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ABSTRACT: Remeika phases, also described as pseudoperovskites, are
cage-like structures with emergent properties. In this Perspective, we first
cover heuristic methods used to overcome the challenges to rationalize
the stability of extended solids. We highlight the important role
Goldschmidt’s tolerance factor has played in enhancing research related
to perovskites and their derivatives. We discuss the development of a
tolerance factor for predicting the stability of intermetallic pseudoper-
ovskites, the Remeika phases, and rationalize oxidation states in | AM Xy
correlation with valence fluctuation. To evaluate the feasibility of the
Remeika phase tolerance factor, we synthesized the new predicted
compound YbsRu,Sn,s with a magnetic moment (y.g) of 3.2 up/Yb. We then highlight the importance of determining the factors
dictating the stability of the Remeika intermetallics.
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I. INTRODUCTION significant differences between their electronegativities, where
a complete electron transfer occurs between a covalently
bonded anionic framework and a cation. However, between
both classifications are the polar intermetallic compounds,
which present both covalent and ionic bonding, where only a
partial charge transfer occurs between the cation and anionic
framework, thus showing deviations from the ideal valence
electron counting expected for Zintl phases.'’ In general, the
interplay among valence electron counting, Madelung energies,
and optimum packing determines the structural stability of
polar intermetallics."’ Valence electron counting rules govern
the stability of Zintl phases, while the Madelung energy and
optimum packing are key factors for polar intermetallics. The

Throughout history, discovering new materials has been a
forerunner of technological advancement. There are examples
from the early stages of civilization, such as the discovery of
bronze, to modern times, with synthesized silicon semi-
conductors and their impact in modern computation and
quantum materials. Solid state synthesis remains a challenge in
extended solids where phase formation, the temperature
profile, and reaction ratios can lead to unpredictability.'
Nevertheless, solid state chemists have implemented chemical
heuristics, such as periodic trends, the Zintl—Klemm concept,2

. 3,4 . 5,6
Pauling’s rules,”” Wade—Mingo’s rules,”” the valence electron
7,

concentration,”" and geometrical constraints, to predict the valence electron concentration, which is the ratio between the
results. A straightforward path for finding isostructural number of valence electrons and atoms, is used to classify
compounds could be keeping constant all of the elements of intermetallics (Figure 1).%'°

the structure of interest, except for one, which would be

replaced by a chemically similar element. However, this does II. ELECTRON COUNTING AND GEOMETRICAL

not allow extrapolation to other combinations of elements, DESCRIPTORS

hindering exploratory growth. Employing chemical heuristics
accelerates the study of specific crystal structures with little to
no computation power. As mentioned by Canfield, one can
explore the known unknown structures “start[ing] by the
campfire and walk[ing] out, exploring the edges or peripheries”
and what better than bringing a flashlight to explore further.”
Intermetallics have been described by their bonding and Received: December 15, 2022 W -
electronic structure, for instance, Hume—Rothery phases, polar Revised:  February 22, 2023 '
intermetallics, and Zintl phases.'” Hume—Rothery phases form Published: March 9, 2023
between metals with similar electronegativity and size, where
optimum packing with delocalized bonding is preferred. On
the contrary, Zintl phases form between elements with

Valence electron counting can be used for intermetallic
families to predict the stability of compounds and their
properties. For instance, Corbett et al. highlighted the
relationship between valence electron counting (VEC) and
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Figure 1. Approximate classification of Hume—Rothery phases, polar
intermetallics, and Zintl phases based on valence electron
concentration.*'°

the phase stability of three distinct ordered variants of the
BaAl, structure type (BaNiSns;, ThCr,Si,, and CaBe,Ge,
structure types) in the Ba—Au—Sn system.” Similarly, VEC
was probed in metal disilicides where the use of the 14-
electron rule enabled the prediction of the ordered semi-
conductor ReGaSi.'? Analogous to the 14-electron rule, the
Zintl counting formalism has been used to extend the filled
skutterudites to group 9 transition metal compounds, where a
valence electron count of 96 would lead to stable semi-
conducting materials."”’> The 96-electron count was later
encompassed within the 18 — n + m rule for multiple binaries
in addition to the skutterudites. The 18 — n + m rule consists
of an electron counting rule for transition metal—main group
binary intermetallics, where n is the number of electron pairs
shared between transition metals or lanthanides and m the
average number of electron pairs of noninteracting p-block
elements per transition metal/lanthanide.'* In the case of the
CoAs; structure type, Fredrickson et al. determined 24
electrons are necessary to fulfill the 18 — n + m rule.'” The
agreement between the Zintl counting formalism for the filled
skutterudites and the 18 — n + m rule for the binary
skutterudite can be rationalized by normalizing the necessary
valence electrons per transition metal.

Geometrical descriptors have been used throughout the
years in multiple crystal structures as a fast screening of phase
stability due to facile calculation requiring only the radius and a
predefined mathematical equation. The geometrical descrip-
tors relate the chemical composition of the structures with the
structural motifs by using the radius and crystallographic sites
of the constituents. Geometrical constraints, such as tolerance
factors, thus far, have been applied to predict the structural
stabilities of ionic compounds. For example, perovskites,"
pyrochlores,'® and normal spinels'” are families of compounds
that have benefitted from the use of tolerance factors. For
instance, the development of a geometrical constraint, such as
Goldschmidt’s tolerance factor, has predicted structural
distortion in the perovskite structure from the ionic radii of
the constituent elements.”” Goldschmidt’s tolerance factor
serves as a first predictive screen when searching for new
perovskite structures. Phases adopting an ideal perovskite
structure have a Goldschmidt’s tolerance factor value of I,
while those with structural distortion have values of <1. The
perovskite structure consists of corner-sharing octahedra
[BX,), where the cuboctahedral void formed is filled by the
A cation. The structure type is robust and has been extensively
studied because of its diverse functionalities and applications in
energy materials,'® such as superconductivity, electrical,'’
magnetic, and optoelectronic applications,” and even more
recently, the discovery of nickelate superconductivity.”’

The ionic character of perovskites enables the formation of
related structures due to charge balancing; this constraint has
been utilized to synthesize structures, such as the double
perovskites A,B'B”X, or oxygen deficient perovskites that have
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shown promising magnetic and electrical properties.”* For
instance, Sr,FeMoQg”” yields colossal magnetoresistance while
magnetism and superconductivity coexist in
Sr,YRu;_,Cu,O4>* Other perovskite derivatives are the
antiperovskites with the general formula A;XY that consist of
the same structural motifs as the perovskites, but with inverted
cation—anion sites. The high ionic conductivity of
Li;OClysBrys** has suggested antiperovskites are promising
materials for solid state batteries.”””® We can observe the
utility of Goldschmidt’s tolerance factor due to its ability not
only to predict perovskites and their derivatives, such as the
double perovskites, antiperovskites, layered perovskites, and
hybrid analogues, but also to relate physical properties with
such values.'#*7%°

lll. REMEIKA PHASES: A PLATFORM FOR
INTERMETALLIC PSEUDOPEROVSKITES

In this Perspective, our goal is to exemplify the utility of
heuristic methods such as a tolerance factor to predict the
stability of the intermetallic pseudoperovskites, the Remeika
phases. Due to the discovery of heavy fermion electron systems
in Ce;Co,Sn,;,”° superconductivity in Lu;M,Ge;5_, (M = Co,
Rh, and Os) and Y;M,Ge;_, (M = Ir, Rh, and 0s),*! and
intermediate valence electron systems such as
Yb;(Rh,_M,),Ge;; (M = Co and Ir) through quantum
phase transitions,”” our group found it imperative to determine
plausible Remeika phases. We present a new geometrical
descriptor for the Remeika phases, demonstrate its feasibility
by synthesizing the predicted compound YbsRueSns and
provide insight into the structure—property relationships. The
Remeika phase provides a platform for studying the interplay
among the electronic structure, geometrical constraints, and
their effects on physical properties.

llLA. Structure Types and Geometric Descriptor.
Inspired by the magnetic and/or superconducting ternary
A—Rh—Sn (A = alkali metals, Sc, Y, lanthanides, and actinides)
system presented by Remeika et al.,*® Espinosa et al. identified
seven distinct structures as part of the Remeika phases grown
by Sn flux.** The presented structures were classified on the
basis of the crystal system adopted; such phases were primitive
cubic (phase 1), body-centered tetragonal (phase 2), face-
centered cubic (phase 3), slightly distorted phase one (phase
4), body-centered cubic (phase S/Ir;Ge, structure type), an
unidentified phase (phase 6), and a distorted phase five (phase
7). For the scope of this Perspective and due to their structural
relationship, we will focus on phases 1—3 as shown in Table 1.

Table 1. Summary of Three Selected Remeika Phases

phase crystal system structure type refs
1 primitive cubic Yb;Rh,Sn; 35, 36
2 body-centered tetragonal (Sn,_,Er,)Er,RhsSn,g 37
3 face-centered cubic (Sn,_,Tb,)Tb,RhSn,g 36

ILA.1. YbsRh,Sn;s Structure Type. Compounds with the
Yb,Rh,Sn,; structure type (Figure 2) are intermetallics with a
stoichiometry of A;M,X;; (A = alkali metals, Sc, Y,
lanthanides, and actinides; M = transition metals from groups
8—10; and X = Si, Ge, In, Sn, and Pb) that were first
discovered in 1980 by Remeika and co-workers and denoted as
phase 1, as shown in Table 1.%

The YbsRh,Sn,; structure type (space group Pm3n) consists
of a three-dimensional (3D) array of corner-sharing trigonal

https://doi.org/10.1021/acs.chemmater.2c03711
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Figure 2. Crystal structure of Yb;Rh,Sn,; depicting the corner-sharing
trigonal prisms [RhSng].

prisms [MX,] where the formed cuboctahedral and icosahedral
cavities are filled by the electropositive element [AX;,] and p-
block element [X;X,,], respectively. It is important to note that
there are two crystallographically unique Sn sites; one Sn
occupies the icosahedral cage (Wyckoff site 2a), and the
remaining 12 Sn atoms form the framework (Wyckoff site
24k). The YbsRh,Sn;; structure type can be considered an
intermetallic pseudoperovskite structure and was first
described as a cage-like structure where positively charged
metals fill a covalently bonded framework formed by the main
group element.”® To exemplify the local environments of the
Yb;Rh,Sn;; structure type and their relationship with the
perovskite structure, the first Remeika compound, Yb;Rh,Sn 3,
is depicted in Figure 3. By considering the formula, we obtain
SnYb;Rh,Sn;,, which is a multiple (4X) of the perovskite
general formula ABX;.

Structural lower-symmetry models, hettotypes, have been
reported, and their relationship to the Yb;Rh,Sn; structure
type, aristotype, can be explained on the basis of group—
subgroup schemes.”” A summary of the lower-symmetry
derivatives of the Yb;Rh,Sn,; structure type was provided by
Oswald et al.*® The Yb,Rh,Sn; structure type and its
hettotypes are of interest due to the wide spectrum of physical
properties, such as the coexistence of superconductivity and
charge density waves in a 3D structure,"’~" the presence of a
quantum critical point through pressure and/or chemical

HLA.2. (Sn;_,Er)Er,RhsSn;s and (Sn,_,Tb,)Tb,RhsSn s
These structure types are polar intermetallics with a
stoichiometry of A\M¢X;3 (A = Sc, Y, Zr, and lanthanides;
M = transition metals from groups 8—10; and X = Ge, In, Sn,
Pb, and Bi). Remeika et al. classified such structures as body-
centered tetragonal (phase 2) and face-centered cubic (phase
3), respectively.” Similar to the Yb;Rh,Sn,; structure type, the
(Sn,_,Er,)Er,Rh¢Sn;¢ structure type consists of a 3D array of
corner-sharing trigonal prisms [BX,] where the A element fills
a cuboctahedral void. However, the difference shown in Figure
4 between YbyRh,Sn;; and (Sn,_,Tb,)Tb,Rh¢Sn,g structure
types resides in the prism arrangement, thus causing two
distinct crystallographic sites for the A element. A detailed
comparison between the Yb;Rh,Sn;; and (Sn,_,Tb,)-
Tb,RhSn,g structure types is provided by Hodeau et al.”’
The (Sn,_Er,)Er,RhsSn;q structure type and its hettotype
analogues have been of interest due to reports of tunability
between reentrant superconductivity and ma§netic ordering in
(Sn,_Er,)Er,MSn;s (M = Rh and Os),””*® unconventional
superconductivity in AsRhgSn;s (A = Lu, Y, and Sc),"™"
noncollinear spin structure,”” and disorder-enhanced non-
homogeneous superconductivity in the Ys_;(RhssM;s)Snys
compounds.™

li.B. Development of a Remeika Tolerance Factor.
We sought to investigate the chemical and geometrical
constraints determining the phase stability of Remeika phases
1—3 and their lower-symmetry variants. As labeled in Figure S,
we will define the heights of the trigonal prism as T, the
distance between opposite equilateral triangular faces in the
icosahedra as I, and that of the cuboctahedron as C. To
develop the tolerance factor for the Yb;Rh,Sn,; structure type,
we first related the structural motifs present in the structure
type to the unit cell. For instance, in Figure Sa we can observe
the equivalence between the body diagonal of the cubic unit
cell (D) and the sum between the heights of two trigonal
prisms (2T) and two icosahedra (2I), as shown in eq 1. The
diagonal of a cube (D) and the length of the same (a) can be
related through eq 2. By substituting eq 2 into eq 1 and solving
for the length of the unit cell (a), we obtain eq 3. Next, we can
relate the width of two cuboctahedra (2C) and the length of
the unit cell (a) as observed in Figure Sb, obtaining eq 4.

substitution,*”*> and Weyl-Kondo semimetal in a chiral
phase,46 to mention a few. 2T +2I=D (1)
ABX, SnYb,Rh,Sn,,

b)

]

Figure 3. Crystal structures of perovskites and Yb;Rh,Sn,;, showing their structural similarities. Local environments of (a) Yb, (b) Sn, and (c) Rh

in the Yb;Rh,Sn,; structure type.
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a
<l: (Sn, Er,) Er,Rh Sn g
Structure Type
14,/acd
a=13.733(1) A
c=27.418(3) A

a—>b SnYb,Rh,Sn,,
Structure Type

Pm3n
a=9.676(1) A

Figure 4. Structural comparison between the (Sn;_,Er,)Er,RhSn;g (left) and Yb;Rh,Sn,; (right) structure types. The (Sn;_.Er,)Er,RhsSn;g unit
cell is partially shown for direct comparison with the cubic Yb;Rh,Sn,; structure type.

a) b)

Figure S. (a) Body diagonal of the cubic unit cell and its relationship
to the icosahedral and trigonal prism structural motifs. (b) Length of
the cubic unit cell and its relationship to the cuboctahedral structural
motif.

D= a\/g (2)
2T +21 _
V3 (3)
2C=a (4)
472
T = 2\/(1'M + )t - T )
472
I= 2\/(1'X + )t - ©
2
C= 2\/ (ra + 1)* — (ry + i) + % .

Equations 5—7 define the mathematical relationship between
the radii and T, I, and C, where r,, ry;, 1y, and rx correspond to
the ionic radii of elements A, M, and X and the covalent radii
of X, respectively. The derivations of eqs 5—7 can be found in
the Supporting Information.

The ratio between eqs 3 and 4 was defined as the tolerance
factor (t), as shown in eq 8. In the ideal case, the tolerance
factor would be equal to 1. However, a deviation from 1 is

2241

expected due to the close packing assumption when relating
the radii to the structural motifs (see the Supporting
Information) and the cage-like nature of the Yb;Rh,Sn;;
structure type.

_T+I

NG

Herein, we present a Remeika tolerance factor for an
intermetallic family. The Remeika tolerance factor requires
only the ionic and covalent radii to determine if the
Yb;Rh,Sn;; or the (Sn;_.Er,)Er,RhiSnq structure type is
plausible (details of the selected radii can be found in the
Supporting Information). Such radii were selected because
Remeika described the Yb;Rh,Sn;; having covalent-ionic
character.” Although the YbsRh,Sn;; structure type is
considered to be a cage-like structure, we have assumed a
close packing arrangement to develop the geometrical
descriptor with the assumption that the stable range will be
offset from 1. The tolerance factor has been calculated for the
possible combinations using lanthanides, Th, U, Y, Sc, group
8—10 transition metals, and tetrels (Si, Ge, and Sn), yielding
486 combinations. We later compiled all of the compounds
adopting the Yb;Rh,Sny;, (Sn,_,Er,)Er,RhsSn;s, and
(Sn;_,Tb,)Tb,Rh¢Sn;g structure types and their respective
hettotypes within the 486 combinations of elements. As a
result, we have empirically determined the stability range of
0.68—0.83 for the Yb;Rh,Sn,; structure type and >0.83 for the
(Sn;_,Er,)Er,Rh¢Sn,q structure type and their corresponding
hettotypes. Figure 6 highlights the stability region for
Yb;Rh,Sn;; and (Sn,_,Er,)Er,RhsSn;s by plotting the
calculated T + I as a function of the calculated +/3 C for all
reported compounds. Most of the compounds are in their
corresponding domain except for Yb and U analogues and the
A—(Fe, Os)—Sn family. The disparity of the Yb and U
analogues can be attributed to the fixed 3+ oxidation state for
lanthanides and actinides used to calculate the corresponding
tolerance factor values (see the Supporting Information).
However, for instance, Yb can fluctuate between 3+ and 2+,

t
(8)
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Figure 6. Graph of the calculated T + I as a function of the calculated C for all of the reported Yb;Rh,Sn,; (triangles) and (Sn,_,Er,)Er,RhSn;g
(circles) structures and their respective hettotypes. The dotted lines correspond to ¢ values of 0.83 and 0.68, which we empirically established as the
Yb;Rh,Sn,; structure type stability range, creating three domains. Moving from the top left to the bottom right, each domain corresponds to
(Sn,_,Er,)Er,RhsSn, Yb;Rh,Sn;;, and unsynthesized, respectively. The color of the symbols corresponds to distinct X elements: purple for Si,
green for Ge, and orange for Sn. The intensity of these colors is related to the overlap of data points. The delimited triangles correspond to Yb and
U analogues, which are capable of valence fluctuation, while those in a concentered circle correspond to the A—(Fe, Os)—Sn family.

changing its ionic radii from 1.17 to ~1.34 A, which if taken
into consideration would lower the tolerance factor value.

The formation of the (Sn,_,Er,)Er,;RhSn g structure type in
the Fe—Sn and Os—Sn analogues is unexpected on the basis of
their corresponding tolerance factor (see the Supporting
Information). We first thought the discrepancy could arise
from the ionic radius selected for Os and Fe; however, the
germanide analogues are within their corresponding domain.
The discrepancy is most likely due to electronic factors such as
bonding character because the tolerance factor was built
considering only geometrical constraints.

lll.C. Discovery of a Predicted Phase: From Ce
Intermetallics to YbsRugSn,g. The Remeika tolerance factor
can be utilized to predict the presence of valence fluctuation in
valence unstable lanthanides. As shown in eqs 7 and 8, the
radius of the A element relates to the height of the
cuboctahedron (C), which is inversely proportional to the
tolerance factor. The tolerance factors for all of the compounds
were calculated considering the ionic radius of element A in a
3+ oxidation state (see the Supporting Information). The
radius of Ce®" is 1.34 A in a 12-coordinate environment, while
that of Ce** is 1.14 A.>* Therefore, if we were to consider the
valence fluctuation, the recalculated tolerance factor would
increase and fall into what seems to be a more stable region.
The Ce-based Remeika compounds that exemplify such
observation are Ce;Os,Ge;; (t = 0.68, 0.69 uy/Ce),”
CesRu,Gey; (t = 0.72, 1.06 py/Ce),”® Ceslr,Gey; (t = 0.72,
1.87 up/Ce),”” and Ce;Ru,Sny; (t = 0.77, 2.32 ug/Ce),*”
where the content of Ce* is inversely proportional to t.
Interestingly, Ce;Co,Sn;; (t = 0.75, 2.76 ugy/Ce),”’
CesRh,Sny; (t = 0.76, 2.55 pp/Ce),*” and Ceylr,Sn;; (t =
0.78, 2.56 pi/Ce)®" deviate from the t—uy correlation. These
compounds have been determined to undergo chiral phase
transitions below 155 K,*° 350 K,°° and 600 K, respectively.
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We believe the deviation from the effective magnetic moment
trend is due to a different charge density distribution. Witas et
al. presented a comparative study of Ce;M,Sn;; (M = Co, Rh,
and Ru) and highlighted the distinct charge density
distribution between the group 9 transition metal analogues
and Ru with the Sn atoms.®® This points toward the Remeika
tolerance factor being effective when relating to valence
fluctuation but also highlights the importance of factors, such
as covalency, in targeting the properties of interest.

With the goal of evaluating the predictability of the Remeika
tolerance factor and its relationship with valence fluctuation,
we have targeted the Ybo—Ru—Sn phase (¢ = 0.89) because of
the possible stabilization of the Yb;Rh,Sn;; and (Sn,_,Er,)-
Er,RhsSn g structure types. For valence fluctuating elements,
such as Yb, it is less certain because each oxidation state would
fall into different Remeika phase stability regions. For Yb—Ru—
Sn phase, if Yb had mostly a Yb** character, the Yb;Rh,Sn,;
structure type would be expected, while for a higher Yb**
character, the (Sn,_,Er,)Er,Rh¢Sn;g structure type would be
expected. We have been able to synthesize Yb;RusSn;3 and
confirmed through magnetic susceptibility measurements
mostly Yb** character, where the effective magnetic moment
is 3.2 ug/Yb.

IIl.C.1. Synthesis and Structure Determination. Polycrys-
talline YbsRusSng samples were first grown using the self-flux
growth method.®* Yb, Ru, and Sn were placed in a 5:6:18 ratio
in a Canfield alumina crucible and sealed inside a fused silica
tube under ~!/; atm of argon.”> The resulting ampule was
placed in a programmable furnace at 300 °C, heated to 850 °C
at a rate of 100 °C/h, and dwelled for 48 h. The furnace was
then cooled at a rate of 1 °C/h to 665 °C, at which point the
ampule was rapidly removed, inverted, and centrifuged. The
reaction product consisted of small polyhedral-shaped crystals
of <0.1 mm.
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Figure 7. Powder X-ray diffraction pattern for YbsRueSn,s [experimental (blue), refined (red), and difference (gray)] with the refined cell
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Figure 8. Modified Curie—Weiss fit (dotted red line) in the inverse magnetic susceptibility. The inset at the top left corresponds to the magnetic
susceptibility as a function of temperature at 0.5 T. The inset at the bottom right corresponds to the magnetization as a function of applied field.

Powder X-ray diffraction data were collected using a Bruker
D2 Phaser (Cu Ka radiation, 4 = 1.54184 A). The indexed
powder diffraction pattern confirmed the formation of
YbsRugSn g and small amounts of Sn. Figure 7 shows a fit of
the data isostructural to tetragonal (Sn,_,Er,)Er,RheSn,s.

Single-crystal X-ray diffraction data were obtained at room
temperature using a Bruker D8 Quest Kappa single-crystal X-
ray diffractometer with an IuS microfocus source (Mo Ka
radiation, 4 = 0.71073 A) and a PHOTON II CPAD area
detector. The raw data frames were processed using Bruker
SAINT, and a multiscan absorption was corrected using
SADABS.”® The intrinsic phasing method and least-squares
refinement were used in SHELXL to obtain preliminary
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starting models.”” The reflections obtained through single-
crystal X-ray diffraction were first indexed in the tetragonal
crystal system with unit cell dimensions of a = 13.7142(9) A
and ¢ = 27.436(4) A. However, a full structure determination
was not possible, and the presence of systematic unindexed
reflections only observable in precession planes other than the
hkO0, h0l, and Okl planes suggests the need for a supercell (see
Figure SS). For further details regarding structure determi-
nation, see the Supporting Information.

Ill.C.2. Magnetic Susceptibility. The measurements of
magnetic properties were performed on a collection of
randomly oriented granular crystals using a Quantum Design
Magnetic Property Measurement System (MPMS3). The
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temperature-dependent magnetic susceptibility y = M/H was
measured in an applied field (H) of 5000 Oe. A field-
dependent magnetic isotherm was measured at 1.8 K for
—70000 Oe < H < 70000 Oe. The magnetic susceptibility ()
as a function of the temperature (T) was measured in a 0.5 T
magnetic field, as shown in Figure 8. Paramagnetic behavior is
observed between 1.8 and 300 K, with no evidence of magnetic
ordering, where a modified Curie—Weiss law given by the
expression y(T) = y, + C/(T — 0) is used to fit the data
(Figure 8). This fit yields the parameters y, = 0.011 cm®/mol,
C = 1.32 cm®/mol of Yb, and @ = —5.9 K. The effective
magnetic moment is determined to be 3.2 py/Yb, which is
lower than the expected values of 4.54 uy for Yb**. These
results confirm a higher Yb** character, as was expected on the
basis of the Remeika tolerance factor. A similar decrease in the
effective magnetic moment has been observed for
YbsPtsIn,¢Biy, which was reported with an effective magnetic
moment of 3.72 pp/Yb.® Interestingly, the YbsPtsIn,4Bi,
crystal structure was not fully determined. Considering the
superlattice reflections observed in our compound (see Figure
S5), it seems inevitable to wonder if YbiPtIn,¢Bi, also showed
unindexed reflections at higher precession planes and if there is
a possible connection between mixed valency and the
appearance of the systematic weak reflections. This value is
indicative of intermediate valence Yb f state behavior or Kondo
lattice hybridization, similar to what is seen for ﬂ—YbAlB4,69’7O
Yb,Ir,Ges,”' and YbNi,_Fe Aly (x = 0.91).”> The magnet-
ization curve (Figure 8) shows a saturation value M, ~ 1.36
4/ Yb, which also is reduced compared to the expected value
of 4 pg for the full Yb*" Hund’s rule multiplet. In principle, a
reduced low-temperature saturation moment might result from
crystal electric field splitting of the Hund’s rule multiplet, but
we also infer that this value also relates to the reduced effective
magnetic moment that is seen at higher temperatures.

IV. CONCLUSION AND FUTURE DIRECTION

Perovskites have been the target of numerous research groups
due to their structural versatility, enabling high tunability. Such
success could be attributed to the better understanding of the
structural and electronic factors dictating stability. Gold-
schmidt’s tolerance factor, charge balancing, and valence
electron counting have been crucial for improving our
understanding of perovskites and their variants. Such
observations open the question of whether we can enhance
the tunability of intermetallic compounds by better under-
standing the factors dictating stability.

Our group and others now seek to predict and synthesize
new quantum materials by considering subunits’’ and
geometric factors as a strategic first step. In the past decade,
it has been demonstrated that several compounds adopting the
Remeika phases show superconductivity and charge density
waves. What is most intriguing is the properties typically not
observed in 3D phases, such as charge density waves.””’* It
would be strategic to have a model to predict phases to grow,
inspire, and study the intrinsic properties of technological
materials. Developing a tolerance factor for the Remeika
phases, an overlooked intermetallic pseudoperovskite family of
compounds, serves as an example for other intermetallic
families and sets a foundation for further investigations of
structure—property relationship. We foresee both electronic
and structural factors as being essential precursors for not only
predicting Remeika phases but also searching for materials at
the verge of instability, which could lead to emergent states.

Finally, our results for Yb;RusSns invite further inves-
tigations into this material and its nearby chemical analogues.
First, it will be useful to produce single-crystal specimens to
assess the magnetic anisotropy and to confirm that the
paramagnetic state unambiguously originates from a reduced
Yb moment. Given its similarity to other intermediate valence
and Kondo lattice compounds, it is also likely that this material
will exhibit phenomena that originate from hybridization
between the f and conduction electron states, e.g, heavy
fermion or hybridization gap semiconductor ground state
behavior. Heat capacity and electrical transport measurements
will be useful for assessing this. Finally, there are very few Yb-
based heavy fermion superconductors (e.g., YbRh,Si, and f-
YbAIB,),”” but the electronic and magnetic behavior of
YbsRu,Sn g shares some similarities with theirs, opening the
possibility for similar behavior under the right conditions.

Machine learning is promising in materials discovery, where
statistical methods exploit the available data enhancing
research.”® The Remeika tolerance factor can provide a starting
point for machine learning, increasing the number of available
data points while testing the adaptability of the Remeika
phases. While machine learning has been applied for
perovskites for rational design,”’ prediction is only useful
when synthesis and characterization are possible. Crystal
growth is critical in determining and characterizing the
intrinsic properties of materials.” The motivation has been
discussed by several review articles and by no means
extensively. However, the effective discovery of new phases
with emergent properties, such as topological insulators, an
anomalous quantum Hall effect, highly correlated materials,
and unconventional superconductors, is highly inspiring. The
horizon for new platforms for application awaits the
community!
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