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In recognition of the outstanding scientific achievements by Eduard Zintl on the occasion of his 125" birthday

The structural chemistry of Laves phases, especially with respect
to their superstructures induced by coloring and distortions is
discussed. Starting from the three classical Laves phases MgCu,,
MgZn, and MgNi,, the more complex Komura phases are
derived. Different possibilities of their description are summar-

1. Introduction

Laves phases, named after Fritz H. Laves,"? a German mineralo-
gist, are an important class of compounds, both from a
structural and property point of view. In the case of the binary
compounds, they exhibit the general composition AB,. Three
prototypes are known: cubic MgCu, (C15, Fd3m),” and the two
hexagonal variants MgZn, (C14)*® and MgNi, (C36)®” (both
space group type P6,/mmc).”! Based on the similarities in their
crystal structures, Schulze suggested to name compounds
adopting one of these structures “Laves phases” In 2006, a
special issue was published on the occasion of Laves’ 100™
birthday (Z. Kristallogr. 2006, 221, issues 5-7) including eulogies
on Laves work!"*'? and summarizing different aspects of the
work on Laves phases.!""™"
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ized. In the second part, the superstructures are discussed
based on their respective prototypes. The crystal chemical
relationships are illustrated based on group-subgroup descrip-
tions using the Barnighausen formalism.

One can distinguish between three different important
aspects in the field of Laves phase research: (1) The structural
aspects including the formation of superstructures and coloring
variants, (2) the assessment of the stability of the different
structure types and, closely connected, the analysis of the
chemical bonding and finally (3) the physical properties of
Laves phases.

With respect to the bonding aspect, the works of Ormeci,
Simon and Grin on the “Structural topology and chemical
bonding in Laves phases” ™ the work of Johnston and
Hoffmann on “Structure-bonding relationships in the Laves
Phases” and Nesper on “Bonding patterns in intermetallic
compounds”™®' have to be mentioned. Also, the two articles
of Stein, Palm and Sauthoff addressing “Structure and stability
of Laves phases"®*?" discuss important aspects of this question.

With respect to the properties, the review of Stein and
Leineweber on the functional and structural applications of
Laves phases,”™ the work of Gschneidner Jr.,, Pecharsky and
Tsokol on magnetocaloric materials”® as well as the work of
Yartys and Lototskyy or Matar on Laves phases as hydrogen
storage materials should be noted.***' Furthermore, the re-
views on Laves phases for Ni/MH battery applications® and the
review on the high-pressure crystal chemistry of intermetallics,
including Laves phases® shall be introduced.

The relationship between the different binary Laves phase
prototypes and a number of superstructures have been
described by Parthé in his two handbooks,®*” a general guide
to coloring, distortions, and puckering of intermetallics can be
found in a review.®”

As of today, the Pearson Crystal Data Base®" lists over three
thousand entries for binary compounds adopting these three
structure types. However, also in block polymers®? and micellar
structures,®® the structural arrangements occuring in Laves
phases have been observed. This underlines the importance of
the Laves phases.

This review describes the structural and crystal chemistry of
Laves phases with a special focus on superstructure formation.
Therefore, articles investigating properties and bonding,
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although being crucial for the understanding of these com-
pounds, are not summarized encompassing in this work.

2. The binary Laves phases

Laves phases can be understood as tetrahedrally closest-packed
binary structures AB,, in which the larger A atoms reside within
cavities of a network formed by the smaller B atoms. The B
atoms arrange as empty B, tetrahedra which are connected in
different ways. Three prototypes are known: cubic MgCu, (C15,
Fd3m),” and the two hexagonal variants MgZn, (C14)*" and
MgNi, (C36)"®” (both space group type P6,/mmc).”! In all three
prototypes, both atoms exhibit large coordination numbers
with CN(A)=16 (4 A+ 12 B) in the shape of a 16-vertex Frank-
Kasper polyhedron and CN(B)=12 (6 A+ 6 B) in the shape of an
icosahedron, respectively. For closest-packed structures, the
ideal atomic radii ratio from a geometrical point of view is
ra/rs=(3/2)"*221.225. This factor is realized for quite a number
of compounds, however, also deviating ratios ranging from
~1.1 up to ~1.7 have been reported.”” Given the closest-
packed structure, these phases are often considered to be
stabilized by packing effects."" This can be nicely illustrated by
the fact that NeHe,”" and Ar(H,),*” adopt the MgZn, type
structure at high pressures while Xe(N,), crystallizes in the cubic
MgCu, type at 150 GPa.*® Despite the geometric influences,
that seem to be a dominating factor, the electronic contribu-
tions on the formation of Laves phases have already been
addressed and studied numerous times.'6'720213739 | qyes
himself discussed the influence of the valence electron
configuration (VEC) on the formation of these compounds in
one of his early works.®
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In the following paragraphs, different ways to understand
and to visualize Laves phases will be described. The unit cells of
the three binary prototypes, cubic MgCu, (Fd3m, C15; Mg on
8b; Cu on 16¢) as well as the hexagonal MgZn, (P6;/mmc, C14;
Mg on 4f; Zn1 on 6h; Zn2 on 2a) and MgNi, (P6;/mmc, C36; Mg1
on 4f, Mg2 on 4e; Nil on 6h; Ni2 on 6g; Ni3 on 4f) type
structures, are shown in Figure 1. As mentioned before, the B
atoms in all Laves phases form empty B, tetrahedra. While in
the cubic MgCu, type structure, these tetrahedra are connected
via all corners to four other tetrahedra, in the hexagonal MgZn,
phase, two tetrahedra are connected by a common face,
forming an (empty) trigonal bipyramid. This entity is connected
to five other entities over all corners. Finally, in the MgNi, type
structure both connection modes are observed. Therefore, the
latter structure type can be understood as an intergrowth
between MgCu, and MgZn,. In all three parent structures, the
Mg atoms are located in large cavities formed by the B,
tetrahedra network and exhibit atomic arrangements, when
focused only on the Mg substructure, that are comparable to
the diamond type structures. In MgCu, the arrangement of the
cubic diamond is realized while in MgZn, a lonsdaleite like
arrangement is observed. In MgNi,, again an intergrowth of
cubic and hexagonal motifs can be observed.

Instead of describing the Laves phases based on the
topology of their A and B atom connectivity, the structures can
be visualized based on layers or differently stacked slabs. Three
different layers can be identified in the Laves phases that are
stacked to form one slab."® These layers are: a kagome net
(Figure 2, Schldfli symbol 3.6.3.6) formed by the B atoms as well
as two different triangular nets (3° formed by the A and B
atoms (Figure 2).*" The construction of one slab from the
different nets was described by Frank and Kasper® and is
illustrated in Figure 2. The stacking sequence is kagome A (z=

a
¢ MgCus, type MgZn, type MgNis, type
Fd3m P63/mmc P65/mme
a =699 pm a =517 pm, ¢ = 850 pm a =480 pm, c= 1577 pm

Figure 1. Unit cells of the three different binary Laves phases. The Mg atoms are drawn in blue, the transition metals Cu, Zn and Ni in
magenta. Unit cell edges are highlighted in green. In addition, the space groups and lattice parameters are given.
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Figure 2. Layers in the Laves phases. a) kagome net formed by the
B atoms (magenta), b) triangular nets formed by the b) A (blue) and
¢) B atoms. The stacking to form a slab is shown in d).

0),3°B (z=3/8 h), 3° A (z=1/2 h), 3° B (z=5/8 h), kagome A (z=
h). Alternatively, according to the description of Samson™? one
can create these slabs by using B, tetrahedra and B,, truncated
tetrahedra (Figure 3, top left).

In the cubic Laves phase MgCu, (Fd3m) only one layer type
(Figure 3, bottom left) exists that gets stacked along the space
diagonal. The slabs get stacked in an ...ABC... sequence, like in
the cubic closest packing and therefore one can symbolize this
stacking sequence with (c); when applying the Jagodzinski
notation.”” Alternatively, the Ramsdell notation can be used.”
Here, the MgCu, type structure is labeled as 3C, resembling
three slabs within the unit cell and a cubic stacking of these. A
comparison of the different notations is given in Table 1. When

REVIEW

looking at MgZn, and MgNi, (both space group type P6;/mmc),
two blocks that are identical in composition, however, mirrored
to each other can be utilized for the description of the structure.
Here, Jagodzinski symbols of (h), and (hc), arise in line with
stacking sequences of ...AB... and ...ABAC..., respectively. The
Ramsdell notation is 2H for MgZn, and 4H for MgNi,,
respectively. The colorations that arise from this description are
shown in Figure 3.

The concept of stacking this slab®® along with the idea of
chemical twinning*“® can readily be used to describe even
more complex Laves phases like the Komura phases. ¥
MgNi,sCu, ; (P6;/mmc)®" (Figure 4, middle) for example exhibits
a stacking sequence of (hcc), (Ramsdell 6H) and two mirror
planes duplicating the respective blocks. In addition, the unit
cells of MgCu; 3,Alye; (P6m2, Ramsdell 6H)® and MgCuygsZn; o
(P6;/mmc, 8H)*? are shown. For both, the concept of slabs and
mirror planes can be used to describe the stacking in these
relatively large unit cells. The Laves phase MgCu,,Alge;
(P65/mmc, Ramsdell 16H) for example exhibits 16 slabs per unit
cell resulting in a c-axis lattice parameter of ~6670 pm.*®

Taking these descriptions and considerations into account,
the Laves phases can be grouped based on the percentage of
the hexagonal stacking contribution. For quite a number of
examples it was observed that this contribution correlates with
the VEC. The crystal chemical principles along with consider-
ations regarding the bonding peculiarities are summarized in
different original articles and reviews,!'"16718202137:47:515457-641

When looking at the entries in the Pearson database
becomes evident that the cubic and hexagonal Laves phases
play a crucial role in the structural chemistry of binary
intermetallic compounds. Figures 5-7 show the occurrence of
all elements which are reported to be part of a binary Laves
phase. The color code here depicts, whether the element is
found on the A or B site. Mixed coloring means that the
element is reported to be both.

For all three structure types a clear trend throughout the
periodic table of elements is observed. Late transition metals
are usually the network building element (Cu, Zn or Ni position),
while the early transition metals and the rare earth elements
are more often found to be on the Mg site. Some exceptions
here are the light elements of the groups, such as Li, Be, Mg or
Ti which are also found on the B site. In an analogous way
some examples are reported, where the noble transition metals
are reported to be the A metal.

For the cubic MgCu, type (Figure 5) almost every transition
metal, all alkali and alkaline earth metals as well as all common
lanthanides and actinides appear in intermetallic compounds.

311 it

Table 1. Different notations for the description of Laves phases.

Composition space group Strukturbericht Pearson Ramsdell Jagodzinski
MgZn, P6s/mmc C14 hP12 2H (h),

MgCu, Fd3m C15 cF24 3C ()

MgNi, P6s/mmc C36 hP24 4H (hc),
MgCu, oAl 3 P6m2 - hP36 6H hchhhc
MgNi,,Cu, P65/mmc - hP36 6H (hce),
MgCugsZn; o, P65/mmc - hP48 8H (hhhc),

Z. Anorg. Allg. Chem. 2023, 649, e202300109 (3 of 15)
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Figure 3. (top left) Representation of a cut out of a slab formed by B, tetrahedra and truncated tetrahedra B,,. (bottom) Projections of the
unit cells of the Laves phases MgCu, (left), MgZn, (middle), and MgNi, (right). The transition metal networks formed by Cu, Zn and Ni are
drawn in magenta, the magnesium atoms in blue. The blocks that derive from the MgCu, type are shaded in yellow, their mirrored versions
in purple. The mirror planes (m) located at z=1/4 and 3/4 in MgZn, and MgN:i, are indicated. The unit cell edges are shown in green; the
space groups are given.
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Figure 4. Projections of the unit cells of the Laves phases MgCu, 4,Alyo5 (left), MgNiyoCu, ; (middle), and MgCugsZn, o, (right). The transition
metal networks (mixed occupied sites) are drawn in magenta, the magnesium atoms in blue. The blocks that derive from the MgCu, type
are shaded in yellow, their mirrored versions in purple. The mirror planes (m) that allow the chemical twinning are indicated. The unit cell
edges are shown in green; the space groups are given.

One interesting aspect emerges when looking at the Laves almost all metals are known. The same is true for the
phases MPt,, MCo,, MNi, or MFe,. Here, representatives of = compounds of the main group element aluminum. It is also
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Ge Se | Br | Kr

Cd | In|Sn | Sb| Te J
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Figure 5. Compiled data from the Pearson database®" of all elemental combinations forming the cubic MgCu, type structure. Atoms
occupying the Mg positions are shown in blue, atoms forming the polyanion (Cu substructure) are highlighted in magenta. Two colored
elements can occupy both sites. Note that N, is the building group in the respective Laves phase.

MgZn, type representatives

Sc| T

la Hf Ta W Re Os Ir

ThHU Np Pu Am Cm

Figure 6. Compiled data from the Pearson database®

V Cr Mn Fe Co Ni Cu

Y Zr Nb Mo Tc Rummi\g
u

A

! of all elemental combinations forming the hexagonal MgZn, type structure. Atoms

occupying the Mg positions are shown in blue, atoms forming the polyanion (Zn substructure) are highlighted in magenta. Two colored
elements can occupy both sites. Note that H, is the building group in the respective Laves phase.

interesting to note, that almost no main group metal forms
Laves phases with Al being the prominent exception. Here over
400 entries are listed in the Pearson database.”" In contrast, for
the other main group metals Bi and Pb only one or two
combinations have been reported. All other main group
elements exhibiting a somewhat metallic character such as In,
Ga, Sb, Tl, are not found in any binary compounds. It becomes
even more puzzling, since for example Ga is very often found in
ternary ordered Laves phases (vide infra).

The overview for the compounds adopting the hexagonal
MgZn, type structure is shown in Figure 6. It is comparable to
the one for MgCu,. The rather electron poor elements act as A
atoms (with the exception of the light alkali metals) while the
more electron rich elements occupy the B site. Exceptions can
be found in the central part of the transition metals.

For the MgNi, type (Figure 7) it becomes clear, that this
more complex structure type is not that often found, but again
the same trend as for MgCu, and MgZn, is also observed here.

Taking a closer look at the existence ranges for some
element combinations (Figure 5-7), one can see, that all three
structure types are reported. In the following, one example
where all three Laves phase structures are observed will be
used to illustrate the occurance on this trimorphism. For the
general system MCr, the Pearson database reveals that this
composition exists for the metals of group 4 and 5. Figure 8
depicts the reported occurrence for the three Laves phases in
this system. For the group 4 elements (Ti, Zr, Hf) and Ta all three
structures are found in the system MCr, depending on different
pathways in the synthesis.

The investigations on the polymorphism of TiCr, and ZrCr,
will therefore be briefly discussed in the following paragraph.
For ZrCr, it was found that the occurrence of the polymorphism
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Figure 7. Compiled data from the Pearson database®"

of all elemental combinations forming the hexagonal MgN:i, type structure. Atoms

occupying the Mg positions are shown in blue, atoms forming the polyanion (Ni substructure) are highlighted in magenta. Two colored

elements can occupy both sites.

MCr,

e
Zr Nb
BB

MgCu,
MgZn,
C36 MgNis

Figure 8. Existence ranges for the three different Laves phase
structure types for several MCr, compounds.

and the existence range of the structure types mainly depends
on the temperature treatment and the composition of the
received material.®® The formation of the different phases
depends on the solubility ranges of the intermetallic phases
with respect to the metals. It is reported that for as-cast samples
with the nominal composition ZrCr, the received sample is
inhomogeneous, whereas all three modifications can be
observed. However, the two hexagonal structure types (MgZn,
and MgNi, type) are way more prominent. It is further
discussed, that the cubic Laves phase is obtained phase pure
when annealing the sample at 1540 K. It is concluded that the
hexagonal structures (mixture of C15 and C36) are the high
temperature phases which are obtained in high amounts when

quenching the sample after arc-melting is applied. The cubic
phase is obtained phase pure when annealing the sample
below the melting point, making it the room temperature
phase. The differences in the composition within the individual
structures can furthermore be illustrated by the different
specific volumes (V/2). For ZrCr,, values of V/Z=46.79 A*> (MgCu,
type), 46.81 A> (MgZn, type) and 48.86 A> (MgNi, type) are
obtained.® One can clearly see that the cubic structure exhibits
the smallest specific volume due to the highest degree of
ordering while the hexagonal phases show larger volumes in
line with the formation of partial solid solutions.

For TiCr, basically the same results are observed with the
cubic Laves phase being the room temperature phase and the
hexagonal structures the high temperature phases.*** Here it
is reported that the transition temperatures strongly depend on
the nominal composition of the material whereas the com-
pounds allow a certain solubility of either titanium or chromium
in the structures. Baumann and Leineweber® reported that the
formation of the more complex MgNi, type for TiCr, can be
attributed to “anti-site occupation”, meaning that Ti atoms
partially occupy the Cr positions. Through this study the
occurrence of vacancies which create solid solubility and define
the existence ranges of the certain structures could be
excluded. This is also recognizable in the V/Z values (V/Z=
41.80 A* for the MgCu, type, 41.68 A*> for the MgZn, type,
41.68 A® for the MgNi, type).””

The general process of these phase transitions
(C14-C15-C36) is described in literature as well.” It is
commonly accepted that the transition is caused by shear
transformations based on the concept of synchro shear.””

Finally, the AEAl, (AE=Ca, Sr and Ba) phases should be
mentioned. Here, CaAl, forms the cubic Laves phase,” however,
SrAL" crystallizes in the orthorhombic KHg, type” structure
(Imma), while BaAl,, although initially reported to be existent, had
to be revised to be Ba,Al,; (P3m1).">” Reinvestigations of Ba,Al,;
by selected area and convergent beam electron diffraction in a
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TEM revealed a superstructure with space group P31m and a
composition of Ba,;Al,,.”® However, SrAl,, Ba,A,; and Ba,Al,, can
be transformed into the cubic MgCu, type structure using high-
pressure / high-temperature techniques.”**?

3. Ternary Laves phases - coloring variants
3.1. Coloring variants of MgCu,

In this chapter, the possibility for the formation of ternary Laves
phases by coloration of the polyanion will be discussed. As the
cubic MgCu, type structure only exhibits two crystallographic
positions, one for the Mg and one for the Cu atoms, a
coloration of the Cu network is only possible when the space
group symmetry is reduced. This will be discussed in chapter 4.
Therefore, no coloring variants for MgCu, are possible.

3.2. Coloring variants of MgZn,

The hexagonal MgZn, type structure in contrast has two Zn
positions (2a and 6h) which allows for a coloration of these two
sites. Therefore, two general formulae can be deduced: M,TX;
and M,T;X. The prominent prototype for the latter coloring
variant is the Mg,Cu,Si type™®¥ with space group P6;/mmc. The
Pearson database®" lists 51 entries that are directly assigned to
this structure type. However, an additional over 1000 entries are
given for ternary compounds adopting the MgZn, type
structure. Here, the question arises whether the latter com-
pounds are assigned correctly. For this, one has to differentiate
between fully ordered compounds and those that exhibit solid
solutions with mixing of atoms onto the 2a and 6h site. While
some compounds have been reported to adapt the Mg,Cus,Si
type structure, others have been assigned to this structure type
despite the fact that small amounts of mixing have been
determined by single crystal X-ray diffraction (e.g. Ce,RuAl;®).

Despite the discussion about the prototype, interesting
aspects can be observed from the reported compounds. For
example, the aluminum containing compounds almost exclu-
sively exhibit the M,TAl; composition (e.g. the RE,TAl; series®),
however, due to the formation of solid solutions, they can also
be described as MT,;Al, s members. For Si in contrast, rather the
M,T,Si composition is observed, for example for the (Sc,Ti),M,Si
(M=Cr, Mn, Fe, Co, Ni) series.®” Again, mixing of the M and Si is
observed making MT, 5Siys the more appropriate description.

The flexibility of this structure type can be demonstrated as
also equiatomic compounds have been reported to adopt the
MgZn, type structure and also various other solid
Solutionsll‘l4,15,88—92]

3.3. Coloring variants of MgNi,
When searching the Pearson database®" for ternary ordering

variants of the hexagonal MgNi, type structure (Wyckoff
sequence hgfe), several ternary examples are listed, however,

REVIEW

no distinct structure type for a ternary coloring variant with full
atomic ordering was reported.

4. Binary and ternary Laves phases -
superstructures

4.1. MgCu, superstructures

In chapter 3, the coloring variants of Laves phases were
described, where the prototype symmetry was kept the same
but different atoms fill the individual Wyckoff positions. Given
the high space group symmetry, such coloring variants are
limited. In many cases a symmetry reduction is required to
enable a broader range of ordered compositions and / or small
structural distortions. The latter also occur for binaries. The
underlying symmetry reductions are discussed on the basis of
group-subgroup schemes in the concise and compact Barnigh-
ausen formalism.”** |n the main document of this review only
the abbreviated Béarnighausen trees are presented; the ex-
tended trees for each transition along with the evolution of the
atomic parameters are documented in the electronic supple-
mentary information (ESI) file. The basic crystallographic data
for selected examples of superstructure representatives of
MgCu, are listed in Table 2.

As a first example we discuss the two modifications of
TbFe,' The high-temperature (HT) polymorph crystallizes with
the cubic MgCu, type and shows a rhombohedral distortion in
going to the low-temperature (LT) regime via a translationen-
gleiche transition of index 4 (t4) from Fd3m to R3m (Figure 9). This
allows for weak distortions that are readily evident in the terbium
coordination environment. In the cubic polymorph each terbium
atom has regular coordination by twelve iron atoms at 304.6 pm
Th—Fe, while the rhombohedral distortion leads to two crystallo-
graphically independent iron sites Fe1 and Fe2 and a small range
of Th—Fe distances between 303.6 to 305.5 pm (Figure 10). Huge
magnetostriction and magnetic anisotropy"”'® are most likely
the decisive parameters inducing the structural distortions in
TbFe,. We draw back to this phenomenon below, when discussing
the TmNi, structure.

The degree of distortion of the LT-TbFe, structure can easily
be estimated from the c/a ratio of the unit cell in the hexagonal
setting. The ideal value is /2x./3~2.449, while a slightly
higher value of 2.471 has been reported for the low-temper-
ature modification."™ The LT-TbFe, type (crystallographic
fingerprint: space group 166, Pearson code hR18 and Wyckoff
sequence dca) is not a unique case. So far 66 entries are listed
in the Pearson database.®"

The c/a ratio of the hexagonal cell is the important degree of
freedom obtained by the symmetry reduction. While all binaries
have c/a ratios close (slightly larger or smaller) to the ideal /2x
/3 ratio, substantial distortions occur for the ternary coloring
variants of the LT-TbFe, type, first observed for Mg,Ni,Si."®” Other
prominent representatives are Mg,Ni;Ge®” and the aluminum
series RE,TiAl,"* and the gallides RE,Rh,Ga,"'” in total over 30
entries in the Pearson database”” A cutout of the Ce,Rh,Ga
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Table 2. Lattice parameters, space group symbols and unit cell volumes of MgCu, and the related superstructures and coloring variants.
compound space group a (pm) b (pm) ¢ (pm) V (nm?) V/Z (nm?) Ref.
MgCu, Fd3m 699 a a 0.3415 0.0427 [3]
MgCu,Sn F43m 704.4 a a 0.3495 0.0437 [97]
HT-TmNi, P43m 709.5 a a 0.3572 0.0447 [98]
RT-TmN:i, F43m 1419.0 a a 2.8591 0.0447 [98]
RT-TbFe, Fd3m 736.9 a a 0.4002 0.0500 [99]
LT-TbFe, R3m 518.9(2) a 1282.1(4) 0.2967 0.0495 [100]
Mg,Ni,Si R3m 500.44(2) a 1108.94(6) 0.2405 0.0401 [101]
RT-YMn, Fd3m 768.0(2) a a 0.4530 0.0566 [102]
LT-YMn, (4.2 K) F4,/d12/m 774.002(7) a 770.009(13) 0.4613 0.0577 [103]
LT-YMn, (4.2 K) 14,/amd 5473 a 770.01 0.2306 0.0577 [103]
RT-HfV, Fd3m 739.7 a a 0.4047 0.0506 [104]
LT1-HfV, (107.5 K) 14,/amd 520.71(1) a 740.14(2) 0.2007 0.0502 [105]
LT2-HfV, (20 K) Imma 517.35(1) 522.11(1) 743.20(2) 0.2007 0.0502 [105]
Cd,Cu,As Pnnm 988.33(7) 712.51(3) 508.95(4) 0.3584 0.0448 [106]

Fd3m
gCu] ® °
%2
3 " %
~/ 1/2(a-b),1/2(a+b),c @ 30, *.‘ 0303 - * W
F43m ! o7 ‘e ®
-m 1/2(-a+b),1/2(-b+c),a+b+c \

® o O @
144/amd RT-TbFe, LT-TbFe;
(MgCu, type) (own type)
v | Fd3m R3m
k4 R3m 2
‘TbFeZ | MgoNigSi | Figure 10. Comparison of the coordination polyhedra around the
J, Tb atoms in RT- (left) and LT-TbFe, (right). Interatomic distances are
given in pm.
Imma
HfV5
v |
HT-TmNip l
|
k2 Pmna
2a,2ib,2c |
_ k2
F43m 2b,c,a
LT-TmNiy l
Pnnm

Figure 11. Cutout of the Ce,Rh,Ga""'” structure. The short Ce-Ce
Figure 9. Group-subgroup scheme in the Barnighausen distances (338 pm) are highlighted in orange.
formalism™*¢ for the MgCu, superstructures. The indices for the
klassengleiche (k) and translationengleiche (t) symmetry reductions
and the unit cell transformations are given.
rhodium and gallium in the present case (Figure S1, ESI). The
gallium atoms form the common corners within the networks of
structure is presented in Figure 11. The symmetry reduction allows  condensed tetrahedra. The covalent Rh—Ga bonding along with
for a 3:1 ordering of the transition metal and p-element atoms,  the differences in size lead to substantially smaller c/a ratios for
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the ternary compounds, i.e. 2.123 for Ce,Rh;Ga. It is remarkable,
that the c/a collapse in Ce,Rh;Ga is also associated with short
Ce—Ce distances of 338 pm, a consequence of almost tetravalent
cerium.

The most common (>400 entries in the Pearson database
ordering variant of the cubic Laves phase is the MgCu,Sn
type.””"" The coloring occurs for the magnesium substructure of
MgCu,. A 1:1 ordering is only possible via a symmetry reduction.
In the present case it is the loss of the inversion symmetry (
Fd3m—F43m) and the magnesium and tin atoms can order on
the 4a and 4c sites, while the network of condensed copper
tetrahedra remains intact (Figure 12). Although the ternary
stannide MgCu,Sn is the prototype for this ordering variant, it is
remarkable, that binary BesAu™*'"¥ adopts the same structure
with Au on 4a and Be on Wyckoff sites 4c and 16e. This ordering
variant is also frequently observed but should be called isopointal
to MgCu,Sn rather than isotypic. So far, more than 170 entries are
listed in the Pearson database.*" The coloring type in AuBe leads
to two different beryllium coordination patterns, Be1@Be,;,Au, and
Be2@Be,Au,."™

The superstructures observed for TmNi,*® extend the
branch of MgCu,Sn in the Bérnighausen tree discussed above.
A klassengleiche symmetry reduction of index 4 (k4) from F43m
to P43m leads to the high-temperature polymorph. LT-TmNi,
then crystallizes in the klassengleiche subgroup of index 2 (k2),
F43m, which is finally obtained by doubling the unit cell in all
three directions (Figure S2, ESI). The distortions in the LT-TmNi,
structure are small. In total, the subsequent symmetry reduc-
tions leads to five crystallographically independent thulium
sites in LT-TmNi,. The different coordination polyhedra with
relevant interatomic distances are shown in Figure 13. At first
sight one might think of a singular example for a complex Laves
phase superstructure; however, almost 100 entries are listed in
the Pearson database®” for the LT-TmNi, type. The small
structural distortions observed for TmNi, might rely on its
magnetic ground state. The crystal field parameters derived
from temperature dependent susceptibility measurements
could be fitted with lower symmetry. The best hint for
substantial deviations from cubic symmetry was deduced from

[31])

]
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Tm Méssbauer spectroscopy. The low-temperature spectra
show well resolved quadrupolar splitting.!"*™"")

The final example for a complex superstructure of the cubic
Laves phase concerns the ternary arsenide Cd,Cu,As."* This is
the superstructure with the lowest space group symmetry that
deserves four separate steps in the Barnighausen tree (Figure 9;
Figure S3, ESI). In a first translationengleiche symmetry reduction
to space group [4,/amd the cubic symmetry is lost. This
distortion variant is known as YMn, type.'™ A further trans-
lationengleiche transition of index 2 (t2) leads to space group
Imma where all three lattice parameters are decoupled. This
distortion variant exhibits also representatives. It was first
observed for HfV,'® and there are seven more entries in the
Pearson database.”” Finally, the Cd,Cu,As type® is then
obtained via two further symmetry reduction, a klassengleiche
transition to space group Pmna followed by another klassen-
gleiche transition to Pnnm upon doubling of the b axis. The
important point is the splitting of the subcell copper site. In the
final space group symmetry, four crystallographically independ-
ent sites for atoms of the tetrahedral network are obtained.
Only with this last step of symmetry reduction it is possible to
allow for a 7:1 ordering. The arsenic atoms occupy the 2a site
while three Cu sites are observed (8h, 4g and 2d). The Cd,Cu,As
structure is shown in Figure 14, emphasizing the condensation
of Cu, and Cu;As tetrahedra. So far, Cd,Cu,As is the sole
example for this ordering pattern.

4.2. MgZn, superstructures

Besides the coloring on the two crystallographically independ-
ent zinc sites of the MgZn, structure (Mg,CusSi coloring variant,
Chapter 3), three different superstructure variants either lead to
structural distortions or further coloring varieties. The corre-
sponding Béarnighausen tree for these superstructure variants is
shown in Figure 15. Selected examples for superstructures
deriving from MgZn, are summarized in Table 3.

The simplest superstructure concerns MnCu,In,"** which
can be considered as the counterpart compound of MgCu,Sn

__@g

'\

/@b

MgCuySn
F43m
a=704pm

Figure 12. Comparison of the unit cells of Be;Au (left) and MgCu,Sn (d). Au/Mg atoms are shown in blue, Cu/Be atoms in magenta and Sn

atoms in black, respectively.
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Figure 13. Coordination polyhedra surrounding the five crystallographically independent Tm atoms in the 2x2x 2 superstructure of cubic
MgCu, (F43m) observed in LT-TmNi, (F43m).

discussed above. Starting from centrosymmetric MgZn,
(P6;/mmc) we lose the inversion symmetry and in the non-
centrosymmetric subgroup P6;mc the Mg site (4f) splits into
two two-fold sites (2x2b) which can then be occupied in an
ordered manner by manganese and indium (Figure 16; Fig-
. As ure S4, ESI). This coloring leads only to very small distortions.
The ranges of the In—Cu (284.8-291.1 pm) and Mn—Cu (286.4-
291.5 pm) are almost similar. It is worthwhile to mention, that
the MnCu,ln structure was refined from single crystal X-ray
diffractometer data and in parallel by neutron powder
diffraction.!”

The second example of MgZn, superstructures concerns the
ILC‘D substantial orthorhombic distortion in URe,."* This refractory
compound crystallizes in the translationengleiche subgroup

Figure 14. Unit cell of Cd,Cu,As (Pnnm). Cd, Cu and As atoms are Cmcem (Figure 15; Figure S5, ESI). The symmetry reduction leads
shown as blue, magenta and black spheres, Mg—Mg, Cu—Cu and to a splitting of the Zn2 site (6h) and consequently we observe
Cu—As bonds are shown in blue, magenta and grey. three crystallographically independent rhenium sites (4a, 4c, 8g)
in URe,. Besides this splitting, the decisive distortion is the
drastic reduction of the b/a lattice parameter ratio to 1.514,
which considerably deviates from the ideal value of \/3~1.732.

(g
@

Table 3. Lattice parameters, space group symbols and unit cell volumes of MgZn, and the related superstructures and coloring variants.
compound space group a (pm) b (pm) ¢ (pm) V (nm3) V/Z (nm®) Ref.
MgZn, P6,/mmc 517 a 850 0.1967 0.0492 [5]
Mg,CusSi P6,/mmc 500.4 a 787.3 0.1707 0.0427 [84]
HT-URe, (928 K) P6,/mmc 540.5(3) a 868.2(3) 0.2197 0.0549 [120]
RT-URe, Cmecm 560.0(3) 917.8(3) 846.3(3) 0.4350 0.0544 [120]
Mg,MnGa; Cmecm 543.2 870.6 858.5 0.4060 0.0508 [121]
YbglrsGa, P6,/mcm 930.4(1) a 843.1(1) 0.6320 0.3160 [122]

Nbg 1Al , P6,/mcm 884.0 a 822.0 0.5563 0.2782 [123]
MnCu,ln P6;mc 497.08(4) a 794.0(1) 0.1699 0.0850 [124]
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Figure 15. Group-subgroup scheme for MgZn,/Mg,CusSi superstructures in the Barnighausen formalism.*** The indices for the
klassengleiche (k) and translationengleiche (t) symmetry reductions and the unit cell transformations are given.

atoms are coordinated by twelve rhenium atoms with U-Re

\ distances ranging from 312.8 to 316.8 pm. The strongly
}\ distorted low-temperature modification shows eight nearest
= ;@Cu rhenium neighbors around uranium (300.7-313.2 pm), while
/ four further neighbors show longer U—Re distances of 322.9
~@® Mn and 324.4 pm, pointing to an 8 44 coordination. The reason for

| the substantial orthorhombic distortion of the URe, structure is
) not easy to understand. The physical properties give no
s pronounced hint since URe, shows an essentially temperature-
P ‘ independent, slightly positive magnetic susceptibility, indicative
of Pauli paramagnetism.['*!

Similar to MgZn,, also the orthorhombically distorted super-
structure has a coloring variant. It was recently reported for the

i Mg,MnGas,"*" wh f the rheni i
Figure 16. Unit cell of MnCu,In (P6;mc). Mn, Cu and In atoms are gallide Mg,MnGa, where two of the rhenium sites are

shown as blue, magenta and black spheres, Cu—Cu and Mn—In occupied by gallium and one by manganese. The manganese-
bonds are shown in magenta and grey. gallium coloring (i.e. the difference in size between these two

elements) leads to a reduction of the b/a lattice parameter ratio

1.601, similar to URe, discussed above. It is interesting to note,

that the inverse coloring has been observed for the stannide
Since URe, is dimorphic with a MgZn, type high-temperature  Eu,Pd;Sn and the isotypic compounds Sr,Pd;Sn and
polymorph, it is interesting to compare the uranium coordina-  Eu,Pd;In."* The coloring variants of both compounds are
tion in both modifications (Figure 17). In HT-URe, the uranium

Figure 17. Coordination polyhedra surrounding the U atoms in (left) HT-URe, (MgZn, type, P6;/mmc) and (right) LT-URe, (own type, Cmcm).

Z. Anorg. Allg. Chem. 2023, 649, €202300109 (11 of 15) © 2023 The Authors. Zeitschrift fir anorganische und allgemeine Chemie published by Wiley-VCH GmbH

5101 SUOWILIOD BA1IERID 3|01 iddle aU) AQ POULBAOD e DI YO ‘95N JO S9N 10} AIRIGITBUIIUO /B|IA UO (SUOIIPUCO-DUE-SWLB)WI00™/3 1w AR RUIIUO//SAIL) SUONIPUOD PUE SWLB | 341 39S [£202/0T/9T] U0 AXiq 17 8UIIUO AB1IM ‘SOpUe|iEes S9Q BeIs BN AQ 60TO0EZ0Z 92eZ/Z00T OT/I0pALI0D A 1M Aeic[Bu|uoy/:sdy wiosy popeojumod °g



Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fir anorganische und allgemeine Chemie

REVIEW

Figure 18. Unit cells of (left) Mg,MnGa; and (right) Eu,Pd;Sn (both Cmcm) showing an inverse coloring of the polyanionic network.
Interatomic distances are given in pm. Mg/Eu, Mn/Pd and Ga/Sn are drawn in blue, magenta and black, respectively.

Figure 19. (top) Unit cell of Ybglr;Ga,. The two rows of ordered
tetrahedra IrGa, (grey) and Ir;Ga (magenta) are highlighted.
(bottom) kagome net in the structure of Ybglr;Ga,. Interatomic
distances are given in pm.

shown in Figure 18. The distortion in Eu,Pd;Sn (b/a=1.557) is
stronger than in the gallide.

The last example of a MgZn, superstructure deals with the Al-
compound Nb,Ir,Al,,"? This superstructure variant was already
reported by Horyn in 1977. The symmetry reduction proceeds via
a klassengleiche transition of index 3 (k3) from P6;/mmc to
P6;/mcm (Figure 15; Figure S6, ESI). The cell enlargement was
correctly assigned; however, the structure model still shows mixed
occupied sites, similar to V4C0ggSisie’? and MggNi, ;Ge,,. 0"
YbglrsGa,"?? was the first example of that superstructure variant

P6g/mmc
MgNio

v
P63mc
Scp.63Inp.37C02

Figure 20. Group-subgroup scheme in the Barnighausen
formalism'®°¢ for the MgNi, superstructure Scyq;Iny3,C0,."* The
index for the translationengleiche (t) symmetry reduction is given.

with a complete ordering on the tetrahedral substructure. This
was meanwhile also observed for the rare earth-based series
RE(IrGa,"™" and RE,T;Al, (T=Ru, INP? The reason for super-
structure formation is the different coloring within the rows of
face- and corner-sharing tetrahedra. For YbglrsGa, we observe
rows of condensed IrGa; and Ir;Ga tetrahedra in 2:1 ratio, leading
to the [Ir;Ga,] substructure (Figure 19). The size of iridium and
gallium is different. In order to have the same translation period
for both rows of condensed tetrahedra, the triangles of the Ga2
and Ir2 atoms have free x parameters for adjusting geometrical
requests, leading to smaller and larger triangles within the kagome
network (Figure 19).

It is worthwhile to note that the Pearson data base lists
more than 2000 entries for the structure type MgZn,. Besides
the pure binaries phases, many ternaries and even extended
solid solutions have been reported, many close to an
equiatomic composition. It is likely, that at least some of these
phases might adopt the Yblr;Ga, type coloring variant.
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Figure 21. Projections of the unit cells of the Laves phases Sc¢;In,3,C0, (left) and Scyg3Ing15Tag,,C0, (right). The transition metal networks
formed by the Co atoms are drawn in magenta, the Sc atoms in blue, In is drawn in black and Ta in grey. The respective mixing is indicated
by the segmented circles. The blocks that derive from the MgCu, type are shaded in yellow, their mirrored versions in purple. The mirror
planes (m) related with the chemical twinning are indicated. The unit cell edges are shown in green; the space groups are given.

P63/mmc

MgNig gCu1 4

v
P63mc
Scp g3Inp.15Tag 22C02

Figure 22. Group-subgroup scheme in the Barnighausen
formalism'®**®! for the MgNig4Cu, ; superstructure Scyg;Ng 1sTag2,C0,.
The index for the translationengleiche (t) symmetry reduction is
given.

4.3. Superstructures of MgNi, and MgNi, ,Cu, ,

The third well-known member of the binary Laves phases is
MgNi,. As described in Chapter 2, we can easily describe the
MgNi, structure via chemical twinning of the basic slab of
MgCu,. Substitution on the magnesium sites can force super-
structure formation. This is the case for Scyg;lngs;,C0,."® The

scandium-indium coloring along with different site occupancies
leads to a loss of the mirror plane that we discussed for the
chemical twinning. Scye;Ing3,C0, shows a simple translationen-
gleiche symmetry reduction from P6;/mmc to P6;mc (Figure 20;
Figure S7, ESI). This is readily evident from the projection
perpendicular to the kagome nets in Figure 21.

SCoe3lNo1sTag2,C0,l'* shows exactly the same pattern of
superstructure formation as Scy 31Ny 3,C0,."* The only difference
concerns the width of the building blocks, i.e. two subsequent
MgCu, slabs in Scye;ln,3,C0, but three in Scyg;lng;sTag,,Co,. The
loss of inversion symmetry (Figure 22; Figure S8, ESI) is driven
by the different Sc/In respectively Sc/Ta occupancies as
emphasized in Figure 21.

5. Conclusion

The present review focusses on the structural chemistry and
superstructures of Laves phases. As shown, many coloring and
distortion variants have been reported, also in recent years
indicating that Laves phases are still an interesting field of
research. Not all reasons for the observed distortion are known,
however, the stabilization of certain bonding situations can be
assumed to be the major reasons. Coloring of the Laves phases
are simpler to understand since here only atoms in an existing
structure are exchanged while superstructure formations are more
complex.
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