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We investigated the effect of partial replacement of Cd by M=
Au and Zn in the crystal structure of the 1/1 Tsai-type
quasicrystal approximant (AC) GdCd,. Compositionally homoge-
neous single crystal samples Gd(Cdyg;Zngi3q))s  and
Gd(CdygoAUg0n))s Were grown from melts Gds(CdygZng2) 00 and
Gd,(CdgsAug )10 respectively, and isolated by centrifugation.
The M for Cd substitution in GdCdg is accompanied with a
sizeable reduction of the cubic unit cell parameter, from

Introduction

The discovery of a series of binary Tsai-type quasicrystals (QCs)
RE—Cd (RE=Gd-Tm)™ fueled new interest in the magnetic
properties of QCs and the fundamental question whether and
how spins may order in a quasiperiodic atomic structure.”
While long-range magnetic order has not yet been observed in
Tsai-type QCs®' antiferromagnetic (AFM) order has recently
been reported for the compositionally and structurally related
1/1 ACs RECd_s."™ Moreover, multiple anomalies in the temper-
ature dependence of the magnetic susceptibility of RECd _¢ with
RE=Gd, Tb, and Ho indicate the existence of several distinct
AFM phases.* Against this background we deemed it interest-
ing to investigate the consequences of partially substituting Cd
by other metals in GdCd, in order to elucidate the effects on
crystal chemistry and physical properties. In contrast with other
RE—Cd ACs GdCd, displays a strict stoichiometry, 1:6, with no
occupational disorder which somewhat simplifies the task.”
RE—Cd ACs (and also QCs) may be considered as polar
intermetallic compounds, assuming formal oxidation of the RE
metal and electron transfer to the more electronegative
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15514(2) A to 15329(1)A (zn) and 15.314(1) A (Au). Site
preferences were established from single crystal X-ray diffrac-
tion data. A clear preference of atomic sites for Au and Zn is
noted which is compared to earlier reported Yb(Cd,,5Mggs)s.
Three and two out of in total seven crystallographic sites
defining the Cd partial structure accept preferably metals more
and less electronegative than Cd, respectively, and are classified
as negatively and positively polarized sites in the binary 1/1 AC.

constituent, according to the Zintl concept. The site preference
in multinary complex (polar) intermetallic compounds bears
valuable information concerning their crystal chemistry, chem-
ical bonding and physical properties. Site preferences in the
crystal structure of inorganic materials has been introduced as
“coloring problem” by Miller who also championed its
application to polar intermetallics.”

Previous investigations focused on isovalent substitution by
Mg. In particular, very recently Labib etal. reported on an
extensive investigation of the phase relation between ACs and
QCs in the ternary RE-Mg—Cd systems (RE=Y, Sm, Gd, Tb, Dy,
Ho, Er, Tm), for which 20-25% of Cd can be replaced by Mg,
and the magnetic properties of the ternary ACs and QCs.”! Pay
Gomez and Tsai studied the crystal chemical effects of Mg
substitution in YbCd,"” and found a pronounced preference for
Mg to locate on three of the seven sites constituting the Cd
substructure. This picture was confirmed more recently by
Yamada et al."" Moreover, these authors found slight composi-
tional/occupational variations with respect to the previous
model (with composition 1:6") and also, just recently,
reported on intricate  superstructure  formation for
Yb(Cd,sMgq1)s0r Which is absent at higher Mg concentration."?
Mg has a slighter larger size (atomic radius) than Cd (1.60 A vs
1.51 A),"¥ but is considerably less electronegative (1.29 vs 1.52
on the Allen scale™). Here we report on the crystal chemical
effect of Zn and Au substitution in GdCd,. The corresponding
compounds are the new ternary 1/1 AC phases Gd(Cd,g;Zng 131
and Gd(CdygAUg0n)e- Both Zn (1.37 A) and Au (1.44 A) have a
smaller atomic size than Cd (1.51 A). The electronegativity of Zn
(1.59) is slightly higher, that of Au (1.92) is significantly higher.
Together with the trends established for Mg substitution, it is
hoped to obtain a more complete picture of the coloring
problem in 1/1 ACs.
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Results and Discussion

Ternary GdCd derivatives can be conveniently obtained as high
quality and compositionally homogenous single crystal samples
from solution growth experiments using Cd—M rich melts. We
based our syntheses on the well-established Gd—Cd binary
phase diagram."¥ Here we employed reaction mixtures
Gds(CdysZNngs)100 and Gd,(CdyoAUg1)100, Which were heated to
800°C and slowly cooled to 400°C. Subsequently, crystals were
isolated by centrifugation (see the experimental section for
details). Figure 1 shows representatively crystal specimens and
scanning electron microscope (SEM) images of polished grains
used for energy despersive X-ray spectroscopy (EDX) analysis.
From EDX, the M/Cd ratio is 0.16(1) and 0.28(1) for M=Zn and
M=Au, respectively, which translates into the compositions

(a)

Figure 1. Scanning electron microscope SEM (top) and Optical
photographs (bottom) of isolated grains of (a) Gd(CdggAUg200))s
and (b) Gd(Cdgg;ZNg131))s ACs. The SEM shows in-lens images taken
from the specific grains shown at the bottom in the photographs
after polishing. Typical facets of melt-grown 1/1 ACs, i.e. rectan-
gular and irregular-hexagonal faces, are clearly visible in the
photographs.
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Figure 2. (a) PXRD patterns of GdCd, and the ternary ACs. (b)
Zoomed in section of the marked (shadow-area) in (a) showing the
systematic shift in diffraction peaks when Cd is partially replaced of
Au and Zn. Diffraction background and peaks from Cu—K, radiation
have been subtracted from each pattern; Bragg peaks from internal
Si-standard (Si) and residual melt (f) are indicated. Miller indices
(hkl) are shown in (a).

Gd(CdggsZNng14))s @and GA(Cdg75AUg20))s: One notices a signifi-
cant deviation from the nominal M/Cd ratio of the reaction
mixtures. Hence, one cannot assume that the solution growth
of the AC phases proceeds according to a pseudo-binary phase
diagram Gd—(Cd,M). Further syntheses attempts to increase Zn
and Au concentrations in the ACs by increasing the M/Cd ratio
of the starting nominal compositions were unsuccessful.

Figure 2 compares the powder X-ray diffraction (PXRD)
patterns of GdCdy with those of Zn and Au. One notices a
sizable reduction of the cubic unit cell parameter (a), from
15.514(2) A to 15.329(1) A (Zn) and 15.314(1) A (Au) as expected
from the differences in atomic radii.

Crystals with suitable size for single crystal X-ray diffraction
(SCXRD) measurements were selected from crushed mm-sized
grains with well-developed facets. Data were refined against
the well-established 1/1 AC model,*® see Table 1. In the 1/1 AC
structure (space group /m3) RE atoms are coordinated by 16 Cd
atoms in the shape of a monocapped, double pentagonal
antiprism. Alternatively, and more conveniently, the structure
can be described as a packing of (Tsai) clusters consisting of
concentric shells, cf. Figure 3. The first shell corresponds to a
pentagon dodecahedron which is defined by the positions Cd3

Table 1. Crystallographic data obtained from SCXRD refinements
and EDX results. Lattice parameters obtained from PXRD experi-
ment are included.

Parameters Gd—Cd—Zn Gd—Cd—-Au

Ref. comp. Gd,Cds 542N 7601 Gd,Cd,g,AU; 1g01)
Re[f.] comp. (formu-  Gd;(Cdyg7ZNg130)s Gd;(Cdog0AUG2001)s
la)*®

:ED{)? comp. (formu-  Gd; g)(CdogsZNosa)s G101 (Cdoz8AU0 2216
a)®

Molar mass (g/mol)  795.8 931.2

Temp. of meas. (°C) 20 20

Space group Im3 (204) Im3 (204)

a axis (A) (SCXRD) 15.3156(2) 15.3663(2)

a axis (A) (PXRD) 15.329(1) 15.314(1)

Cell volume (A% 3592.54(8) 3628.34(8)

Y4 24 24

Calc. density (g/ 8.82747 10.2275

cm’)

Crystal colour Metallic grey Metallic grey
Abs. coeff. (mm™) 31.999 55.721

Indep. Reflections 1730 1722

Obs. reflections™ 25791 17272

Ri: (obs/all) 3.75/3.93 5.73/5.74
Refined parameters 90 90

Redundancy 14.908 10

R1(obs/all) 2.54/4.05 3.43/3.74
wR2(obs/all) 5.22/5.44 9.44/9.49

GOF on F¥(obs/all) ~ 2.01/1.88 2.98/2.89

APrae APmin (€/AY)  2.53/-3.16 10.549/-3.38

B measured compositions have been adapted to the chemical

formula A,(B/C)s. ® [I1>30 (I)]. @ The large residual density is
located at too short interatomic distance from the neighbouring
atom (~1.2 A from Cd4) and an attempt to include an atom
resulted to unstable refinement; it could be then an artefact
coming from intensities of a twinned crystal that was observed

during data collection and large X-ray absorptions by Au and Cd.
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IDH shell [*Cd,5;Au, 5]
24X Cd1/Aul[~0.94/0.06] (48h)
8x Cd6 (12d)

RTH shell [*CdzAu,,]

36X Cd2/Au2[~0.5/0.5] (24g)
8 x Cd4/Au4 [~0.92/0.08] (16f)
24X Cd5(12¢)

IDH shell [*Cdyq 32N, 5]
24X Cd1/Zn1 [~0.97/0.03] (48h)
8x Cd6(12d)

RTH shell [*Cds;Zn <]

36X Cd2/Zn2 [~0.98/0.02] (24g)
8 x Cd4/Zn4 [~0.9/0.1] (16/)
24 X Cd5/Zn5 [~0.44/0.56] (12€)

Icosahedron shell [Gd,,]
12 X Gd1(24g)

Icosahedron shell [Gd,,]
12 X Gd1(24g) 5

Central tetrahedron [Cd,]
12 X Cd7 [~0.33](24q)
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(€ ) ca2/nu2/zn2

+ —
ﬁ 6 5 . Cd3/Au3/Zn3

. Cd4/(Aud)
Dodecahedron shell [¥Cd ,Au,]

(@) cos/izns
12X Cd3/Au3 [~0.59/0.51] (24g) 0 izn )]_S
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Central tetrahedron [Cd,] Weakly mix
12 X Cd7 [~0.33] (24q) Occupied site

+ Positively polarized
6
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Dodecahedron shell [*Cd,sZn,] 5 '\!EBﬂtiVEh’ polarized
12 X Cd3/Zn3 [~0.67/0.33] (24q) site
8 x Cd4/7n4 [~0.9/0.1] (16f)

S Small atomic radii
prefered site

Figure 3. Plots of atomic structures obtained from SCXRD refinement results for (a) Gd(CdgyAuUg00))s and (b) Gd(Cdgg;ZNg13))s ACs. All
atomic positions except Cd7 have been displayed by thermal ellipsoids at the 95 % probability level, for Cd7 50 % was used. The polyhedra
have been proportionally scaled with respect to each other. The content of each shell is described; atomic sites with strong and weak
chemical disorder have been highlighted with circles and squares, respectively. Atomic sites with positive and negative polarizations and

that prefers small size atoms are indicated in (a).

(24 g) and Cd4 (161). The next shell is an icosahedron built from
the RE(Gd) atoms (position Gd1 (24 g)). The third shell is a 30
vertex icosidodecahedron (IDH), built from Cd1 and Cd6 atoms
(positions 48 h and 12d, respectively). The outermost shell
corresponds to a 32-vertex rhombic triacontahedron (RTH)
defined by the positions Cd4 (16f) and Cd5(24 g). Note that the
Cd4 position is common to the dodecahedron and RTH shell. In
addition, Cd2 atoms (24g) are positioned on the edges
between two Cd5 atoms. In the bcc 1/1 AC structure Tsai
clusters are centered at the 2a position. Clusters are connected
in the [100] direction by sharing common rhomboid faces
defined by the Cd5 position and by interpenetrating along the
[111] direction. The interpenetrating space (defined by Cd4 and
Cd5 atoms, i.e. all RTH corners) has the shape of an obtuse
rhombohedron."” Finally, Tsai clusters in GdCd; are centered by
a Cd, tetrahedron (position Cd7), which at room temperature is
orientationally disordered.”™'® Crystallographically, this Cd,-
tetrahedron is described by a site 24 g, with constrained
occupancy 1/3, which emulates the disorder as three super-
imposed orientations.”

The structure refinement results are summarized in Table 1
and atomic position parameters are listed in Table 2. The
refined composition of the crystal matches closely to the EDX
result. With respect to the average composition of the crystals,
two positions have a clear preference to accept M. One (Cd3,
dodecahedral shell) is common for both. Its site occupancy is
about 50% Au and 33% Zn which, with respect to the average

composition, corresponds to a very similar degree of speciation
(enrichment by a factor 2-2.5). For Gd(Cd,g,Zng;30))s the Cd5
position is preferred occupied by Zn (56%), whereas for
Gd(CdygoAUqg0))s the Cd2 position is preferred occupied by Au
(50%). Both positions belong to the RTH shell. The IDH shell
remains essentially composed of Cd. Interestingly, the same is
the case for the tetrahedral moiety at the cluster center. When
comparing with Yb(Cd,,sMgy.s)s ' there are major differences.
Mg substitution takes preferentially place at the Cd, tetrahe-
dron (72% Mg) and also in the RTH shell (position Cd5 (87 %
Mg)) and the IDH shell (position Cd6 (70 % Mg)).

Although site preference is a complex matter and could
depend on more factors which are not discussed in the present
study, our observations provide the following possible scenario
of coloring for the 1/1 AC structure (cf. Figure 3): (1) Metals less
electronegative than Cd (Mg) segregate into Cd, unit, the
position on the two-fold rotational axes of the IDH shell, and
one of the vertex positions of the RTH shell. Accordingly, these
positions (Cd7, Cd6, and Cd5, respectively) are considered
positively polarized in the Cd network of the GdCd structure.
(2) Metals more electronegative than Cd (Au) segregate into the
dodecahedral shell and the mid-edge position of the RTH shell.
Accordingly, these positions (Cd3 and Cd2, respectively) are
considered negatively polarized in the Cd network of the GdCd,
structure. (3) Both Zn and Mg both share preference for the Cd5
position, but are rather different in their electronegativity. At
the same time, Zn has the smallest size of all considered
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¢ substituting M. This may imply that for the RTH Cd5 position in
< o228 2@mo addition to preference for less electronegative metals there
ge E ~ E E E § @ g may also be a simultaneous preference for accommodating
< ~ by . L
3 3585338383 smaller sized atoms. Similarly, one could argue that the
) . .
é ceccecee dodecahedron Cd3 position (accepting preferably more electro-
2 ISTOR0L negative metals) at the same time is also preferred for smaller
= I in
= § § § g N § § [N sized M. Deeper insight with respect to atomic charges and
o P © volumes in the RE— crystal structure may be obtaine
) Qad3zexss8 I the RE—Cd 1/1 AC crystal struct y be obtained
< Nodosdsos from a Bader analysis®™ of DFT calculated charge densities (and
% F 5 using non-magnetic YCd, as a model system) and is subject to
= eIT2R88 2 future investigations.
0 — N — O OO . . . .
é s 2 § nMesg 8 The title ternary compounds are considered terminal solid
%‘ roo0oco0co0o0oo solutions of the GdCdy compound. Reactions using higher Au
3 5 = and Zn nominal starting concentrations, i.e. (Gds(CdgsZngs)es)
.*g o N®G S and (Gds(Cd,sAugs)ss), resulted in a mixture of AC phase and
= < 2 5 o §r § Gd,Zn,;Cd, and Gd,Au,,Cd; ternary phases, respectively. The
é\ XRodoocssoo lattice parameter of the AC phases obtained from the
< e Gds(CdysZNngs)es) and (Gds(Cd,sAugs)es reactions were not signifi-
.E % \:, % aN; Z cantly different compared to those obtained from the initial
'z § § a § § reactions containing less M, indicating that the M/Cd ratio is
g Sogoggo essentially the same in both cases.
5 = EREES @
é O a8 ™
ne— OO0 OO0 —O
4 5 Conclusions
v O © ccccc
<8 8 NNNNN )
g_g 5 g 5 % _§ % % % S5 The ternary Tsai-type 1/1 ACs Gd(Cdog;Zngqsn)s  and
ETE Ol smODULULLULULU Gd(CdygoAUg00))s Were grown from Cd-rich melts in order to
SR —— investigate the effect of chemical substitution on the crystal
s 2 N oo = = . . X
% % < % ) % § = chemistry. Faceted and mme-size ACs crystals were isolated from
O @ N8 Q g ® 3 3 each compound and studied using SCXRD, PXRD and SEM/EDX
o = 6o o o o . . " .
g B 2 2g28g288s techniques. Their compositions determined from EDX and the
wv
<8 refinement of site occupancies were in good agreement. The
o= g§g§§ site occupancies differ significantly from the average M/Cd
% 9o AN SCANS] 2 composition of the crystals, indicating a strong coloring
@ © A0 OO [ee] . . .
== BAN=MO =ty Q tendency of the Cd framework different sites. Interestingly, the
(V) < NOOOOOOOO K i
55 central tetrahedron and the IDH shell remain essentially pure
7} —_— . . . .
g ‘5 s NN Cd positions, whereas in earlier investigated Yb(Cd,;5sMgg2s)s
“5 E E E ':r\r § § § § {:% there is a clear preference for Mg, which is less electronegative
G o cXXIFLEE8N than Cd, to segregated there. In contrast, metals more electro-
E = Scdococcsooo negative than Cd have a clear preference to segregate into the
52 s dodecahedron and RTH shells.
g = S =
Q) = [ N oo
c 3 N oN oS
< n NOYON O
= © - 2228 . .
s XodoooSooao Experimental Section
o Q
% v N Starting chemicals were elemental granules commercially obtained
] 2 saes from Chempur: Gd and Au with purity 99.99 at.%; Alfa Aldrich: Cd
T g RN and Zn with purity 99.999 at.%. Alumina (Al,O;) crucibles, in the
8 € g g’ 3 g form of ‘Canfield Crucible Sets (CCS)’ were obtained from LSP
2 4‘5 e I35 ) Industrial Ceramics (USA). The CCS consists of two flat bottom
o B o S2R2%s oy cylindrical crucibles and an alumina frit-disc with holes of ~0.7 mm
EpS V-SoSS——0o to Tmm in diameter desi ins fi
c B gned to separate the grains from the
3_8 %’ -~ melt.?" Two reactions, one for each compound Gd(Cdgg,ZNg 316
vz 3 2222 and Gd(Cd, gyAug4))s Were carried out using nominal compositions
g ,g 3 g 5 % _§ _@ % LRCEN Gds(CdysZng,) 100 and Gd,(CdgsAug ) 100 respectively. A total mass of
IR U 8OUOUUULVLUUU 2 g were weighed for each reaction. The reactants were carefully
N S weighed inside a glove box (Ar-atmosphere, <0.1 ppm O,) loaded
o > ~ . P . ~
e ;.\3; 3313 (q\j -2 g, to CCSs which were then. encapsulated inside stainless-steel
s X E I A A I ampules. A commercial multi-step programmable muffle furnace
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was employed for setting the temperatures for the actual reactions.
Typically, ampules were first heated to 800°C during 5 h and kept
for 10 h to ensure homogeneous melts. Then, the temperature was
slowly lowered (1°C/hr) to 400°C to allow sufficient time for crystal
growth and annealed at 400°C for 50 h. Finally, reactions were
terminated by isothermally centrifuging off excess melt at 400 °C.

The samples were studied with single crystal X-ray diffraction
(SCXRD), powder X-ray diffraction (PXRD) and scanning electron
microscopy (SEM) coupled with energy dispersive X-ray spectro-
scopy (EDX). A Bruker D8 single crystal X-ray diffractometer with
Mo—K, radiation (K,=0.71073 A) with an Incoatec Microfocus
Source (IuS, beam size ~100 um at the sample position) and an
APEX Il CCD area detector (6 cmx6 cm) was utilized to collect
SCXRD intensities at room temperature. SCXRD data reduction and
numerical absorption corrections were performed using the APEX
Il software from Bruker.?? Both structure solution (by charge
flipping) and refinements were performed using the software
package JANA2006.% The charge flipping algorithm incorporated
in the program Superflip was used to obtain structure solutions.?!
The crystal structures were visualized using Diamond 3.2 K4 A
Bruker D8 powder diffractometer with 6-20 diffraction geometry
and a Cu—Ka radiation (K, =1.540598 A and K, =1.544390 A) was
used for collecting PXRD intensities at room temperature. PXRD
data were analyzed with the HighScore Plus 3.0 software from
PANalytical.”® Powdered samples were applied to a zero-diffraction
plate and diffraction patterns were measured in a 20 range of 5-
90°. In all PXRD experiments silicon powder was added as an
internal standard. Scanning electron microscopy (SEM) investiga-
tions employed a Zeiss-Merlin instrument equipped with X-Max
80 mm? Silicon Drift EDX Detector with high sensitivity and at high
count rates. Prior to the SEM/EDX experiments samples were cross
section polished mechanically using Silicon carbide coated papers
and significant portion of grains were removed from the surface.
EDX data was collected with an acceleration voltage of 20 kV over
larger areas (~1x1 mm) on at least 20 points for each sample.
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