PHYSICAL REVIEW B 109, 184425 (2024)

Magnetic frustration and glassiness in an icosahedral i-Th-Cd quasicrystal

Fernand Denoel ®,!*" Deep Chandra Joshi®,! Yu-Chin Huang,? Girma Hailu Gebresenbut,”

Cesar Pay Gémez,2 and Roland Mathieu

[

' Department of Materials Science and Engineering, Uppsala University, Box 35, 751 03, Uppsala, Sweden
2Department of Chemistry-Angstrom Laboratory, Uppsala University, 751 21 Uppsala, Sweden

® (Received 26 February 2024; accepted 24 April 2024; published 13 May 2024)

The dynamical magnetic properties of the icosahedral i-Tb-Cd quasicrystal (QC) were investigated by means

of squid magnetometry. At low temperatures, below T ~ 4.5 K, we observe conventional spin glass features
including aging, memory, and rejuvenation. Interestingly, from T ~ 4.5 to 10 K, the spin configuration is also
found to evolve with time (i.e., age as in spin glass), yet without memory. This suggests a reentrantlike behavior
for the i-Tb-Cd QC, where upon cooling from high temperatures, the system first displays a magnetically
frustrated phase before turning into a spin glasslike one at the lowest temperatures. We discuss the nature and
possible origin of this magnetic behavior, in the light of the results obtained in the i-Gd-Cd QC, and ternary

Tb-based quasicrystal approximants.

DOL: 10.1103/PhysRevB.109.184425

I. INTRODUCTION

Quasicrystals (QCs) constitute an intriguing state of matter
where the building blocks are aperiodic along at least one
dimension, but where the local atomic environments are per-
fectly well defined. Icosahedral quasicrystals (i-QCs) is the
only type which is aperiodic along all three dimensions. In the
case of the R-Cd Tsai-type series of i-QCs (R = Y, Gd-Lu),
their structure can be described satisfactorily using a Tsai
cluster elementary unit, a rhombic triacontahedron (RTH)
with a unique atomic decoration described in Ref. [1], leaving
acute thombohedron (AR) and obtuse rhombohedron (OR)
spaces that can also be described with a unique decoration, see
Fig. 1. All Tsai clusters exhibit the same orientation through-
out the structure, and are strictly only allowed to connect to the
neighboring clusters by either sharing a face or by intersecting
along their threefold axes, sharing an obtuse rhombohedron
(OR), defining the icosahedral long-range order. In real Tsai
QCs, most of the volume can be described by a network
of interpenetrating Tsai clusters with same orientation and
atomic decoration, surrounded by a few ORs and ARs with
atomic decorations [1]. In the case where the rare-earth is
trivalent, there is chemical disorder with Cd occupying par-
tially the rare-earth sites. The atomic decoration of the RTHs
can be separated in the Cd-only sites and mixed sites con-
taining both Cd and rare-earths. In addition to forming an
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icosahedron in each cluster, these mixed sites also exist for
the stray ARs, with two nonequivalent sites, usually described
as a double-Friauf polyhedron (DFP) with the surrounding
Cd atoms. The building blocks and linkages are shown in
Fig. 1. There exist 18 different local configurations for Tsai
clusters to interconnect with their first neighbors, which gives
a large variety of local geometries for the magnetic elements.
Approximant crystals (ACs) are periodic crystals with similar
local structure as the QCs [2] which can, hence, also be in-
vestigated to study the structure-property relationship in QCs.
In some cases, the tetrahedra located in conventional Tsai
clusters can be partially or totally replaced by a rare-earth
ions [3,4] In these intermetallic R-Cd systems, the magnetic
4f elements interact through RKKY exchange, only dependent
on the distance separating the magnetic ions. It is expected
that the ferromagnetic-antiferromagnetic oscillating nature of
the RKKY interaction as a function of distance, the multiple
local atomic environments of i-QCs, and the fact that the
first nearest neighbors of the magnetic quasiperiodic lattice of
i-QCs are near identical [5,6] promotes magnetic frustration,
favoring a spin glass state at low temperatures [7-9]. Spin
glass states imply the appearance of short-range magnetic
correlations at low temperature which collectively “freezes”
the spin configuration in an out-of-equilibrium state, governed
by slow spin dynamics [10]. Interestingly, spin glasses may
occur as a result of either a mixture of ferromagnetic and
antiferromagnetic interactions in the system, or by, e.g., a pre-
dominance of antiferromagnetic interactions over a magnetic
lattice incompatible with antialigned first neighbors [11]. The
spin glass behavior of the i-Gd-Cd QC has been demonstrated
by magnetometry [7]. On the other hand, the i-Tb-Cd QC
show ambiguous magnetization curves with regards to their
previously mentioned spin freezing [12], with a significant
irreversibility appearing above a broad cusp in the zero-field
cooled (ZFC) magnetization. Interestingly, recent elastic and
inelastic neutron scattering studies have evidenced short range
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FIG. 1. (a) Building blocks of icosahedral quasiperiodic order.
From left to right: rhombic triacontahedron (RTH), acute rhombo-
hedron (AR), and obtuse rhombohedron (OR). (b) The two linkages
rules that connect Tsai clusters and (c) the stray ARs separate from
the Tsai clusters network, with two R inequivalent positions. The red
spheres located in the RTH and stray AR represent the rare-earth
positions.

magnetic correlation at temperatures above that of the ZFC
cusp [13].

In the present paper, we have investigated in detail the
dynamical magnetic properties and glassy state of i-Tb-Cd QC
by means of magnetometry. The static magnetic properties of
our QC are qualitatively and quantitatively similar to those
reported earlier. We find that, unlike ordinary spin glasses
and, e.g., the i-Gd-Cd QC which show a transition from a
paramagnetic to a spin glass-like phase at low temperature,
i-Tb-Cd QC displays an intermediate magnetically frustrated
phase, which, e.g., shows aging but no memory features. We
discuss in detail the nature and origin of this phase.

II. EXPERIMENTAL METHODS

A single crystal of the i-Tb-Cd QC was synthesized using
the self-flux method. Similar conditions as reported by Gold-
man et al. [12] were used. In the present synthesis, elemental
granules of Tb with purity 99.99 at.% and Cd with purity
99.999 at.% were used. A total mass of 2 g with starting
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FIG. 2. Powder XRD pattern of the i-Tb-Cd QC; peaks from
residual Cd flux are indicated with arrows.
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nominal composition Tby gCdgg» was used. The starting ma-
terials were gathered in an alumina crucible, then sealed in
a stainless steel ampule under Ar atmosphere, first heated to
700 °C and slowly cooled to 355 °C where the QC grains
were separated from the Cd excess flux by centrifuging. i-Gd-
Cd and i-Dy-Cd QCs were also synthesized using a similar
method for comparison (see the Supplemental Material [14]
and Ref. [7]). The phase purity and structural properties of the
resulting sample were analyzed by x-ray powder diffraction
(XPRD) using a Bruker D8 Powder diffractometer. The XPRD
was measured from 26 angle 20-70°with the step size 0.01.
The indexed power pattern of i-Tb-Cd QC was characterized
based on Ref. [15]. The magnetic properties, including the
temperature-dependent zero field-cooled (ZFC), field-cooled
(FC) magnetization, and ac susceptibility were acquired us-
ing a superconducting quantum interference design (SQUID)
measurement system from Quantum Design Inc. Magnetic-
field dependent magnetization measurements were recorded
on the same equipment at a constant temperature (T = 2 K).

III. RESULTS AND DISCUSSION

The XRPD patterns displayed in Fig. 2 illustrates the phase
purity of the QC sample, with the expected diffraction peaks
from the i-Tb-Cd QC indexed. As sketched in Fig. 1, multiple
local configurations exist in the i-Tb-Cd QC. The various local
environment of magnetic elements appearing in QCs and ACs
has been previously reported [6].

We note that since the relative concentration of Cd in the
i-Tb-Cd QC is higher than the examples with no chemical
disorder MCds7 QC for M = Yb, Ca, it is likely that Cd is
present on the icosahedron shell of the Tsai cluster and the
two DFP site, potentially up to saturation for the latter as is
the case in i-Gd-Cd [16]. The two R sites present on the DFP
are closer than the edge length of the icosahedra sites [17],
which may explain why these sites are more Cd rich than on
the icosahedron, especially for large rare-earths.
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FIG. 3. (a) Zero-field cooled and field cooled magnetization curves of the i-Tb-Cd QC. (b) The dc magnetic susceptibility of the i-Tb-Cd
QC recorded in a larger magnetic field. The inset shows the inverse susceptibility plotted as 1/(x-xo) vs T(xo = 1.1x10~7 mol/m3), and

linear fit.

Figure 3(a) shows the ZFC and FC magnetization recorded
in a small magnetic field of 1 mT. No magnetic irreversibility
is observed down to ~10 K, below which a rounded maximum
is observed in the ZFC magnetization in the 5-7 K range. The
present ZFC/FC curves are qualitatively and quantitatively
similar to those reported earlier [12,18], namely a broad peak
centered around 5.4 K and irreversibility below 8.7 K [12,18],
and suggest a short-ranged magnetic order. Above 20 K, the
magnetic susceptibility of the i-Tb-Cd QC recorded in higher
magnetic fields follows a Curie-Weiss behavior [see Fig. 3(b)]
with Oy = —23.6 K, in quantitative agreement as well with
the value 6cyw = —21 K previously reported in Ref. [12]. This,
in absolute values, is about four times the magnitude of the
temperature of the broad maximum in the ZFC magnetization.
The associated effective magnetic moment is 9.96 g, which
is the value expected for Tb, considering a 4/ configuration
and J = 6 value of Tb**, yielding g</7(J + 1) up = 9.72 up.
The i-Tb-Cd QC displays S-shaped M(H) curves, with M(uoH
=5T) ~ 3.3up/Th, significantly lower than g/ ug = 9 ug/Tb
(see Fig. S3 of the SM). Owing to crystal electric field effects
(CEF), it has been suggested that Tb could possess a local
Ising-like spin orientation along the (icosahedral) crystal axes
in i-Tb-Cd [19,20], with spins pointing either in or out from
the mixed site icosahedron they are located on [13]. Asso-
ciated to this complex magnetic state, short-range magnetic
order was reported to develop at temperatures above the freez-
ing temperature, considering neutron scattering data collected
from 1.8 to 30 K [13]. The configurations on the icosahedron
is reminiscent to the local spin configuration of pyrochlore
spin ice, with a two-in two-out rule for spin configuration of
the tetrahedra at low temperature [21].

Yamada et al. have demonstrated that doping of the non-
magnetic Y in ACs at similar concentrations than the intrinsic
dilution observed in QCs could suppress the antiferromagnetic
long-ranged order in the TbCdg 1/1 AC [16]. It is possible
that, would all the rare-earth sites be occupied by Tb3* ions,
a long-ranged antiferromagnetic could exist in the i-Tb-Cd
QC, but the disorder introduced by Cd dilution suppresses the

long-range order, converting it to a short-range order. Note
that since the static magnetic properties of our i-Tb-Cd QC
match not only qualitatively, but also quantitatively those of
Goldman et al. [12], we assume a similar Cd content in our
QC, yielding the chemical composition TbCd7 g9 [12].

The in-phase and out-of-phase components of the ac sus-
ceptibility of the i-Tb-Cd QC are shown in Fig. S2 of the
SM. To be meaningful and reflect the intrinsic (linear) re-
sponse of the system, the employed ac-excitation needs to be
small; here 0.4 mT. Unfortunately, the obtained ac signal is
too small to make quantitative assertions about the magnetic
response, e.g., by scaling analysis [22]. Qualitatively, the ac
susceptibility display an onset of irreversibility below 10 K
(e.g., the appearance of frequency dependence in the in-phase
component and an out-of-phase component) resembling that
of spin glasses, which may be connected to the magnetic irre-
versibility observed in the ZFC/FC dc magnetization curves.

Spin glasses display aging, memory, and rejuvenation phe-
nomena [11,23]. If a spin glass is rapidly cooled to a given
temperature i, in the glassy phase in zero magnetic field,
its microscopic spin configuration will rearrange itself over
time, i.e., age. Interestingly, if a small magnetic field is applied
after a certain time fy,); to record the intrinsic (linear) magnetic
response of the material at that temperature, the obtained
relaxation curves will show a dependence on #y,,, which re-
flects the age of the system being probed [11,24]. The aging
is kept in memory unless the temperature is again changed
from Thy, inducing rejuvenation: the system appears young
again, with a spin configuration reinitialized. Rejuvenation
can be induced by resuming the cooling to a lower temperature
as in an ordinary (reference) ZFC magnetization experiment.
This shows that the time-dependent features of spin glasses
such as aging, memory, and rejuvenation may be probed in
temperature dependent experiments employing specific pro-
tocols, e.g., ZFC magnetization measurements recorded on
reheating after including halts at constant temperatures (dur-
ing which the aging takes place) in the initial cooling from
the paramagnetic phase [24]. As a result of the rejuvenation
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FIG. 4. (a) The results of memory experiments performed with f,,, = 1000 s at different temperatures Tj,; in the range 2.5 K-7 K are
shown in Fig. S4(a) in the SM (as M-T curves) and here as difference plots AM(T), obtained by subtracting the reference curve from each
curve recorded after a halt. (b) Sketch of the change in temperature and applied magnetic field with time in the memory experiments: The
ZFC magnetization is recorded on reheating after rapid and direct cooling down to the lowest temperature (“reference,” black curve) or
after including halts (red and blue curves, illustrating halts of different durations). Another reference curve recorded after a slower cooling
(0.2K/min) down to the lowest temperature is also depicted (green curve). (c), (d) The AM(T), plots for different halt times #,,, = 1000,
3600 s performed at T, = (c) 3.5 K and (d) 6 K. The difference plot of a curve collected without halt, yet employing a slow cooling rate of
(0.2 K/min) is added in (d) for comparison, with same color scheme as the sketch in (b).

phenomenon, the memory of the aging at a given temperature
Thare Will appear in M(T) curves as a dip centered around 7,
[7,24], more clearly shown as a AM difference plots obtained
by subtracting a reference curve recorded without halt in the
initial cooling from each of the curves recorded after a halt.
These so-called dc memory experiments were employed to
investigate the glassy features of the i-Gd-Cd QC [7].
Memory experiments are performed on the i-Tb-Cd QC us-
ing a waiting time f,,;, = 1000 s for temperatures ranging from
Thar = 2.5 K to 7 K. The results are presented in Fig. 4(a) and
Fig. S4 in the SM. The temperature dependence of the ZFC
magnetization recorded after cooling with and without halt
(reference curve) measured according to the protocol sketched
in Fig. 4(b) is shown in Fig. S4(a) in the SM. Figure 4(a)
shows the corresponding difference plots AM. The i-Tb-Cd
QC displays clear AM memory dips centered in the vicinity
of the respective Thyy for Tp, < 4.5 K, evidencing the aging,
memory, and rejuvenation features of a spin glass and the
i-Gd-Cd QC. However, in spin glasses and the i-Gd-Cd QC,
memory dips centered near Tp, are observed at all Tp, up
to the cusp temperature in the ZFC magnetization curve. In
the i-Tb-Cd QC, memory diplike features are observed above
4.5 K up to the cusp temperature and above, however, broader
in temperature and centered near ~ 5 K, independently of

Thaie- All the memory and memorylike curves become iden-
tical to the reference one above ~ 10 K, i.e., the irreversibility
temperature.

To contrast further the dynamical behavior of the i-Tb-Cd
QC below and above 4.5 K, the AM plots obtained at 3.5 K
and 6 K for two halt times are shown in Figs. 4(c) and 4(d).
In both cases, the (c) memory and (d) broad memorylike dips
are larger when the halt is longer, as expected. However, as
seen in Fig. 4(d), a broad memorylike dip centered at the
same temperature may be obtained simply by subtracting the
reference curve from a magnetization curve recorded, like
the reference, without halt, yet employing a slower cooling
rate during the initial cooling. This resembles the cooling rate
effects observed in glassy systems [25], which suggests that in
the temperature range ~ 4.5-10 K the system exhibits aging,
but no memory, as, e.g., the magnetically frustrated phases ob-
served in reentrant systems, whose dynamical features (aging)
are less robust to temperature changes [26]. The magnetiza-
tion dips are broad and span the whole temperature range of
irreversibility, i.e., from 10 K down to the lowest temperature,
within which the spin configuration is continuously aging as
the cooling proceeds [25].

The results may thus indicate that (antiferro)magnetic
interactions are strongly frustrated in the i-Tb-Cd QC,
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possibly geometrically, turning the material into a short-
ranged magnetic phase below 10 K, yielding the observed
short-range magnetic correlation recently uncovered in neu-
tron experiments at temperatures above the broad cusp in
ZFC magnetization [13]. In a reentrantlike fashion, this phase
evolves into a spin glasslike one below 4.5 K.

Interestingly, a similar behavior was unraveled in a Tb
ternary approximant system, Tb-Au-Si [27]. The pseudo-Tsai-
type approximant (R atom at the center) show dynamical
properties typical to those of spin glasses and the i-Gd-Cd
QC, as well as the low-temperature (T < 4.5 K) phase of the
i-Tb-Cd QC. Interestingly, the behavior of the regular Tsai-
type approximant (no R atom at the center) suggests that a
magnetically frustrated ferrimagnet phase is established at low
temperature [27]. Namely, while temperature and magnetic
field dependences suggest long-range ferrimagnetism for the
Tsai phase, time-dependent data and memory experiments
show that this ternary phase displays dynamical features,
including aging, albeit no memory; a behavior akin to the
“cooling rate dependent dips” observed here for i-Tb-Cd halts
above 4.5 K [27].

It is unclear whether the i-Dy-Cd QC displays a similar
behavior as the i-Tb-Cd QCs, owing to the small value of
AM in this case, and limited range of temperature accessible,
as seen in Fig. S5 of the SM. Yet it would be of interest to
investigate in more detail the dynamical properties of other
QCs such as the i-R-Cd QCs with R = Dy, Ho, Er, Tm, es-
pecially since the ZFC magnetization and specific heat curves
of i-R-Cd QCs (R = Ho, Er, Tm) have a different behavior
than the i-Gd-Cd and i-Tb-Cd QCs [28]. However, QCs using

lanthanide elements R with atomic number Z higher than
Dy display transitions and/or features close to or below the
lowest reachable temperature of conventional magnetometer.
The different CEF associated to each R3* may affect the
spin configuration and long-range ordering in nontrivial ways,
potentially differently than in the Tb3* case, yet, the overall
decrease of Cd dilution for smaller R34 ions could promote
antiferromagnetic long-range order if they are achievable on
the icosahedral quasiperiodic lattice (cf the Cd content being
GdCd7.88 and TIIlCd7_23 [12])

IV. CONCLUSION

To conclude, we have investigated in detail the dynami-
cal magnetic properties of a i-Tb-Cd QC by magnetometry.
The ZFC memory experiments reveal that the system evolves
from a paramagnet at high temperature to a magnetically
frustrated short-ranged phase below 10 K where the system
experiences aging independent of the halt temperature. Below
4.5 K, the magnetic behavior is similar to that of conven-
tional spin-glasses, and the system displays aging, memory,
and rejuvenation. We compare our results to the isostruc-
tural i-Gd-Cd QC and ternary Tb-based ACs. We speculate
that the specific magnetic behavior of the i-Tb-Cd QC stems
from crystal electric field effects and the strong geometrical
frustration.
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