CHAPTER TWO

MAGNETIC PROPERTIES OF QUASICRYSTALS
AND THEIR APPROXIMANTS
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1. INTRODUCTION

Solids are traditionally divided into two groups: crystalline and amor-
phous. The dramatic discovery of an icosahedral (i) Al-Mn alloy by
Shechtman et al. (1984) extended this dichotomous division by introducing
the notion of quasicrystals (QCs). These are compounds that possess a new
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type of long-range translational order, quasiperiodicity, and a noncrystallo-
graphic orientational order associated with the crystallographically forbidden
5-fold, 8-fold, 10-fold, and 12-fold symmetry axes (Janot, 1994; Stadnik,
1999; Steurer and Deloudi, 2009).

To date, QCs have been discovered in more than a 100 ternary and
binary intermetallic alloys (Steurer, 2004; Steurer and Deloudi, 2008). More
than half of them are metastable, that is, they can only be obtained by rapid
solidification. All known QCs are divided, according to their diftraction
symmetry, into two classes (Steurer and Deloudi, 2008). The first class
consists of polygonal (octagonal, decagonal (d), dodecagonal) QCs that are
periodic along one direction. The other class consists of the most prevalent i
QC:s that have no periodicity along any direction. Only a few octagonal and
dodecagonal QCs are known, and they are all metastable (Steurer, 2004).

Unlike crystalline compounds that are packed with identical unit cells in
3D space, QCs lack such units. Their structure must therefore be described
using higher dimensional crystallography (Steurer and Deloudi, 2009). This
involves describing QCs as periodic structures in 5D space (for polygonal
QCGCs) orin 6D space (for i QCs). The 3D structure of a QC is then obtained
as an irrational cut of the nD hypercrystal (Steurer and Deloudi, 2009;
Yamamoto and Takakura, 2008).

Approximants (APs) are crystalline alloys in which the arrangements of
atoms within their unit cells closely approximate the local atomic structures
in QCs (Goldman and Kelton, 1993). In the higher dimensional descrip-
tion, they result from rational cuts of the nD hypercrystals. In analogy to the
fact that the golden mean 7= (1 +\/§) /2 can be approximated by its
successive APs 1/1, 2/1, 3/2, 5/3, ..., one can have 1/1, 2/1, 3/2, 5/3,
... APs (Goldman and Kelton, 1993). Studies of the structure and physical
properties of APs are important in efforts to elucidate the local atomic
structure of QCs and their corresponding physical properties.

An extensive review of the magnetic properties of QCs by O’Handley
et al. (1991) covered the literature up to 1989. Here, the literature from
1990 to 2011 is reviewed.

2. MAGNETISM IN QCs

The possibility of the existence of long-range magnetic order in QCs
is one of the main questions in the physics of these alloys. Initial intuition
suggests that quasiperiodicity necessarily leads to geometrical frustration
and is therefore incompatible with long-range magnetic order. However,
there are numerous theoretical studies that suggest that long-range
magnetic order in QCs should be possible. Although a magnetic-group
analysis indicates that ferromagnetism is incompatible with the i symmetry
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(Velikov et al., 2005a), symmetry-based arguments clearly show (Lifshitz,
1998, 2000; Lifshitz and Mandel, 2004; Mandel and Lifshitz, 2004)
that quasiperiodicity does not disallow long-range antiferromagnetic order
in QCs.

Using the Ising model on various quasiperiodic lattices, a rich family of
different types of quasiperiodic magnetic order (ferromagnetic, antiferro-
magnetic, and ferrimagnetic) was predicted (Bhattacharjee et al., 1987;
Duneau et al., 1991; Godreche et al., 1986; Matsuo et al., 2000, 2002,
2005, 2007; Okabe and Niizeki, 1988a,b; Wen etal., 2008). Also, theoretical
calculations based on the XY model indicate the possibility of the existence
of long-range quasiperiodic magnetic order (Hermisson, 2000; Ledue et al.,
1993; Reid et al., 1998). A complicated long-range quasiperiodic magnetic
order is predicted by calculations based on the Heisenberg model
(Jagannathan, 2004, 2005; Jagannathan and Szallas, 2009; Jagannathan
et al,, 2007; Szallas and Jagannathan, 2008; Szallas et al., 2009;
Vedmedenko, 2004, 2005; Vedmedenko et al., 2003, 2004, 2006; Wessel
and Milat, 2005; Wessel et al., 2003). Calculations based on the Hubbard
model also predict the antiferromagnetic quasiperiodic magnetic order
(Hida, 2001; Jagannathan and Schulz, 1997).

The theoretical arguments for the existence of a long-range quasiperiodic
magnetic order are thus overwhelming. And as will be shown later, such a
long-range quasiperiodic magnetic order has yet to be found in real QCs.

3. AL-BAseDp QCs AND APs

3.1. Al-TM (transition metal)-Fe system

Discovered in 1987 (Tsai et al., 1987), the i Alg5sCusgFe 5 QC was one of
the first thermodynamically stable QCs possessing a high degree of structural
perfection comparable to that found in the best periodic alloys. The early
magnetic measurements of this QC (Matsuo et al., 1988; Stadnik et al.,
1989) indicated, surprisingly, that it is diamagnetic at low temperatures.
This was later confirmed in many subsequent studies on high-quality
polygrain and single-grain samples. Figures 2.1 and 2.2 illustrate the tem-
perature dependence of the magnetic susceptibility y of the polygrain and
single-grain i Al-Cu—-Fe QCs, respectively. A diamagnetic behavior is
evident in the temperature range 2-300 K, although a slight upturn of
% below 38 K for the polygrain sample is indicative of a paramagnetic
contribution due to a parasitic crystalline impurity or to structural defects
(Klein et al., 1991). A linear dependence of y with /T observed for the
polygrain sample below 40 K (Fig. 2.1), which was taken as evidence for
enhanced electron—electron interaction effects (Klein et al., 1990, 1991), is
clearly not present for the single-grain sample (Fig. 2.2).
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Figure 2.1 The temperature dependence of the magnetic susceptibility of the poly-
grain i Alg;CuysFe;; QC (Klein et al., 1990).
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Figure 2.2 The temperature dependence of the magnetic susceptibility of the single-
grain i Algg 3Cuyg 4Feq3 3 QC measured in the magnetic field H=5 T with H parallel to
(a) the threefold and fivefold axes, and (b) the twofold and fivefold axes (Matsuo et al.,

1992).

The occurrence of diamagnetism in i Al-Cu-Fe QCs is not yet
understood. It has been argued qualitatively (Cyrot-Lackmann, 1997) that
diamagnetism is the consequence of very low electron effective masses in
some directions for electron pockets of the Fermi sphere. This explanation
has been questioned by Velikov et al. (2005b) who argued that
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diamagnetism is due to the atomic-like diamagnetic contribution of tightly
bound electrons in the electron pockets of the multiconnected Fermi
surface.

In the Al-Cr-Fe system, magnetic properties of three alloys, polygrain i
AlgsCrgFe¢ (Stadnik and Miiller, 1995; Stadnik et al., 1993), polygrain AP
to both i and d QCs Alg; 3Cr3q.1Fey ¢ (Bihar et al., 2006), and single-grain
AP to a d QC AlgyCrysFes (Dolinsek et al., 2008a) were investigated. They
are all paramagnets. Their y(7) data were fitted to the modified
Curie—Weiss law:

C
1=Iot g (1)

where g is the temperature-independent magnetic susceptibility, C is the
Curie constant, and 0 is the paramagnetic Curie temperature. The Curie
constant can be expressed as C= N/lgff/ 3kg, where Nis the concentration of
magnetic atoms per unit mass, U.g1s the effective magnetic moment, and kg
is the Boltzmann constant. Table 2.1 lists the Curie—Weiss law parameters
for these three alloys. Whereas similar negative values of 0 are found for
these three alloys, the values of y and p.g are significantly smaller for the i
QC than for the other two APs. It was argued (Stadnik and Miiller, 1995)
that the origin of the nonzero f.gin the i AlgsCrgFes QC is due to disorder
present in this metastable i QC. It was estimated (Bihar et al., 2006) that in
the Alg; 3Crs1.1Fe; ¢ AP, assuming that Cr does not carry a magnetic
moment, only 2% of Fe atoms carry a magnetic moment of 6.2 u.

Table 2.1 Parameters obtained from the fits of the x(7) data to the modified Curie—
Weiss law for three Al-Cr-Fe alloys

X, (107* c@o?
Alloy emu/mol) emu K/mol) 0 (K) e (us) prs(us) References
AlgCrgFeq 2.60(1) 15.9(4) —3.1 0.095 0.145 Stadnik and
) @) (2) Miiller
(1995)
Alg1 3Cr31 1Fes 6 20 720 -2 0.39 0.87  Bihar et al.
(2006)
Alg(Cr;5Fes 4.5° 70.8 —-6.0 0.17 0.34  Dolinsek
5.5" 116 —4.5 0.22 0.43 et al.
6.1 135 —5.4 0.23 0.46 (2008a)

The symbols uia”" and pbg correspond, respectively, to the effective magnetic moment per TM (i.e., per
Fe and Cr) and per Fe.

“Along the a-axis.

"Along the b-axis.

‘Along the c-axis.
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Figure 2.3 The temperature dependence of the ac susceptibility of the polygrain d
Al;3Mn, Feq QC measured at different frequencies in a 6.5-Oe ac magnetic field. The
inset shows the frequency dependence of Tp(V)/ T (1 Hz) (Dolinsek et al., 2008b).

The magnetic properties of the polygrain d Al;3Mnjy Feg QC were
studied by Dolinsek et al. (2008b). A clear bifurcation between the zero-
field cooled (ZFC) and field-cooled (FC) %(T) data at T¢=22.3 K indicates
the spin-glass nature of this QC. Surprisingly, another anomaly in the ZFC
and FC y(T) data was observed at Ty, ~9 K. The fit of the y(T) data above
Trto Eq. (1) (assuming y,=0) yielded 0 = — 23K and pg" =2.6u5. The ac
susceptibility measurements (Fig. 2.3) clearly demonstrate the frequency-
dependent shifts of Trand Ty (the values of K, the relative change in the
freezing temperature per decade change in frequency v, defined as K=ATy/
TrAlogv, are equal to, respectively, 0.010 and 0.014). The spin-glass nature
of the d Al;3Mny Feq QC was further confirmed by observing (Dolinsek
et al., 2008b) aging effects via thermoremanent magnetization (TRM) time
decays for different aging (waiting) times f,, and cooling magnetic fields.

3.2. Al-Pd-Mn

Among all known QCs, the i AI-Pd—Mn QCs and their APs have been
studied most extensively. It should be indicated first that the magnetic
properties of single-phase, Bridgman-, Czochralski-, and flux-grown
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single-grain or polygrain Al-Pd—Mn QCs are strongly sample dependent
(Hippert et al., 2003; Swenson et al., 2004). This is illustrated in Fig. 2.4,
which shows the y(T) dependence for two polygrain and eight single-grain i
Al-Pd-Mn QCs. The magnitude of x varies by a factor of 55 between the
E-a; and B-a, samples (Hippert et al., 2003).

The most thorough analysis of the magnetic data of many single-grain
and polygrain i Al-Pd—Mn QCs was carried out by Hippert et al. (2003) and
Préjean et al. (2006). One characteristic of the i Al-Pd—Mn QC:s is that they
are spin glasses with freezing temperature T¢ in the range 0.23-3.6 K
(Figs. 2.5-2.7).

The fits of the y(7) data to the Curie—Weiss law result in very small
values of C. Assuming that the Mn atoms carry a magnetic moment of
5.92 pp, the smallness of C implies that only a tiny fraction of Mn atoms, f,
in i Al-Pd—Mn QCs (fis between a few percent down to about 10~ %) carry
this magnetic moment (Hippert and Préjean, 2008). It has been argued
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Figure 2.4 The temperature dependence of the magnetic susceptibility of two poly-
grain and eight single-grain i Al-Pd—Mn QCs measured in an external magnetic field of
1 kOe. Solid lines are guides to the eye (Hippert et al., 2003).
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Figure 2.5 The temperature dependence of the ac susceptibility of the single-grain i

Algg 7Pdz1 sMng ¢ QC measured at two frequencies in a 1-Oe ac magnetic field
(Lasjaunias et al., 1995).
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Figure 2.6 The temperature dependence of the ZFC and FC magnetic susceptibility
of the polygrain i Al;;Pd;gMn;; QC measured in an external magnetic field of 8.6 Oe
(Lasjaunias et al., 1995).

(Hippert and Préjean, 2008) that the reason for most Mn atoms being
nonmagnetic is the presence of a pseudogap at the Fermi level that is
predicted theoretically (Hafner and Kraj¢i, 1998; Hippert et al., 1999;
Kraj¢i and Hafner, 1998) and observed experimentally (Escudero et al.,
1999; Stadnik et al., 2001). It has been speculated (Hippert and Préjean,
2008) that the magnetic moment carried by a tiny fraction of the Mn atoms
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Figure 2.7 The temperature dependence of the ac susceptibility of four single-grain i
Al-Pd-Mn samples (the sample compositions are given in Hippert et al. (2003))
measured in a 1-Oe ac magnetic field at the frequency of 1 Hz (Préjean et al., 2006).

is the consequence of the presence of local defects in the i structure of the
Al-Pd-Mn QCs.

When one plots the measured y versus 1/7T for different i Al-Pd—Mn
samples (Fig. 2.8), one notices a continuous change in the y(1/7T) depen-
dence from a linear one for more magnetic samples (with a relatively large
fraction of magnetic moment-carrying Mn atoms) to a nonlinear one for less
magnetic samples. The nonlinear y(1/7T) dependence was interpreted as
evidence of the presence of the Kondo eftect (Hippert and Préjean, 2008;
Préjean et al., 2006). Thus, the evolution of the y(1/T) dependence indi-
cates that in the magnetically strongest sample (sample R), there is a pure
RKKY interaction, whereas in the magnetically weakest sample (sample
B-b), there is a pure Kondo interaction; in the other samples, these two
interactions coexist.

The magnetic properties of the polygrain d Algy gPdi> 1 Mnjg 1 QC were
studied by Rau et al. (2003). This QC is a spin glass (Fig. 2.9) with Tr=12 K.
The fit of the y(T) data above 120 K to Eq. (1) yields yo=—2.45x 107"
emu/g, 0 =—20K, and C=0.544 emu K/mol Mn. This value of C implies
that p.g=2.09 up per Min atom. Such a small value of u.gindicates that not all
Mn atoms carry a magnetic moment. Assuming the paramagnetic moment of
5.92 ug for Mn”", this value of Uegimplies that f=12.5%. Thus, similar to the
situation for i Al-Pd—Mn QC:s, only a small fraction of Mn atoms in the d Al—-
Pd—Mn QC carry a magnetic moment.

Hippert et al. (1999) studied the magnetic properties of five Al-Pd—Mn
(Si) APs to the i and d Al-Pd—Mn QC:s: polygrain 1/1 AP AleggPd;1Mn4Si;
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Figure 2.8 The magnetic susceptibility versus 1/T for 19 i Al-Pd-Mn samples. The

solid lines are the Kondo fits in the framework of the one Tx model (Préjean et al.,
2006).

(Fig. 2.10), polygrain 2/1 AP Al;,0PdyMng (Fig. 2.11), single-grain,
& -phase, AP Aly; oPds3 sMny ¢ (Fig. 2.11) (very similar x(T) data for the
single-grain &'-phase Al;,Pd>sMnj; were obtained later by Swenson et al.,
2004), and two polygrain APs to the d QC, Aly;Pds>,Mny;; and
Alyg sPdy oMnyg6; the last two APs contained a small amount of foreign
phases. The parameters derived from the fits of the y(7) data to Eq. (1) for
these five APs are given in Table 2.2. Hippert et al. (1999) argued that the
increase in M/ H below 30 K and the fact that the maximum of y, is larger
than the demagnetization factor of 3/4m for a spherical sample indicate that
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Figure 2.9 The inverse magnetic susceptibility corrected for the contribution y,
(x—;{o)*l, versus temperature T for the d Algy gPdi>1Mng; QC measured in an
external magnetic field of 500 Oe. The solid line is the fit to Eq. (1). The lower inset
shows the temperature dependence of the ZFC and FC susceptibility. The upper inset

displays the field dependence of the magnetization measured at several temperatures
(Rau et al., 2003).
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Figure 2.10 The temperature dependence of the dc magnetic susceptibility M/H
measured in a magnetic field of 1 kOe for the 1/1 AP AlsgPd;1Mn,,Si;. The solid
line is the fit to Eq. (1). The inset shows the temperature dependence of the ac magnetic
susceptibility measured in a 1-Oe ac magnetic field at 13 Hz; the value of the demag-
netization factor (3/4m) for a spherical sample is indicated (Hippert et al., 1999).

the ferromagnetism with T, =8.8 K is not due to secondary phases but is
probably an intrinsic property of this AP. The C values for the Al;,Pd>,Mng
and Alyy 9Pdy3 sMny g APs (Table 2.2) imply very small values of f, 3 X 10*
and 1.6 x 10", respectively. Therefore, Hippert et al. (1999) considered
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Figure 2.11 The temperature dependence of the dc magnetic susceptibility M/H
measured in a magnetic field of 10 kOe for the 2/1 AP Al;(Pd,;4Mng and the &'-phase
AP Al;q gPd;3 sMny . The inset shows the M/ H data above 50 K. The solid lines are the
fits as explained in Table 2.2 caption (Hippert et al., 1999).

Table 2.2 Parameters obtained from the fits of the x(7) data in the temperature
ranges indicated in the second column to Eq. (1) for five Al-Pd-Mn(Si) alloys (with 0
fixed to o for the second and third alloys)

Alloy T range (K) Xo (1076 emu/g) C (1076 emu K/g)
AlesPdyMny,Si;  30-300 0 1030
Al;oPd>4Mng 5-300 —0.407 1.7
A171A9Pd23.5M1’14A6 5-300 —0.136 0.7
Als Pds sMns, 5 30-100 5.0 1660

150-300 0.8 2150
Al7g_5Pd4_9Mnl(,_() 150-300 0.4 50

For the Al;oPd,4Mng alloy, a T* contribution had to be added to Eq. (1) (Hippert et al., 1999).

these two APs to be nonmagnetic. The C values for the d AP
Aly; 1Pds ,Mny,, 5 for the two temperature ranges (Table 2.2) correspond to
the fvalues of 6.5% and 8.4%, respectively. The ZFC and FC y(7) measure-
ments, as well as the thermoremanent and isothermal remanent magne-
tization measurements, allowed one to establish that the Al;; {Pds,Mny; 5
AP is a spin glass with Ty~ 14 K (Hippert et al., 1999). As the C value for the
Al;gsPdsoMn; g, AP is about 40 times smaller than that for the
A173']Pd5.2M1’12]'7 AP (Table 22), the A178'5Pd4'9Mn]6.6 AP was considered
to be nonmagnetic (Hippert et al., 1999).

It can be concluded that the magnetic properties of the Al-Pd—Mn QCs
and their corresponding APs are quite similar to each other. In other words,
quasiperiodicity does not seem to induce in the Al-Pd—Mn system any
specific and unique magnetic characteristics that are not present in the
corresponding periodic Al-Pd—Mn APs.
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3.3. AI-TM-Co

In this system, two d QCs of high structural quality are known: d Al-Cu—
Co and d AI-Ni—Co. It was first reported that the d Alg5sCu5C0590 QCisa
diamagnet with the magnetic susceptibility of about —1 x 10~/ emu/g in
the temperature range 10-300 K (Martin et al., 1991). Kimura et al.
(1991) indicated that for the single-grain d Alg;CusgCoy5Sis QC, the
values of y are —2x 1077 and —4 x 10”7’ emu/g measured along the
quasiperiodic plane and the periodic axis, respectively. For the d AlgrCusg_
Coy5513 QC, the value of y increases with temperature above 300 K (Liick
and Kek, 1993).

The d Al;5Ni3Coy QC is also a diamagnet (Fig. 2.12). Similar to what
was observed for the d Al-Cu—Co QC, its magnetic susceptibility is strongly
anisotropic.

The magnetic properties of the single-grain Al;,Ni»>Co, alloy of mono-
clinic structure, which is an AP to a d Al-Co—Ni QC, were studied by
Smontara et al. (2008). The y(T) data measured along the crystallographic
directions [001] (designated as ¢), [010] (designated as b), and along the
direction perpendicular to the (a,b) plane (designated as a*) and lying in the
monoclinic plane (the monoclinic plane corresponds to a quasiperiodic
plane in a d QC) are shown in Fig. 2.13. The y(7T) data were fitted to the
equation y=yo+(C/T—0)+A,T°+A,T* in which the terms A;T;
(i=2,4) were associated with the temperature-dependent susceptibility of
conduction electrons (Smontara et al., 2008).

Susceptibility, ¥ (107 emu g~'0e™")

3+
L]
®ocee0"®
) % 00040%00°" o""o'".'m“' *
_4 ° 1 1
0 100 200 300

Temperature, T (K)

Figure 2.12 The temperature dependence of the magnetic susceptibility of the d
Al;,Ni;,Coq6 QC measured along the periodic axis (open circles) and in the quasiperi-
odic plane (filled circles) (Yamada et al., 1999).
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Figure 2.13 The temperature dependence of the magnetic susceptibility of
Al;4Niy,Co, measured in an external magnetic field of 10 kOe applied along three
crystallographic directions (Smontara et al., 2008).

3.4. Al-TM-Ge

The i AlgsMn,Ge5 QC was shown (Hundley et al., 1992) to be a spin glass
with T¢r 9 K. The Mn atoms carry a relatively large magnetic moment of
2.1 pg.

Ferromagnetic behavior was reported in several AI-Mn—Ge QCs (Reisser
and Kronmiiller, 1994; Tsai et al., 1988) and AI-Cu—Mn—Ge QCs (Nasu
et al., 1992; Reisser and Kronmiiller, 1994). The presence of magnetically
ordered second phase(s) in these QCs (Stadnik and Stroink, 1991) indicates
that the observed ferromagnetism is probably of extrinsic origin.

The magnetic properties of the polygrain d AlyoMnysFe 5Gesg QC were
studied by Yokoyama et al. (1997) and Tobo etal. (2001). The ZFC and FC
%(T) data in different external magnetic fields and the ac y/(7T) data at

different frequencies (Fig. 2.14) clearly demonstrate the spin-glass nature
of this QC with T¢=41 K.



Magnetic Properties of Quasicrystals and Their Approximants 91

3.5. Al-Pd-TM-B

The ferromagnetic order in the polygrain i Al;,_, PdisMn;sB, QCs with
x >3 was reported by Yokoyama et al. (1994) and Peng et al. (1998). The
curves of magnetization M versus external magnetic field H (Figs. 2.15 and
2.16) are characteristic of a ferromagnet with the Mn magnetic moment in
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Figure 2.14 (a) The temperature dependence of the ZFC (filled symbols) and FC
(open symbols) magnetic susceptibility of the polygrain d Al;)Mn,sFe 5Geyy QC
measured in an external magnetic field of 50 (circles), 100 (triangles), and 200 Oe
(diamonds). The M/H curves measured in the fields of 50 and 100 Oe are shifted
upward to avoid overlap. (b) The temperature dependence of the in-phase magnetic
susceptibility ;' of the polygrain d Al,yMn,sFe;5Geyy QC measured in a 10-Oe ac
magnetic field at different frequencies (Tobo et al., 2001).
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Figure 2.15 The magnetization versus the external magnetic field at 4.2 K for the i
Al;g_,PdisMn;sB, QCs (Yokoyama et al., 1994).

8 —a— 5K
—a— 20K

—o— 50K

Magnetization (emu/g)

0 ’: 1 1 1 L L
0 10 20 30 40 50

Magnetic field (kOe)

Figure 2.16 The magnetization versus the external magnetic field at different tem-
peratures for the i Algs sPd;sMn;sB4 s QC (Peng et al., 1998).

the range 0.3—0.6 up. The Curie temperatures T of these ferromagnets were
found to be above 500 K (Fig. 2.17), although in another study (Bahadur
et al., 1995), they were determined to be below 500 K. No presence of
second phases could be seen in the X-ray and electron diffraction patterns of
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Figure 2.17 The temperature dependence of the magnetization of the i Al;,_,Pd;5Mn;sB,
QCs measured in an external magnetic field of 10 kOe (Yokoyama et al., 1994).

these QCs (Yokoyama et al., 1994); however, it should be noted that MnB, a
possible impurity phase, is a strong ferromagnet with T =572 K (Beckman
and Lundgren, 1991). To assert that ferromagnetism of these QCs is of
intrinsic origin, neutron diffraction experiments would be very desirable.

Inhomogeneous ferromagnetism was claimed to occur in the polygrain i
Al Pd3,_,B.Fe, QCs with the T, values in the range 280-340 K (Lin etal.,
1995a; Lyubutin et al., 1997). The low-resolution X-ray diffraction spectra of
these QCs do not exclude the possibility of the presence of magnetic crystal-
line/amorphous impurities. Neutron diffraction studies of these QCs are
needed to verify the possible ferromagnetic quasiperiodic order.

3.6. Al-Pd-Mn-Ge, AI-TM-Ge-B

Spin-glass behavior was observed for the i Al;o_,Pd>sMn;75Ge, QCs with
x <6 (Lin et al., 1995b). The QCs with x> 6 contained a significant amount
of magnetically ordered impurities. Ferromagnetic order was reported in the d
AlsMnys_GesBisFe, QCs (Yokoyama and Inoue, 1996a,b). The X-ray
diffraction spectra of these QCs indicate the presence of crystalline impurities.
The reported ferromagnetism is probably of an extrinsic nature.

4. QCs AND APs Not BASED ON AL

4.1. Zn-Mg-RE

The discovery of thermodynamically stable, highly ordered i QCs in the
Zn—Mg-RE (rare earth) system (Niikura et al. 1994; Tsai et al., 1994) led to
intensive studies of their magnetic properties as RE atoms are expected to
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carry localized magnetic moments and, perhaps, this could result in a long-
range quasiperiodic magnetic order in these QCs. They have a face-
centered (or F type) 6D Bravais lattice. The early magnetic measurements
were carried out on polygrain samples. It was soon demonstrated that high-
quality, single-grain i Zn-Mg-RE QCs (Fig. 2.18) could be synthesized
(Fisher et al., 1998; Sato et al., 1998a). It turns out that the i Zn—-Mg—-RE
QCs are spin glasses. The occurrence of a bifurcation between the ZFC and
FC y(T) data, a hallmark of a spin glass (Mydosh, 1993), is evident
(Fig. 2.19). The parameters obtained from the fit of the y(T) data above
Tt to the modified Curie—Weiss law for polygrain and single-grain i Zn—
Mg-RE QCs are given in Table 2.3. The negative values of 0 indicate a
predominantly antiferromagnetic interaction between the RE magnetic
moments. They scale approximately with the de Gennes factor (Fisher
et al., 1999; Hattori et al., 1995). It is clear that the values of ,ugff are very
close to the theoretical moments ;- for RE?" free ions, which indicates
that the RE magnetic moments are well localized with no significant
crystalline-electric field effects.

The occurrence of spin-glass behavior requires both randomness and
frustration (Binder and Young, 1986; Mydosh, 1993; Toulouse, 1977). The
frustration parameter f, defined as f=— 0/ T (Ramirez, 2001), is an empiri-
cal measure of frustration. Compounds with f>10 are categorized as
strongly geometrically frustrated compounds (Ramirez, 2001). The values
of ffor the i Zn—Mg—RE QCs (Table 2.3) are sufficiently large to allow one
to conclude that frustration dominates the magnetic properties of these

QCs.

Figure 2.18 The photograph of a single-grain i Znss sMg34 ¢Hog 7 QC shown over a
mm scale. The clearly defined pentagonal facets and the dodecahedral morphology are
visible (Fisher et al., 1999).
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Figure 2.19 The temperature dependence of the ZFC and FC magnetic susceptibility

of the single-grain i QCs Zns gMgs4.6Tbg; QC (a) and Znse Mgz 6Dysy (b)
measured in an external magnetic field of 25 Oe. Also shown in (a) are FC data for

field cooling from 2.5, 3.0, 3.5, and 4.0 K (Fisher et al., 1999).

Figure 2.20 shows the temperature dependence of the in-phase compo-
nent ' and the out-of-phase component %" of the ac magnetic susceptibility
of the single-grain i Znsg §Mgs4 (Tbg 7 QC for different frequencies. Both
¥/ (T) and y"(T) curves show maxima whose amplitudes and positions
depend on the frequency f of the applied ac magnetic field. With increasing
1, the peak positions are shifted to higher temperatures, the peak intensity of
7' (T) decreases, and the peak intensity of y”(T) increases. These features are
typical of canonical spin glasses (Mydosh, 1993). The position of the sharp
peak in ¥/(T) can be used to define Ty The observed change of Ty with f

(Fig. 2.20) corresponds to K=0.049, a value comparable to that of other
canonical spin glasses. The frequency dependence of Ty was accounted for
(Fisher et al., 1999) by the phenomenological Vogel-Fulcher law:

E,
S =foexp [— m} ) (2)
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Table 2.3 Parameters obtained from the fits of the x(7) data to the modified Curie—
Weiss law for the polygrain (Charrier and Schmitt, 1997; Hattori et al., 1995; Kashimito
et al., 1999) and single-grain (Fisher et al., 1999) i Zn-Mg-RE QCs

Alloy 0K W) 1ES(uw) Te(K) References
ZnsoMgy,Gdg —38 7.95 7.94 5.5 Hattori et al.
(1995)
ZnsoMgy,Thg —24 10.29 9.72 7.6 Hattori et al.
(1995)
—26 10.05 5.8 Charrier and
Schmitt (1997)
Znse sMgsy 6Tbg; —26.3(4) 9.91(3) 5.80(5) Fisher et al. (1999)
ZnsoMgyoDyg —14 10.83  10.65 Hattori et al.
(1995)
—17.2 9.78 3.8 Charrier and
Schmitt (1997)
Znse sMgzy 6Dyg, —14.8(4) 10.50 3.60(5) Fisher et al. (1999)
©)
ZnsoMg4,Hog -8 10.08 10.61 Hattori et al.
(1995)
—10 9.79 ~2 Charrier and
Schmitt (1997)
ZngeMgzoHoqg —8.97 10.6 Kashimito et al.
(1999)
Znse sMgzysHog 7, —7.8(4)  10.36 1.95(5) Fisher et al. (1999)
3)
ZnsoMgysErg -5 8.88 9.58 Hattori et al.
(1995)
—6.3 9.59 <1.5  Charrier and
Schmitt (1997)
Znse sMgsy 6Erg;  —5.1(4)  9.49(3) 1.30(5) Fisher et al. (1999)

where fj is the characteristic frequency, E, is the activation energy, and Tj is
the Vogel-Fulcher temperature, which is a measure of the strength of
interaction between clusters in the spin glass. The best fit of the T¢(f)
data (Fig. 2.20) to Eq. (2) yielded f,=4(1) x 10" Hz, E,/ky=27(1)K, and
Ty =4.8(1)K. The obtained values of these three parameters are in general
agreement with similar parameters reported for other spin glasses.

The most convincing way to demonstrate the spin-glass nature of a given
compound is to measure the temperature dependence of the nonlinear, third-
order (fifth-order, etc.) magnetic susceptibility y5 as it is expected to diverge
negatively at Tr (Lévy, 1988). As it is shown in Fig. 2.21, such a divergence is
clearly observed for the i Znsg sMgs4 6 Tbg 7 and Znsg Mgz, ¢Hog 7 QCs.
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Figure 2.20 The temperature dependence of the in-phase magnetic susceptibility y’
(a) and out-of-phase magnetic susceptibility y” (b) measured in a steady bias field of
100 Oe and in a 2-Oe ac magnetic field for different applied frequencies for the i
Znse sMgs,4.6Tbg 7 QC. The inset in (b) shows the In(f) versus 1/ T dependence with
a linear fit (solid line) to the Ty data (Fisher et al., 1999).

An inherent characteristic of a spin-glass system is an aging phenomenon
(Lundgren et al., 1983). It can be studied, for example, via a TRM time
decay measurement (Mydosh, 1993) which involves cooling the sample in a
small magnetic field from above T¢to the measuring temperature T, below
Tt keeping the sample at Ty, for a certain waiting time f,,, and then rapidly
removing the magnetic field and recording the change in magnetization
with time. Figure 2.22 shows such TRM decays for different waiting times
for the single-grain i Znsg §Mgs4 ¢ Tbg7 QC (Dolinsek et al., 2001). One
can clearly observe that the TRM increases and its time decay slows down as
tw increases. The observed dependencies of the TRM and its decay rate
upon f,, are precisely the same as those observed for canonical spin glasses
and can be explained within the context of an ultrametric organization of
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Figure 2.21 The temperature dependence of the third-order ac magnetic susceptibility
%3 of (a) i Znsg sMgs4.6Tbg 7 QC (at 7 Hz) and (b) i Znse sMgs4 ¢Hog 7 QC (at 21 Hz),
normalized by the maximum value jy;(max). A vertical error in (a) indicates T for a
measurement frequency of 7 Hz, estimated from the %' data in Fig. 2.20 (Fisher et al.,

1999).

the metastable states in a spin glass (Dolinsek et al., 2001, 2003). The
dependence of the TRM on the magnetic field Hg. in which the sample
was cooled Hp. for the single-grain i Znse sMgs, 6Tbg 7 QC is shown in
Fig. 2.23. A clear TRM increase is observed with Hg. . As argued qualita-
tively by Dolinsek et al. (2001, 2003), the TRM is expected to decrease
with Hy for the ultrametrically organized metastable states in a spin glass.
Dolinsek et al. (2001, 2003) concluded that the observed dependence TRM
(Hg) is compatible with the i Znse gMgs, 6Tbg s QC being a superpara-
magnet rather than a spin glass.
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Figure 2.22 The TRM (magnetization M normalized to the FC value M,) time decays
at Hy. =125 Oe for different waiting times t,, at 4.2 K for the i Znss sMgs4 ¢ Tbg 7 QC.
The inset shows the values of M/M, recorded after the decay time of 120 min as a
function of t,, (Dolinsek et al., 2001).
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Figure 2.23 The dependence of the TRM recorded after the decay time t=120 min at
4.2K for t,=1h on the field H. for the i Znss sMgs4 6Tbg 7, QC (Dolinsek et al.,
2001).
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In the first neutron diffraction study of the polygrain i ZnsoMg,»REg
(RE=Tb, Dy, Ho, Er) QCs, Charrier et al. (1997) observed rather weak
magnetic Bragg reflections that were claimed to originate from the long-
range quasiperiodic antiferromagnetic order (Fig. 2.24), coexisting with
significant diffuse scattering (Fig. 2.25), both of which disappeared above
the Néel temperatures Ty of 20, 12, 7, and 5 K for Tb, Dy, Ho, and Er
QGCs, respectively. Almost all the magnetic Bragg reflections could be
indexed with a single propagation vector Q of (%,0,0,0,0,0) in the 6D
reciprocal lattice (Fig. 2.24b), and this was taken as evidence for the long-
range quasiperiodic antiferromagnetic order. Charrier et al. (1997) observed
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Figure 2.24 (a) The neutron diffraction pattern at 15 K for the i ZnsoMgs,Hog QC.
The indices of the nuclear Bragg reflections are based on the indexing scheme of Cahn
etal. (1986). The triangles indicate the reflections due to the impurity Mg;Zn;. (b) The
difference between the patterns at 1.5 and 15 K. The magnetic indices are related to
the nuclear indices via (Npag,Mmag) = (N+0.125,M+0.0625). The arrows indicate the
positions of the 2Q harmonics (Charrier et al., 1997).
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Figure 2.25 The difference between the neutron diffraction patterns at 1.3 and 10 K
for the i ZnsyMg,,Erg QC (Charrier et al., 1997).

clear magnetic reflections with weaker broad magnetic peaks due to diftuse
scattering for the Tb and Dy QCs, and very weak magnetic reflections with
very strong diffuse magnetic peaks for the Ho and Er QCs. Surprisingly, no
anomaly at Ty could be seen in the y(T) data (Charrier and Schmitt, 1997).

The claim that a long-range quasiperiodic antiferromagnetic order exists
in i Zn—-Mg-RE QCs was challenged by other researchers. Islam et al.
(1998) carried out a neutron diffraction study of the single-grain i
Znsg sMgs, ¢ Tbg 7 QC. Figure 2.26 shows the neutron diffraction patterns
of this QC at 30 and 4 K and their difference. It is clear that apart from the
onset of short-range magnetic order at low temperatures, there is no
evidence for the presence of sharp magnetic Bragg reflections. Islam et al.
(1998) also found that, for the polygrain i Znss gMgss6Tbg; QC, the
neutron diffraction patterns are similar to those in Fig. 2.26 and contain
an impurity magnetic Bragg reflection which, together with the diftuse
component, disappears above about 20 K, that is, above the apparent Ty of
this QC. This indicates that the long-range antiferromagnetic order
observed by Charrier et al. (1997) might be of extrinsic origin.

In another neutron diffraction study, Sato et al. (1998b) measured the
spectra of the polygrain i ZngoMgzoTbig QC at 20 and 1.6 K. As can be seen
from Fig. 2.27a, the magnetic Bragg reflections are clearly absent and only the
diffuse Bragg peaks are present at similar positions to those observed by
Charrier et al. (1997). The magnetic Bragg reflections in the neutron diffrac-
tion spectrum of the hexagonal (Zng Mg »)sHo alloy (Fig. 2.27b), which is
an antiferromagnet with Ty=7.4 K (Sato et al., 2000a), are located at the
same positions as those in Fig. 2.24. This constitutes strong evidence that the
claimed long-range antiferromagnetic order in the i ZnsoMgyHog QC with
Trn="7 K (Charrier etal., 1997) is due to the magnetic impurity (Zn,Mg)sHo.
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Figure 2.26 The top panel shows the neutron diffraction patterns at 4 and 30 K for the
i Znss §Mgs 4 ¢Tbg 7 QC. The lower panel shows the difference in pattern resulting from
a subtraction I(4 K) — I(30 K) of the data from the top panel (Islam et al., 1998).

The nature of the short-range magnetic order and spin-glass-like freez-
ing in i Zn—-Mg-Ho(Tb) QCs was studied by inelastic neutron scattering
(Sato, 2005; Sato et al., 2000b, 2006). Significant static short-range antifer-
romagnetic correlations were detected with a correlation length in the range
10-20 A. Such a significant short-range order, which is not present in
canonical spin glasses, points to the possible existence of a cluster with
strongly coupled spins. It was conjectured that this cluster is in the form
of a dodecahedron with spins at its vertices. It was demonstrated that the
observed diffuse scattering patterns could be reasonably well accounted for
by using this dodecahedral spin cluster model (Sato, 2005; Sato et al., 2006).
The possible existence of dodecahedral spin clusters indicates that the i Zn—
Mg-RE QCs are closer to superparamagnets than to spin glasses, which is a
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Figure 2.27 (a) The neutron diffraction pattern at 20 K and the difference between the
neutron diffraction patterns at 1.6 and 20 K for the polygrain i ZngcMg3¢oTby QC. The
indices of the nuclear Bragg reflections are based on the indexing scheme of Elser
(1985). (b) The neutron diffraction pattern at 20 K and the difference between the
neutron diffraction patterns at 1.5 and 20 K for the crystalline (Zny Mgy »)sHo alloy.
The magnetic Bragg reflections of the difference spectrum are indexed in the same way
as in Fig. 2.24 (Sato et al., 1998b).

conclusion drawn earlier from the TRM decay studies (Dolinsek et al.,
2001, 2003). It was argued (Sato et al., 2006) that even though the cluster
formation is essential to explaining the macroscopic freezing at T¢in the i
Zn—-Mg—RE QC:s, this freezing is different from the blocking phenomenon
in superparamagnets or the freezing in spin glasses; whereas it is the motion
of the entire dodecahedral spin cluster, and not individual spins, that freezes
at Trin the i Zn—Mg—RE QCs, it is the individual spins that freeze in spin
glasses or superparamagnets.

Magnetic properties of two pseudoternary single-grain i QCS, Zn—-Mg-
(Y1_,Tb)(0.075<x<0.88) and Zn-Mg—(Y;_,Gd,)(0.075<x<0.60),
were studied by Fisher et al. (1999). These QCs are spin glasses with Ty
varying between 0.54 and 5.20 K.
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4.2. Cd-Mg-RE

Discovered by Guo et al. (2000a), this is a second i system containing RE
elements. In contrast to the i Zn—-Mg-RE QCs, the i Cd—-Mg-RE QCs
have a primitive (or P type) 6D Bravais lattice. The fit of the " (7) data to
Eq. (1) for temperatures above 50 K for the single-grain i CdsoMg40RE g
(Fig. 2.28) and the polygrain i CdssMgzsRE g QCs (Sato et al., 2001) yield
the parameters listed in Table 2.4. Similar to what was found for the i
Zn—-Mg—RE QCs (Table 2.3), negative values of 0 (Table 2.4) indicate

H0——
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Figure 2.28 The inverse magnetic susceptibility versus temperature for the single-
grain i CdsoMg4oRE o (RE=Dy, Tb, Gd) QCs measured in an external magnetic field
0f 1000 Oe. The solid lines are the fits to Eq. (1) assuming y,= 0 with parameters given
in Table 2.4 (Sebastian et al., 2004).

Table 2.4 Parameters obtained from the fits of the x(7) data to the modified Curie—
Weiss law for the single-grain (Sebastian et al., 2004) and polygrain (Sato et al., 2001)
i Cd-Mg-RE QCs

Alloy 00 i) K5 Te() Ta (K) References
CdsoMgy4Gdyg —37.8  7.24 7.94 4.3(1) Fisher et al.

1) (2004)
CdssMgzsGdyy —37 7.90 4.8 13.0  Sato etal. (2001)
CdsoMgy4Tbyy —24.5 9.74 9.72 5.9(5) Fisher et al.

(1.5) (2004)
CdssMgzsThyg —23 10.03 5.6 12.5  Satoetal. (2001)
CdsoMg4oDyo —18.4  10.59  10.65 3.2(1) Fisher et al.

(1.0) (2004)
CdssMgzsDyy, —14 10.67 3.8 7.4 Sato etal. (2001)
CdssMgssHoqyy —7 10.42 10.61 5.0 12.5  Sato etal. (2001)
CdssMgssEry,  —6 9.71 9.58 4.4 Sato et al. (2001)
CdssMgzsTmy, —2 7.08 7.56 Sato et al. (2001)
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dominant antiferromagnetic interactions between the RE magnetic
moments and they scale with the de Gennes factor (Sato et al., 2001;
Sebastian et al., 2004). Also, the values of i are close to the theoretical
moments - for RE> free ions. This is indicative of the RE magnetic
moments being well localized with no significant crystalline-electric field
effects. The ZFC and FC y(T) data for the single-grain i Cd;oMgyoRE g
(Fig. 2.29) and CdssMg35Tby, (Fig. 2.30) QCs indicate that these QCs are
spin glasses. Surprisingly, two distinct freezing temperatures are observed for
the polygrain Cd-Mg—-RE QCs (Fig. 2.30), in contrast to the one freezing
temperature observed for the single-grain Cd-Mg—RE QCs (Fig. 2.29).
This observation is confirmed in the ac y(T) data (Figs. 2.31 and 2.32). The
values of T¢ for the single-grain QCs correspond to the lower of the two
freezing temperatures found for polygrain QCs (Table 2.4). This suggests that
the double-freezing transition observed in polygrain samples is due to an
impurity phase (Sebastian et al., 2004) that is not present in the single-grain
samples.
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Figure 2.29 The temperature dependence of the ZFC and FC magnetic susceptibility
of the single—grain i QCS CdsoMg40Gd10 (a), CdsoMg40Tb10 (b), and CdsoMg40DY10 (C)
measured in an external magnetic field of 100 Oe (Sebastian et al., 2004).
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Figure 2.30 The temperature dependence of the ZFC and FC magnetic susceptibility
of the polygrain i CdssMg;5Tb;y QC measured in different external magnetic fields.
The arrows indicate the positions of the high (Ty) and low (Ty) (Table 2.4) spin-
freezing temperatures (Sato et al., 2001).
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Figure 2.31 The temperature dependence of the ac susceptibility of the single-grain i
Cds5oMg4oTb ¢y QC measured at a frequency of 10 Hz in a steady bias field of 50 Oe and
a 1-Oe ac magnetic field (Sebastian et al., 2004).

One finds that, for some of the Cd—Mg-RE QCs, the frustration
parameter f is rather large (Table 2.4). They can thus be categorized as
strongly geometrically frustrated magnets (Ramirez, 2001).

Neutron diffraction experiments carried out on the polygrain i
CdssMgssTbyy QC (Sato et al.,, 2002) found no long-range magnetic
order down to 2.5 K and significant short-range spin correlations at low
temperatures. These short-range spin correlations turned out to be very



Magnetic Properties of Quasicrystals and Their Approximants 107

191+

o
1.8 o°
° o
o
o

00g o
170 0 "%00450600°

16 o

15

ac susceptibility y', (arbitrary units)
o
o

o
o

Lig 1

o
(9]
-
o
-
[}
N
o

Temperature (K)

Figure 2.32 The temperature dependence of the ac susceptibility of the polygrain i
CdssMg35Tbyy QC measured at a frequency of 10 Hz in a zero-bias field and a 1-Oe ac
magnetic field (Sato et al., 2001).

similar to the correlations found for the polygrain i ZngzMgzoTbyy QC
(Sato et al., 1998b, 2000b).

Dolinsek et al. (2003) carried out TRM decay experiments for the
polygrain i Cds(Mg4oThg QC with two freezing temperatures (Figs. 2.30
and 2.32), studied earlier by Sato et al. (2001). The same time and field
dependences of the TRM were observed (Dolinsek et al., 2003), as those for
the single-grain i Znsg sMgs4 ¢ Tbg7 QC (Dolinsek et al., 2001). It was con-
cluded (Dolinsek et al., 2003) that the i Cd-Mg—Tb QCs should be viewed as
superparamagnetic noninteracting clusters rather than as spin glasses.

4.3. Zn-Mg-Sc(Ga,Cu)

Discovered by Kaneko et al. (2001), the thermodynamically stable i Zn—
Mg—Sc QC has a P-type 6D Bravais lattice and is of a high structural quality
comparable to that of the best F-type i QCs (de Boissieu et al., 2005).
Figure 2.33 shows the temperature dependence of the magnetic suscepti-
bility of the polygrain i Zngy sMgy »Sci5.3 QC (Motomura et al., 2004). The
decrease in the susceptibility with increasing temperature below 100 K is of
the Curie—Weiss type and is probably due to magnetic impurities (inset in
Fig. 2.33). The susceptibility increase with increasing temperature above
150 K was accounted for by the temperature dependence of Pauli paramag-
netism (Motomura et al., 2004). The y(T) data were fitted to the relation

C
X:Xo‘f'm'f‘ATZ’ (3)
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Figure 2.33 The temperature dependence of the magnetic susceptibility of the poly-

grain i Zngy sMg4 2Scqs53 QC. The solid line is the fit to Eq. (3). The inset shows the
field dependence of the magnetization at 2 K (Motomura et al., 2004).

in which the term proportional to T* accounts for the temperature depen-
dence of Pauli paramagnetism and

N (dgf ?) - (N(lzaadﬁé?)ﬂ’ X

where N(Ef) is the electronic density of states (DOS) and Ef is the Fermi
energy at 0 K. The parameters obtained from the fit of the y(7) data
(Fig. 2.33) to Eq. (3) are listed in Table 2.4. The positive value of A
indicates via Eq. (4) that d>N(Ep)/dEZ is positive, which implies the exis-
tence of a pseudogap in the DOS at Er (Kobayashi et al., 1997).

Similar y(7T) data were obtained for the polygrain i Zn,gMg4oGasg QC
that also has the P-type Bravais lattice (Saito et al., 1993). In particular, a
dependence of y(T) was observed and was interpreted as indirect evidence
for the existence of a valley-like structure in the DOS near Er.

The magnetic properties of the i Cu—Ga—Sc—Mg QCs of the P-type
Bravais lattice were studied by Yamada et al. (2004). The y(T) data for the
polygrain i CU47'7G333'3SC15Mg4 and CU.47.1 Ga32.9Sc15Mg5 QCS (Flg 234)
were fitted to Eq. (3) and the parameters obtained from the fit are listed in
Table 2.5. A positive value of A obtained from the fits was interpreted as an
indication of the presence of a pseudogap in the DOS at Eg.

_ KN (Er) (mks)’
3

A

4.4. In=-Sc(Tm)-TM

New i QCs in the Zn—Sc—TM system were discovered by Maezawa et al.
(2004). These QCs have the P-type Bravais lattice. Figure 2.35 shows the
temperature dependence of the magnetic susceptibility for these QCs and
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Figure 2.34 The temperature dependence of the magnetic susceptibility of the poly-
grain i QCs Cuyy 7Gas; 3ScisMgy (circles) and Cuy; 1Gasz, 0ScisMgs (triangles) in the
temperature range 2—300 K (a) and 50—300 K (b). The solid lines are the fits to Eq. (3)
(Yamada et al., 2004).

Table 2.5 Parameters obtained from the fits of the y(7) data to Eq. (3) for i QCs
Zngo.sMg, ,SC;s 5, Cu,, ,Gas; 5S¢, Mg, and Cu,, ,Gas, oS¢, Mg

Xo (1077 C (10™° A@o "
Alloy emu/g) emu K/g)0 (K) emu/g K?) References
ZngpsMg4Scys.3 —1.51 1.35 1.18 4.13 Motomura
et al. (2004)
Cuy77Gasz 3ScisMgy —7.48 37 0.162 20 Yamada et al.
(2004)
Cuy71Gasp9ScisMgs —4.12 5.63 —10.82 13.3 Yamada et al.
(2004)
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Figure 2.35 The temperature dependence of the magnetic susceptibility of the poly-
grain i QCs Zny;Scy¢Fe7, Zny4,ScisMnyg, ZnygSci4Cog, Zn74Scq4Niyg and the polygrain
1/1 AP Zng,ScysFe;, measured in an external magnetic field of 600 Oe (Kashimito
et al., 2006).

the 1/1 AP Zng,ScysFes. The parameters obtained from the fits of the y(7T)
data to Eq. (1) are listed in Table 2.6. It is noted that the Fe atoms in the i
Zn,ScicFe; QC (Table 2.6) carry the largest magnetic moment piLg ever
reported for an Fe-containing i QC, lying in the range 3.2-3.7 uy (the
moment of 5.3 ug reported by Kashimito et al. (2004) is probably an
outlier). The smaller ulg=2.3uy found for the 1/1 AP (Table 2.6) is in
good agreement with the value of ~2 ug predicted by theoretical
calculations carried out for the cubic Zn—Sc—Fe AP (Ishii et al., 2006). As
illustrated in Fig. 2.36, two i QCs, Zn77Sci¢Fe; and Zn;4Sci¢Mnq, and the
1/1 AP Zng,ScqsFes;, exhibit spin-glass ordering.

The temperature dependence of the ac susceptibility of the polygrain
i Zn77S¢c1gFe; QC measured at different frequencies is shown in Fig. 2.37.
A sharp peak in y/(T), the position of which defines Ty shifts to higher
temperatures with increasing frequencies (Fig. 2.37a), a behavior typical of
conventional spin glasses (Mydosh, 1993). The out-of-phase susceptibility )’
vanishes above Tg, but is nonzero for temperatures just below T¢ (Fig. 2.37b),
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Table 2.6 Parameters obtained from the fits of the y(7) data to the modified Curie-
Weiss law for the polygrain i Zn-Sc-TM QCs and the 1/1 AP Zng,Sc,sFe,

Xo (107°
Alloy emu/g) 0 (K) e (us) Te(K) References
Zn,ScigFe;  0.209 6.54 5.3 7.2 Kashimito et al. (2004)
—0.357 4.2 3.7 7.0 Kashimito et al. (2006)
0.193) 3(1) 3.23(12) 7 Sato et al. (2008)
10.7(1) 10.6(2) 3.55(1) 7.75(2) Al-Qadi et al. (2009)
Zn74ScigMny, 2.86 —-9.3 0.31 14.0 Kashimito et al. (2006)
Zn,gSc14Coq  0.552 —4.7  0.27 Kashimito et al. (2006)
Zn74SciNijy  0.199 —-0.8 0.07 Kashimito et al. (2006)
Zng>ScisFe;  0.333 -09 23 2.5 Kashimito et al. (2006)
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Figure 2.36 The temperature dependence of the ZFC and FC magnetic susceptibility
of the i QCs Zn7;Sci6Fe;, Zn;4ScisMnyg and the AP Zng,ScisFes;, measured in an
external magnetic field of 50 Oe (Kashimito et al., 2006).

which implies dissipation not only at the freezing transition but also at
temperatures below it, a common feature of spin glasses (Mydosh, 1993).
The observed change of T¢ with f corresponds to K=0.016(1), which is a
factor of 3 smaller than the K value for the i ZnsssMgsysTbgs; QC
(Fisher et al., 1999).
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Figure 2.37 The temperature dependence of the (a) in-phase magnetic susceptibility y’
and (b) out-of-phase magnetic susceptibility y” for different frequencies from 20 to
10 kHz for the i Zn;;ScicFe; QC. The inset in (a) is a magnification around the
maximum in y’ (Al-Qadi et al., 2009).

The T{f) data for the i Zn;;ScisFe; QC were fitted (Fig. 2.38) to
Eq. (2) vyielding f,=7.20(22)x 10" Hz, E,/k3=25.12.6)K, and
Ty =6.87(47)K. The values of fy, E,/kg, and T are similar to those found
for other spin-glass systems (Mydosh, 1993).

The use of Eq. (2) to fit the T¢( f) implies a cluster model interpretation of
the spin-freezing phenomenon in a spin glass in which the system is consid-
ered as a set of interacting superparamagnetic clusters (Al-Qadi et al., 2009).
The other interpretation of the spin-freezing phenomenon assumes the
occurrence of a true phase transition (Al-Qadi et al., 2009). The frequency-
dependent maximum of y'(7T) indicates the freezing temperature Ty where
the maximum relaxation time, T, of the system is equal to the characteristic
time 1/f set by the frequency of the ac-susceptibility measurement. The
scaling theory near the phase transition at T, predicts that the temperature
dependence of T obeys the power-law divergence:

Tr—T. 2V
TT()( fT > ) Tf>TC7 (5)

C
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Figure 2.38 The frequency dependence of the freezing temperature Ty for the i
Zn7;Sci6Fe; QC. The solid line is the best fit to Eq. (2) (Al-Qadi et al., 1999).
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Figure 2.39 The frequency dependence of the freezing temperature Ty for the i
Zn,;Sci6Fe; QC. The solid line is the best fit to Eq. (5) (Al-Qadi et al., 1999).

where 7 is the microscopic relaxation time, z is the dynamic exponent
relating the correlation length £ and 7 as To< &%, and v is the critical exponent
for the correlation length oc/((T;/T.) — 1) ". The best fit of the TH f) data
(Fig. 2.39) to Eq. (5) gives 1o=1.47(32) x 10~ "?s, T.=7.72(8)K, and
zv=06.77(1.14) (Al-Qadi et al., 1999). The derived values of 7y and zv are
similar to those reported for canonical Cu;_,Mn, spin glasses. One notes
that the fit of the T¢(f) data to Eq. (5) (Fig. 2.39) is worse than the fit to
Eq. (2) (Fig. 2.38). It would thus appear that the spin freezing in the i
Zn77ScigFe; QC is a nonequilibrium phenomenon rather than a phase

transition.
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Figure 2.40 The time dependence of the ZFC magnetization for an applied magnetic
field of 20 Oe at 4.8 K for different waiting times t,, of the i Zn;;ScicFe; QC (Al-Qadi
et al., 2009).

The spin-glass nature of the i Zn;;ScisFe; QC was probed by studying
aging eftects via ZFC magnetization decay and TRM decay measurements
(Al-Qadi et al., 2009). A ZFC magnetization decay experiment involves
cooling the sample in zero magnetic field from above T¢to the measurement
temperature T,, below T§, allowing the sample to stay at Ty, for a certain
waiting time f,,, and then applying a small magnetic field and recording the
change in magnetization with time. Figure 2.40 shows the ZFC decays at
T,,=4.8 K=0.62 Trand in the magnetic field of 20 Oe for different wait-
ing times. It is evident from the figure that the ZFC magnetization strongly
depends on f,,: the longer the f is, the slower is the decay of the ZFC
magnetization. The system becomes “stiffer” for longer waiting times. The
observed dependence of the ZFC magnetization is the same as that observed
for canonical spin glasses (Mydosh, 1993).

The TRM decays for different waiting times at a cooling field of 50 K,
and at T,=4.8K=0.62 T¢ and T,=6.0K=0.77 T¢ are shown in
Fig. 2.41. One finds that (i) the TRM decreases strongly as T¢is approached,
(1) the larger the f, the larger the TRM, and (ii1) the time decay of the
TRM slows down as t,, increases. These three dependences are exactly
the same as those observed for canonical spin glasses and are compatible with
the dynamics of a spin-glass system in an ultrametrically organized free-
energy landscape (Al-Qadi et al., 2009; Dolinsek et al., 2003).

The existence of the ultrametrically organized phase space in a spin glass
can also be probed by studying the TRM decay as a function of the cooling
field. Figure 2.42 shows the decay of the TRM for f,=3600s at
T,,=48K=0.62 Trand T,,=6.0 K=0.77 Tras a function of the cooling
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Figure 2.41 The TRM time decays at an applied magnetic field of 50 Oe for different
waiting times t,, at (a) 4.8 and (b) 6.0 K of the i Zn;;Sc;¢Fe; QC (Al-Qadi et al., 2009).

field H. One can observe that the magnitude of the TRM increases with the
cooling field. But such a TRM dependence on H is exactly opposite to that
observed for a canonical spin glass where the TRM decreases with H (Al-
Qadi et al., 2009). It was then concluded (Al-Qadi et al., 2009) that the
nature of the spin-glass state in the i Zns;ScigFe; QC is fundamentally
different from that of a canonical spin glass.

Kashimito et al. (2007) discovered that i QCs with the P-type Bravais
lattice can be formed in the Zn;7Sci¢_RE Fe; (RE=Ho, Er, Tm) system.
The magnetic properties of the i Zns;Scq4_ Tm,Fe; QCs were studied by
Kashimito et al. (2007, 2009). These QCs seem to be spin glasses (Figs. 2.43
and 2.44) with the T values listed in Table 2.7. A comparison between the
measured Curie constants C and the calculated C,, (under the assumption
that only the Tm atoms carry a magnetic moment of 7.56 ug) shows that
C> C,, (Table 2.6). This indicates that Fe atoms must also carry a magnetic
moment in these QCs.
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Figure 2.42 The TRM time decays for t,, =3600 s at (a) 4.8 and (b) 6.0 K for different
cooling fields H of the i Zn;;Sci¢Fe; QC (Al-Qadi et al., 2009).

4.5. Binary systems

The magnetic properties of the binary polygrain i Cds;Yb QC and its 1/1
AP CdgYb were studied by Dhar et al. (2002). The temperature depen-
dence of the magnetic susceptibility of these two alloys is shown in Fig. 2.45.
The magnetic susceptibility of these two alloys is diamagnetic at 300 K with a
value of —8.32 x 107> and —2.14 x 107, respectively. The sharp increase in
% of the i Cds;Yb QC and the 1/1 AP CdgYb below 80 and 240 K was
attributed to the presence of magnetic impurities (Dhar et al., 2002).

The magnetic susceptibility of the 1/1 AP CdgYb (Yamada et al., 2010),
whichisa 1/1 AP to the recently discovered i ZnggSci» QC (Canfield et al.,
2010), is negative in the temperature range 1.8-300 K, which indicates that
this AP is a diamagnet.
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Figure 2.43

The temperature dependence of the magnetic susceptibility of the poly-
grain i QCs Zny,Scy¢Fe; and Zn;;ScgTmgFe; measured in an external magnetic field of
300 Oe. The inset shows the temperature dependence of the ZFC and FC magnetic
susceptibility measured in an external magnetic field of 50 Oe (Kashimito et al., 2007).

Binary alloys CdgM (M =Sr, Y, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Lu, Np) are the 1/1 APs (Gémez and Lidin, 2003) to the yet to be
discovered binary Cd-M QCs. Some of these APs exhibit a long-range
antiferromagnetic order. For instance, CdgEu (Buschow and van Steenwijk,
1977) and CdgTb (Tamura et al., 2010) are antiferromagnets with the Ty of
2.25(5) and 24 K, respectively. This suggests that a long-range quasiperiodic

antiferromagnetic order may be possible in the corresponding binary i
Cd-M QCs.

4.6. Ag—-In-RE

The discovery of the first thermodynamically stable binary i QCs Cds 5 Yb
and Cds,Ca by Tsai et al. (2000) and Guo et al. (2000b) has led to the
finding of many ternary i QCs by total or partial replacement of Yb or Ca
and Cd with other elements. In particular, by replacing Yb with RE
elements and Cd with Ag and In, a series of new i Ag—In—RE was discov-
ered (Guo and Tsai, 2000; Iwano et al., 2006). A similar replacement in the
CdgYb AP of Yb with RE elements and Cd with Ag and In has led to the
discovery of ternary Ag-In-RE 1/1 APs to the i Ag-In-RE QCs (Iwano
et al.,, 2006; Ruan et al., 2004). Magnetic properties of several polygrain
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Figure 2.44 The temperature dependence of the ZFC and FC magnetic susceptibility
of the polygrain i QCs Zny;Scy6_,Tm,Fe; with x=0, 1, 2, 4, and 6 measured in an
external magnetic field of 50 Oe (Kashimito et al., 2009).

Ag-In—-RE APs were studied by Wang et al. (2009), Ibuka et al. (2011), and
Wang et al. (2011). Magnetism of one i QC AgsolnssGdy4 was investigated
by Stadnik et al. (2007) and Wang et al. (2009).

Figures 2.46 and 2.47 show the temperature dependence of the mag-
netic susceptibility of the AgsolnzsGdy, i QC and its 1/1 AP, respectively.
The %(T) data could be well fitted (Fig. 2.46a and b) to Eq. (1) with the
parameters listed in Table 2.8. For both alloys, the negative values of 0
indicate an antiferromagnetic coupling between the Gd magnetic moments,
and the closeness of the ,ugf? values to the theoretical value of 7.94 ug for a
free Gd”" ion shows that the Gd magnetic moments are well localized. The
2(T) data for other Ag—In—RE APs (Ibuka et al. 2011; Wang et al., 2011)
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Table 2.7 Parameters obtained from the fits of the y(7) data to the modified
Curie-Weiss law for the polygrain i QCs Zn,,Sc,¢_xTm,Fe, with x=o0, 1, 2, 4, and 6

X, (1077 c@o? Cea (1072
Alloy emu/g) emuK/g) emuK/g) 6O (K) T¢(K) References
Zn,;Scis  5.04 2.53 1.14 2.6 7.0(5) Kashimito
Tm,Fe, et al.
(2009)
Zn;7Scyy  1.55 3.39 2.24 —4.9 7.0(5) Kashimito
Tm,Fe, et al.
(2009)
Zn,;Sci,  6.84 5.47 4.32 —7.5 8.0(5) Kashimito
TmyFe, et al.
(2009)
Zn,;Scip  1.04 7.50 6.24 —9.9 8.5(5) Kashimito
TmgFe, et al.
(2009)
Zn,7Scg 39 8.7 8.03 —8.2 9.0(5) Kashimito
TmgFe; 5.8 8.7 —6.3 9.0(5) et al.
(2007)

C.a is the Curie constant calculated under the assumption that only Tm atoms carry a magnetic moment

of 7.56 .
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Figure 2.45 The temperature dependence of the magnetic susceptibility of the poly-
grain i Cds ;Yb QC and its 1/1 AP CdsYb measured in an external magnetic field of
20 kOe. The inset shows the magnetization versus applied magnetic field at several
temperatures (Dhar et al., 2002).
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Figure 2.46 (a) The temperature dependence of the magnetic susceptibility of the i
AgsoIn;sGdy4 QC measured in an external magnetic field of 30 Oe. The solid line is the
fit to Eq. (1) in the temperature range 50—300 K. (b) The inverse magnetic susceptibil-
ity corrected for the contribution y, (y — 10)71 versus T of the i AgsoIn;Gdy4 QC. The
solid line is the fit to Eq. (1) (Stadnik et al., 2007).

could also be well fitted to Eq. (1) and the corresponding parameters are
given in Table 2.8. One notices that 0 is negative for all studied Ag—In—-RE
APs, except for the Ag—In—Eu AP, which confirms the expected antiferro-
magnetic interaction between the RE magnetic moments. Also, the values
of ust are quite close the theoretical values for free RE®" ions (and RE*"
for RE=Eu), which confirms the localized and isotropic nature of the RE
magnetic moments.

The ZFC and FC y(T) data for the i AgsoIns;Gdy, QC (Fig. 2.48), its
1/1 AP (Flg 249) and the Ag46_4ln39.7Tb13_9 AP (Flg 250) indicate that
these alloys are spin glasses with the corresponding freezing temperatures
given in Table 2.8. The spin-glass ordering in the i Agsgln;Gdi4 QC and
its 1/1 AP was confirmed by ac magnetic susceptibility measurements
(Figs. 2.51 and 2.52). Spin freezing in the Agsoln;¢Gdi4 AP (Fig. 2.52)
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Figure 2.47 (a) The temperature dependence of the magnetic susceptibility of the
AgsoIn;sGdy4 AP measured in an external magnetic field of 50 Oe. The solid line is the
fit to Eq. (1) in the temperature range 70—300 K. (b) The inverse magnetic susceptibil-
ity corrected for the contribution yo, (x— %0)” " versus T of the AgsoIn;sGdyy AP.

The solid line is the fit to Eq. (1) (Wang et al., 2009).

Table 2.8 Parameters obtained from the fits of the x(7) data to the modified
Curie-Weiss law for the polygrain Ag-In-RE APs and the i Ag,In;¢Gd,, and

Ag,.In,,Yb,e QCs

Alloy 0 (K) BE) () Te () References
Agyeolnsg; —23.23(18) 4.543 3.62 Ibuka et al.
Ndi44 (2011)
Agyzqlng g 6(16) 8.2(8) 7.94¢ 2.5 Ibuka et al.
Euis 4 (2011)
AgysInze, —55.509) 8.89(3) 7.94 3.3(1) Ibuka et al.
Gdisgq (2011)
Agsolnag —55.9(2) 7.64(9) 3.7(1), 2.4(1) Wang et al.
Gdy4 (2009)

Continued
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Table 2.8 (Continued)

Alloy 0 (K) W) 1) Te () References
i Agsolngg —37.1(2) 8.15(1) 4.25(5) Stadnik
Gd14 et 31.
(2007)
Agyolng, —73.6(5) 7.86(23) 3.6(1) Wang et al.
Gd (2011)
Agisalnge; —34.13(14) 10.77(7) 972 3.7 Ibuka et al.
Tbiso (2011)
Agyrolnsg s —17.69(18) 11.262(10) 10.65 2.5 Ibuka et al.
Dyiss (2011)
Agyslng —12.09(12) 11.638(7) 10.61 Ibuka et al.
H016 (201 1)
Agyslng —5.58(18)  9.746 9.58 Ibuka et al.
Erys (2011)
Agprolng s —3.96(6) 8.490(4) 7.56 Ibuka et al.
Tmjs» (2011)
iAgplng, —0.8 0.27° 454 Bobnar et al.
Ybye —0.8° 0.41¢ (2011)
—0.8¢ 0.22¢
“For Eu?™.

*Along the twofold direction.
‘Along the threefold direction.
“Along the fivefold direction.
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Figure 2.48 The temperature dependence of the ZFC and FC magnetic susceptibility
of the i AgsoIn;sGdyy QC measured in an external magnetic field of 30 Oe (Stadnik
et al., 2007).
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Figure 2.49 The temperature dependence of the ZFC and FC magnetic susceptibility
of the AgsIn;¢Gd 4 AP measured in an external magnetic field of 50 Oe (Wang et al.,
2009).
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Figure 2.50 The temperature dependence of the ZFC and FC magnetic susceptibility
of the Agy6.4In39 7Tby3 9 AP measured in an external magnetic field of 100 Oe (Ibuka
etal., 2011).

appears to be a two-stage process, although one cannot exclude the possi-
bility that the anomaly in the ¥'(T) data at 2.6 K is due to the presence of a
magnetic impurity. The observed change in Ty with fin the i AgsoIn;¢Gd4
QC andits 1/1 AP can be accounted for better with the Vogel-Fulcher law
than with the dynamics of critical slowing down (Wang et al., 2009). This
indicates that in both alloys spin freezing is not a true equilibrium phase
transition but rather a nonequilibrium phenomenon.

The frustration parameter f for the i AgsgIn;¢Gd4 QC and the Ag—In—
RE APs is very large (Table 2.8). Thus, similar to the i Zn—-Mg-RE and
Cd-Mg-RE QCs, they can be regarded as geometrically frustrated magnets.
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Figure 2.51 The temperature dependence of the in-phase magnetic susceptibility ' for
difterent applied frequencies from 20 to 10 kHz for the i Ags¢In;sGdy4 QC. The inset is
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Figure 2.52 The temperature dependence of the in-phase magnetic susceptibility j’
for different applied frequencies from 300 to 10 kHz for the AgsoIn;sGdy, AP. The
inset shows a magnification of the low-temperature region (Wang et al., 2009).

Neutron scattering experiments were done on the Agye 4Inso7Tbyz,
AP by Ibuka et al. (2011). The absence of magnetic Bragg reflections
(Fig. 2.53a) confirmed that there is no long-range magnetic order in the
Agys4Inzo 7Tbi3 9 AP. The presence of the diffuse scattering peaks
(Fig. 2.53b) indicates the existence of short-range spin correlations with
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Figure 2.53 The neutron diffraction patterns at 3 and 60 K (a) and the difference
between the neutron diffraction patterns at 3 and 60 K (b) for the Ag,¢ 4In3o ;Tbq3 9 AP.
The vertical lines in (a) refer to the nuclear Bragg positions. The solid line in (b) is a
guide to the eye (Ibuka et al., 2011).

an estimated correlation length of about 9 A, which is close to the 11-A
diameter of a single i cluster of Tb atoms in this AP (Ibuka et al., 2011).
A broad peak at about 4 meV was observed in the neutron inelastic scatter-
ing spectra of the Agys 4Inzo;Tbis 9 AP (Ibuka et al., 2011). Its presence
allowed Ibuka et al. (2011) to argue that spin freezing occurs in two stages.
At temperatures much above T, spatial correlations between the spins in an
i cluster start to develop and with further cooling, fluctuations of the i spin
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clusters themselves slow down and eventually freeze at Ty This interpreta-
tion of the freezing phenomenon in the Agys 4Ins9 7Tb139 AP is essentially
the same as that used for the i Zn—-Mg—Ho(Tb) QCs (Sato, 2005; Sato et al.,
2000b, 2006) and the i CdssMgz5Tby, QC (Sato et al., 2002).

Magnetic properties of the single-grain i AgysIng, Ybyg QC were studied
by Bobnar et al. (2011). The i Ag4>Ing s Ybyg QC is a weak paramagnet. The
fits of the y(7T) data to Eq. (1) yield the parameters listed in Table 2.8. The
very small value of p.g as compared to the theoretical value of 4.54 ugp for a
free Yb>" ion was interpreted as resulting from a small fraction (on the order
of 1072 of the magnetic Yb>" moments diluted in the sea of the nonmag-
netic Yb*" ions.

5. SUMMARY

All known QCs are either paramagnets, diamagnets, or spin glasses.
Ferromagnetic order reported for several QCs is most probably of extrinsic
origin. Only neutron diffraction experiments on such QCs could determine
the existence of long-range ferromagnetic order. Similarly, the antiferro-
magnetic order reported for the polygrain i Zn—Mg—RE QCs was convinc-
ingly demonstrated to result from magnetic impurities.

The main difficulty in demonstrating the existence of the theoretically
expected long-range magnetic order in QCs comes from the fact that the
studied polygrain samples almost unavoidably contain magnetically ordered
impurity phase(s). It seems that the experiments aimed at detecting long-
range magnetic order in QCs should be conducted on single-grain samples.
Such samples can be grown for many potentially magnetically ordered QCs.

In several QCs, the spin-glass dynamics probed via aging experiments
seems to be very different from that expected in a canonical spin glass. This
difference deserves further experimental and theoretical investigations.
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