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We report on the six-dimensional (6-D) structural refinement of three members of the i-R-Cd
quasicrystals (R = Gd, Dy, Tm) via synchrotron X-ray diffraction from single grain samples, and
show that this series is isostructural to the i-YbCds.7 quasicrystal. However, our refinements suggest
that the R occupancy on the Yb icosahedron sites within the Tsai-type atomic cluster is approxi-
mately 80%, with the balance taken up by Cd. Similarities between the i- R-Cd series and i-ScZnz 33,
and their differences with i-YbCds.7 and i-Cai5Cdss, indicate that there are at least two subclasses
of Tsai-type icosahedral quasicrystals. We further show, from x-ray resonant magnetic scattering
(XRMS) measurements on a set of closely related Th1-,Y.Cde 1/1 approximants, that the dilution
of the magnetic R ions on the icosahedron within the Tsai-type cluster by non-magnetic Y disrupts
the commensurate magnetic ordering in the approximant phase.

Over the past 30 years, tremendous progress has been
made in our understanding of the structure of quasicrys-
talline materials.!# In particular, the discovery of a
stable binary icosahedral (i) YbCds 7 quasicrystal® and
the elucidation of the structure via 6-dimensional (6-D)
structural refinement® have provided a detailed struc-
tural model of the icosahedral phase. In terms of the
physical properties of quasicrystals and related com-
pounds, recent studies have unveiled phenomena ranging
from quantum critical behavior in the i-YbisAusqAlsy
quasicrystal to bulk superconductivity in a closely re-
lated large unit cell periodic crystal (approximant),
Ybi4AugsGeoo.”® Nevertheless, long-range magnetic or-
der has not yet been realized in quasicrystals.

All of the known icosahedral quasicrystals with local-
moment bearing elements exhibit frustration and spin-
glass-like behavior at low temperatures,!? although
numerous theoretical studies have established that
long-range magnetic order on a quasilattice is quite
possible.!" 17 Most magnetic quasicrystals studied to
date are ternary compounds, such as i- R-Mg-Zn,? 1819 i-
R-Mg-Cd,”?? and i-R-Ag-In?!22 (R = rare earth), where
chemical disorder in the local environment of the mag-
netic R-ion is a complicating factor.

The recently discovered i-R-Cd family of magnetic
quasicrystals,?® together with the RCdg 1/1-cubic
approximants,?* comprise an ideal set of model systems
for attaining a deeper understanding of magnetism in
quasicrystals. Binary quasicrystals provide the composi-
tionally simplest systems for the study of magnetic inter-
actions in aperiodic compounds. In addition, their ap-
proximant phases manifest long-range antiferromagnetic
(AFM) order at low temperature,?® 29 offering the possi-
bility for direct comparisons of the structural and mag-
netic properties among periodic and aperiodic phases.

The 1/1-RCdg approximants may be described, at am-
bient temperature, as a body-centered cubic packing of
interpenetrating rhombic triacontahedron (RTH) Tsai-
type clusters,®?* which feature an icosahedron of 12 R
atoms comprising the third shell of each cluster. These
clusters are linked along the cubic axes by sharing a face,
and interpenetrate neighboring clusters along the body
diagonal.

The archetype Tsai-type i-YbCds.7 quasicrystal and
related ternary quasicrystals®' have been studied exten-
sively. In particular, for i-YbCd; 7, the same Tsai-type
clusters have been shown to comprise the backbone of the
structure of the icosahedral phase with the same types
of linkages, and full occupancy of the R icosahedron by
Yb?+.% The Yb ions are divalent and do not carry a mag-
netic moment at ambient pressure.>?

For the i-R-Cd quasicrystals it has not yet been es-
tablished whether the intercluster linkages, or even the
R icosahedra themselves, are preserved in the icosahe-
dral quasicrystal phase. Indeed, one interesting obser-
vation regarding these new binary quasicrystals is that
their compositions vary across the heavy-R series from
GdCd7.gs to TmCdy 05,2330 differing significantly from
both the i-YbCds 7 quasicrystal and 1/1-RCdg approxi-
mants, and suggestive that these quasicrystals may com-
prise a new subclass of the Tsai-type icosahedral qua-
sicrystal phases.

An important structural difference between the Tsai-
type quasicrystals and their 1/1 approximants is that
there is only one crystallographic site for the R ion in
the approximant corresponding to their placement at the
vertices of the icosahedron embedded in the Tsai-type
cluster. For i-YbCds 7, on the other hand, ~70% of the
R ions are associated with the embedded R icosahedron,
and the balance are contained within the double Friauf
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FIG. 1. (Color online) Reciprocal layer reconstruction from the single-crystal X-ray diffraction for i-GdCd7 ss sample showing

(from left-to-right) the five-fold, three-fold and two-fold planes up to Q=7.85 A1,

three-fold direction are evident in the two-fold plane.

polyhedron (DFP) that fill the gaps between the clusters.
For the i- R-Cd series it was proposed that the R icosa-
hedra remain intact but the DFP are deficient in R.%3
It is clear, however, that a detailed description of the
structure of the binary i-R-Cd quasicrystals is prerequi-
site to any comprehensive understanding of the magnetic
interactions in this system, and this can only be obtained
from a full structural refinement of i- R-Cd quasicrystals.

The i- R-Cd quasicrystals used in this study were grown
from a binary melt using the solution growth method de-
scribed previously,??3%33 and subsequently annealed at
200° for three days. Small single grains, approximately
100 pm x 100 pm x 100 pm in size, were extracted
from the growths for R = Gd, Dy, and Tm in order to
sample the structural trends across the series of heavy
rare earths. The single-crystal X-ray diffraction experi-
ment was carried out on the CRISTAL beam line at the
synchrotron SOLEIL using incident X-rays with an en-
ergy of 24.274 keV (X = 0.51078 A). The details of the
data collection are provided in the Supplemental Mate-
rial. An example of reciprocal layers reconstructed from
non-attenuated single-crystal X-ray diffraction data for
i-GdCdy; gg sample is presented in Fig. 1.

The 6-D electron densities for the i- R-Cd were recon-
structed from Fourier synthesis of the structure ampli-
tudes, |F| o v/Iops, with phases obtained by the low-
density elimination method®*3° using 3000 strong unique
reflections common to all three samples. Fig. 2 compares
the electron density distribution for i-GdCdy;.gs and i-
YbCds 7% on a plane containing a five-fold axis in the
respective 3-D subspaces: the parallel (physical) space,
Epar, and the perpendicular space, Fperp. Here the den-
sity was normalized by the maximum value observed near
the center of the 6D primitive cubic unit cell. Even
though Yb is divalent and Gd is trivalent, the overall dis-
tributions are very similar to each other indicating that
the i-GdCdy gs is essentially isostructural to i-YbCds, 7

Streaks of diffuse scattering along the

and Gd ions are located at Yb sites (i.e icosahedron shell
and two sites on the long body diagonal of DFP). The
same features have also been found for the Dy and Tm
samples. Additional plots of the 6-D density distribu-
tion for all three i-R-Cd compounds are provided in the
Supplemental Material.

Since the chemical compositions and R valency of the i-
R-Cd quasicrystals are significantly different from that of
i-YbCds 7, a full structure refinement®® was carried out
with all 5224 common unique reflections, based on the
6-D structure model of the i-YbCds 7.6 This was mod-
eled by an arrangement of 3-D objects called occupation
domains (ODs) lying in Epep and decorating the 6-D
periodic lattice. The details are provided in the Supple-
mental Material.

First, we point out that the icosahedron sites are fully
occupied by Yb or R in the 1/1-RCdg approximant, the
2/1-YbCds g approximant and i-YbCds 7. Therefore, we
carried out the refinements based on a slightly modified
model of the i-YbCds.7, with the Yb icosahedron sites
fully occupied by R, but allowing mixed Cd/R occupa-
tion of the two Yb sites in the DFP. The remaining Cd
sites in the structure are preserved. The resulting re-
liability (R) factors showed reasonable values: 0.0836,
0.1028 and 0.1087 for R = Gd, Dy and Tm, respectively.
This further establishes that i- R-Cd and i-YbCds 7 have
an isomorphic structure. One of the sites in the DFP
(site f in Fig. 3 and Fig. S1 in the Supplemental Ma-
terial) is mixed with Cd/R ratios of 100/0, 91(1)/9(1)
and 76(1)/24(1) for R = Gd, Dy and Tm. The other
site (site g) is fully occupied by Cd. The refined chemi-
cal compositions for this model are GdCd7.¢1, DyCdz 47
and TmCdz7 o4, which are close to, but somewhat lower
values than (especially for R = Gd) those determined
previously using wavelength dispersive spectroscopy and
magnetization measurements.?33°

Somewhat better results for the refinements are ob-
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FIG. 2. (Color online) Electron density distributions for i-
GdCdr.gs and i—Yde5‘7,6 on a plane containing a five-fold
axis both in the parallel (physical) space, Epar, and perpen-
dicular space, Eperp. The high symmetry positions for the
six-dimensional cubic lattice, (0,0,0,0,0,0), (1,1,1,1,1,1)/2 and
(1,0,0,0,0,0)/2, are labeled by V, B and E, respectively.
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FIG. 3. (Color online) A region of the refined structure of
i-GdCd7.gs in the parallel (physical) space normal to a five-
fold axis. The white lines outline the positions of some of the
Tsai-type clusters in the refined structure.

tained with a further modified model in which both the
icosahedron and DFP sites can be occupied by Cd/R.
The resulting R-factors were 0.0790, 0.0997 and 0.1049
for R=Gd, Dy and Tm, respectively. In this model,
the icosahedron shell was found to contain both Cd and
R with relative occupancies of Cd/R = 22(0)/78(0),
21(0)/79(0) and 18(0)/82(0) for R = Gd, Dy and Tm,
respectively.  The refined chemical compositions are
GdCdry gg, DyCdr.50 and TmCdy 2g, in very good agree-
ment with the reported values.??3? For the two sites in
a DFP, site f is fully occupied by R and site g is a
Cd/ R mixed site with relative occupancies of 97(0)/3(0),
80(2)/20(2) and 81(2)/19(2) for R = Gd, Dy and Tm, re-
spectively. A slab of the refined structure for i-GdCdy gs,
projected onto the 3-D physical space (Epar), is shown in
Fig. 3 illustrating the various sites and indicating some
of the Tsai-type clusters. A complete list of coordinates
for 80 x 80x 80 A® regions of the refined structures for R
= Gd, Dy and Tm are provided in the Supplemental Ma-
terial. The lower R-factors of the refinements and closer
agreement with the measured compositions suggest that
the R icosahedra are ~80% occupied by R in the i-R-Cd
quasicrystals, with the balance occupied by Cd.

Although our analysis of the 6-D electron density
(Fig. 2) demonstrates the overall similarity between the
atomic-scale structure of the i-R-Cd and i-YbCds.7 qua-
sicrystals, there are distinct differences that are likely re-
lated to the occupancy of the R icosahedron. Indeed, we
propose that the R-based binary icosahedral quasicrys-
tals discovered so far may be grouped into two subclasses
in terms of their chemical compositions and an atomic
size factor given by § = r1/re, where r1 and ro are radii
of first (larger) atom and second (smaller) atom. For ref-
erence, we note that for binary alloys the ideal § value
for a Tsai-type cluster composed of hard-sphere atoms
is 1.288.36 The first subclass includes i-YbCds7 (6 =
1.237) and i-Cay5Cdgs (6 = 1.259). The second subclass
includes i-ScZnz.33 (0 = 1.177)37 and the i-R-Cd qua-
sicrystals, where ¢ ranges from 1.112 (for TmCd7.24) to
1.149 (for GACd7 gg). Here the § was calculated using the
atomic radii listed in Ref. 38. Interestingly, whereas the
structural refinement of the i-YbCds 7 quasicrystal shows
full occupancy of the R icosahedron shell,® a recent 6-
D structural refinement for i-ScZnry 33 also indicates the
possibility of site disorder on the icosahedron shell with
the ratio of Zn/Sc = 26/74.39 Taken together with the re-
sults presented here, this suggests a connection between
smaller values of § and site disorder in the R shell of the
Tsai-type cluster.

The additional phason degrees of freedom available
to all aperiodic systems introduces phason fluctua-
tions, a kind of disorder, that lead to phason diffuse
scattering (PDS) that has been studied extensively in
quasicrystals.*® The i-R-Cd quasicrystals show a sub-
stantial degree of PDS in their scattering pattern, ap-
pearing as streaks oriented along the 3-fold axis in i-
GdCdy gg shown in the right-hand panel of Fig. 1. i-
ScZn7 33 presents identical diffuse streaks elongated along
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FIG. 4. (Color online) Low-field magnetization data taken
on the Thy_,Y.Cdg series as described in the text. Arrows
denote the position of features in the data under investigation
by XRMS. Insets to panels (a), (b) and (d) show the XRMS
data taken at the poistion of the (9 0 0) magnetic Bragg peak
observed in the undiluted ThCds compound.

the same directions which are fully taken into account by
PDS and a ratio of the phason elastic constant Ko/K;
equal to -0.53, i.e. close to the three-fold instability
limit.?° In a way similar to thermal fluctuations, phason
fluctuations lead to a decrease of the Bragg peak intensity
that is taken into account by a phason, or perpendicular,
Debye Waller factor, Bperp. In the structure refinement,
similar values of the overall Bpe.p, value were obtained
for the i- R-Cd and i-ScZnz 33, that correspond to fluctu-
ations of the OD generating the framework structure on
the order 10% of their diameter.

Although the aperiodic arrangement of the Tsai-type

clusters and DFPs in the quasicrystal result in a vari-
ety of local environments for the R ions which, in itself,
may disrupt long-range magnetic order, the observation
of chemical disorder on the icosahedron sites raises the
interesting question of whether this may be, in part, re-
sponsible for the spin-glass-like ground state found for
the i-R-Cd binary compounds. To gain further insight
into this issue we have performed low-field dc magnetiza-
tion measurements on a series of the 1/1 cubic approxi-
mants, Tbhy_,Y,Cdg and searched for magnetic ordering
in these same samples using XRMS. Since there is only
a single R site (the icosahedron site) in the approximant
phases, these measurements allow us to probe the impact
of dilution of the magnetic R ions on magnetic ordering
in the approximant. The magnetization measurements
were performed down to T = 2 K using a Quantum
Design magnetic property measurement system, super-
conducting quantum interference device (SQUID) mag-
netometer in the same manner as previous measurements
on the i-R-Cd series.?® The XRMS measurements were
done at station 6-ID-B at the Advanced Photon Source in
the manner described previously for both ThCdg2® and
HoCdg.?? The results of both measurements are displayed
in Fig. 4.

Two effects of mangetic dilution are evident in the
magnetization data. First, the feature associated with
the onset of magnetic order in ThCdg appears to move to
lower temperature. The question remains, however, as to
whether this feature signifies the onset of magnetic order-
ing in the diluted samples. Second, we find a much more
pronounced separation between the field-cooled (FC) and
zero-field-cooled (ZFC) data at low temperature upon di-
lution of the magnetic Th by the nonmagnetic Y. For
the parent ThCdg compound, the very slight separation
at low temperature was suggested to arise from some re-
maining fraction of disordered Th moments that freeze at
lower temperature.?® For the most dilute sample studied,
x = 0.75, the plot of M/H in panel (d) is quite similar
to that seen for the i-Th-Cd quasicrystal spin-glass tran-
sition at low-temperature.?® For 2 < 0.5, however, the
M /H data still offer the possibility of AFM order at low

temperature.

To further study this issue we turn to the XRMS
data shown as insets to the panels in Fig. 4. For
the parent TbCdg the inset to Fig. 4(a) clearly dis-
plays the long-range commensurate magnetic order de-
scribed previously.?® However, even for x = 0.23 [inset
to Fig. 4(b)], there is no evidence of this commensurate
magnetic ordering down to the lowest temperature mea-
sured for this sample. From the present measurements
we can not exclude the presence of magnetic ordering
characterized by another magnetic wavevector (e.g. an
incommensurate magnetic structure). A full survey will
require neutron diffraction measurements on a sample
produced using a non-absorbing Cd isotope. Neverthe-
less, the dilution of the magnetic Th ions on the icosa-
hedron sites clearly affects the magnetic interactions and
changes the nature of the magnetic ordering (if present



at all) even in the 1/1 approximant phase.

Finally, we recall that the dilution of R ions in the
icosahedron shell within the Tsai-type clusters appears
to be correlated with the ratio of the sizes of the two
constituents (§ &~ 1.25 for the i-YbCds 7 subclass, close
to the ideal value of 1.29, and a reduced value, § ~ 1.15,
for the i-R-Cd subclass). From our investigations of the
closely related periodic approximant phase, we find evi-
dence that magnetic dilution of the R icosahedron, on the
order of what we have found in the i- R-Cd quasicrystals,
disrupts the commensurate magnetic order in the binary
approximant, consistent with a degree of fragility in the
magnetic ordering. This suggests that a possible path
to long-range magnetic order in binary moment-bearing
icosahedral quasicrystals may lie in the choice of appro-
priately sized constituents closer to the ideal size ratio.
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