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ABSTRACT: Machine learning algorithms have been applied successfully in
many areas of materials chemistry but often suffer from an inability to extract
chemical insight. To demonstrate that an approach combining machine
learning and chemical intuition can be effective in generating interpretable
models, the structures of binary equiatomic rare-earth intermetallics RX,
whose relationships have long defied understanding, were investigated as a
case study. A structure map was developed based on only two parameters,
which are derived from simple elemental descriptors (atomic number, period
and group numbers, radii, and electronegativity) of the R and X components. This map reveals the previously hidden patterns of
structural regularities of RX intermetallics. It explains the preference for CsCl-, TlI-, or FeB-type structures among these compounds,
predicts the structures of missing members, rationalizes the occurrence of metastable phases and polymorphic transformations, and
offers strategies for structure stabilization through the addition of a third component.

1. INTRODUCTION
In an age when the corpus of scientific data, gathered
experimentally or computationally, is overwhelmingly large,
high-throughput machine learning methods have become
viable and indispensable to accelerate discovery. In materials
chemistry, many machine learning models have been proposed
to predict new candidates with desired structures or properties,
often with high accuracy.1−5 Skeptics rightfully criticize some
of these models as being opaque (“black box”), devoid of
physical meaning. Thus, there is a strong impetus to develop
interpretable machine learning models. In the context of
machine learning, interpretability means that users can see
transparently how the model arrived at its predictions, in terms
of domain-specific knowledge.6−10 When machine learning is
applied to materials chemistry, an interpretable model is one
that is understandable in terms of chemical concepts. Such
interpretable models are valuable because users can decide for
themselves if the predictions are reasonable on the basis of
sound scientific ideas, and equally important they can gain
useful insight and practical guidance to prepare new materials.
Some machine learning algorithms, such as linear regression
and decision trees, are more easily interpretable than others,
such as neural networks. Contrary to expectations, improving
interpretability does not have to be at the expense of
diminishing the accuracy or completeness of the model.
A natural way to build interpretability in any chemical model

is to relate the structures and properties of substances to
familiar elemental descriptors such as electronegativity, atomic
size, and electron configuration. This desire to couch
explanations in terms of chemical concepts is so visceral and

innate that the collective body of wisdom and experience is
often called “chemical intuition.” Examples of such empirical
models include simple principles to rationalize the structures of
ionic solids,11,12 tolerance factors to evaluate the degree of
distortion in perovskite structures,13,14 or electron counting
rules to predict the electrical properties of half-Heusler
compounds.15 All of these models remain highly appealing,
even if they may not be completely accurate, because they
present a causal relationship between elemental descriptors
and physical phenomena that can be grasped by the human
mind, something that machine learning models often fail or are
not designed to do.
Predicting the crystal structure of a compound is a

fundamental classification problem in chemistry and a
prerequisite to evaluating its physical properties accurately.
The number of experimentally determined structures of unique
inorganic phases reported to date is on the order of 105.16−20

These are augmented by a huge number of computationally
generated phases, most of which have yet to be experimentally
verified;21−25 it remains difficult to judge whether such
hypothetical phases are truly stable (or metastable), given
that some discrepancies have been noted in their formation
energies vis-a-̀vis actual structures observed.26,27
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There has been a long tradition in solid-state chemistry to
classify crystal structures, starting from the earliest empirical
models proposed by Pauling11,12 and the structure maps
developed by Pettifor, who emphasized that individual atomic
properties (such as radii, electronegativity, and number of
valence electrons) alone are insufficient to discriminate these
structures.28−31 Rather, he assumed that the structures could
be classified by a single atomic parameter (which he called a
“chemical scale,” χ), presaging the virtue of dimensionality
reduction commonly performed in machine learning methods.
Compared to other approaches,32 these structure maps were
advantageous in facilitating chemical understanding; for
example, closely related structure types are found to be
clustered together. However, there is no pretense that such
structure maps can offer detailed explanations for how crystal
structures form. It is interesting that, even during his time,
Pettifor recognized that DFT calculations could be helpful in
providing energetic reasons for the relative stability of
competing crystal structures. Later developments in structure
maps occurred as more compounds of specific compositions
were rapidly discovered and when modifications to atomic
properties (such as various electronegativity scales)33 were
introduced (Figure S1). Recent statistical analyses of crystal
structures suggest that caution has to be exercised when
models are created to classify them.34−36 Some compositions
are over-represented simply because they have been well
studied or are more easily synthesized (e.g., oxides, sulfides,
and selenides with the composition AB2 are 4 times more
common than other compositions), and over 90% of the most
frequently occurring structure types are based on close-packed
atomic arrangements. That is, creating a fair model to classify
crystal structures relies on the data being representative.
Despite concerns that materials data may not fully satisfy the
assumption of being independent and identically distributed,
carefully developed machine learning models have demon-
strated their utility in predicting new materials, especially when
supported by experimental validation.37,38

Among early efforts to classify structures of binary
equiatomic phases (having a 1:1 composition), Villars created
structure maps based on three parameters involving
pseudopotential radii, Martynov−Batsanov electronegativity,
and number of valence electrons.39 More recently, machine
learning studies have been conducted to tackle this problem for
selected subsets of these binary phases.40,41 For example, we
have combined partial least-squares discriminant analysis and
support vector machine methods to achieve a 93% accuracy in
classifying structures of binary equiatomic phases and to
experimentally confirm the predicted CsCl-type structure of
the new compound RhCd.42 The most serious violations in the
Villars structure map occur among binary rare-earth inter-
metallic compounds RX (R = rare-earth metal; X = metal or
metalloid), whose three most common structure types (CsCl,
TlI, and FeB) fall into overlapping clusters and could not be
resolved. It is interesting that the machine learning model also
suffers from this ambiguity. The reasons for the preference of
these RX structures, which are highly similar, remain unknown.
Rare-earth intermetallics have many important applications,

especially those that take advantage of their magnetic
properties (e.g., ferromagnets and magnetocalorics).43,44

Because f-electron systems present technical challenges in
first-principles calculations (such as electron correlation and
mixed valency), machine learning is an attractive alternative to
predicting the structures, stability, and properties of rare-earth

intermetallics. We hypothesized that the structural preference
of binary RX intermetallics may be understood if the hidden
patterns are revealed by combining chemical intuition, namely
that factors such as size and electronegativity must play a role,
with machine learning methods, which will help choose the
best functional form of these factors. By ensuring that these
models are chemically interpretable, we developed rules to
make sense of the structural patterns and make predictions
about the stability of these RX compounds, including
experimental verification. Finally, we evaluated how such
interpretable models perform relative to more “black box”
models.

2. RESULTS AND DISCUSSION
2.1. Structural Regularities among RX Compounds.

As an overview, it is useful to survey the structures of all RX
compounds (where X is any other element), not just limited to
intermetallics. About 95% of them (∼400 compounds) fall into
six major structure groups.16 The most common are NaCl-type
(Fm3̅m), CsCl-type (Pm3̅m), TlI-type (Cmcm), and FeB-type
(Pnma) structures, constituting 88%. The remaining 7% are
represented by ZrCl-type (R3̅m) and a small recondite group
of aluminides RAl comprising DyAl-type (Pbcm), CeAl-type
(Cmcm), and EuAl-type (Pmmn) structures. If one attempts to
identify shared features, the CsCl-, TlI-, and FeB-type
structures could be derived from 44 nets built from alternating
R and X atoms as found in the NaCl-type structure but
distorted to varying degrees and stacked in varying orientations
(Figure 1), whereas the ZrCl-type and RAl structures show
completely unrelated atomic arrangements (Figure S2).

The simplest way to search for regularities among these
structures is to see if they can be grouped according to the
locations of the elements R and X in the periodic table. A
diagram based on the atomic number of R and the period and
group numbers of X already reveals some patterns (Figure 2).
The halides (ZrCl type) are clearly segregated from the
chalcogenides and pnictides (NaCl type). It is perhaps too
facile to invoke ionic bonding character as the sole factor
which dictates the formation of the ZrCl-type structure for the
halides: first, this structure entails significant metal−metal

Figure 1. In rare-earth intermetallics RX, the square nets in NaCl-type
structures are distorted and stacked in different ways resulting in
CsCl-, TlI-, and FeB-type structures.
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bonding, and, second, these compounds are not true binaries
but rather hydrogen-stabilized ternaries.45 Similarly, the binary

chalcogenides and pnictides show significant covalent bonding
character notwithstanding the widespread impression that the
NaCl-type structure is a common one for ionic solids.46

Nevertheless, for the purpose of classifying structures, it is
sufficient to note that RX halides, chalcogenides, and pnictides
are distinct from the rest, which are all intermetallics. The
aluminides form a special category with unique structures
noted above.47 The remaining intermetallic compounds adopt
CsCl-, TlI-, and FeB-type structures with no easily discernible
patterns. The gallides, germanides, and stannides (TlI-type)
seem to be delineated from the neighboring cluster of CsCl-
type compounds (dashed purple line), close to the metal−
nonmetal boundary line in the periodic table. Many of the
remaining intermetallics adopt structures that depend on a
haphazard way with R and X (circled clusters such as RPd).
Finally, equiatomic RX compounds do not form with the s-
block and early d-block elements (diagonal orange line), except
for RMg. Instead, phases occur with other compositions (e.g.,
RX2 and R3X2) or solid solution form, adopting W- (Im3̅m),
Mg- (P63/mmc), or Cu-type (Fm3̅m) structures.

2.2. “Why Is It Called ‘Puzzles?’ That’s the Puzzle”.48

The jumble of CsCl-, TlI-, and FeB-type structures found for
the compounds RX (X = Si, Ni, Cu, Rh, Pd, Ag, Pt, and Au)
has been noted in the literature before but has remained an
unsolved mystery for 60 years.49−52 Because the position of an
element within the periodic table serves as a proxy for many
properties, it is not an outlandish idea to see where these
structures would fall in a two-dimensional plot based on the
atomic numbers of R and X (Figure 3a). Although it is mixed
up, this structure map tantalizingly suggests systematic
regularities but within very limited ranges and eliciting many
curious questions. For example, why are RPd phases
metastable for a limited range of R (Dy, Ho, and Er)?53

Figure 2. Structures of binary compounds RX plotted according to
the positions of R [atomic number Z(R)] and X [period P(X) and
group G(X)] in the periodic table.

Figure 3. (a) Distribution of CsCl-, TlI-, and FeB-type structures for equiatomic rare-earth intermetallics RX, plotted according to the atomic
numbers of R and X. The RPd (R = Dy, Ho, and Er) phases (within the blue loop) are metastable. The existence of LuCu and LuAg (open green
circles) has been unclear in the literature. TbNi (magenta circle) adopts a unique structure containing fragments of the TlI- and FeB-type
structures. LaSi (red star) also adopts a unique structure closely resembling the FeB-type structure. (b) A structure map plotted using SISSO-
determined parameters derived from simple elemental descriptors reveals hidden patterns among RX intermetallics. This map explains occurrence
rules and regularities among high-temperature polymorphs, structural ambiguities at boundary conditions [TbNi and RPd (R = Dy, Ho, and Er)],
and structure stabilization by a third component. It predicts the structures of missing members such as LuCu and LuAg. Some of the high-
temperature polymorphs (GdNi, TbPd, and EuPd), which are assumed to require specific experimental conditions to form, are enclosed in dashed
squares; see text for further discussion.
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Why does TbNi adopt a unique structure?54 What are the
structures predicted for LuCu and LuAg? Given the relation-
ship of the CsCl-, TlI-, and FeB-type structures (Figure 1), it is
not surprising that some of these RX intermetallics can
undergo transformation to other polymorphs by changing the
temperature or doping with a third element. These trans-
formations would most likely occur at the boundaries
separating the structure types. The problem resembles a
sliding puzzle whose hidden pattern could be revealed if only
the tiles were ordered properly.
Can this puzzle be solved? Challenge accepted! We take a

leap of faith (otherwise known as an “assumption”) that an
appropriate combination of elemental descriptors is capable of
classifying these structures. Initially, the RX entries were sorted
in terms of other descriptors besides atomic number (e.g.,
radii, electronegativity, and number of valence electrons), but
all these attempts failed to reveal any patterns if the parameters
are considered individually. Through trial and error, the RX
entries were sorted in other sequences until a reasonable
separation of structure types was achieved. The best result was
obtained when the product of atomic number and metallic
radius (Å) of the rare-earth component R is plotted along the
x-axis

x Z R r R( ) ( )m= ×

and the metal or metalloid component X is sorted in the
sequence Si, Au, Cu, Ag, Rh, Pd, Ni, and Pt along the y-axis
(Figure 3b). However, it is not obvious how this sequence of X
components depends on elemental descriptors if any such
meaningful relationship exists at all.
For the purpose of determining this relationship, machine

learning played a crucial role. The sure independence
screening and sparsifying operator (SISSO) method was
applied,55 in which a small number of simple descriptors
[atomic number Z, period number P, group number G,
metallic radius rm (Å), covalent radius rco (Å), and Pauling
electronegativity ENP] were considered. After ∼4 × 107
combinations of these descriptors were screened, the optimum
expression for the y-parameter was determined by SISSO to be

y
Z X P X G X

EN X r X
( ( ) ( ))/ ( )

exp( ( ) ( ))P co
=

×
×

The resulting structure map is based only on these two
parameters and achieves the goal of classifying these RX
intermetallics, with only two misclassifications. The x-
parameter, with units of Å, is relatively simple, indicating
that size [rm(R)] and properties related to atomic number
[Z(R)] are sufficient to capture the essential features of the R
component; this parameter thus serves its purpose, and no
attempt was made to search for more complicated expressions.
The unitless y-parameter is more complex, with the addition of
an electronegativity term (ENP) in the denominator serving to
convey information about the degree of electron transfer in the
bonds between R and X atoms. This map provides chemical
insight that resolves many of the previously unsettled
questions, which we can now address, including confirmation
from new experimental results.
2.3. Occurrence Rules for RX Intermetallics and High-

Temperature Polymorphs. The CsCl-, TlI-, and FeB-type
structures are now clearly delineated in the revised map
(Figure 3b). Within the central part of this structure map, the
triangular CsCl-type cluster is bounded by two green lines with

slopes of ±k (where k = 1.87 × 10−3) and intersecting at x =
103.5 and y = 0.159. Starting from the middle row of RAg
compounds, the stability field of the CsCl-type structure
increases proportionally to ± k until the x-parameter reaches
125. Beyond this point, the FeB-type structure becomes more
stable for x = 125 − 145. Note, however, if the sloping lines are
extended, the formation of high-temperature polymorphs for
EuCu, YbAu, YbAg, and YbPd with CsCl-type structures can
be rationalized.
Beyond the ±k limits, the RX intermetallics crystallize with

TlI- or FeB-type structures in regions separated by orange lines
with a slope of −1/k. The FeB-type structure is formed when
the x- and y-parameters are both small or large, whereas the
TlI-type structure is formed when one is large and the other is
small. Where high-temperature polymorphs have been
reported,16 they tend to occur close to the boundary lines,
exhibiting structures belonging to the closest neighboring
fields. For example, among the TlI-type members, the aurides
RAu (R = Gd−Tm) transform to CsCl-type and the silicides
RSi (R = Dy−Er) transform to FeB-type structures at high
temperatures. Conversely, among the FeB-type members, the
aurides RAu (R = Pr, Nd, and Sm) transform successively to
TlI- and CsCl-type structures at high temperatures.

2.4. Other Descriptors and Generalization to All RX
Intermetallics. A few technical points are worth mentioning.
In its regular classification mode, the SISSO algorithm does
not lead to the easily interpretable structure map (Figure 3b).
Instead, it tries to separate the RX entries into three clusters for
the CsCl-, TlI-, and FeB-type structures, unfortunately not
without overlap (Figure S3). Moreover, the elemental
descriptors for R and X are intermingled in the derived
parameters used to plot the x and y axes, making it impractical
to apply this diagram to predict how chemical substitution
affects structural transformations. If we insist that the derived
parameters depend separately on R and X, there are still many
combinations of descriptors that are possible, and it is
interesting to compare how well they separate structure
types (Figure S4). The optimized parameters depend on the
metallic radius of R and the covalent radius of X. However, if
the same type of radius scale is used for both R and X, or if
they are interchanged, the structure types are not well
separated. Out of all the combinations of descriptors screened
b y S I S SO , t w o o t h e r d e r i v e d p a r am e t e r s ,

y
Z X r X G X

EN X r X

( ( ) / ( ) ) / ( )

exp( ( ) ( ))P

co

co
= × (Å−1/2) and y Z X r X G X

EN X r X
( ( ) / ( ) ) / ( )

exp( ( ) ( ))P

m

co
= ×

(Å−1/2), resulted in structure maps that perform nearly as well
at classification as the one presented above. This is not
surprising given that the expressions that appear in the
n u m e r a t o r ( Z X P X( ) ( )× , Z X r X( )/ ( )co , o r

Z X r X( )/ ( )m ) are similar. Indeed, they can be shown to be
mathematically equivalent because r ∝ Z/P2. The principle of
parsimony favors the simpler parameter that depends only on
an element’s position in the periodic table (through the atomic
number Z and the period number P) instead of its radius,
which is a property that is not as easy to define or determine.
Moreover, these alternative structure maps incorrectly classify
USi as belonging to the TlI-type structure, and they lack the
esthetic appeal of a symmetrical triangular shape for the CsCl-
type cluster bounded by lines with a slope of ±k.
The high accuracy of the structure map, which has only two

misclassifications, was achieved with a relatively small set of
descriptors. The results suggest that the model is optimum,

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c02425
Chem. Mater. 2023, 35, 879−890

882

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02425/suppl_file/cm2c02425_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02425/suppl_file/cm2c02425_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c02425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and we can be reasonably confident that these descriptors have
captured the essential factors that influence the crystal
structures of RX intermetallics. The six descriptors considered
here fall into three categories: (i) position in the periodic table
(atomic number Z, period number P, and group number G);
(ii) radii (metallic radius rm and covalent radius rco); and (iii)
electronegativity scale (Pauling electronegativity ENP), all for
the element X. Besides examining different combinations of
these descriptors, it is natural to wonder if selecting a subset of
these or related descriptors is sufficient to classify the
structures of RX intermetallics equally well. Several classi-
fication models were generated using the best combination of
these types of descriptors, as optimized by the SISSO
algorithm, and their performance was compared, as gauged
by the relative errors (Figure 4). Models 1 and 2, which are
based solely on the position of an element in the periodic table
(atomic number Z, Mendeleev number MN, diagonal number
DN, period number P, and group number G), do not perform
well. Model 3, which is based solely on radii (metallic radius rm
and covalent radius rco), performs even worse, consistent with
expectations that the structures of such complex compounds

cannot be governed by geometrical factors alone. Models 4 and
5, which combine element position descriptors or radii
descriptors with Pauling electronegativity ENP, do not give
significant improvement. Unsurprisingly, none of these five
models gives clear separation of the CsCl-, TlI-, and FeB-type
structures comparable to the structure map of Figure 3b.
Model 6, which combines all three types of descriptors, gives
excellent performance with the lowest error. The optimized

parameter, y Z P G
EN r

( ) /
exp( )P co

= ×
× , is exactly the same as the one

derived earlier and excludes MN and DN, even though they
were considered as descriptors. The SISSO algorithm proved
to be a powerful means to reveal hidden relationships, based
on the most critical features.
The initial focus of this study was on RX intermetallics (X =

Si, Au, Cu, Ag, Rh, Pd, Ni, and Pt) whose structures were the
most jumbled (we call this the “puzzle” part of the picture) and
appeared to violate the more regular patterns followed by other
RX intermetallics (X = Mg, Ru, Ir, Zn, Cd, Hg, Al, Ga, In, Tl,
Ge, and Sn) (Figure 2). The structure map of Figure 3b
performs well in classifying the structure types within this

Figure 4. Comparison of relative errors in SISSO-generated models (1 to 6) based on a selection of atomic descriptors (left; abbreviations
explained in the main text) and the optimized combination of these descriptors (mathematical expressions shown within the plot).

Figure 5. (a) Comparison of separation versus overlap of structure types in different SISSO-generated models (1 to 5.2) based on a parameter τ
with different combinations of descriptors. (b) Distribution of structure types of RX intermetallics plotted over a τ-scale based on models 5.1 and
5.2.
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subset, but it would not be expected to be extrapolatable to the
whole set of RX intermetallics because the model was not
trained on them. It would be desirable to discover a coarser
parameter τ that would be able to classify all RX intermetallics

more broadly, while the finer parameter y Z P G
EN r

( ) /
exp( )P co

= ×
× (along

with the x parameter) would be reserved to distinguish
members within the puzzle region. The set of descriptors to be
considered was enlarged to include the melting point MP (K),
boiling point BP (K), heat of atomization Hat (kJ/mol), heat of
vaporization Hvp (kJ/mol), heat of fusion Hfu (kJ/mol),
specific heat Hsp (kJ/mol), atomic mass W (g/mol), and
density ρ (tonne/m3). Models were then developed based on
SISSO-optimized combinations of these descriptors in varying
levels of complexity in terms of mathematical operations
allowed, and their ability to separate the structure types was
compared (Figure 5a). The models with minimal complexity
(1 to 4) led to a significant overlap of structure types.
However, out of 2 × 108 combinations of descriptors tested,
two models (5.1 and 5.2) gave stark segregation of CsCl, TlI,
puzzle (CsCl−FeB−TlI), and the RAl structure types (Figure
5b). Between these two, model 5.1 is preferred because it sorts
the structure types sequentially in one dimension according to

H H

DN H Gexp( / )
fu vp

fu
= ×

× (kJ2/mol2) and gives the best magnitude of

separation. The location of the puzzle region between the CsCl
and TlI regions reflects the idea illustrated in the genesis of RX
structure types (Figure 1), where the three structural variants
(CsCl, FeB, and TlI) are possible and polymorphism is
frequently encountered. We could even hypothesize that FeB is
an intermediate structure (“twisted” nets) that evolves along
the transformation from CsCl (flat nets) to TlI (buckled nets).

2.5. Structural Instabilities at Boundary Conditions.
Some of the RX intermetallics are located nearly or exactly on
boundary lines, where structural instability may naturally be
expected. Two examples can be highlighted: TbNi and RPd (R
= Dy, Ho, and Er). TbNi lies precisely on the orange line
separating the TlI- and FeB-type structures, which explains
why it crystallizes in its own unique structure type built up
from fragments of these structures (Figure S5).54 High-
temperature polymorphs with the CsCl-type structure have
been well established for RPd (R = Dy, Ho, and Er).53

Curiously, room-temperature polymorphs are also known but
they were described as being metastable, poorly crystalline, and
difficult to prepare as pure phases (always accompanied by
mixtures of other phases).53 They were tentatively assigned as
having the FeB-type structure, but neither experimental
powder X-ray diffraction (XRD) patterns nor cell parameters
were provided. To revisit this problem, DyPd and ErPd were
newly synthesized by arc melting, and they were indeed
confirmed by their powder XRD patterns to exhibit poor
crystallinity, making Rietveld refinements difficult to perform
(Figure 6a,b). Instead, through Le Bail fitting, the lattice
parameters could be refined based on an orthorhombic cell [a
= 6.922(2) Å, b = 4.5502(9) Å, c = 5.534(1) Å for DyPd; a =
6.8427(7) Å, b = 4.4927(4) Å, c = 5.4966(4) Å for ErPd] and
were found to be similar to those of the Pt analogues adopting
FeB-type structures (a = 6.969 Å, b = 4.481 Å, c = 5.544 Å for
DyPt; a = 6.906 Å, b = 4.451 Å, and c = 5.509 Å for ErPt).56,57

The difference plots indicate that the fitting to the FeB-type
model is not perfect. A more detailed investigation, perhaps
through pair distribution function analysis with synchrotron
radiation, may reveal further information about the local
structure but is beyond the scope of the present study. It has
been noted in the literature that the diffuse lines in the powder

Figure 6. Powder XRD patterns with Le Bail fittings for (a) DyPd, (b) ErPd, and (c) LuCu and LuAg. In (a and b), the simulated patterns are also
provided on the bottom panels. Traces of Er2O3 (∧) and ∼10 wt % of ht-ErPd (°) are present in the ErPd sample. Traces of Lu2O3 (*) are present
in the LuCu and LuAg samples, and traces of Ag2O (‘) are in the LuAg sample.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c02425
Chem. Mater. 2023, 35, 879−890

884

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02425/suppl_file/cm2c02425_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02425?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02425?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02425?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02425?fig=fig6&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c02425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


XRD pattern for DyPd remain unchanged even after prolonged
annealing (4 months!), but the crystallinity of the FeB-type
phase can be dramatically improved by substituting Pd with as
little as 10% Pt in the solid solution DyPd1−xPtx.

56 A similar
structural stabilization of the FeB-type phase can be achieved
in DyPd1−xNix, but this requires a higher Ni content (x >
0.5).56 These observations can be understood by noting that
DyPt lies much deeper than DyNi in the FeB-type stability
field in the structure map, so that only a relatively smaller
degree of Pt substitution is required to displace the position of
DyPd away from the boundary line.
2.6. Structure Stabilization by a Third Component.

The structure map provides a unified explanation for numerous
examples in the literature of stabilizing CsCl-, TlI-, or FeB-type
structures by adding a third component to a parent binary
intermetallic RX. These include several series of RNi phases:
Gd1−xRxNi (R = Dy−Tm, Lu; TlI → FeB), Sm1−xRxNi (R =
Dy−Er; TlI → FeB), and PrPt1−xNix (FeB → TlI), and
others.16,56,58 The extensive focus on solid solutions derived
from RNi stems from an interest in their magnetic properties.
For example, GdNi shows an extraordinary magnetoelastic
behavior59 and is well established to adopt the TlI-type
structure.52,60 Given its proximity to the TlI−FeB boundary
line in the structure map, it could exhibit polymorphism. There
is an old report of GdNi adopting the FeB-type structure,61

which may be assumed to be a high-temperature polymorph
(dashed red square in Figure 3b), but this result could not be
reproduced by others.52,59,60 Later, in the course of
investigating the ternary Gd−Ni−Mn phase diagram at 803
K, an FeB-type phase for GdNi was reported, with a maximum
solid solubility of 4 at % Mn.62 Although no equiatomic GdMn
phase exists, it would be hypothetically located at the top of
the structure map (above the RPt row), well within the FeB-
type stability field. This provides a plausible explanation, in
which partial replacement of Ni with Mn shifts the position of
GdNi past the orange boundary line so that the FeB-type
structure is stabilized. The earlier claim for an FeB-type phase
of GdNi may have been an instance of impurity stabilization,
imparted by the experimental conditions used in the original
study.52,60 We propose that examining this other polymorph in
more detail could have important implications for improving
the magnetoelastic properties of GdNi. Similarly, high-
temperature polymorphs of TbPd and EuPd have been
reported but not reproduced;63,64 perhaps they may also be
impurity-stabilized.
Other examples of RX intermetallics (X = Si, Au, Cu, Ag, Rh,

Pd, Ni, and Pt) are known in which introducing a third
component for X induces a structural transformation, and they
can all be explained by shifts along the appropriate directions
in the structure map: TbSi1−xGex (FeB → TlI, upward),65

SmCu1−xMgx (FeB → CsCl, upward),66 LaSi1−xGax (FeB →
CsCl, upward),67 and ErPd1−xInx (FeB → CsCl, downward).68

A particularly interesting case involves multiple phase
transitions in ErSi1−xAlx by substituting with Al (TlI → CsCl
→ FeB, upward),52 but a re-entrant transition also occurs at x
= 0.5 by increasing the temperature (FeB → TlI, neighboring
cluster).69

2.7. Missing RX Intermetallics. When the distribution of
structures of RX intermetallics was initially contemplated
(Figure 3a), we could not find any information about LuCu
and LuAg in experimental crystal structure databases. These
cases are critical because their structures are not so obvious to
predict by inspection of the neighboring data points in the plot.

If these compounds are assumed to truly exist, then LuCu
probably has a FeB-type structure, whereas LuAg is equally
likely to have a CsCl- or FeB-type structure. Once the hidden
patterns are revealed in the true structure map (Figure 3b), it
becomes clear that both LuCu and LuAg are predicted to
adopt a CsCl-type structure. We successfully synthesized LuCu
and LuAg and confirmed the CsCl-type structure from their
powder XRD patterns (Figure 6c). Because the samples are
highly ductile, they were difficult to grind to fine powders. The
intensities are slightly affected by preferred orientation (arising
from thin plate shapes of microcrystallites), but from the fixed
peak positions, the cubic cell parameters could be refined [a =
3.38649(8) Å for LuCu; a = 3.53918(9) Å for LuAg].
Subsequently, in the course of an extensive literature search in
preparation of this manuscript, we found an old report that
makes reference to work by A. E. Dwight claiming the
existence of LuCu (a = 3.390 Å) and LuAg (a = 3.541 Å).70

Because this work was never published, these compounds were
not included in structural databases used to construct the
machine learning model.
Among other missing RX intermetallics, EuNi, EuRh, EuPt,

and nearly all the uranium-containing members UX (Figure
3b) may be difficult to synthesize, or perhaps they do not exist,
so it would be worthwhile to pursue further experiments.
Lastly, there are two outliers, EuPd (TlI type)53 and YbRh
(CsCl type),71 which would have been expected to be FeB
type and may require reinvestigation. LaSi (red star)
crystallizes in its own structure type, closely resembling the
FeB type (which is adopted by a high-temperature
polymorph); this peculiarity may be connected with the
unusual use of LaBr3 in its synthesis.72

2.8. DFT Calculations. As computational power increases,
it is now possible to apply first-principles calculations to help
classify the crystal structures of many compounds, including
RX intermetallics. Within 120 possible binary R−X systems,
DFT calculations have been reported in the Open Quantum
Materials Database (OQMD) for 83 of them, in which at least
2 out of 3 structure types (CsCl, TlI, and FeB) were
considered.21 Formation energies for these compounds in
these structure types were compared. In 38 out of the 83
systems (or 46%), there is no uncertainty, with the alternative
structures lying much higher in energy (ΔE ≫ 0.05 eV/atom)
than the most stable one. It is very easy to identify the CsCl-
type structure when it is most stable but nearly impossible to
distinguish between the TlI- and FeB-type structures because
their energy differences are generally minimal. This might
suggest that polymorphic transformations between the TlI- and
FeB-type structures are common. Further, in 45 out of the 83
systems (or 54%), the differences in DFT formation energies
for CsCl-, TlI-, and FeB-type structures are rather small (ΔE <
0.05 eV/atom), so that polymorphism should be virtually
guaranteed for all of them (Table S1). In reality, only 24 out of
these 45 systems (about half) have shown experimental
evidence for polymorphism. Out of the remaining 21 systems,
there are 11 (Eu−Au, Eu−Ag, Eu−Pd, Lu−Ni, Tm−Pd, Gd−
Pd, Gd−Ni, Nd−Cu, Nd−Rh, Pr−Cu, and La−Cu) in which
our structure map predicts that polymorphs are likely because
they are located close to boundary lines (Figure S6), and 10
(Lu−Pt, Yb−Pt, Tm−Ni, Er−Cu, Ho−Cu, Dy−Cu, Dy−Pt,
Pr−Ag, La−Ag, and Ce−Si) in which polymorphs are not
expected. If there are discrepancies between DFT and
experiment, both deserve a closer evaluation. We have already
discussed the cases of EuPd and GdNi earlier, representing
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true positives, and it will now be incumbent to test the
predictions for true negatives.
The poor correlation of DFT in computational databases

with actual experimental results can be explained by factors
such as the use of frozen core potentials for lanthanides, the
exclusion of spin−orbit coupling, and the occurrence of
magnetic ordering in the systems.73 In other computational
materials databases, such as the Materials Project, the same
challenges of choosing appropriate functionals are antici-
pated.23 It could well be that f-electrons do play a role in
bonding, influencing the crystal structures. An evaluation of
these systems will require treatment of electron correlation
using appropriate functionals and a DFT + U approach, which
uses an additional Hubbard-like term to describe the strongly
correlated 4f electrons, while other valence electrons are
treated normally with DFT approximations.74,75 This also
presents more challenges such as the selection of the Hubbard
U parameter for DFT + U and the percentage of Fock
exchange in the case of hybrid functionals.75 Moreover, to
validate the observation of high-temperature polymorphs,
nonstandard conditions (beyond 0 K) need to be considered.
This treatment is beyond the scope of the present work.
2.9. Other Machine Learning Approaches. Three other

commonly used machine learning algorithms�support vector
classifier (SVC), decision tree (DT), and random forest
(RF)76�were applied to evaluate how well they classify the
structures of RX intermetallics. In SVC, data with K-
dimensional features are separated into classes by the best
hyperplane (having dimensions of K−1). In DT, a tree-like
flowchart is grown by finding the best features to minimize the
classification error, with threshold splitting points at each node.
The lower tree depths are easily visualized and interpreted in
terms of these features. In RF, an ensemble of decision trees is
built by training each tree with a different subset of training
data and features. Then, the ensemble’s collective knowledge is
used to assign a class by majority vote.
The models were trained using exactly the same set of

elemental descriptors (atomic number, period, group, radii,
and electronegativity) as in the SISSO approach. The data set
of RX intermetallics (consisting of 29 CsCl-, 33 TlI-, and 44
FeB-type entries) was split into training (80%) and test (20%)
sets using stratified splitting on these structure types. The
features were scaled by subtracting their mean values and
dividing by their standard deviations (for SVC and RF). For
each model, the hyperparameters were optimized (Table S2)
using a cross-validated grid search across predefined parameter
space. The randomized nature inherent in the selection of
feature subsets (for DT and RF) and data (for RF only)
introduces run-to-run variations, so the training and evaluation
steps were performed 100 times, and those models with high
test accuracies were selected for the comparison below. All
models showed very good performance, with RF ranking first
and DT ranking last (Table 1). The probabilities predicted by
the RF model for all samples are plotted (Figure 7). Recall that

LuCu and LuAg were missing from the data set but both were
subsequently confirmed by experimental synthesis to adopt the
CsCl-type structure. All three models correctly predict the
CsCl-type structure for both compounds.
The DT model does not perform well compared to SVC and

RF, but it has the merit of being easily interpreted (Figure 8).
This model was trained using features without any scaling
applied, and the minimum number of samples at the tree leaves
was set to 3. Some generalizations can be inferred from the
decision tree. The CsCl-type structure is favored by large but
lighter X atoms [rco(X) > 1.33 Å, Z(X) ≤ 63]. Nearly half of
the TlI-type phases consist of later R elements [Tb or later,
Z(R) ≥ 65] in combination with X atoms of intermediate size
[1.16 Å < rco(X) ≤ 1.33 Å]. Despite being more accurate, the
SVC and RF models offer little “out-of-the-box” insight. As a
way to extract some insight from these models, the
permutation importance of chemical features can be evaluated
(Figure S7).77 First, the accuracy is calculated with correct
feature values associated with the samples. Then, the data set is
permuted by shuffling the feature values so that they are no
longer correctly associated with the samples. If the accuracy is
only minimally affected, then it can be concluded that a feature
is not important to the model. Among SVC, DT, and RF
models, there is consensus that the most important features are
the atomic number of R and the covalent radius of X, whereas
the least important is the period number of X. However, there
is no simple, explicit relationship between these features and
the structure type adopted, unlike the SISSO-generated
structure map.

Table 1. Classification Performance of Machine Learning Modelsa

accuracy precision recall

model mean max mean max mean max

SVC 0.86 (0.94) 0.86 (0.94) 0.88 (0.95) 0.88 (0.95) 0.86 (0.94) 0.86 (0.94)
DT 0.58 (0.72) 0.91 (0.81) 0.62 (0.74) 0.93 (0.81) 0.58 (0.72) 0.91 (0.81)
RF 0.89 (1.00) 0.96 (1.00) 0.92 (1.00) 0.96 (1.00) 0.87 (1.00) 0.96 (1.00)

aValues given are for the test set, and in parentheses are the training set values.

Figure 7. True class probabilities for RX intermetallics predicted by
the RF model. The colors indicate the X element. The vertical line
separates the training (left) from the test set (right). There are two
false negatives (open symbols), YbRh and LuAu, incorrectly predicted
as FeB-type but actually adopting the CsCl-type structure.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c02425
Chem. Mater. 2023, 35, 879−890

886

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02425/suppl_file/cm2c02425_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02425/suppl_file/cm2c02425_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02425?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02425?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02425?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02425?fig=fig7&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c02425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In comparison to these conventional machine learning
models, the structure map constructed with the aid of chemical
intuition (Figure 3b) offers practical advantages. All of the
models are capable of addressing the question, “What?”, but
the structure map also addresses the questions, “Why and
how?” An experimentalist would undoubtedly find comfort in
its greater ease of interpretability to guide the design of new
materials by answering chemically meaningful questions to
understand when the CsCl-, TlI-, or FeB-type structures are
favored, why high-temperature polymorphs can easily occur for
some RX compounds but not others, why TbNi and RPd (R =
Dy, Ho, and Er) experience instability, and how introducing a
third component can stabilize a different structure. This map
thus encourages new hypotheses to be formulated. If machine
learning models are to be embraced more widely by chemists
and materials scientists, continued effort should be made to
ensure that they are interpretable. In the end, “all models are
wrong, but some are useful.”78

3. CONCLUSIONS
By combining chemical intuition with the SISSO approach to
identify the best combination of elemental descriptors, a
structure map was developed that reveals the hidden pattern of
CsCl-, TlI-, and FeB-type structures among RX intermetallics.
This model serves as a powerful tool to classify the structures
of known compounds and to predict missing ones, some of
which were experimentally confirmed here. It provides
convincing rationalization for many previous observations
about these compounds that have long eluded a unified
explanation, including the occurrence of polymorphs and
structural instability at boundary conditions. It also suggests
strategies for stabilizing desired structures by introduction of a
third component. Compared to DFT calculations and more
opaque machine learning methods, it performs as well or
better, while having the merits of being chemically
interpretable. This case study demonstrates “proof of principle”
for relatively simple binary phases and serves as a first step to
extending this idea to more complex multinary phases.

4. EXPERIMENTAL SECTION
4.1. Synthesis and Powder XRD. Starting materials were pieces

of rare-earth metals (Dy, Er, Lu; 99.99%, HEFA), palladium (99.95%,
Alfa-Aesar), copper (99.9%, Anachemia), and silver (99.9%, Sigma-
Aldrich). Various binary rare-earth intermetallics RX were prepared by
combining the elemental components in equimolar ratios with a total
mass of 0.2 g. The mixtures were arc melted on a water-cooled copper
hearth under high-purity argon gettered with titanium in an Edmund
Bühler MAM-1 compact arc melter. To ensure homogeneity, the
samples were melted three times.

Powder XRD patterns of the ground polycrystalline samples were
collected on a Bruker D8 Advance powder diffractometer equipped
with a Cu Kα radiation source operated at 40 kV and 40 mA. The
samples were placed on a zero-background plate holder. Phases were
checked against entries in Pearson’s Crystal Data.16 Full-profile Le
Bail fitting was applied to the patterns, and cell parameters were
refined using the FullProf software suite.79,80 Crystal structures were
visualized using the program VESTA 3.81

4.2. Computational Methods. SVC, RF, and DT were used as
implemented in the Scikit-learn (version 0.24.2) Python package,76

and SISSO (version 3.0.2) was used for the SISSO calculations.55 For
SVC and RF, features were standardized by subtracting the mean and
then dividing by their standard deviation. For DT, the features were
used without any modification for easier interpretability. The
hyperparameters for the machine learning models were optimized
via grid search with fivefold cross-validation. The optimized features
are given in Table S2. The feature importance was calculated using
the permutation importance method, as implemented in Scikit-learn.
To find the y-axis parameter of Figure 3b, numerical values
corresponding to the order of the X elements (Si = 1, Au = 2, Cu
= 3, Ag = 4, Rh = 5, Pd = 6, Ni = 7, and Pt = 8) were assigned, and a
SISSO regression was then performed using Pauling electronegativity,
atomic number, group, period, covalent radii (Å), and metallic radii
(Å) of the elements as features.

All input and output files for the machine learning and SISSO
calculations are available in electronic form at figshare.com (doi =
10.6084/m9.figshare.19895788.v5).
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