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We discovered two alloy systems, Pd-Ga-Yb and Pd-Ge-Yb, that belong to the Tsai-type
1/1 approximant to the Au-Al-Yb quasicrystal exhibiting the unusual quantum criticality and
show a similar behavior to Kondo lattice systems with a magnetically ordered ground state.
Combining the results of other Yb-based approximant crystals, we find that there is a sys-
tematic variation in the Yb ion valence vs the lattice constant. This proves that the Au-Al-Yb
approximantis located at the border of the valence change, in favor of the idea that the valence

fluctuation plays a crucial role in the quantum criticality of the Au-Al-Yb system.

Quasicrystals (QCs) are metallic alloys that possess long-range, aperiodic structures with
diffraction symmetries forbidden to conventional crystals. Recently, the icosahedral QC con-
sisting of Au, Al, and Yb (referred to as the Au-Al-Yb QC hereafter) has attracted much
attention as a promising candidate for a critical state unique to QC, which is neither extended
nor localized, because a novel quantum criticality was observed in the Au-Al-Yb QC at am-
bient pressure but not in its approximant crystal (AC), crystalline phase that has similar
atomic decorations (i.e., Tsai-type icosahedral cluster of atoms) to those of the QC. Here, their
magnetic susceptibility is expressed ag* — x;! « T¢ [wherey, = (T = 0) and =~ 0.5],
and the presengabsence of the quantum criticality is confirmed from the abgprnesence
of the temperature-independent teym

Interestingly, the quantum criticality survives under pressure for the Au-Al-Yb QC,
whereas for the AC, a pressure-induced quantum critical point is observed, as in heavy
fermion crystal$) This means that what is important here is not the pregahsence of the
guantum criticality at ambient pressure but thfetence in the pressuré&ect on the quan-
tum criticality between the QC and the AC, and strongly suggests that the robust quantum
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criticality against pressure is related to the critical state unique to the QC.

The question to be addressed now is the origin of the novel quantum criticality of the
Au-Al-Yb systems. The samévalue of the QC and the AC mentioned above suggests the
same origin for the QC and the AC. Note that the Yb ion valence in both the QC and the
AC fluctuates in time and space between divalence and trivafeficEheoretically, ther
value can be accounted for by the critical valence fluctu&liihis suggests that the valence
fluctuation plays an important role in the quantum criticality, but no consensus is obtained yet
for the origin%7

Previously, we studied the magnetism of substituted systems (Au-Ga-Yb AC, Ag-Ga-Yb
AC, and superconducting Au-Ge-Yb ACs) and found that they are nonmagnetic owing to the
divalent Yb ion®% in contrast to the mixed valence state in the Au-Al-Yb AC. This suggests
that a subtle change in the environment of the Yb ion results in the marked change in the Yb
ion valence and hence magnetism, which lead us to conjecture that the Au-Al-Yb system is
located near the border of divalent and trivalent states of the YB iBinis conjecture has not
yet been proved experimentally. In this study, therefore, we aim at providing experimental
evidence supporting this conjecture. Here, we report the discovery of the magnetic systems,
the Pd-Ga-Yb AC and the Pd-Ge-Yb AC, that have an Yb ion closer to trivalence than the
Au-Al-Yb AC and, as a result, have a magnetically ordered ground state. Studying the mag-
netism of these and other Yb-based ACs as a function of interatomic spacing, we find that
the Au-Al-Yb system is actually located near the border of the valence change. This may be
supporting evidence for the scenario that the valence fluctuation plays a crucial role in the
unusual quantum criticality.

Before presenting the results, we give a brief description of the geometric structure of
the /1 AC. According to the structure model of the Au-Al-Yb A€!Ythe Tsai-type cluster
consists of a concentric arrangement of multiple shells: the first to fifth shells ar¢fd Au
tetrahedron (that is orientationally disordered)/Auwodecahedron, Yb icosahedron, /Al
icosidodecahedron, and AAl triacontahedron, respectively. Here, “Al tetrahedron”, for
example, means a tetrahedron in which each atomic site is statistically occupied by Au and
Al atoms. Note that the Yb ion site is uniquely positioned at the vertex of the icosahedron.
In the AC, the cluster forms a cage network of the body-centered-cubic (bcc) type with the
lattice constant of 14.500 A [see Fig. 1(a)] in which only the outermost triacontahedron is
represented for clarity, and thefidirent colors of the small balls distinguish the occupation
ratio of the Au and Al atoms (see Ref. 8 for details). Figure 1(b) shows the local environment
around the Yb ion; the large centered ball denotes the Yb ion, and the small balls indicate Al
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and Au atoms. Note that the (blue) ball at the top indicates thi&lfatom contained in the
outermost triacontahedron, and the two (green) balls at the bottom correspond tqAhe Au
atoms of the innermost tetrahedr®n.

The purities of starting materials used in the present study were Pd: 99.95, Ga: 99.9999,
Ge: 99.999, and Yb: 99.9 wt.%. While these starting materials were arc-melted on a water-
cooled copper hearth under argon atmosphere for the Pd-Ga-Yb AC, the starting materials
of the Pd-Ge-Yb AC were melted and cooled slowly in an alumina crucible encapsulated
by a quartz ampoule under argon atmosphere. No heat treatment was carried out. The alloy
composition was nominally BglassYb,s and PdseGesgoYbis5, which were determined as
PdosGasseYbizs and Pdi3Ges5Yb159, respectively, using the inductively coupled plasma
(ICP). The latter composition was used for the following data analysis.

Structure characterization was carried out by means of powder X-fapation using
Cu Ka-radiation. The Rietveld analysis was performed by T. Ishimasa and his group at
Hokkaido University. The dc magnetizatiadvi was measured using a commercial magne-
tometer (MPMS, Quantum Design) in the temperature range between 1.8 and 300 K and at
magnetic fielddH up to 7 T. The ac magnetic susceptibiljpy. was measured by the con-
ventional mutual inductance method, using a commercial dilution refrigeratbilgtion,

SAAN) below about 3 K. A modulation field with a frequency of 100.3 Hz and an amplitude
of 0.1 Oe was superimposed on a dc magnetic fieklipplied by a superconducting magnet.
To calibrate the ac magnetic susceptibility, both the dc and ac susceptibilities were measured

(@) o 14500A (b)
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Fig. 1. (Color online) Geometric arrangement of ions in the Au-Al-Yb AC. (a) The bcc-type cage network of
the triacontahedron (the outermost shell of the Tsai-type cluster). (b) Local structure around the Yb ion denoted
by the large (rose-pink) ball. The small balls in (a) and (b) indicatéARAions: the symbol “Al” indicates the

site that is mostly occupied by Al, “Au” denotes the site that is preferably occupied by Au, apéll*Aenotes

the site that is occupied by Au or Al. The Yb-ior 4tate will hybridize with the ligand-iop state®
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Fig. 2. (Color online) Powder X-ray diraction patterns of (a) BgsGasgsYb136 and (b) Pd13Ge328Yb1sg.

The nominal compositions of these samples wek®asYb1s and PdssGesgoYbiss, respectively. The arrows
mark the secondary phases.

in the same temperature interval at each dc magnetic field. The specific heat was measured by
the quasi-adiabatic method, using a commeri#a cryostat (Heliox, Oxford Instruments).

Figure 2(a) shows a powder X-rayflitaction pattern of PdgGasesYb136. Bragg reflec-
tions are indicated by the short (green) bars below the pattern. Tieeetice between cal-
culation and measurement is indicated by the lowermost (blue) curves. Several weak lines
denoted by arrows are ascribed to a secondary phase, possibly the YbPdGa phase. Remov-
ing these lines, we analyzed thefdaction pattern to determine the lattice parameter and the
atomic coordinates by the Cohen’s and Rietveld method, and we confirmed that the obtained
sample belongs to the Tsai-typglIAC with the lattice parameter of 14.15 A. Figure 2(b)
shows a powder X-ray ffraction pattern of Pg3Ge;»sYbise. Secondary phases are marked
by the arrows. The Rietveld analysis was not carried out and only the lattice parameter was
estimated as = 14.01 A. Although the atomic coordination was not determined, the main
phase of the sample was confirmed to be the Tsai-typeAC. At present, the secondary
phases in the two ACs synthesized here are not identified. In this study, we assume that these
phases do not seriouslyfact the present results.

Figure 3 shows the temperature dependences of the inverse dc susceptjthlityVe ob-
serve that both the Pd-Ga-Yb AC and the Pd-Ge-Yb AC show the Curie-Weiss-like straight-
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Fig. 3. (Color online) Temperature dependenceHgiM of the Pd-Ga-Yb AC (red filled circles) and the Pd-
Ge-Yb AC (blue open circles) measuredrat= 1 kOe. The lines between the data points are guides for the

eye.

line feature above about 100 K with a convex curvature below about 50 K. The linear slope
of the curves above 100 K yields dfective magnetic moments pf; = 3.96 and 4.3%g/Yb
for the Pd-Ga-Yb AC and the Pd-Ge-Yb AC, respectively. Upon comparing thgsalues
with the free YB* ion value (454 ug), we suggest that the electrons are almost localized at
high temperatures for both the ACs, and further that the mixed-valence nature is stronger in
the Pd-Ga-Yb AC than in the Pd-Ge-Yb AC. To directly confirm the valence states of these
materials, we need to carry out further experiments such as photoemission spectroscopy.

We measured the dc magnetizatidhat low temperatures (not shown here), and ob-
served thaM initially increases linearly with the magnetic figttland tends to saturate above
H ~ 30 kOe; at 70 kOeM =~ 1.0 and 18 ug/Yb for the Pd-Ga-Yb AC and the Pd-Ge-Yb
AC, respectively. Note that the low-temperature saturated moment is substantially reduced
compared with the free-ion-like moment observed at high temperatures. As similar behavior
was observed in the non-Kondo system, Au-Al-Tm &Cthis moment reduction is primarily
ascribed to the crystal fieldfect in these systems.

Figure 4(a) shows the ac susceptibility. and the dc susceptibilityse = M/H of the
Pd-Ga-Yb AC (upper panel) and the Pd-Ge-Yb AC (lower panel). The dc fi¢ldpplied
here are denoted in the lower panel.tAt= 0, both the ACs show a round peakTat~ 0.2
K. This peak structure is suppressed by the application of external field; a field less than
1 kOe is stficient to completely depress the peak. This magnetic fifflsteon they(T)
curves is reminiscent of the spin-glass system, suggesting the possibility of the peak being
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Fig. 4. (Color online) (a) Temperature dependence of the magnetic susceptibilities of the Pd-Ga-Yb AC (up-
per panel) and the Pd-Ge-Yb AC (lower panel). The ac and dc susceptibilities were meadureBd€ and

T = 1.8 K, respectivelyH denotes the dc field measured. The inset shows the temperature dependence of the ac
susceptibility of the ambient-pressure (0.1 MPa) Pd-Ga-Yb AC and the high-pressure Au-Al-Yb AC. (b) Inverse
magnetic susceptibilities of the Pd-Ga-Yb AC (left panel) and the Pd-Ge-Yb AC (right panel) as functions of
T2 andT??, respectively. The straight line feature is observed for the Pd-Ga-Yb AC and the Pd-Ge-Yb AC in
the temperature range betwee@®and 17 K and between .21 and 26 K, respectively.

due to a spin-glass-like transition. At > 1 kOe, the ac susceptibility curves show a heavy-
fermion-like feature; as the temperature decreases, the susceptibility monotonically increases
and tends to saturate at a high susceptibility, which, by analogy with heavy fermions, arises
from the high density of states at the Fermi energy. This allows us to regard the present
systems as Kondo systems, which can be characterized by the Kondo tempE¢atbirece

the Pauli susceptibility is inversely proportional TQ, the Pd-Ga-Yb AC is considered to
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have a higheT than the Pd-Ge-Yb AC.

In the inset of Fig. 4(a), the Pd-Ga-Yb AC is compared with the high-pressure phase
of the Au-Al-Yb AC in which the spin-glass-like transition was confirmed to occur below
T; ~ 0.1 K from the frequency dependence of the peak temper&tuheterestingly, the
Pd-Ga-Yb AC shows a similar feature to the pressurized Au-Al-Yb ACTI6F; > 1. This
similarity has twofold implications. Firstly, it may strengthen the possibility of the spin-glass-
like transition in the Pd-Ga-Yb AC. Secondly, it leads us to expect that the Pd-Ga-Yb AC has
a similar exponent of the susceptibility to that of the Au-Al-Yb AC (i.e, ~ 0.5). This is
confirmed by plotting the data in the form gf! vs T¢ [see the left panel of Fig. 4(b)], in
which we observe the straight line feature fox 0.6.

The right panel of Fig. 4(b) shows= 0.9 for the Pd-Ge-Yb AC. Note that thisvalue
is close ta¢ = 1 corresponding to the conventional Curie—Weiss law as observed in the Au-
Al-Tm AC, a typical localized moment systetfl.On the basis of the combined results for
the Pd-Ga-Yb AC, the Pd-Ge-Yb AC, and the Au-Al-Tm AC, we suggest the possibility of a
correlation betweeri and Ty such that approaches 1 a& — 0. Here, we assumed that the
localized moment system such as the Au-Al-Tm AC is regarded as a systermio.

Figure 5 shows the temperature dependence of the heat capacity divided by temperature,
C/T. We find that it exhibits the heavy-fermion feature, consistent with the result suggested
from the susceptibility measurement. Unfortunately, however, we could not confirm if it is
consistent with our above interpretation of the spin-glass-like transition, in other words, if a
sharp anomaly is absent n€gr because the base temperature of the measureméis
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Fig. 5. (Color online) Temperature dependence of the specific heat divided by tempe@flref the Pd-
Ga-Yb AC and the Pd-Ge-Yb AC. The inset shows the temperature dependebce of
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Fig. 6. (Color online) Plot of the fective Bohr magnetopes Vs the lattice parametex The broken line is a
guide for the eye.

K, was aboveT;.

Let us make two brief comments on the temperature dependence of the specific heat.
First, we observe th&/T exhibits the logarithmic temperature dependence in a temperature
interval aboveTs. Whether this is a critical phenomenon should be confirmed in the future.
Second, we observe that the specific li@af the Pd-Ga-Yb AC shows a broad peak at about
1 K; see the inset of Fig. 5. Its origin is yet unclear, but some possibilities are proposed: the
crystal field €fect, the onset of the spin-glass-like transition, and the Kondo peak. This should
also be clarified in the future.

Figure 6 summarizes the relationship of the lattice paranaetgth the éfective moment
per deduced from the high-temperature susceptibility, together with publishe& &t is
interesting to note that a sharp change occues at 14.5 A. This critical lattice parameter
a. separates the materials into two groups: the magnetic groupawitta. (Pd-Ge-Yb, Pd-
Ga-Yb, and Au-Al-Yb) and the nonmagnetic group wih> a. (Au-Ga-Yb, Ag-Ga-Yb,
and Au-Ge-Yb). We stress that the Au-Al-Yb AC is located nagrwhich is one of the
primary results of the present study. This is compatible with the fact that the smaller lattice
constant favors the magnetic ¥tstate® and also with the pressur@ect mentioned above.
When applying external pressure on the Au-Al-Yb AC, the magnetic ordered state emerges,
as observed in the ambient-pressure Pd-Ga-Y3AC.

The substitution £ect is numerically summarized in Table I. We find that the substitution
Au < Pd gives rise to a larger change in the lattice parameter than deeszd < Ge. (Note
that, for example, the substitution A4 Pd does not mean a one-to-one replacement of Pd
for Au, as may be seen from the comparison of the composition betweg@&uYb,5 and
PdosGasesYbi3e; the Au sites are occupied by not only Pd but also Ga.) This indicates that
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Table 1. Summary of the substitutiorfiect. The composition of ACs other than the Pd-Ga-Yb AC and the Pd-
Ge-Yb AC is nominalAa indicates the lattice-constant change upon substitution, and the positive and negative
values denote lattice expansion and shrinkage, respectively.

Symbolic notation ~ Approximant crystal with composition Aa

Au— Pd AussGan1Yb1s —» PthogGasss Ybi3e -0.38A
Au — Pd AUgiGerYbis — PckysGesgYbise  -0.71A
Al - Ga AugoAl 36YD15 — AugsGaurYbis +0.03A
Al - Ge Au4oAl36Yb1s — AugsGenYbis +0.22A
Ga— Ge Aus4Gay1Ybis — AugsGenYbia +0.20A
Ga— Ge PdosGasesYbias — Ptb13Ges2gYbisg  -0.14A

the transition metal ion (Pd and Au), which constitutes the outermost shell (triacontahedron)
forming the bcc structure [see Fig. 1(a)], plays a primarily role in the determination of the Yb
valence via the lattice parameter.

Note that the Au-Al-Yb AC and the Au-Ga-Yb AC have the similar lattice constants but
different valences. This can be understood by assuming that thp $th8s and the Gap4
states contribute to the conduction band format®and the former is more hybridized with
the Yb 4f states than the latter. This means thatpkedectron element (Al, Ga, and Ge) also
plays an important role in the determination of the Yb valence via the mixiiegtenith the
ligand [see Fig. 1(b)].

To summarize, we found two new alloy systems, Pd-Ga-Yb and Pd-Ge-Yb, that belong
to the group of 11 ACs with the Tsai-type cluster and show magnetic susceptibility and
specific heat similar to those of Kondo systems. At the low temperdture 0.2 K, they
show a peak structure in the ac magnetic susceptibility, possibly owing to the emergence of
the spin-glass-like short-range ordered state. The discovery of these new materials enabled us
to reveal that there is a sharp change in the Yb ion valence as a function of the lattice constant,
indicating that the Au-Al-Yb AC is located at the border of the valence change. We discussed
the possibility that there is a correlation between the critical expanehthe susceptibility
and the Kondo temperatuiflgg such that approaches 1 ak — 0.
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