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We investigated the composition dependence of the magnetic susceptibility of the quasicrystal approximant
Au-Al-Gd. A composition-driven ferromagnetic transition is observed in a quasicrystal approximant, which is
attributed to the Ruderman-Kittel-Kasuya- Yosida (RKKY) oscillation via a variation in the Fermi wave vector.
The ferromagnetic transition is most simply understood as a result of the close matching of the nearest and
second-nearest spin distances with the maximum positions of the RKKY potential. The present work provides
an idea that allows us to tailor the magnetic order via the electron concentration in quasicrystal approximants as

well as in quasicrystals.
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I. INTRODUCTION

Quasicrystal (QC) approximants are periodic crystals that
have the same local structure as the corresponding qua-
sicrystals [1]. Since the discovery of the binary quasicrystal
Cds;Yb [2,3], Tsai-type quasicrystal approximants [4,5],
originally identified as being in the close vicinity of the
Cds.7Yb QC, have become a focus of growing interest because
of their peculiar structural [6-10], magnetic [11-18], and
electronic [19-21] behaviors, which have not been observed
in other approximants, such as Mackay- and Bergman-type
approximants. For instance, antiferromagnetic (AFM) and
ferromagnetic (FM) transitions have been observed in CdgR
[11-15] and Au-SM-R [16-18] compounds, respectively. Such
long-range magnetic order had never before been observed
in quasicrystal-related materials [22-27]. Recently, even a
superconducting transition has been observed in Au-Ge-Yb
[28,29], which is the first example of a superconductor in
quasicrystal-related materials.

One major shortcoming of studies on the magnetic proper-
ties of Tsai-type approximants may be the lack of a guiding
principle for tuning or tailoring the magnetic properties, which
has also made it difficult to realize a long-range magnetic
order in the corresponding quasicrystals. In this paper, a
composition-driven magnetic transition is reported for the
Au-Al-Gd quasicrystal approximant. This unusual transition
has been observed because of the presence of a widely
elongated single-phase domain with a varying Au/Al ratio.
The composition-driven magnetic transition is understood to
be triggered by a variation in the Fermi wave vector that is
induced by the change in the Au/Al ratio. The source of
ferromagnetism in this Tsai-type approximant can be attributed
to the oscillating Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction.

The crystal structure of Au-Al-Gd resembles that of Au-
Al-Tm [30]: Both exhibit the space group Im3, and both are
essentially isostructural with CdgYb, a prototype 1/1 approxi-
mant to the icosahedral Cds ; Yb. For this reason, the Au-Al-Gd
compound is referred to as an approximant in this paper. As
illustrated in Fig. 1, the Au-Al-Gd approximant exhibits bcc
packing of so-called Tsai-type icosahedral clusters, which are
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the same building block found in a number of other compounds
such as Cd-R [5] and Ag-In-R [31].

II. EXPERIMENT

Polycrystalline alloys of nominal compositions of Au-Al-
Gd were prepared by arc-melting high-purity (>99.9 wt %)
Au, Al, and Gd. The alloys were then annealed at 1073 K
for 50 h under an Ar atmosphere to obtain an equilibrium
phase. The phase purity of the samples was examined by
powder x-ray diffraction (XRD) using Cu Ko radiation.
The temperature and field dependence of the magnetization
were measured using a superconducting quantum interference
device (SQUID) magnetometer (MPMS, Quantum Design) or
a physical property measurement system (PPMS, Quantum
Design) equipped with a vibrating sample magnetometer
(VSM) in the temperature range between 1.8 and 300 K
and at fields of up to 9 T. The temperature dependence of
the magnetization was measured during heating under a field
of 10 or 100 mT after cooling to the lowest temperature
under zero field [zero-field cooling (ZFC)] or a field of
10 mT [field cooling (FC)]. The ac magnetic susceptibility was
also measured using MPMS with a field of 0.4 mT and with
frequencies of 0.1-1000 Hz. The specific heat measurements
were performed using PPMS by the relaxation method between
0.5 and 10 K.

III. RESULTS AND DISCUSSION

A. Composition dependence of the lattice
parameter in Au-Al-Gd

Figure 2 shows powder x-ray diffraction patterns of
Au,Algs_,Gdy4 with various Au concentrations from x = 49
to 72. All the peaks can be assigned to a 1/1 Tsai-type
quasicrystal approximant with a = 14.63—14.80 A, showing
that a single phase is formed in an extraordinarily wide Au/Al
range at 1073 K. The intensity distributions of these peaks
are very similar to that calculated from the refined structure
model of Au-Al-Tm with space group Im3 shown on the
bottom of the figure [30], suggesting that the phase obtained
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FIG. 1. Crystal structure of the quasicrystal approximant Au-Al-
Gd. The Tsai-type icosahedral clusters form a bcc lattice. Only the
Gd atoms are shown for clarity. This image was obtained using the
VESTA 3 program package [34].

is essentially isostructural to Au-Al-Tm. Figure 3 shows the
lattice parameter as a function of the Au concentration in
Au-Al-Gd. The lattice parameter increases with increasing
Au/Alratio, which means that Au and Al are mutually replaced
over a wide composition range with 14 at.% Gd. Considerin

that the atomic radii of Au and Al are 1.442 and 1.432 A
[32], respectively, the increase in the lattice parameter with
increasing Au/Al ratio can be explained qualitatively by the
larger atomic radius of Au as compared to that of Al. We
noticed a slight change of the slope at 51 at.% Au and 64 at.%
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FIG. 2. Powder x-ray diffraction patterns of Au, Algs_,Gd;4 with
x = 49-72. A simulated x-ray diffraction pattern of the isostructural
Au-Al-Tm [30] is shown on the bottom for comparison.
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FIG. 3. Lattice parameter as a function of Au concentration in
Au, Alge_,Gd,4. The solid red circles represent the samples for which
magnetic measurement was performed (see Table I).

Auin Fig. 3, which may suggest that the replacement between
Au and Al atoms occurs not randomly but preferentially owing
to the existence of a number of Au/Al mixed sites (seven sites)
[30].

B. Composition dependence of the magnetic
susceptibility of Au-Al-Gd

Figures 4(a) and 4(b) show the temperature dependence of
the inverse magnetic susceptibility, 1/ x. The inverse magnetic
susceptibility values fall perfectly on a straight line in a wide
temperature range, well obeying the Curie-Weiss law,

N 2 2
x(T) = ——retlh
3kg(T — ©,)

where kg, N4, and 5 are the Boltzmann constant, Avogadro’s
number, and the Bohr magneton, respectively. The effective
magnetic moment, ., and paramagnetic Curie temperature,
©®,, values obtained from the fits are listed in Table 1. The
values of per are in good agreement with the theoretical
values for the Gd>t free ion (7.94uz), calculated from the
Hund’s rule ground-state multiplet @3S, /2), which means that
the Gd** spins are well localized on the vertices of the Gd**
icosahedron.

Figure 5 shows the magnetic susceptibility of Augs AlrxGdi4
below 50 K as a function of temperature. A rapid increase
in magnetization, indicative of a ferromagnetic transition, is
observed at and above 58 at.% Au, consistent with the positive
©®,, values observed at and above 58 at.% Au. The inset of
Fig. 5 shows the magnetization curve at 2 K for Augs Al Gd 4.
The magnetization rapidly saturates to a value close to the
saturation magnetization (7 g ) estimated from the Hund’s rule
ground-state multiplet ¢S, /2), which confirms the occurrence
of a ferromagnetic order below 7. Thus, all the localized spins
on the vertices of the Gd** icosahedron are collinearly aligned
below T..

By contrast, there is no magnetic transition below 58
at.% Au, where a bifurcation between the FC and ZFC
curves is observed at 2.6 and 3.0 K for AusAl3;Gd;4
and Aus;AuszsGdyy, respectively [see Figs. 6(a) and 6(c)].
Figures 6(b) and 6(d) show the ac magnetic susceptibility
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FIG. 4. Temperature dependences of the inverse magnetic sus-
ceptibility of Au,Algs_,Gdy4. The data are divided into (a) low Au
and (b) high Au concentration regions for clarity.

TABLEI. The lattice constant a, paramagnetic Curie temperature
©®,, Curie temperature T, freezing temperature T;, and effective
magnetic moment e of Au,Alge—,Gdyy with x =49 — 72

Au concentration  Lattice constant 0, Ty T. Heft
(at.%) a(A) (K) K (XK ()
49 14.6256(2) -304 2.61 — 791
50 14.6276(1) - — — -
51 14.6309(2) =257 304 — 7.94
52 14.6489(2) — — — —
53 14.6587(2) —143 400 — 8.08
54 14.6656(2) - — — —
55 14.6678(2) —0.35 — — 8.06
56 14.6722(4) - - — -
57 14.6757(3) - — — —
58 14.6857(3) 21.0 — 19.3 7.97
59 14.6873(3) - — — -
60 14.6936(2) 29.2 — 275 17.80
61 14.6982(3) — — — —
62 14.7033(2) - - — -
63 14.7073(2) — — — —
64 14.7125(2) 30.3 - 276 8.12
66 14.7316(3) - - — -
68 14.7536(4) 28.4 —  27.0 8.06
70 14.7792(4) — — — —
71 14.7923(3) — — — —
72 14.8039(4) 10.8 - 10.0 8.14
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FIG. 5. (a) Temperature dependence of the magnetic suscepti-
bility of AugsAl»Gds. The tick denotes the Curie temperature of
27.6 K.

of AuyAl37Gdy4 and Aus;AussGdyy, respectively, below
4 K with the field frequencies of 0.1-1000 Hz. The cusp
temperature is found to increase with increasing the frequency
for both samples, which is a characteristic feature of spin-glass
freezing. The insets of Figs. 6(a) and 6(c) show the temperature
dependence of the specific heat, C,, for the same samples
below 10 K. C,, shows no anomaly but exhibits a broad peak
near the cusp temperature, showing the absence of a magnetic
transition. The occurrence of spin-glass-like freezing below
58 at.% Au implies the existence of magnetic frustration for
each Gd** spin. One possible origin for the frustration would
be an inherent chemical disorder in the Au-Al-Gd compound
since chemical disorder between Au and Al is evidenced by
the existence of Au/Al mixed sites [30].

C. Origin of the composition-driven ferromagnetic
transition in Au-Al-Gd

A salient feature as well as an important finding of the
present work is that the paramagnetic Curie temperature, ©,,
is clearly dependent on the Au/Al ratio, as shown in Fig. 7: ©,
increases significantly from a large negative value to a large
positive value as the Au concentration increases. The obtained
Curie temperatures and freezing temperatures are also listed in
Table I. A close comparison of the figure and the table shows
that the spin-glass behavior is observed only below 55 at.%
Au where ©, is negative, and the FM order is observed only
above 55 at.% Au where ©, is positive, indicating that the
spin-glass to FM transition is directly related with the sign
change of ©,.

As for the possible role of structural changes associated
with the two features at 51 at.% Au and 64 at.% Au observed
in Fig. 3 on the magnetism, we note that ®,, varies smoothly
across the two features and the crossover of the ®, value
from negative to positive does not coincide with any of the
two features (see Figs. 3 and 7). Therefore, it is clear that ©,,
and hence the magnetic transition, are not affected by possible
structural changes associated with the two features.

Figure 7 shows that the net molecular field acting on
each Gd** spin changes from AFM to FM as the Au
content increases. We note that the magnetic interaction
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FIG. 6. Temperature dependences of the zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility of (a) AuyAl;;Gdy4 and
(c) Aus; Al3sGd, 4, respectively. The insets show the temperature dependence of specific heat of the same samples. The ticks denote the freezing
temperature of 2.6 and 3.0 K, respectively, obtained from the cusp temperature. Temperature and frequency dependence of the ac magnetic

susceptibility for (b) AuygAlz;Gdyy and (d) Aus; AlzsGdyg, respectively.

between localized Gd3* spins cannot be a direct one; rather,
it is mediated through polarization of conduction electrons,
which is known as the RKKY interaction [33]. The RKKY
interaction, which is expressed by the following equation in
the free-electron model, is an oscillating potential with respect
to the distance between a pair of localized spins, namely, S;
and S.

N jo®
Hrgky = =97 | — | — f(2krR21)S; - S,
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FIG. 7. Paramagnetic Curie temperatures of Au, Algs_,Gd4 as a
function of Au concentration.

where N/V, jo, €r, kp, and R, are the number of electrons
in a unit volume, the RKKY coupling strength, the Fermi
energy, the Fermi wave vector, and the distance between
S; and S,, respectively, and f(x) = (—x cosx + sinx)/x*.
Thus, FM and AFM interactions occur alternately as Rj;
varies continuously. The observed behavior of ®, will now be
explained based on the oscillating RKKY interaction. Since
the paramagnetic Curie temperature, ©,, represents the net
strength (including its sign) of the RKKY interaction acting
on a single spin from the surrounding spins, the observed sign
change in ®, in Au-Al-Gd is attributed to the oscillating part
f(2krR) of the RKKY interaction. Here, we note that a sign
change in ®,, is possible only when kR varies with changing
Au/Al ratio.

The simplest explanation for both the ferromagnetism and
the composition-driven FM transition is as follows. On the
basis of the fact that Au is monovalent and both Al and Gd are
trivalent, the number of free electrons per unit cell is estimated
to be 356 for 49 at.% Au and 303 for 64 at.% Au, where
the number of atoms within the unit cell is assumed to be 176
according to the structure model of the essentially isostructural
Au-Al-Tm [30]. This gives a Fermi wave vector, kr, of 1.50 x
10" m~! for 49 at.% Au and 1.41 x 10'°m~! for 64 at.% Au.
Figure 8 plots f(2kr R) as a function of R for 49 and 64 at.%
Au, along with the distribution of Gd** ions as a function of R
up to the second-nearest spin distances. Itis seen that kr plays a
more important role in the variation of the RKKY interaction
between a pair of spins than the spin distance. For 64 at.%
Au, both the nearest and second-nearest spin distances are
located near the maximum peak positions of the consecutive
ferromagnetic peaks, which well accounts for the observed
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FIG. 8. (Solid curves) Interspin distance dependence of the
RKKY interaction, i.e., f(x)= (—xcosx + sinx)/x* where x =
2kr R, for AugAl;;Gdy4 (blue) and AugyAly,Gdyy (red), calculated
using the obtained lattice parameters (see Table I) based on the
free-electron model. Vertical bars denote the number of Gd spins
as a function of R from a single Gd atom for AuyyAlz;Gdyy (blue)
and AugsAly,Gdy4 (red), obtained by using the structural model for
the isostructural Au-Al-Tm. The ticks denote the weighted average
of the nearest and the second-nearest distances.

large ®, as well as the occurrence of the FM order. On the
other hand, for 49 at.% Au a substantial deviation of the nearest
and second-nearest spin distances from the maximum peak
positions is noticed. Thus, in this simplest picture, an increase
in kp by replacing monovalent Au by trivalent Al shifts the
RKKY potential curve toward the smaller R region. This gives
rise to a reduction of the net FM interaction on each Gd* spin,
resulting in a decrease in ®,, which explains the formation
of a peak in ®, (see Fig. 7). For more quantitative analysis

PHYSICAL REVIEW B 93, 024416 (2016)

including the magnitude and sign of ®,, we need to go beyond
the simplest free-electron model.

In this work, the widely elongated single-phase domain
along a constant Gd composition of 14 at.% has allowed a
substantial variation in the e/a ratio, which has unexpectedly
led to observation of a composition-driven FM transition. The
present work provides a concept of how to tune or tailor
the magnetic order in quasicrystal approximants and related
compounds, such as quasicrystals. Further work along these
lines is now in progress.

IV. CONCLUSION

The composition dependence of the magnetic susceptibility
of the quasicrystal approximant Au-Al-Gd was investigated
over a wide range of Au/Al ratio. As a result, a salient
composition-driven spin-glass to ferromagnetic transition is
observed accompanying a marked change of the paramagnetic
Curie temperature. The occurrence of ferromagnetism is
most simply understood as the matching of the nearest and
second-nearest spin distances with the maximum positions of
the oscillating RKKY potential. The present work opens up
a route for realizing various magnetic orders in quasicrystal
approximants as well as in quasicrystals.
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