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The proof is in the powder: revealing structural
peculiarities in the YbzRh;Sn,3 structure typet
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Compounds adopting the YbsRh,Sn;s structure type have drawn attention because of the revelation of ex-

otic states such as heavy fermion behavior, superconductivity, charge density wave, and quantum critical
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behavior. The prototypical structure has historically been modeled with a primitive cubic space group,
Pm3n; however, structural studies have led to the realization of disordered atomic sites, requiring lower
symmetry models. We will review the low symmetry models required to describe the structural distortions

in the related YbsRh,Sn;s structure type. In addition, we present the structure determination of a new

rsc.li/crystengcomm

Introduction

Single crystal growth and structure determination are crucial
to understanding the intrinsic properties of a new material.
This is especially the case in complex phases and/or when
disorder is present, as small structural changes can have
drastic effects on physical properties. For example, the low
lattice thermal conductivity discovered in bulk stannides,
such as Gd;;,C05¢Sn,4, (ref. 3) and LnzoRu,Sns; (Ln = Gd, Dy)

“ University of Texas at Dallas, USA. E-mail: Julia. Chan@utdallas.edu

b Department of Physics and Astronomy, Rice University, 6100 Main Street,
Houston, Texas 77005, USA

t Electronic supplementary information (ESI) available. See DOI 10.1039/
c7ce00419b

Iain Oswald received his B.Sc.
and M.Sc. in Chemistry in 2010
and 2013, respectively, from the
University of North Texas. He is
currently pursuing his PhD un-
der the direction of Prof. Julia Y.
Chan at the University of Texas
at Dallas. His research interests
include structural characteriza-
tion of phase transition mate-
rials in magnetocalorics and op-
tical materials, and elucidating
structural disorder in complex
gallides, germanides, and
stannides using powder and single crystal X-ray diffraction and
correlating physical properties. In addition, he has synthesized
novel low dimensional materials to exploit their anisotropic
electronic properties.

Iain Oswald

This journal is © The Royal Society of Chemistry 2017

analogue, LuslrysGess, which adopts a new structural model in 14;/amd.

(ref. 4), with complex structures (as determined through de-
tailed structure elucidation) would not be possible without
the growth of single crystals. Single crystals also allowed
the discovery of the magnetic field-pulse memory effect and
anisotropic magnetic and electrical properties in a
3-dimensional stannide TbzoRugoSN,s.”> The Yb;Rh,Sn;,
structure type represents yet another class of material with a
rich history of crystal chemistry due to the presence of disor-
der, which has led to a multitude of structural models to be
reported.®® As such, it is timely to review the structural de-
tails and modelling of this class of materials.

The YbzRh,Sn,; structure type®'™'* and related variants
have come under investigation in the last several years for
both their magnetic and electrical properties as well as rich
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crystal chemistry.®”°?° Since their initial discovery by
Remeika and co-workers in 1980, over 100 compounds have
been synthesized, highlighting the robustness of the structure
type. Investigations of their electrical properties have revealed
several exotic states, including superconductivity,>®%1°717:21725
heavy electron behavior,>***>® intermediate valence behav-
ior,”®*° charge density wave,'*?°>? and giant magnetoresis-
tance.”™ More recently, doping studies of Ybs;(Rh;_,T,)Ge;3
(T = Co, Ir) revealed a suppression of magnetic ordering with
decreasing x that is concomitant with non-Fermi-liquid be-
havior and quantum critical behavior.>’

Although many germanides and stannides of this family
show a decrease in resistivity (metallic) upon cooling prior to
becoming superconductors,> we have found that the com-
pounds Lu;T,Ge;; (T = Co, Rh, Os) and Y;T,Ge;; (T = Ir, Rh,
Os) show an increase in resistivity (semi-metal-like) instead.
We found an empirical correlation between atomic site disor-
der, quantified by atomic displacement parameters, and the
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electrical properties of these materials, highlighting how crys-
tallography can be used to help understand and predict phys-
ical properties."” In this review, we describe the crystal chem-
istry of the YbzRh,Sn;; structure type and related lower
symmetry structural variants. We will first highlight the dis-
covery of compounds of this structure type and the general
structural motifs, followed by the elucidation of disorder and
structural distortions, and finally highlight more recently
reported models describing new compounds and how they re-
late to the prototypical cubic structure.

The YbzRh4Sn43 structure type

The Ybs;Rh,Sn,; structure type was first reported in 1980 by
Remeika and co-workers that included the compounds
A;Rh,Sn;; (A = La, Ce, Pr, Nd, Sm, Eu, Gd, Yb, Th, Ca and
Sr)."* This initial report of several stannide analogues pro-
vided only the cubic unit cell parameter (@ ~ 9.7 A) and the
space group selection (Pm3n). In subsequent months, the
crystal structures of Pr;Rh,Sn,; and YbzRh,Sn;; were pub-
lished, describing the atomic positions and thermal parame-
ters.®** Further studies expanded the list of compositions to
include cobalt and iridium containing compounds, such as
the series Aslr,Sn,; (A = La, Ce, Pr, Nd, Sm, Yb, Ca, Sr) and
A;Co,Sny; (A = Yb, Ca).”® This was followed by yet another re-
port on the series A-Co-Sn, A-Ru-Sn, and A-Os-Sn (A = rare
earth, Y).*°

The unit cell of Yb;Rh,Sn,; is shown in Fig. 1, and Table 1
contains the atomic positions. There are four atomic posi-
tions in the cell: Yb (Wyckoff position 6d), Rh (8e), Sn1 (2a)
and Sn2 (24k) as provided in Table 1. The two crystallographi-
cally distinct Sn atoms (henceforth, referred to as Sn1 and
Sn2, respectively) have quite different character based on
bond lengths and atomic displacement parameters: the Sn1-
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Sn1

Sn2

Fig. 1 Cubic unit cell of YbzRh4Sn;3 showing Rh(Sn2)g trigonal prisms.

Table 1 Atomic positions of YbsRh4Sn;3 in Pm3n®

Atom Wyckoff site x y z
Yb 6d i 3 0
Rh 8e i i i
Sni 2a 0 0 0
Sn2 24k 0 0.30570(4) 0.15333(3)

Sn2 interatomic distance of ~3.3 A is long relative to that
expected for a typical Sn-Sn bond (~2.8 A),*” indicating that
any interactions between Sn1 and the surrounding Sn2 icosa-
hedra are most likely weak.’> Conversely, Rh-Sn2 and Yb-
Sn2 have bond distances that are typical for covalent
interactions.

The building blocks of the YbzRh,Sn;; structure type are
composed of AuCu;-type Sn1(Sn2),, icosahedra and Yb(Sn2),,
cuboctahedra, while Rh is surrounded by six Sn2 atoms creat-
ing trigonal prisms, as shown in Fig. 2. This formula is simi-
lar to that of the triple perovskite structure type, which has a
general formula of A’A";B,X;,, where A’, A” and B are cations
of different size, and X is an anion that links the building
blocks together. As such, the Ybs;Rh,Sn,; structure-type for-
mula is sometimes expressed as (Sn1)Yb;Rh,(Sn2),,, empha-
sizing that Sn1 is more similar in ionic character to the rare
earth element than Sn2.° The triple perovskite itself is related
to the ubiquitous ABX; perovskite structure type, having the
same structural building blocks, but with the octahedron

Sn2 Sn2

9
Rh(Sn2), &

a Yb(sn2),, a

Sn1(Sn2),,
4m.2 m3. .32

Fig. 2 Local environment and site symmetries of rare earth
cuboctahedra (left), Snl(Sn2);, icosahedra (center), and transition
metal trigonal prisms (right) in YbzRh;Snss.

This journal is © The Royal Society of Chemistry 2017
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tilted relative to the undistorted parent. A formalism has been
developed to relate Yb;Rh,Sn,; to the perovskite structure
type: Sn1 and the rare earth can be considered the “A”-site, Rh
the “B”-site, and Sn2 the “X”-anionic site. Thus, this structure
has been referred to as the “covalent counterpart” to the ionic
ABX; perovskite structure. Fig. 3 shows a schematic relating
the two structure types. Indeed, like the perovskite structure
type, many combinations of elements exist for the Yb;Rh,Sn,;
structure type, allowing for tunable physical properties.

Soft and rigid bonding in the
YbzRh4Sn,3 structure type

An important observation was made by Hodeau, Remeika,
and co-workers regarding the thermal vibrations associated
with the Sn2 atoms: the ellipsoids are highly anisotropic with
Bi1, By, and Bsz of 0.00144, 0.00503, and 0.002211, respec-
tively, and pointed towards the Sn1 atom at the center of the
Sn2 icosahedron as illustrated in Fig. 4.° Miraglia and co-
workers later showed that the disorder, as represented by the
prolated thermal ellipsoid, is not dynamic - ie. thermally
driven - but has static, positional disorder along the Sn1-Sn2
bonds.*! The thermal ellipsoid of Sn1 (By; = 0.0040(1)) is also
large in comparison to those of Yb (B;; = 0.00264(2) and B,,
= 0.00213(3)) and Rh (B;; 0.00151(4)). Hence, the bonding
within the Sn1(Sn2),, icosahedra was described as “soft”,
while the Rh(Sn2)s trigonal prisms and Yb(Sn2);,
cuboctahedra bonding is “rigid”. This is a consequence of
the Sn1 and Sn2 atoms having different ionic character (de-
duced by bond distances) that varies from ionic to covalent:
the Sn1 is more cationic, and the Sn2 more anionic. Simi-
larly, large thermal parameters have since been observed in
almost every compound of this structure type, making this
“soft” and “rigid” bonding concept a general feature.

The elucidation of disorder

Several structural studies have been pursued due to the pres-
ence of crystallographic disorder of the anionic main group
element (such as Ge or Sn) surrounding the cationic Sn/Ge
and rare earth/alkaline earth atoms.”*"%'®1921:3839 gyen the
earliest report of structure determinations noted structural
distortions leading to lower symmetry space groups.*® Struc-
tural investigations of A;Rh,Sn;; (A = La, Ce, Pr, Nd, Sm, and
Gd) using long exposure times revealed weak superstructure
reflections (200 hours), suggesting a lower symmetry model
is necessary to best describe the structure that accounts for
these reflections.®® Conversely, no indication of distortion
was observed in the compounds A;Rh,Sn,; where A = Eu, Yb,
Ca, Sr, and Th. It was noted that the valency (either trivalent
or divalent) appears to correlate with the distortion, but the
size of the A atoms does not.*® Superstructure reflections in
LazRh,Sn;; precession images were indexed using a body-
centered cubic cell roughly double the length of the primitive
cubic cell, i.e. @poqy & 2aprimitive- Reflection conditions corre-
spond to the non-centrosymmetric space group 12,3,

CrystEngComm, 2017, 19, 3381-3391 | 3383
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Triple perovskite
A;"B X1,

Fig. 3 Relationship between the cubic perovskite structure, the distorted triple perovskite, and the primitive cubic unit cell of the

(Sn1)YbzRh4(Sn2)y3 structure type.

although it was noted that only one weak reflection (14 0 0)
was present that violated the systematic absences of the 4,
screw axis (k2 # 4n for h 0 0). Thus, space group I4,32 could
be considered if this reflection is disregarded.

Using the primitive cubic cell and body-centered supercell
leads to subtle yet apparent differences: the Sn1(Sn2),, icosa-
hedral cluster is distorted enough to break the local m3 sym-
metry of the Sn1 site, lowering the overall symmetry of the
cell and best modelled in the body centered supercell

Sn2
\ o

a

"

Fig. 4 Local environment of Snl surrounded by Sn2 in YbzRh,;Sn;s.
The large, elongated thermal ellipsoids of the Sn2 atoms are directed
toward the Snl atom at the center of the icosahedron.

3384 | CrysttngComm, 2017, 19, 3381-3391

(Fig. 5). In the primitive cubic cell, Sn2 atoms are equidistant
from Sni1, forming an icosahedron. In the body centered
supercell model, the atomic positions of the Sn2 atoms are
no longer constrained by symmetry, allowing them to be fur-
ther or closer to the Sn1 in a distorted icosahedral arrange-
ment. A more recently reported structure determination of
the compound LazRh,Sn;; using synchrotron powder X-ray
diffraction revealed a structure that was modeled in space
group I4,32 with lattice parameter a = 19.492 A, confirming
the results from the prior report.*®

The expansion of structural models

Since the initial structural distortion was determined, many
lower symmetry models have been reported.”>'>' Although
the general structural building blocks are still present, the
distortions can be subtly different (as evident by reflections
in diffraction data), and should be represented with models
reflecting the local structure. Described below are some ex-
amples, their structural models, and how they are related to
the cubic archetypal Ybs;Rh,Sn,; structure type. Space groups,
lattice constants, and volumes can be found in Table 2, while
Fig. 6 shows the X1(X2);, polyhedra relative to the non-
distorted icosahedra found in Yb;Rh,Sn;; with the various X2
colors indicating those related by symmetry.

Ca;Pty,,Gey3, and YbsPt,Ge;; were synthesized using
high-pressure, high-temperature methods.” The former could
be indexed using a body centered cubic cell with lattice

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Projections of LazRh4Snyz Sn1(Sn2), icosahedra and Rh(Sn2)e trigonal prisms in the undistorted primitive cubic (left) and distorted body

centered cubic (right) structures along the [110] direction.

Table 2 Crystallographic details of selected compounds derived from the YbsRh4Sn;3 structure type

Compound Space group Lattice constants (A) Volume Ref.
Yb;Rh,Sn;; Pm3n (no. 223) a=9.676(1) 905.9(1) 6
LazRh,Sn;; 14,32 (no. 213) a=19.4918(4) 7405.52(4) 40
CazPty,Geysy 12,3 (no. 199) a =18.0578(1) 5888.3(1) 7
Yb;Pt,Ge; Pa,cm (no. 101) a=12.7479(1) 1462.7(1) 7
¢ =9.0009(1)
Y;Pt,Ge, 5 (low T) Cc (no. 9) a=12.8781(2) 1505.84(7) 10
b =12.8381(2)
¢=9.1081(1)
S = 89.954(2)°
Y;Pt,Ge, 5 (high T) R3¢ (no. 161) a =12.7423(1) 2206.0(1) 9
b = 15.6888(1)
Th,Ir,Ge,, Pm3n (no. 223) a =9.0586(3) 743.33(13) 18
UsIr,Ge, 5 R3c (no. 161) a=12.6329(1) 2149.26(5) 18
¢ =15.5505(1)
Luslr,Ge;s I4,/amd (no. 141) a=17.7674(11) 5626.3(8) This work
¢ =17.8229(13)
Ce;Co,Sn,; (298 K) Pm3n (no. 223) a = 9.6022(5) 885.34(8) 27
Ce;C048n,; (<160 K) 12,3 (no. 199) a=19.1618(1) 7035.95(1) 19
St,1r,Sny; (<152 K) 143d (no. 220) a =19.5947(3) 7523.43(9) 8

parameter a ~18.06 A, which is similar to La;Rh,Sn;;. Space
groups 12,3 and I4,32 were both evaluated; however, the
intensities of the observed reflections were in better agree-
ment with the calculated intensities from the structural
model using 12,3 (Fig. 7). Still, some peculiarities remained:
large displacement parameters for Gel (8a - the central site
of the icosahedron) and Ge4 (24c) suggested partial occupan-
cies, while another 8a atomic site required site mixing of Ge
and Pt to obtain reasonable isotropic displacement parame-
ters. These slight changes in occupation and site mixing re-
sult in the off-stoichiometry formula Ca;Pt,Ge;,6. The dis-
tortions significantly affect bond lengths, with some Pt-Ge
distances shortening by up to 5.2% from the sum of the
atomic radii of the two elements. To accommodate this
change, some Ge-Ge distances concomitantly increase,
thereby changing the coordination number of the Ge at the
center of the icosahedra from 12 to 10.

Yb;Pt,Ge,3, like CazPt, 1Geqy6, can be roughly indexed to
the primitive cubic cell with lattice constant a = 9.0045 A. In
this case, high-resolution synchrotron radiation proved to be
an invaluable technique as the peak splitting of some reflec-
tions (such as the (4 0 0) shown in Fig. 8, left) is subtle

This journal is © The Royal Society of Chemistry 2017

enough to be hidden if overlapping reflections are not re-
solved. This distortion leads to a tetragonal cell with space
group P4,cm and dimensions a = 12.7479(1) A and ¢ =
9.0009(1) A (powder diffraction data and fitting shown in
Fig. 8, right).

Y3Pt4Ge3: low temperature structure

Similar to CazPtyGe 3, and Yb;Pt,Gey3, Y;Pt,Gey; was syn-
thesized at high pressure: the sample was pressed at 8 GPa
and heated at 850 °C and annealed for two hours.’ Synchro-
tron X-ray diffraction data revealed weak, unindexed reflec-
tions similar to Ca;Pt;;,Ge;3y and Yb;Pt;Gey;. In addition,
the cubic reflection (2 0 0) was split into two parts, indicating
the possibility of a distorted tetragonal structure. Further
analysis led to the selection of the lower symmetry mono-
clinic space group Cc, which is the lowest symmetry model
for any of the distorted variants. Y;Pt,Ge;; is one of the few
examples of a non-centrosymmetric superconductor (T, = 7
K). The series of compounds A;Pt,Ge;; (A = Pr, Sm, Gd, Tb,
and Tm) have the same structure at room temperature, indi-
cating that within this series the distortions are general,

CrystEngComm, 2017, 19, 3381-3391 | 3385
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14,/amd

YbsRh,Sn \

Pm3n

CazPt, 1Geq,
23

La;Rh,Sny5
14,32

HT-Y;Pt,Ge,;
R3¢

Fig. 6 A schematic showing the polyhedral representation of the local
X1(X2)1> (X = Ge or Sn) distorted icosahedra derived from YbzRh4Sn,s.
The colors indicate the X2 atoms that are related by symmetry.

Intensity (a.u.) Intensity (a.u.

Intensity (a.u.)
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Fig. 7 Powder diffraction pattern of CazPt;1Ge;s6. The inset shows
indexing using space groups /4,32 (top) and /12,3 (bottom). Reproduced
from ref. 7 with permission from The Royal Society of Chemistry.

where the rare earth valence is 3+ and the transition metal is
Pt.

YzPt4,Ge;3: high temperature structure

Differential scanning calorimetry (DSC) showed a first order
phase transition at around 350 K for Y;Pt,Ge,;, indicating

3386 | CrysttngComm, 2017, 19, 3381-3391
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that a structural transformation could be occurring at this
temperature,'® at which point synchrotron diffraction experi-
ments were conducted at 480 K to confirm. Once again, the
majority of reflections could be indexed using space group
Pm3n (a ~ 9.03 A). However, the (h & h) reflections were split,
leading to the noncentrosymmetric rhombohedral space
group R3c with fully occupied sites. It was noted that this re-
duction of symmetry arises strictly from the Ge-atomic sites,
rather than Y or Pt.

Aslr,Ges sz (A = Yb, Lu): low carrier
Kondo semimetals

We recently investigated thermodynamic, transport and opti-
cal properties on single crystals of (Yb,—,Lu,);Ir,Gess (x = 0,
0.2, 0.4, 0.5, 0.55, 0.6, 0.7, 0.8, 0.9, and 1.0) grown using the
self-flux method.”" A coexistence of the low-carrier density,
Kondo effect, antiferromagnetic order, and quantum fluctua-
tions near a quantum critical point establishes (Yb,
Lu);Ir,Ge;; as a unique compound within the A;T,X;; fam-
ily.*> These phases, like those mentioned previously, can be
indexed based on the primitive cubic cell, but again have
weak reflections in powder X-ray diffraction data as indicated
by stars in the topmost pattern in Fig. 9. Furthermore, all an-
alogues except x = 0.2 have peak splitting of the reflections
corresponding to the primitive cubic cell, indicating an addi-
tional lowering of symmetry. The weak reflections present in
powder diffraction data were also observed in single crystal
X-ray diffraction precession images, as shown in Fig. 10. Both
single crystal and powder X-ray diffraction data could be
modelled using the tetragonal space group I4,/amd with lat-
tice constants a = 17.7674(11) A and ¢ = 17.8229(13) A. The
small elongation of the c-axis breaks the cubic symmetry
which in turn splits many of the major reflections corre-
sponding to the cubic archetype. A notable feature in the
structure is positional disorder of the Gel atom within the
icosahedron. This atomic site is split (labeled GelA and
GelB) in a ratio of roughly 92% and 8%, respectively. The
crystallographic details can be found in Table 3, while atomic
positions and thermal parameters are located in Table 4.

A3T4Gel3 (A = LU, Y, T= CO, Rh,
Ir, Os)

We have also reported on a series of germanides that were
synthesized using the self-flux method with semimetal-like
electrical resistivity prior to becoming superconductors at low
temperature (7. < 2 K)."”*" This unusual increase in resistiv-
ity coincides with a decrease in charge carrier density upon
cooling in the normal state even though band structure cal-
culations suggested a metallic ground state. These seemingly
conflicting results were empirically resolved when we found a
correlation between the disorder in the crystal structure and
the electrical property of the materials. The amount of disor-
der was quantified by the following equation:

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Left: selected reflections showing clear peak splitting using high resolution synchrotron data versus a standard in-house detector. Right:
powder diffraction pattern of YbzPt,Ge;s. Experimental (black points) and calculated (red line). Reproduced from ref. 7 with permission from The

Royal Society of Chemistry.

ADP ratio = Ueq(2q)/Ueq(T)

where Ueq(aq) is the atomic displacement parameter (ADP) for
the Sn1 or Gel atom located at Wyckoff site 2a, and Ueq(r) is
the ADP for the transition metal element located at Wyckoff
site 8e. In general, compounds with lower ADP ratios (less
disorder) were more metallic, while those with a larger ADP
ratio (more disorder) were more semiconductor-like. For in-
stance, the semiconductor-like compounds Lu;Os,Ge;; and
Y;Ir,Ge 3 have ADP ratios of 6.7 and 13, respectively, while
the metallic compounds Yb;Co,Ge;; and La;Co,Sn;; have
ADP ratios of 0.94 and 1.6, respectively. This is a general fea-
ture for this class of material and can be used as a “rule of
thumb” when predicting the electrical character of a com-
pound of this type, similar to other rules developed for ther-
moelectric material development using ADPs.*?

Temperature dependent structural
distortions

Thus far, the structural studies of the compounds reviewed
have been reported at room temperature or elevated tempera-
tures. On the other hand, some compounds have recently
been reported to undergo structural changes at lower temper-
atures - usually from the cubic primitive cell to a lower sym-
metry supercell. In some cases, features in physical property
measurements, such as magnetization or resistivity, hint at
the possibility of a structural transformation, although low
temperature structural studies have demonstrated conflicting
results regarding this,»*?73032

For instance, the superconductors Caslr,Sny; (T. = 7 K)
and Sr3Ir,Sny; (T. = 5 K) have garnered interest due to the
presence of an anomaly in the electrical resistivity and mag-
netic susceptibility at 33 K and 147 K, respectively.® This fea-

This journal is © The Royal Society of Chemistry 2017

ture was ascribed to a structural phase transition going from
the primitive cubic cell to a supercell similar to the
LazRh,Sn,; superstructure (space group I4,32) with a ~ 19.5
A upon cooling (T = 147 K for Sr3lIr,Sn,; and T = 33 K for
Caslr,Sn,;). The structural change was attributed to a charge
density wave transition of the conduction electrons that
could be modified by chemical or physical pressure. How-
ever, unlike the previously reported phases modeled in 74,32
or 12,3, this structure was best modeled using space group
I13d. The major change was due to a distortion in the
Sn1(Sn2),, icosahedra that coincides with tilting of 75% of
the Ir trigonal prisms, while those with their axis oriented
along the (111) direction remain unchanged. The transition
temperature can be tuned by doping Ca on the Sr position,
and eventually eliminated completely by application of hydro-
static pressure.

Ce;Co,4Sny; is a heavy fermion compound that has also re-
cently become the subject of studies due to an anomaly in re-
sistivity at 160 K.'**%***> Initial low temperature structural
studies did not reveal evidence of a transformation;>’ how-
ever, recent experiments have indeed observed weak reflec-
tions forbidden by the primitive cubic symmetry that can be
indexed in a supercell and best modelled in space group
12,3."° This structural distortion may have a pronounced im-
pact on the electrical properties of the material. Specific heat,
Seebeck coefficient, thermal conductivity and NMR measure-
ments suggest charge density wave formation occurring at
the feature in resistivity.’* However, exactly how the struc-
tural transformation is related to the CDW is still debated.

Conclusions and outlook

The importance of determining the best representation of the
structure of a compound is perhaps most evident in the study
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Fig. 9 Experimental (black line) and calculated (blue line) powder diffraction pattern of LuslrsGeys using space groups Pm3n (top) and /4;/amd
(bottom). Stars indicate unindexed reflections.

Fig. 10 Left: single crystal diffraction precession image of Luslr,Geyz along the hkO with Pm3n indexing showing weak, unindexed periodic
reflections. Right: single crystal diffraction precession image of LuslrsGe;s with /14;/amd indexing showing all reflections being indexed.

of physical properties, such as magnetism, electrical charac-
ter, and transport. A wide array of phenomena have been ob-

3388 | CrysttngComm, 2017, 19, 3381-3391

served in this family, including superconductivity,®*""*”3¢

charge density wave,***>° intermediate valence,*® the Kondo

This journal is © The Royal Society of Chemistry 2017
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Table 3 LuslrsGe;s crystallographic parameters

Formula Lu;lr,Ge,;
Crystal system Tetragonal
Space group I4,/amd
a(A) 17.764(3)
c (&) 17.822(4)
V(A% 5624(2)

zZ 16

Crystal dimensions (mm?®) 0.10 x 0.08 x 0.05
0 range (°) 3.2-30.5

# (mm™) 85.79
Temperature (K) 298(2)
Measured reflections 75394
Independent reflections 2294
Reflections with I > 20(I) 1671

Rine 0.077

R, (F)* 0.039
WR,? 0.109
Parameters 107
Restraints 0
Extinction coefficient 0.000052(3)
Goodness-of-fit on F* 1.15

“ Ry = YlIFo| = [FIVIF|. * wRy = [Cw(FS® = FEPYS[W(ES V]

effect,”® quantum criticality,”>*”*® and giant magnetoresis-

tance.*® Accounting for and elucidation of the structural de-
tails can serve as a tool to shed insights into the physical
properties and possible applications. For instance, previous
reports have considered this structure type to be a potentially
useful thermoelectric material due to its somewhat complex
crystal structure and the presence of disorder, which can
help lower thermal conductivity.”” Doping studies on
Yb;Co,4,Ru,Sn,; (x = 0, 0.38) revealed a sign change in the
thermopower at approximately 150 K, highlighting the tun-
ability of properties by doping.'*

Superconductivity is also sensitive to the structural nature
of a material. Early on, it was found that many compounds
exhibit superconductivity with T, values typically less than
8 K, while others order magnetically.'> For instance,

Table 4 Luslr,Ge;s atomic positions and thermal parameters

View Article Online
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Yb;Rh,Sn;; is a conventional BCS superconductor with T,
~8.6 K. Although this compound has an inversion center
(like most other superconductors), some compounds in this
family, such as Y;Pt,Ge,; (space group Cc), lack an inversion
center due to the structural distortions and yet become
superconductors at low temperature (T. = 4.5 K).° This can
lead to novel and complex electronic states due in part to
changes in spin degeneracy resulting in mixing of spin-
singlet and triplet pairing states. The appearance of a charge
density wave (CDW) at low temperatures in Sr;Ir,Sn;; and
Ce;Co,Sny; was surprising considering the three-dimensional
nature of the materials. A CDW is typically found in lower di-
mensional materials such as Cu,TiSe,,”° the transition-metal
dichalcogenides,”" and the cuprate superconductors.’>* For
Sr;Ir,Sny3, modulated satellite peaks observed in X-ray scat-
tering below 147 K indicate that a CDW exists in the (1 1 0)
plane, which was corroborated by changes in bond distances
between Sn1 and Sn2 using extended X-ray absorption fine
structure.’

Finally, new theories surrounding topological materials of-
ten require specific crystalline symmetries to be present in a
material.>> > These include topological insulators,*® which
are insulating in the bulk, but have protected conductive
states on the surface, and Dirac and Weyl semimetals,”® ®
each of which have their own unique properties arising from
the electronic structure of the material.>® In particular, Weyl
fermions, which are chiral,®® require certain symmetry ele-
ments within the crystal lattice, thereby limiting the possible
number of space groups which can host them. Interestingly,
space groups I4,32 and 12,3, which the compounds
LazRh,Sn;; and Ce;Co,Sn;; adopt, respectively, can theoreti-
cally host these Weyl fermions."’

In this review, we described the structural models derived
from the Yb;Rh,Sn,; structure type and present the structural
details of LusIr,Ge,3, a new distorted variant modeled in
space group I4,/amd. Materials new and old are being investi-
gated with regard to their structural models, especially

Atom x y z Uiso 1Ueq” (A%) Occupancy (<1)
Lul 0.5000 0.37512 (4) 0.00090 (4) 0.01787 (17)

Lu2 0.25127 (2) 0.49873 (2) 0.1250 0.01803 (17)

Lu3 0.0000 0.37479 (4) 0.00139 (4) 0.01794 (16)

Ir1 0.12521 (2) 0.37489 (2) 0.12510 (2) 0.01447 (16)

Ir2 0.37493 (2) 0.37507 (2) 0.1250 0.01462 (17)

I3 0.12524 (2) 0.62476 (2) 0.1250 0.01441 (17)

GelA 0.25101 (9) 0.7500 0.00572 (9) 0.0188 (4) 0.921 (4)
GelB 0.2560 (11) 0.7500 -0.0512 (12) 0.0188 (4) 0.079 (4)
Ge2 0.0000 0.32683 (9) 0.16875 (8) 0.0163 (3)

Ge3 0.25016 (6) 0.32921 (6) 0.17106 (7) 0.0187 (2)

Ged 0.17331 (7) 0.41701 (7) 0.00032 (6) 0.0206 (3)

Ge5 0.0000 0.66070 (9) 0.17652 (9) 0.0197 (3)

Geb6 0.12683 (10) 0.2500 0.06517 (10) 0.0232 (4)

Ge7 0.31496 (7) 0.38480 (8) 0.00042 (7) 0.0263 (3)

Ge8 0.06910 (7) 0.50008 (6) 0.10763 (8) 0.0268 (3)

Ge9 0.5000 0.35237 (13) 0.18191 (11) 0.0356 (5)

Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor.

This journal is © The Royal Society of Chemistry 2017
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concerning those with exotic physical properties. The general
deformation of the structure from the cubic archetype is due
to distortions in the Sn1(Sn2),, icosahedra. These small, but
measurable, changes have required the development of
completely new models with different degrees of symmetry.
Using single crystal X-ray diffraction and powder X-ray dif-
fraction as complementary techniques can help immensely
when determining the details of the structures. As Robert S.
Roth once wrote, “When indexing a pattern, account for every
peak.”®*
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