4 and SS in the Supporting Information. All of the
reactions show particles of Ba/Yb/Mg/Si quaternary phases
surrounded by a Mg-rich matrix. Of the three reaction ratios
explored in this manner, the “intermediate” concentration of
Mg/Al/Si/Ba/Yb with a mmol ratio of 29:1:2.5:3:0.5, shown
in Figure S, was found to be the most suitable to use in the
subsequent neutron diffraction experiment.

The first image in Figure 5 is an SEM-EDS image of the
selected area of the disk cut from the reaction ampule. The
image has distinct features: large hexagonal areas (indicated by
arrows) and smaller circular particulates, all embedded in a
larger dark gray striated matrix. The magnesium mapping (in
yellow) indicates that the matrix is much richer in magnesium
than the embedded features; this is understandable, consider-
ing that a high concentration of Mg was used in the flux. The
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Figure 7. Temperature dependence of neutron diffraction data for a reaction of Mg/Al/Ba/Si/Yb with a 29:1:2.5:3:0.5 mmol ratio in a steel
ampule (sample 2, slow cooling): (a) 2D plot of data collected during heating; (b) 2D plot of data collected during cooling. Magnesium peaks are
indicated by black circles. Ba;Yb,Mg,,Si,, diffraction peaks appearing during cooling are highlighted with red symbols.

silicon mapping (in blue) reveals that this element is most
prominent in the large hexagonal areas and the small circular
areas. Barium concentration is indicated in green. Like silicon,
the barium is most prominent in the large hexagonal shapes
and the small spots. Barium is also present in the light
striations of the matrix. The lamellar microstructure of the
matrix is characteristic of the solidification of a eutectic
mixture.”” It therefore appears that, at the end of the reaction,
the remaining flux composition is close to the eutectic between
Mg and Ba,Mg,,, segregating into lamellae of these
compounds upon freezing.”” The ytterbium mapping (in
orange) shows that, like silicon and barium, ytterbium is most
prominently located in the large hexagonal shapes; however, it
is does not seem to appear in the spots or the matrix. The large
hexagonal shapes contained all four elements that make up the
hexagonal phases. SEM-EDS was conducted on those
locations, indicating that the hexagonal shapes have atomic
ratios of Ba 16.6(0.5)%, Yb 3.7(2.0)%, Mg 44.9(4.0)%, and Si
34.5(2.1)%. This disk therefore represents precipitation of a
Ba/Yb/Mg/Si quaternary phase with ratios indicative of
Ba, YbsMgg, Siys, surrounded by a Ba/Mg matrix. The other
two quenched reaction concentrations also showed Ba/Yb/
Mg/Si precipitates in a Ba/Mg matrix, but the lower
concentration reaction had a lower yield, and the higher
concentration reaction indicated attack on the crucible and
incorporation of iron in some byproducts (see Figures S4 and
SS in the Supporting Information).

In Situ Neutron Diffraction. Two identically prepared
samples (Mg/Al/Ba/Si/Yb with a 29:1:2.5:3:0.5 mmol ratio in
welded steel ampules) were used in neutron diffraction
experiments on the POWGEN diffractometer at ORNL. For
the first sample, data were continuously collected as the sample
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was heated to 950 °C at 2 °C/min, held at this temperature for
10 h, and then cooled to 500 °C at 1 °C/min; data are shown
in Figure 6. While all patterns are dominated by the diffraction
due to the steel crucible (very strong austenite lines at d
spacings of 1.30, 1.83 , and 2.12 A; weaker line at d = 2.06 A
from ferrite), diffraction peaks from reactants and products are
observable. The initial patterns clearly show the presence of
the dominant peaks from magnesium (d = 2.4S, 2.60, 2.77 A;
weaker lines at 1.60, 1.47, 1.37, 1.34 A), barium (3.6 A), and
silicon (1.9, 3.14 A) reactants. Ytterbium metal is observed to
undergo a previously reported transition from fcc (peak at d =
3.19 A) to hep (d = 3.02 A) at 260 °C.*'

Upon heating, all of the peaks except for those from the steel
disappear at 700 °C, with the Mg and Ba peaks disappearing
earlier at 600 °C. A new peak appears with a d spacing of 2.05
A at a temperature of 775 °C; this persists during the dwell
period and upon cooling. (This is also seen more clearly in the
data for the second sample shown in Figure 7, vide infra.) This
is likely to correspond to formation of (Ni,_,Fe,)Al (with
CsCl structure; dominant diffraction peak at d = 2.05 A)
forming from the reaction of the steel ampule with aluminum
in the flux melt.*> This phase was not detected in our typical
flux reactions, since it is embedded in the ampule walls.
Elemental mapping of samples from quenching reactions
confirms formation of a (Ni,_,Fe,)Al phase with atomic
percentages of 35(5)/13(5)/52(1) on the inner walls of the
crucible (see Figure S6 in the Supporting Information). Aside
from the appearance of these peaks, no other diffraction peaks
are noted above 900 °C or during the dwell; this indicates that
far shorter dwell times and potentially lower maximum
temperatures can be used for these reactions.
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During the cooling process, three peaks at d = 542, 2.42,
1.57 A appear at 640 °C, just before the reappearance of the
magnesium peaks (2.49 and 2.82 A) as the flux solidifies at 550
°C. The lowered melting point with respect to pure Mg is
likely due to eutectic formation. As cooling is continued to
room temperature, all of these peaks are observed to shift to
lower d spacing, as expected due to thermal contraction. The
room-temperature d spacing values of peaks corresponding to
the multinary product are 5.3170, 2.3811, and 1.5402 A. The
only phase in the Ba/Yb/Mg/Si system with corresponding
diffraction peaks is Ba,,YbsMgg,Siys; these d spacings result
from the (14 0), (55 1), and (3 13 1) planes, respectively. It is
notable that these are expected to be weaker reflections, and
the pattern is missing the stronger reflections such as (1 7 1)
peak with a d spacing of 2.848 A. Further light was shed on this
by looking at the POWGEN individual detector images (see
Figure S7 in the Supporting Information), which show
diffraction spots instead of lines, indicating that the
Bay YbsMgg, Siy; is growing from the flux as crystals instead
of randomly oriented polycrystalline powder. This will lead to
preferred orientation effects, and many of the expected
diffraction peaks will likely be out of the range of the
POWGEN ring of detectors. Nonetheless, the presence of
these peaks indicates that Ba,,YbsMgg, Siy; did form in the flux,
crystallizing at a temperature of 640 °C.

For the second sample, the heating and dwell steps were
shorter (heating at 4 °C/min and dwelling for only S h), and
the cooling ramp was longer and was carried out in steps to
soak at various temperatures (see Experimental Procedure);
the data are shown in Figure 7. Diffraction from the steel
crucible was again dominant, and the (Ni,_,Fe,)Al phase also
formed at high temperature. As was the case with the previous
sample, peaks from Mg, Si, and Ba reactants were apparent at
room temperature, disappearing at 600 °C. Just below this
temperature, faint peaks at d = 2.28, 3.20, 3.71 A appear and
then disappear at 850 °C; these likely correspond to formation
and then dissolution of Mg,Si. Upon cooling, several peaks
appeared at 800 °C that indicate the precipitation of
Ba;Yb,Mg,-Si;,. The peaks at d = 2.8778, 2.8134, 2.2761,
2.2425 A correspond respectively to diffraction from the (2 2
1),(131),(002),and (0 S 1) planes in this structure; these
are expected to be the strongest diffraction lines for this
compound.

These data indicate that sample 1 produced
Bay YbsMgg, Siy3, which precipitated at 640 °C, and sample 2
yielded BayYb,Mg,Sij,, which precipitated at 800 °C. This
behavior is contrary to our expectations that phases would
form and then interconvert as the temperature changed. That
hypothesis was based on what has been observed in salt flux
reactions. In situ studies reported for such systems often
indicate a cascade of compounds, with each product forming at
a specific temperature range and then disappearing, at which
point another phase solidifies. For instance, reactions of Bi,Os,
TiO,, Fe,0;, and Cr,05 in an excess of Na,SO, flux form the
initial n = 3 Aurivillius phase Bi,Ti;O,,, which is then observed
to convert into the n 4 substituted variant
BisTiyFe, sCrysO;5.'> The reaction of MoO, and La,0; with
zinc in a CsCl/NaCl eutectic melt sequentially forms
La,(MoO,);, then La,MoQg, then finally La,Mo,0,,."
Similarly, reactions of copper in excess K,S; yield KCu;S,
and then K;Cu,S, on heating to 600 °C, followed by formation
of K;CugS4 upon cooling.11
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Both of the metal flux reactions studied here were prepared
as identically as possible, so the large divergence in results (in
the absence of external perturbations such as temperature
fluctuations caused by opening and closing of a furnace door)
is surprising. Variation in cooling rate is the clear distinction
between these reactions. Results seem to bracket what is
probably the Ostwald—Miers (metastable) region for for-
mation of Ba/Yb/Mg/Si products in this molten solution.*®
This is the supersaturated region, between the highest expected
temperature of precipitation (where the solution is saturated)
and a more heavily supersaturated point at lower temperature.
The temperature range of this supersaturated metastable
region (highest expected precipitation temperature vs lowest
observed precipitation temperature) for high-temperature
solutions such as molten metals has been reported to be as
large as 100 °C.** Large metastable regions occur when the
formation of high local solute concentrations can be avoided
(which prevents nucleation and subsequent crystal growth). It
is therefore maximized in systems with a small solution
volume, a high viscosity solution, and high complexity of the
crystallizing substance, all of which are present in this case.

With slow cooling, giving a longer time for equilibrium
nucleation processes, Ba;Yb,Mg,,Si;, precipitates at the high-
temperature end of this region, around 800 °C. With faster
cooling, the system exists in a metastable supersaturated state
until Ba,,YbsMg,Siy; precipitates at 640 °C. To test this,
identical reaction mixtures were prepared, heated to 950 °C in
10 h, and held at 950 °C for 10 h. One ampule was cooled to
750 °C in 40 h and then centrifuged; the other was cooled to
725 °C in 20 h and then centrifuged. As seen in Figure 8, the
more slowly cooled reaction mixture yielded the
Ba;Yb,Mg,-Si;, product, and the more quickly cooled reaction
mixture yielded Ba,,YbsMgg,Siy;.

B CONCLUSIONS

Growth of multinary intermetallics in metal flux media is a
highly productive synthesis method. However, the reaction
mechanisms at play and the effects of various parameters are
not well understood, and the reactions can often produce
several competing phases or be hindered by a lack of

Bay,Ybs Mg Siys

B (fast cool)

L,
Lul 1,

3
2-theta

Intensity (a.u)

BasYb,Mg;,Siy,

llnll

40

10 50

Figure 8. Powder X-ray diffraction data for solid products of reactions
of Ba, Yb, and Si in Mg/Al flux. Calculated patterns for
Ba, YbsMgg,Siy; and BasYb,Mg,,Si;, are in grey and black
respectively, while the data for identically prepared reactions with
slow cooling (A) or fast cooling (B) are given in red and green,
respectively.
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reproducibility. This is very much the case with the Ba/Yb/
Mg/Si compounds grown from magnesium/aluminum flux.
Four products have been identified thus far: Ba,Yb,oMg,, ;Si,,
BagYb, 54Mg5.165113 BasYb,Mg,;Sijy, and BayyYbsMgg, Sigs. All
are comprised of similar building blocks assembled into related
hexagonal structures. BasYb,Mg;,Si;, and Ba,,YbsMgg,Siy; are
the most prevalent, with the former being the more
thermodynamically stable of the two products, as might be
expected from its simpler structure. It crystallizes from the flux
upon slow cooling to 800 °C. Ba,;YbsMgg,Siy;, on the other
hand, appears to form from a more supersaturated solution
with fast cooling to 640 °C. The other two products
(Ba,YbygMg;, 1Si; and BagYb, ¢,Mg, 14Si;3) were not observed
in the reactions studied in situ; these phases might form under
rare and difficult to reproduce conditions involving temper-
ature fluctuations (such as those caused by opening the furnace
door) that position the reaction at a specific point in the
metastable zone.

It is notable that this system does not involve formation of
intermediate phases or yield extensive mixing of products, as
might be expected if the formation of these Ba/Yb/Mg/Si
compounds involved solid/liquid reactions or solid-to-solid
structural transformations. Instead, this system appears to be
driven by the dependence of solubility equilibria on temper-
ature. This sets it apart from salt flux reaction chemistry, which
quite often involves cascades of intermediates leading to a final
product. Further in situ studies on other metal flux systems are
needed to see if this is a consistent factor that distinguishes the
growth of intermetallics from the formation of more ionic
compounds from salt fluxes. The use of neutron diffraction is
particularly appealing, since it allows for data collection on
laboratory-scale reaction mixtures (contrasted with the
requirement of very narrow capillary sample holders for X-
ray diffraction). Characterization techniques that interrogate
the soluble building blocks which exist in the solution (such as
PDF analysis on the melts) will be crucial to further
understanding the reaction mechanism. Calculations of relative
energies of possible products would also be very useful to shed
turther light on these complex phenomena.
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