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We discovered a ferromagnetic Au-Ga-Dy icosahedral quasicrystal (i QC), not only with high phase purity
but also with tunable composition. The isothermal magnetization of the polycrystalline ferromagnetic i QC
was closely investigated and the mean-field-like nature of the ferromagnetic transition is elucidated.
Moreover, the maximum Weiss temperature (6,,) of the i QCs was found at the electrons-per-atom (e/a) ratio
of 1.70 being well consistent with those of ACs, validating tunability of the magnetic properties of i QCs on the
basis of 6, —e/a scheme for the first time. Thus, the present work provided direct evidence that the
magnetism of the i QCs depends on the e/a ratio or the Fermi energy, paving the way for future studies on
various exotic magnetic textures formed on a quasiperiodic lattice through the e/a ratio.
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Quasicrystals (QCs) are solids that are characterized by
long-range positional order with crystallographically for-
bidden symmetries such as fivefold, 10-fold, and 12-fold
rotational symmetries. Since the first discovery of icosa-
hedral QCs (i QCs) in 1984 [1], significant attention has
been paid to the physical properties intrinsic to the
quasiperiodicity of i QCs. In particular, the magnetism
of QCs has been extensively studied to discover the first
quasiperiodic arrangement of the order parameter, that is,
magnetic moments. During the past quarter-century, vari-
ous i QCs containing rare-earth (R) elements, such as Zn-
Mg-R [2-9], Cd-Mg-R [10-12], and Cd-R i QCs [13,14]
have been discovered. Moreover, researchers have paid
immense attention to these R-bearing i QCs containing
well-localized magnetic moments. However, no magnetic
order but only spin-freezing phenomena were observed in
these compounds, indicating a strongly frustrated nature of
spins in i QCs. To date, the reason for this observation has
not been well understood.

For nearly four decades, antiferromagnetism and other
long-range magnetic orders such as ferro or ferrimagnetism
were not observed in i QCs. Recently, ferromagnetic order
was discovered in the Au-Ga-Gd and Au-Ga-Tb i QCs
prepared using the melt-spinning method [15]. However,
these i QCs are not suitable for investigations on their
ferromagnetism (such as reported in the present work)
because they contain a considerable amount of secondary
1/1 approximant crystal (AC) phase, which is also mag-
netic and needs to be eliminated for further investigation
about their intrinsic magnetism. Given the metastable
nature of the Au-Ga-(Gd,Tb) i QCs, removing the impurity
phase from the structure through a heat treatment process is
not plausible, making highly pure magnetic i QCs as a
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central and urgent issue in the magnetism research on i
QCs. To solve this issue, herein, we report successful
synthesis of ferromagnetic i QC with not only high phase
purity but also largely tunable Au/Ga ratio in the Au-Ga-
Dy system inside the ferromagnetic regime recently estab-
lished for ACs [16].

For synthesis, mother alloys in the Au-Ga-Dy system
containing 62—-68 at. % Au and a constant Dy content of
15 at. % were prepared using arc-melting technique. The
alloys were then subjected to rapid quenching onto a Cu
wheel rotating at 4000 rpm. Powder x-ray diffraction
(Rigaku MiniFlex600, Cu — Ka) and scanning electron
microscopy (SEM, JEOL JSM-IT100) equipped with an
energy dispersive x-ray (EDX) spectrometer were utilized
to study phase purity, and local compositions of the
prepared polycrystalline compounds. Figure S1 in the
Supplemental Material [17] shows a SEM backscattered
image from a surface of as-quenched Aug,Ga;Dy;5 i QC
where a fairly single phase is observed. The dc magnetic
susceptibility under zero-field-cooled (ZFC) and field-
cooled (FC) modes (temperature range of 1.8-300 K and
external dc fields up to 7 x 10* Oe) and specific heat were
measured using superconducting quantum interference
devices (Quantum Design, MPMS, and PPMS, respec-
tively). Furthermore, selected area electron diffraction
(SAED) patterns were acquired from AugsGaygDy s
i QC using transmission electron microscopy (TEM,
JEM-2010F).

Figure 1 shows powder x-ray diffraction (XRD) patterns
of the Au,Gags,Dys (x =62-68) i QCs. Herein, the
Elser’s indexing scheme [18] was used for indexing the
i QC peaks. In the patterns, most of the peaks can be in-
dexed as i QC peaks suggesting formation of single-phase
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FIG. 1. Powder X-ray diffraction patterns of the Au, Gags.,Dy;;
x = 62-68 i QCs. In all the patterns, the peaks are indexed as those
of a primitive i QC indicating formation of highly pure i QCs. The
inset displays selected-area electron diffraction (SAED) pattern of
the AugsGa,yoDy;s i QC along the fivefold axis.

i QCs. The inset of Fig. 1 shows SAED pattern of the
AugsGayoDy, s i QC with incidence axis along the fivefold
rotational symmetry where the existence of the icosahedral
symmetry unique to i QCs is evidenced. The 7 scaling feature
observed in the pattern indicates that the obtained i QC is a
primitive one and is identical to the prototype i Cds;Yb [19].

Figure 2 shows variation of the quasilattice parameter a,,
defined as an edge length of the rhombic triacontahedron
building unit in the i QC structure [19], as a function of Au
concentration in the Au,Gags,Dy;5 (x = 62-68) samples.
Here, the a, values were obtained by averaging the
estimates from (211111), (221001), and (332002) peaks
in each sample. The figure clearly shows a linear corre-
lation between the a4 and the nominal Au content indicat-
ing a mutual substitution of Ga by Au in the samples, which
is also evident from the SEM-EDX elemental analysis
provided in Table S1 in the Supplemental Material [17].
Figure S2 plots nominal versus analyzed Au content of the i
QCs where a fair consistency between the two can be
inferred [17].

The results of high-temperature inverse magnetic sus-
ceptibility measurements of the Au-Ga-Dy i QCs under
1000 Oe are presented in Fig. S3 [17]. In the paramagnetic
region, the magnetic susceptibility follows the Curie-Weiss
law expressed as y = NuZ/3kp(T-0,) where N4, kp, and
60, represent the Avogadro number, Boltzmann constant,
and Weiss temperature, respectively. The effective mag-
netic moments . are in the range of 10.79-11.07ug,
which are in good agreement with the theoretical value of a
Dy** free ion (10.63u). This indicates that the magnetic
moments are well localized on the Dy3+ ions, similar to
other R-containing i QCs.

Figure 3 shows low-temperature FC magnetic suscep-
tibility defined as M/H of the Au,Gags Dy;5 (x = 62, 65,

Linear fit (Adj R-Square: 0.9913)
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FIG. 2. Variation of quasilattice parameter a, as a function of
Au concentration in the rapidly quenched Au,GagsDys
(x = 62-68) samples. The a, values are obtained by averaging
the estimates from (211111), (221001), and (332002) peaks in
each sample.

and 68) i QCs under 100 Oe where arise below T (estimated
from the minimum of the dC,/dT curves with C, being
specific heat) indicates ferromagnetic behavior in the present
Au-Ga-Dy i QCs. A relatively broad transition is commonly
noticed in the present i QCs [which has also been observed in
the Au-Ga-(Gd/Tb) i QCs [15] ], which may be a character-
istic feature of the ferromagnetic i QCs. A full set of FC and
ZFC curves for the studied materials are provided separately
in Fig. S4 (Supplemental Material [17]), where a deviation
between the FC and ZFC susceptibilities is observed below
Tc. This observation is similar to those for non-Heisenberg
ferromagnetic ACs [20,21], which is attributed to the pinning
of magnetic domain walls during the FC process as a
characteristic feature of ferromagnets. The inset of Fig. 3
shows C,/T variation of the Au,Gags Dy;s (x = 62, 65,
and 68) i QCs in the temperature range of 0-25 K.
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FIG. 3. Temperature dependence FC magnetic susceptibility
(M/H) of the Au,GagsDy;5 (x = 62, 65, and 68) i QCs. The
inset shows C,,/T variation in the same samples as a function of
temperature 7 in the range of 0-25 K.
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FIG. 4. M-H loop measured at 7 = 1.8 and 3 K both below the
transition temperature 7 = 7.5 K in the Aug;GaygDy;5 i QC.
The inset shows magnified view from —0.2 and 0.2 T wherein a
hysteresis loop can be observed.

The C,/T curves clearly show sharp anomalies, which
correspond well with the increase in M/ H at T and verifies
the occurrence of ferromagnetic transition. Further, the field
dependence magnetization (M — H) curve was measured at
1.8 and 3 K for the Aug;GaynDy;5 i QC up to 7 T, the results
of which is shown in Fig. 4. The magnitude of M at 1.8 K is
suppressed to ~6.9 pg/Dy>", approximately two-thirds of
the full moment of a free Dy** ion (gJ up = 10 ug/Dy**).
Such a suppression behavior has been observed in non-
Heisenberg ferromagnetic ACs [20,21] and is associated with
the strong uniaxial anisotropy for the R3* spins with nonzero
orbital angular momentum L. In addition, the M — H loop of
the AugsGa,oDy s i QC in the inset of Fig. 4 clearly shows
hysteresis behavior indicating the existence of spontaneous
magnetization below T, which is also a characteristic feature
of ferromagnets. Moreover, for the AugsGa,oDy,5 i QC, the
increase in remanence magnetization and coercivity by
decreasing the temperature from 7'¢ is consistent with the
development of spontaneous magnetization below T'c. It is
worth noting that both bifurcation between ZFC and FC
curves and not fully saturating magnetization behaviorat 7 T
reflect the existence of the crystalline-electric-field (CEF)
anisotropy in the present i QCs. Under the presence of the
CEF anisotropy at the rare earth sites, the magnetic structure
becomes noncollinear and noncoplanar, as reported else-
where [20]. Therefore, the present ferromagnetic order may
not be considered as a purely ferromagnetic, or a collinear
ferromagnetic, but more like a noncoplanar ferrimagnetic
one.

Figure 5 shows changes in the normalized Weiss temper-
ature, 6,/dG (dG being de Gennes factor defined as
(g —1)%J(J +1) where g; and J denote the Landé
g-factor and the total angular momentum, respectively),
as a function of the electrons-per-atom (e/a) ratio over a
wide e/a range of 1.5-2.2 for all the R-containing
Au-based Tsai-type ACs reported to date [16,20,22-27]
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FIG. 5. Variation of normalized Weiss temperature, 8,,/dG, as a
function of the electron-per-atom (e/a) ratio over a wide e/a
range between 1.5 and 2.2 for the Au-based Tsai-type ACs along
with newly discovered Au-Ga-Dy i QCs. The values obtained for
the present Au-Ga-Dy i QCs are represented by yellow pentagon
symbols in the figure. The 6,/dG values of the present Au-Ga-
Dy i QCs have a peak at ¢/a = 1.70, which well coincides with
the peak of the polynomial fitting in the ACs.

as well as the present Au-Al-Dy i QCs (represented by
yellow pentagon symbols). Interestingly, the Weiss temper-
atures obtained from the present Au-Ga-Dy i QCs accords
well with the polynomial fitting curve in the 6,/dG versus
e/a plot derived from other Au-based ACs. Moreover, the
6,/ dG values obtained from the Au, Gags Dy 5 (x = 62,65,
and 68) i QCs exhibit a maximum at e/a = 1.70, whose
position also coincides with that observed for the ACs. This
observation coherently confirms that the strongest ferromag-
netic interaction occurs at e¢/a = 1. 70 for the Au-Ga-Dy
i QC.

Next, we discuss the critical behavior of the Au-Ga-Dy
i QC based on the scaling principle where the following
equations hold near T¢ [28].

M(T) = My(—e¢)”;

e <0; T<T., (1)

(H/M)o(T) = (ho/Mo)e"s  e>0.  T>T. (2)
where € denotes the reduced temperature (T — T,.)/T, and
M, hy are critical amplitudes. In the above equations, the
critical exponent S is correlated with the spontaneous
magnetization M (T) at H = 0 below T while y corre-
sponds to initial inverse magnetic susceptibility (H /M ),(T)
above T'¢. Figure 6 shows the M'/# — (H/M)"/" plot of the
AugsGayoDy 5 i QC (the notation modified Arrott plot is
used for this plot) in the vicinity of 7, where  and y are
determined as 0.54 and 0.89, respectively, on the basis of the
scaling principle and Kouvel-Fisher (KF) equations [29]
(refer to Supplemental Material and Figs. S5 and S6 for
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FIG. 6. The isotherms of M'/# vs (H/M)"/7 for AugsGa,oDys
iQC where f and y are 0.54 and 0.89, respectively. Nearly parallel
linear behavior can be observed within the colored sections of
the isotherms corresponding to magnetic fields of 0.4 T <
H < 1.3 T, with the lines of 7 and 8 K intercepting the M'/?
axis at positive and negative values, respectively.

details [17]). In both analyses, an iteration has been per-
formed by substituting the newly estimated f and y values for
the previous ones until convergence is obtained. In Fig. 6,
nearly parallel linear behavior can be observed within the
colored sections of the isotherms corresponding to magnetic
fields of 0.4 T < H < 1.3 T, with the lines of 7 and 8 K
intercepting the M'/# axis at positive and negative values,
respectively. The estimated T using the above methods (as
described in the Supplemental Material [17]) is within a
range of 7.45-7.48 K, which is in good agreement with the
T. =17.70 K obtained from the C,/T data confirming the
consistency of the present analysis.

By comparing the estimated critical exponentn(= y/f) =
1.64 for the present i QC to the three-dimensional (3D)
universality classes: Landau mean-field model (n = 2.00)
[30], the 3D Heisenberg model [30] (n = 3.80), the 3D Ising
model [30] (n = 3.82), and the tricritical mean-field model
[31] (n = 4.00), the obtained value (n = 1.64) is by far best
explained by the Landau mean-field model indicating a
mean-field-like nature of the ferromagnetic transition in the
present i QC. The present results of (4, y) = (0.54,0.89) are
in agreement with (f,y) = (0.47,1.12) deduced elsewhere
[32] from bulk magnetization data in the Au-Si-Gd 1/1 AC.
A noticeable difference between the two results relies in the
value of y [correlated with initial susceptibility (H/M),
[33] ], which is lower in the present i QC than that of the
Au-Si-Gd 1/1 AC [32]. Whether such a difference is due to
the aperiodicity of the crystal structure is not clear at the mo-
ment and requires further systematic investigations, prefer-
ably on stable ferromagnetic i QCs that have not been
discovered yet.

Further, we discuss the condition for the formation
of the ferromagnetic QC in the present Au-Ga-Dy system.
According to the Ruderman-Kittel-Kasuya-Yosida (RKKY)

interaction theory [34], which is the major magnetic inter-
action between the R*" spins of the R-containing QCs,
the magnitude of the RKKY interaction scales with dG. As
seen in Fig. 5, the magnetic-ground-state regime of the non-
Heisenberg ACs changes from antiferromagnetic to ferro-
magnetic and then to spin glass with increasing e/ a ratio. Itis
clearly seen that 6, /dG depends on the e/ a ratio of the ACs,
depicting an oscillating universal curve. The 6, value can
be expressed as 0, = %J(JJF 1) >, n;J;, where n; is the
number of ith nearest bonds with the interaction strength of
J;; therefore, 6, can be regarded as a measure of the strength
of the dominant magnetic interaction acting on each spin. Itis
expressed as 0, =3J(J + 1)(J, + J;) for a single 12-spin
icosahedron. In this respect, recently, the magnetic texture
over the single 12-spin icosahedron was thoroughly inves-
tigated and a number of new nontrivial magnetic orders, such
as hedgehog, anti-hedgehog, whirling, anti-whirling, and
others, were identified with the simple variation in J,/J,
[35]. In the report, the sign change of 6, is attributed to the
sign change of J; with the variation in the Fermi energy
through the ¢/a ratio.

The e/a ratios of 1.64-1.76 in the present Au-Ga-Dy
i QCs are situated inside the ferromagnetic regime of the
ACs. An interesting observation here is that the magnetic
order and the position of 6, of the i QC well coincide
with those of ACs, validating the obtained 6, —e/a
diagram also for i QCs for the first time and confirming
that the magnetic property of the i QCs is also tunable by
varying the e/a ratio or the Fermi energy. Here, we note
that Fermi energy is well defined in QCs since the energy
eigenstates are, in principle, well defined [36], which is also
true for amorphous materials (the electrons occupy the
lowest energy eigenstates up to Fermi energy at zero
Kelvin, in just the same manner as in periodic crystals).
It is also noteworthy that the wave vector k is not a good
quantum number in i QCs due to the lack of lattice
periodicity, and the above description based on the
RKKY interaction may be questionable for i QCs.
Nonetheless, our observation shows that we can also
control the balance of the ferromagnetic and the antiferro-
magnetic interactions by shifting the Fermi energy in i QCs
in the same manner as in ACs, two prominently different
long-range ordered materials. Our observation may suggest
that the typical propagation length of a hole-electron pair
created by localized magnetic moments is similar for QCs
and ACs, which can be understood by considering that the
QCs and ACs have the same local environment at a
nanometer level. Both structures can be described as
packing of the common rhombic triacontahedron (RTH)
clusters with ~1.5 nm diameter. Further theoretical study
along this line is certainly required to better understand the
magnetism of QCs. Finally, our successful synthesis of
composition-tunable ferromagnetic i QCs shows that e/a
tuning is effective in controlling the QC magnetism and
various exotic magnetic orders reflecting constituent spin
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icosahedra can now be achieved by simply varying the e/a
ratio. In this respect, the recent theoretical work shows that
various noncoplanar spin configurations such as hedgehog
(topological number: Z = 1), antihedgehog (Z = —1),
whirling (Z = 3), and antiwhirling (Z = —3) magnetic
textures are formed on the spin icosahedron in the ferro-
magnetic Tb-bearing i QC [37], which will provide unprec-
edented research topics in materials science, e.g., leading to
various nontrivial physical properties such as anomalous and
topological Hall effects in real i QCs.
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