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Recent progress in experimental understanding of the A±Mg±R (A = Zn and

Mg, R = rare-earth elements) magnetic quasicrystals is reviewed. The A±Mg±R

quasicrystals have long been classi®ed as spin-glasses because of their typical

spin-freezing behavior at low temperatures. On the other hand, recent neutron

diffraction experiments clearly detect strong magnetic diffuse scattering,

indicative of signi®cant short-range spin order. After all the data sets obtained

by various experimental techniques have been combined, it is proposed that the

nature of the spin freezing in magnetic quasicrystals is related to blocking

phenomena in superparamagnets rather than to a thermodynamic transition in

the canonical spin-glasses.

1. Introduction

Quasicrystals are characterized by sharp Bragg re¯ections

with a point symmetry that is forbidden in a periodic lattice,

such as the ®vefold symmetry. The appearance of Bragg

re¯ections evidently demonstrates highly ordered atomic

structure, nevertheless, the forbidden point symmetry indi-

cates absence of periodicity in the underlying lattice. These

seemingly inconsistent characteristics of quasicrystals evoke a

new category of atomic structure in solids, called quasiperiodic

structure. Today, it is widely accepted that the atomic structure

of the icosahedral quasicrystals is given as a projection of a six-

dimensional (6D) hypercubic crystal into the three-dimen-

sional (3D) physical space (Yamamoto, 1996; Steurer &

Haibach, 1999). The slope of the 3D space relative to the 6D

space is irrational (or more precisely, it is given by the golden

ratio �), and thus the resulting atom arrangement in the 3D

space becomes aperiodic. The aperiodic structure, never-

theless, gives rise to sharp Bragg re¯ections, owing to its

hidden periodicity inherited from the original periodic lattice

in the 6D space.

The quasicrystal was ®rst discovered in a splat-cooled

Al±Mn alloy (Shechtman et al., 1984). Since then, a number of

quasicrystalline phases have been discovered in various kinds

of alloy systems (Tsai, 1999). Among them, an outstanding

®nding is the thermodynamically stable quasicrystals, exem-

pli®ed by Al±Li±Cu±Mg (Ball & Lloyd, 1985), Al±Cu±Fe (Tsai

et al., 1987) and Ga±Mg±Zn (Ohashi & Spaepen, 1987)

quasicrystals, and the following success of the single-grain

growths (Tsai et al., 1999). High-quality single-grained quasi-

crystals enable us to perform a detailed study on their struc-

tures. For example, high-quality single grains of Al±Pd±Mn

and Al±Ni±Co quasicrystals accelerate atomic structure

determination by means of the single-crystal X-ray diffraction

technique (Boudard & de Boissieu, 1999; Cervellino et al.,

2002; Yamamoto et al., 2003).

On the other hand, it has always been an attractive issue to

®nd anomalous physical properties originating from quasi-

periodicity. Since quasiperiodicity is, in its basic concept,

de®ned in the long-length-scale limit, such an anomaly was

believed to appear in the physics of spatially spread states,

such as electron and phonon wavefunctions. Thus, continuous

efforts have been devoted to ®nding such anomalies in

thermal and electric transports, electron density of states and

atomic vibrations (Hafner & KrajcÆõÂ, 1999). A theoretical study

on these lines indeed shows anomalous behavior, such as

`spiky peaks and pseudo gap at the Fermi level in the elec-

tronic density of states' (Fujiwara, 1989; Fujiwara & Yoko-

kawa, 1991), or `criticality in electron wavefunctions in low-

dimensional quasicrystals' (Tsunetsugu et al., 1986; Kohmoto

et al., 1987; Fujiwara, 1989; Hiramoto & Kohmoto, 1989;

Tsunetsugu et al., 1991). Nevertheless, those anomalies in real

quasicrystals have been a controversial issue on the experi-

mental side.

The magnetic order of localized moments (spins) in quasi-

periodic structures has also been a fundamental issue of study.

Theoretically, non-trivial magnetic ordering has been

suggested for spin systems in ideal quasiperiodic structures

(Achiam et al., 1986; GodreÁche et al., 1986; Tsunetsugu &

Ueda, 1987; Aoyama & Odagaki, 1987; Okabe & Niizeki,

1990; Ledue et al., 1993; Reid et al., 1998; Lifshitz, 1998). On

the other hand, experimental studies have long been restricted

to the aluminium±transition-metal quasicrystals, which were

the only magnetic quasicrystals (Matsuo et al., 1993; Chernikov



et al., 1993; Bahadur, 1997) until 1993. In these quasicrystals,

the magnetic moments cannot be regarded as localized, since

they originate from the itinerant d electrons of the transition

metals. The formation of magnetic moment itself is very

sensitive to the local environment, which substantially

complicates the analysis of the magnetic properties (Rau et al.,

2003). Thus, it is not straightforward to elucidate the intrinsic

nature of spin order in quasiperiodic structures from the

experimental results.

In the last decade, several types of icosahedral quasicrystals

have been discovered in the A±Mg±R system with A = Zn or

Cd and R = rare-earth elements (Luo et al., 1993; Niikura et al.,

1994; Tsai et al., 1994; Guo et al., 2000; Sterzel et al., 2002).

These quasicrystals are unique since they have well localized

and sizable 4f magnetic moments of the rare-earth elements in

the quasiperiodic lattice, and thus provide an opportunity to

study the ordering of localized spins in the quasiperiodic

structure. Because of this advantage, the A±Mg±R icosahedral

quasicrystals have been intensively studied using various

experimental techniques. The primary purpose of this review

is to give a comprehensive summary of the magnetic proper-

ties of the A±Mg±R quasicrystals. A survey is presented on the

macroscopic magnetic properties, such as magnetization, as

well as on microscopic information obtained by neutron

diffraction and muon spin resonance (mSR). After combining

all the existing data sets, we discuss the ordering of the

localized spins in the quasiperiodic lattice, and try to elucidate

our present understanding and remaining questions on this

issue.

The rest of the paper is organized as follows. In the next

section, information on atomic structure will be presented. x3
is devoted to the magnetization measurements. Neutron

diffraction results are summarized in x4, together with a simple

model spin con®guration in the short-range-ordered regions.

x5 gives a summary of dynamical aspects of quasicrystalline

magnets. In x6, our present understanding on spin ordering is

addressed, and conclusions follow. A complementary review

on earlier bulk magnetic studies can be found in the literature

(Fukamichi, 1999).

2. A±Mg±R quasicrystals and their structures

Three different types of rare-earth-based magnetic quasi-

crystals have been reported to date: (I) face-centered icosa-

hedral Zn±Mg±R quasicrystals ( f-Zn±Mg±R); (II) primitive

icosahedral Zn±Mg±R quasicrystals (p-Zn±Mg±R); (III)

primitive icosahedral Cd±Mg±R quasicrystals (p-Cd±Mg±R).

Historically, the ®rst discovery was the icosahedral phase in

the Zn±Mg±Y alloy, of which the lattice type was unidenti®ed

(Luo et al., 1993). This work was followed by Niikura et al.

(1994) and Tsai et al. (1994), who demonstrated that the

quasicrystalline phase in an alloy with composition

Zn50Mg42R8 is indeed face-centered icosahedral, thermo-

dynamically stable, and forms for several different rare-earth

elements (R = Gd, Tb, Dy, Ho, Er and Y). Because of its

thermodynamical stability and single-grain availability, the

structure of the f-Zn±Mg±R quasicrystals has been extensively

studied by a number of methods, including single-crystal X-ray

diffraction (Takakura et al., 2001), high-resolution electron

microscopy (Abe et al., 2001), extended X-ray absorption ®ne-

structure (EXAFS) measurements (Charrier et al., 1998) and

pair-distribution-function (PDF) analysis (BruÈ hne et al., 2003).

As a result, the atomic structure of the f-Zn±Mg±R quasi-

crystals is largely determined, at least for the rare-earth sites.

(They can be rather easily determined due to their large X-ray

and electron scattering amplitudes.) By applying the low-

density elimination method to the single-crystal X-ray

diffraction data, Takakura et al. (2001) showed that the

occupation domains of the rare-earth elements are at

�34 ; 1
4 ;

1
4 ;

1
4 ;

1
4 ;

1
4� in the 6D hypercubic lattice. A synchrotron-

radiation X-ray powder diffraction study by Ishimasa et al.

(2003) also gives a consistent result; it further infers a size of

the occupation domain as r = 7.419 (3) AÊ in a spherical

approximation. To see the characteristics of the rare-earth-site

network, we have generated the rare-earth sites in a spherical

region of r< 100 AÊ around the origin, using the parameters

phase transitions
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Figure 1
(a) Rare-earth sites (r< 40 AÊ around the origin) in the f-Zn±Mg±R
icosahedral quasicrystals generated using the parameters determined by
the synchrotron-radiation powder X-ray experiment (Ishimasa et al.,
2003). (b) Magni®ed illustration of the edge-sharing dodecahedral
network of the rare-earth sites; only atoms participating in the network
are shown.



given above. Shown in Fig. 1(a) is part of the generated rare-

earth sites (r< 40 AÊ ). We have found that the skeleton of the

atomic structure is described by a network of edge-sharing

dodecahedra of which the edge length is 5.5 AÊ . Fig. 1(b) is a

magni®ed ®gure showing part of the network consisting of

three dodecahedra. By analyzing the generated structure, we

found that approximately 66% of the rare-earth sites partici-

pate in the dodecahedron network. It should be noted that

generally spherically approximated occupation domains tend

to give a considerable number of missing and extra atoms in

the projected structure. We thus suggest that the appearance

of the remaining (non-participating) atoms may be due to the

spherical approximation used in the structure determination;

they may not intrinsically exist in the real quasicrystal. Further

structural analysis using more elaborate polygonal occupation

domains is highly desirable.

The p-Cd±Mg±R quasicrystals were found in 2000 by Guo et

al. (2000), in relation to the discovery of the epoch-making

binary Cd±Yb quasicrystal (Tsai et al., 2000). Because of their

rather recent discovery, the structural study has not yet been

completed. The p-Zn±Mg±R quasicrystals were found in 2002

by Sterzel et al. (2002). Only the 3D local atomic structure of

the p-Zn±Mg±R quasicrystals has been inferred from the PDF

analysis by BruÈ hne et al. (2004); a structure determination

using 6D crystallography has not been reported to date.

3. Macroscopic properties of the A±Mg±R quasicrystals

3.1. f-Zn±Mg±R quasicrystals

Since the ®rst report by Hattori, Niikura et al. (1995), the

magnetic susceptibility of the f-Zn±Mg±R icosahedral quasi-

crystals has been measured by several groups (Hattori,

Niikura et al., 1995; Charrier & Schmitt, 1997, 1998; Fisher et

al., 1999; Kashimoto et al., 1999; DolinsÆek et al., 2001). Shown

in Fig. 2 is the inverse susceptibility of the f-Zn±Mg±R

quasicrystals for R = Tb, Dy, Ho and Er (Fisher et al., 1999).

The inverse susceptibility obeys the Curie±Weiss law at high

temperatures:

1

�
� 3kB�T ÿ��

NA�
2
eff

; �1�

where kB;�;NA and �eff are the Boltzmann factor, Weiss

temperature, Avogadro number and effective moment,

respectively. These parameters, obtained by the Curie±Weiss

law ®tted to the data above 50 K, are listed in Table 1. [To

convert the Curie constants C given in the original report by

Fisher et al. (1999) to �eff, we assume the chemical composi-

tion of the Zn±Mg±R quasicrystals to be Zn56.8Mg34.6R8.7.]

These effective moments are almost equal to those of the R3�

free ions, indicating that the magnetic moments of the rare-
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Figure 2
Inverse susceptibility of the f-Zn±Mg±R (R = Tb, Dy, Ho and Er)
quasicrystals in the high-temperature region. Reprinted ®gure with
permission from Fischer et al. (1999). Phys. Rev. B, 59, 308±321.
Copyright (1999) by the American Physical Society.

Table 1
Summary of magnetic parameters obtained for the f-Zn±Mg±R (Fisher et
al., 1999) and p-Cd±Mg±R (Sato, Guo & Tsai, 2001) quasicrystals.

�eff , �R3� , �, Tf1 and Tf2 are the effective moment, calculated moment for free
R3� ions, Weiss temperature, upper freezing temperature and lower freezing
temperature (if it exists).

System �eff (�B) �R3� (�B) � (K) Tf1 (K) Tf2 (K)

Zn±Mg±Tb 9.91 9.72 ÿ26.3 5.80 ±
Zn±Mg±Dy 10.5 10.63 ÿ14.8 3.60 ±
Zn±Mg±Ho 10.4 10.60 ÿ7.8 1.95 ±
Zn±Mg±Er 9.49 9.59 ÿ5.1 1.30 ±
Cd±Mg±Gd 7.90 7.94 ÿ37 13.0 4.8
Cd±Mg±Tb 10.03 9.72 ÿ23 12.5 5.6
Cd±Mg±Dy 10.67 10.63 ÿ14 7.4 3.8
Cd±Mg±Ho 10.42 10.60 ÿ7 12.5 5.0
Cd±Mg±Er 9.71 9.59 ÿ6 4.4 ±
Cd±Mg±Tm 7.08 7.57 ÿ2 ± ±

Figure 3
(a) Temperature dependence of the magnetization divided by the
external ®eld for the f-Zn-Mg-Tb quasicrystal. Results for the zero-®eld
cooling (zfc), ®eld cooling (fc) and several intermediate-condition runs
are shown. (b) Results for the f-Zn-Mg-Dy quasicrystal; the zero-®eld
cooling (zfc) and ®eld cooling (fc) runs are shown. See the original work
for details. Reprinted ®gure with permission from Fischer et al. (1999).
Phys. Rev. B, 59, 308±321. Copyright (1999) by the American Physical
Society.



earth elements are well localized with no signi®cant crystal-

line-electric ®eld (CEF) splitting.

Shown in Figs. 3(a) and 3(b) are the temperature depen-

dence of the magnetization at low temperatures for R = Tb

and Dy (Fisher et al., 1999). Cusp-like anomalies clearly

appear in the zero-®eld-cooled magnetization at T = 5.8 and

3.6 K for Tb and Dy, respectively. Below the anomaly

temperatures, large irreversibility for the zero-®eld-cooled

and ®eld-cooled magnetizations is observed. This magnetiza-

tion behavior is very similar to that of the canonical spin-

glasses, such as the Cu±Mn alloy, where the anomaly is inter-

preted as a thermodynamic transition into a randomly frozen

spin state (Binder & Young, 1986; Mydosh, 1993). The other

rare-earth systems behave quite similarly except for the

difference in temperature scales, and thus the earlier mag-

netization studies concluded that the f-Zn±Mg±R quasicrystals

fall into the same class as the canonical spin-glasses.

3.2. p-Cd±Mg±R quasicrystals

The bulk magnetization of the p-Cd±Mg±R quasicrystals

has been studied in detail by Sato, Guo & Tsai (2001) and

Sebastian et al. (2004). At high temperatures, magnetization of

the p-Cd±Mg±R quasicrystals is mostly identical to that of the

f-Zn±Mg±R quasicrystals. Shown in Figs. 4(a) and 4(b) are the

magnetic susceptibility and inverse susceptibility of the p-Cd±

Mg±R quasicrystals. Except for the non-magnetic p-Cd±Mg±

Yb quasicrystal, Curie±Weiss-type paramagnetic increase was

clearly seen in the susceptibility as temperature is decreased.

The effective moments, estimated by the Curie±Weiss ®t

[equation (1)], are listed in Table 1; they are in good agree-

ment with the calculated values for the free R3� ions. At low

temperatures, two anomalies appear in the dc magnetization,

in contrast to the single freezing behavior in the f-Zn±Mg±R

phase transitions
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Figure 4
(a) Dc magnetic susceptibility of the p-Cd±Mg±R (R = Gd, Tb, Dy, Ho,
Er, Tm and Yb) quasicrystals in the high-temperature region. Inset:
magni®ed plot for the p-Cd±Mg±Yb quasicrystal; note that the
susceptibility is three orders of magnitude smaller than the others,
indicating that Yb is exceptionally in the non-magnetic Yb2+ state. (b)
Inverse susceptibility of the p-Cd±Mg±R (R = Gd, Tb, Dy, Ho, Er and
Tm) quasicrystals. Reprinted with permission from Sato, Guo & Tsai
(2001). J. Phys. Condens. Matter, 13, L103±L111. Copyright (2001)
Institute of Physics Publishing.

Figure 5
(a) Temperature dependence of the dc magnetization divided by the
external ®eld for the p-Cd±Mg±Tb quasicrystal; the zero-®eld cooling
(ZFC) and ®eld cooling (FC) runs, measured under several external
magnetic ®elds, are shown. (b) Temperature dependence of the real part
of the ac susceptibility. Reprinted with permission from Sato, Guo & Tsai
(2001). J. Phys. Condens. Matter, 13, L103±L111. Copyright (2001)
Institute of Physics Publishing.



quasicrystals (Sato, Guo & Tsai, 2001); representative data

obtained for p-Cd±Mg±Tb quasicrystal are shown in Fig. 5(a).

The ac susceptibility clearly detects the two anomalies, as

shown in Fig. 5(b). In view of the ®eld irreversibility accom-

panying the anomalies, it is speculated that both of them are

indicative of spin freezing. While the polycrystalline experi-

ments detect two successive anomalies, in the recent single-

grain experiments for selected R = Gd, Tb and Dy by Sebas-

tian et al. (2004), the freezing appears as a rather broad but

single peak in the zero-®eld-cooled magnetization (except for

Gd), being indicative of several (distributed) freezing

temperatures. Therefore, it may be plausible that the freezing

behavior is strongly affected by the sample quality, with an

intrinsic tendency to have a distribution in freezing tempera-

tures. Conclusive microscopic interpretation of the spin

freezing in p-Cd±Mg±R is, thus, hardly obtained solely from

the magnetization data.

3.3. p-Zn±Mg±R quasicrystals

A magnetic study on this class of quasicrystals is highly

desired since it may reveal the effect of the lattice-type

difference on the magnetism; a direct comparison between the

primitive icosahedral and face-centered icosahedral lattices

becomes possible in the same alloy system using the p-Zn±

Mg±R and f-Zn±Mg±R quasicrystals. Experiments along this

line are now in progress.

4. Microscopic spin correlations

The knowledge we can obtain from the macroscopic mag-

netization measurements is limited, and thus it is hardly

conclusive whether the anomaly observed in the magnetiza-

tion is really a sign of the canonical spin-glass transition or not.

Neutron diffraction is a unique technique that provides

indispensable microscopic information on spin ordering.

Hence, several neutron diffraction studies have been carried

out on the A±Mg±R magnetic quasicrystals to date.

4.1. Powder neutron diffraction on the f-Zn±Mg±R quasi-
crystals

Pioneering work in this ®eld is the powder neutron

diffraction of the f-Zn±Mg±R quasicrystals by Charrier et al.

(1997). They reported coexisting magnetic Bragg re¯ections

and diffuse scattering, both of which simultaneously develop

below TN, where TN ' 20, 12, 7 and 5 K for the Tb, Dy, Ho and

Er systems, respectively. They claimed that the Bragg re¯ec-

tions can be indexed by quasiperiodic indices with the 6D

magnetic modulation vector qm � �14 ; 0; 0; 0; 0; 0� (using the

original de®nition of the 6D lattice by Charrier et al. (1997).

From this result, they concluded that quasiperiodic magnetic

long-range order is established below TN. The order is

suggested to be antiferromagnetic in the 6D space.

This magnetic long-range order was, however, questioned

by other experiments. In the magnetic susceptibility and

speci®c heat measurements, it was impossible to see any

anomaly at the transition temperature TN (Hattori, Fukamichi

et al., 1995; Hattori, Niikura et al., 1995; Charrier & Schmitt,

1997, 1998). The mSR measurements also exhibit no spon-

taneous spin precession even at the lowest temperature

(Noakes et al., 1998; Charrier et al., 1999). Crucial information

on this puzzle was obtained in two neutron diffraction studies

with high-quality samples. One is by Islam et al. (1998), who

use powdered single grains as a sample, which, in principle,

contains only the quasicrystalline phase. They have observed

only the magnetic diffuse scattering part of the preceding

study even at the lowest temperature, and concluded that the

magnetic long-range order is not robust in the quasicrystals.

The other is by Sato et al. (Sato, Takakura, Tsai & Shibata,

1998; Sato et al., 2000), who performed both powder and

single-quasicrystalline neutron diffraction. They ®rst carried

out a metallographic survey for this Zn±Mg±R alloy system.

Shown in Fig. 6 is the back-scattered electron micrograph of

the polycrystalline Zn50Mg42Ho8 sample prepared under

conditions identical to the preceding experiment of Charrier et

al. (1999). One may ®nd several coexisting phases in addition

to the icosahedral quasicrystalline phase (labeled i-QC). One

of them was the magnetic (Zn, Mg)5Ho crystalline phase, and

thus the neutron diffraction data from this sample are inevi-

tably contaminated by magnetic scattering from the crystalline

phase. They then obtained both the magnetic phases, i.e. the

quasicrystalline and crystalline phases, in a single-phase form

by tuning the sample-preparation conditions, and performed

the neutron diffraction experiment for each phase. Shown in

Fig. 7(a) is the diffraction pattern recorded at T = 20 K, used

as a paramagnetic reference, as well as the intensity difference

between the lowest and the paramagnetic temperatures [I(T =

1.6 K) ÿ I(T = 20 K)], regarded as an estimate of the magnetic

scattering at the lower temperature. It is clear that the single-

phase quasicrystalline sample shows only the diffuse scattering

part. On the other hand, the magnetic signal [I(T =

1.5 K) ÿ I(T = 20 K)] from the (Zn, Mg)5Ho phase (Fig. 7b)

consists of Bragg re¯ections appearing at the same positions as

Acta Cryst. (2005). A61, 39±50 Taku J. Sato � Spin order in magnetic quasicrystals 43

phase transitions

Figure 6
Back-scattered electron micrograph of the Zn50Mg42Ho8 alloy, prepared
under the same conditions as in Charrier et al. (1997); the as-cast alloy was
annealed at 873 K for 20 min and subsequently at 673 K for 48 h. A
magnetic crystalline phase remains with a composition of (Zn1ÿxMgx)5Ho
(x � 0:2), in addition to the quasicrystalline phase (Zn57Mg33Ho10; i-QC).
Reprinted ®gure with permission from Sato et al. (1998). Phys. Rev. Lett.
81, 2364±2367. Copyright (1998) by the American Physical Society.



in the preceding report (Charrier et al., 1997). It is thus

concluded that the intrinsic spin order in the magnetic

quasicrystal is only short ranged; the long-range order in the

®rst report should be attributed to the crystalline phase.

4.2. Powder neutron diffraction on the p-Cd±Mg±R quasi-
crystals

A neutron powder diffraction study on the p-Cd±Mg±R

quasicrystals has been performed by Sato et al. (2002). The

neutron diffraction is generally dif®cult for the Cd-based

compounds because of the strong thermal-neutron absorption

of 113Cd, which has a natural abundance of about 12%. They

thus used the isotope-enriched 114Cd to reduce the absorption.

The powder neutron diffraction patterns were taken at T = 2.5,

10, and 30 K using the p-114Cd±Mg±Tb quasicrystal. The

higher-temperature data (T = 30 K), shown in Fig. 8(a), were

assumed to be a paramagnetic reference, and were subtracted

from the two low-temperature data sets to see the develop-

ment of magnetic scattering at the low temperatures. Figs. 8(b)

and 8(c) show the estimated magnetic scattering intensity at

the two low temperatures (T = 2.5 or 10 K). The magnetic

scattering consists of broad diffuse scattering peaks; absence

of sharp Bragg re¯ections con®rms the short-range nature of

the spin ordering in the p-Cd±Mg±R quasicrystals. It should be

remembered that there are two freezing temperatures in the

polycrystalline sample of the p-Cd±Mg±Tb quasicrystals at

Tf1 = 12.5 K and Tf2 = 5.6 K (Table 1). Nonetheless, one does

not see any qualitative change in the diffuse scattering

patterns at T = 2.5 and 10 K. From this result, they conclude

that the short-range order is essentially the same for the

intermediate- and low-temperature phases, and that the

freezing at Tf2 may have a slower time scale that cannot be

identi®ed by neutron scattering. This may also be consistent

with the broadened freezing behavior indicated from the

single-grain experiments (Sebastian et al., 2004). The nature of

the second freezing point (or distribution of freezing

temperatures) may possibly be investigated by techniques

sensitive for slower dynamics, such as the ac susceptibility and

mSR measurement.

4.3. Single quasicrystal neutron diffraction on the
f-Zn±Mg±R quasicrystals

The powder neutron diffraction experiments reveal that

long-range magnetic order is absent in the f-Zn±Mg±R and

p-Cd±Mg±R magnetic quasicrystals, and the intrinsic magnetic

order is only of short range even at the lowest temperature. As

is well known, the powder diffraction experiments give only

the spherical average of the magnetic scattering in the re-

ciprocal-lattice space, so that one cannot obtain the Q-direc-

tional dependence, which is indispensable information to

elucidate details of spin correlations. Single-quasicrystal

neutron diffraction experiments have been carried out by

Sato, Takakura & Tsai (1998). They selected the f-Zn±Mg±Ho

quasicrystal, of which the single-grain growth is relatively easy.

Overall features of the diffuse scattering were ®rst investi-

gated by measuring the scattering intensity in the planes with

twofold, threefold and ®vefold symmetry (2f, 3f and 5f) at the

two temperatures; the lowest temperature T ' 1.3 K and the

paramagnetic temperature T = 20 K. Then, the magnetic

scattering was deduced by the difference I(T = 1.3 K) ÿ I(T =

20 K). This procedure was further justi®ed by polarized

neutron experiments (Sato et al., 2000). The magnetic scat-

tering was measured in a doubled symmetrically independent

region in each plane, which is shown in Fig. 9 by solid yellow

lines. After con®rming that the magnetic scattering in the two

independent regions is identical, the scattering data were

folded into a single independent region to increase the

statistical precision, and then they were unfolded to the full

circle to improve the visibility of the symmetric features.

The resulting magnetic scattering intensity maps are shown

in Figs. 9(a), 9(b) and 9(c) for the 2f, 3f and 5f planes,

respectively. Positions of the intense nuclear Bragg re¯ections

are also shown by blue dots in the ®rst quadrant of Fig. 9.

Apparently, the magnetic scattering is not spherical but is

highly structured with a number of spot-like peaks, connected

phase transitions
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Figure 7
(a) Powder neutron diffraction pattern from the single-phased f-Zn±Mg±
Ho quasicrystalline sample obtained by annealing the as-cast
Zn60Mg30Ho10 alloy for 200 h at 723 K. The magnetic contribution was
estimated by subtracting higher-temperature (20 K) data from low
temperature (1.5 K) data. (b) Powder neutron diffraction pattern for
the (Zn1ÿxMgx)5Ho crystalline phase at T = 20 K, as well as the difference
I(T = 1.5 K) ÿ I(T = 20 K). The Bragg re¯ections are intentionally
indexed by the quasicrystalline (irrational) indices (Charrier et al., 1997),
however, it has to be remembered that the Bragg re¯ections are from a
crystalline phase; quasicrystalline indices exist densely in 3D Q space, and
thus any Q point can be indexed if one uses indices with large
perpendicular components. Reprinted ®gure with permission from Sato et
al. (1998). Phys. Rev. Lett. 81, 2364±2367. Copyright (1998) by the
American Physical Society.



by weak diffuse-scattering ridges. By comparing them with the

nuclear Bragg positions, one can easily see that the diffuse

scattering appears around the intense nuclear Bragg re¯ec-

tions. Thus, the short-range spin correlations are dominantly

antiferromagnetic, which was ®rst suggested from the

magnetic susceptibility (Hattori, Niikura et al., 1995). The

spot-like peaks were examined in detail by performing several

Q scans. As representative scans, the peak pro®les around

Q � �0; 0:55; 0� AÊ ÿ1 along the Qx and Qy directions are shown

in Figs. 10(a) and 10(b), respectively. They obviously have

®nite widths, con®rming the diffuse scattering nature of the

seemingly spot-like peaks. The peak widths give an estimate of

the correlation lengths of about � � 10 AÊ in half-width at half-

maximum (HWHM). Shown in Fig. 10(c) is the temperature

dependence of the peak intensity at Q � �0:55; 0; 0� AÊ ÿ1. The

intensity increases below TSRC ' 5 K, indicating that the spin

correlations develop below this temperature. This almost

corresponds to the beginning of the deviation of the suscep-

tibility from the Curie±Weiss law (Kashimoto et al., 1999). We

note that TSRC is considerably higher than Tf � 1:95 K. Hence,

the spin correlations in Tf <T<TSRC are dynamic. The

dynamic spin correlations can be observed so long as the spin
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Figure 9
Magnetic diffuse scattering maps for the (a) 2f, (b) 3f and (c) 5f planes. The magnetic part was estimated by subtracting higher-temperature (T = 20 K)
data from the lowest-temperature (T ' 1.3 K) data. Blue dots in the ®rst quadrant are the positions where the intense nuclear Bragg re¯ections appear.
The regions between the two yellow lines for the 3f and 5f data and the right-half plane for the 2f data are the doubled symmetrically independent
regions, where the diffuse scattering was measured. After Sato et al. (2000).

Figure 8
(a) Neutron diffraction pattern from the single-phased p-Cd±Mg±Tb quasicrystal measured at T = 30 K. The sample was obtained by annealing the
as-cast alloy for 100 h at 723 K. (b) Magnetic diffuse scattering pattern at the lowest temperature (T = 2.5 K) estimated by the subtraction I(T = 2.5 K)ÿ
I(T = 30 K). (c) Magnetic diffuse scattering pattern at the intermediate temperature (T = 10 K) estimated by the subtraction I(T = 10 K) ÿ I(T = 30 K).
Reprinted from Sato et al. (2002). J. Alloys Compounds, 342, 365±368. Copyright (2002), with permission from Elsevier.



dynamics is suf®ciently slow, because in the double-axis

experiments one observes an energy-integrated scattering

function for a certain range (Murani & Heidemann, 1978). The

above results clearly show the signi®cant development of the

short-range antiferromagnetic spin correlations at low

temperatures in the f-Zn±Mg±R quasicrystals. The diffuse

scattering develops around the intense nuclear Bragg re¯ec-

tions below TSRC, being signi®cantly higher than the macro-

scopic freezing temperature Tf.

4.4. Model for the short-range order

There may be at least two different strategies to analyze the

diffuse scattering patterns. One is to utilize the 6D crystal-

lography, as is usually done in the atomic structure deter-

mination. The analysis method along this line has been

developed by Sato et al. (2000), to which readers may refer for

details. A consequence of this analysis is that the observed

diffuse scattering patterns can be interpreted as a 3D projec-

tion of virtual diffuse scattering in the 6D reciprocal-lattice

space, which is indeed (a square of) a Fourier transform of a

6D short-range spin order with the magnetic modulation

vector qm � �34 ; 0; 0; 1
2 ;

3
4 ;

1
2�.

The above analysis gives the modulation vector, which is

meaningful as a ®rst step to understand the short-range order.

However, the next step, which is to determine the spin struc-

ture in the real 3D space, seems not a straightforward task in

this 6D crystallography approach; ®rstly, there are too many

adjustable parameters for spin directions in the 6D short-

range order and, secondly, even if the spin structure could be

determined in the 6D space, the spin structure in the real 3D

space may not be uniquely projected. Moreover, the short-

range nature of the magnetic correlations prevents us from

working on the integrated intensity, instead we have to use a

phase transitions
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Figure 10
Peak pro®les of the magnetic diffuse scattering centered at Q � �0; 0:55; 0� AÊ ÿ1 for (a) Qx and (b) Qy directions. (c) Temperature dependence of the
diffuse peak intensity observed at Q � �0:55; 0; 0� AÊ ÿ1. Reprinted ®gure with permission from Sato et al. (2000). Phys. Rev. B, 61, 476±486. Copyright
(2000) by the American Physical Society.

Figure 11
Calculated magnetic diffuse scattering maps from the single dodecahedral spin object for the (a) 2f, (b) 3f and (c) 5f planes. The diffuse scattering
patterns from the 180 degenerate ground states, obtained from different initial con®gurations, are statistically averaged.



certain kind of pro®le ®tting method, which further compli-

cates the solving procedure. Thus, we here propose an

alternative method to obtain a plausible model for the spin

con®guration in the short-range-ordered region.

From the magnetic diffuse scattering experiment, we know

that the diffuse scattering develops within a small region of the

length scale of � � 10 AÊ . Thus, the ®rst step is to ®nd a rare-

earth cluster of comparable size that appears most frequently

in the atomic structure model. This is rather a trivial task; as

noted in x2, the dominant part of rare-earth sites in the f-Zn±

Mg±R quasicrystals forms a three-dimensional network of

edge-sharing dodecahedra. Each dodecahedron has approxi-

mate radius R � 7 AÊ , which is suf®ciently close to �. Thus, we

take this dodecahedral spin cluster as an intrinsic spin object

in the f-Zn±Mg±R quasicrystals. The spins in the adjacent

objects may possibly interact with each other, since they

indeed share edges; no geometrical reason can be found to

neglect the interaction between them. Nevertheless, we here

make a conjecture that the observed magnetic diffuse scat-

tering can be explained by the single dodecahedral spin object;

this conjecture will be tested in the following.

The dodecahedral spin object has 20 vertices at which the

rare-earth spins are situated. For the case of heavy rare-earth

elements, the total angular moment (J) is quite large, and thus

can be approximated by the classical spins. Moreover, both the

magnetic susceptibility and neutron inelastic scattering (Sato,

Takakura et al., 2001) do not detect signi®cant crystalline-

electric ®eld splitting, allowing us to neglect single-site

anisotropy as a ®rst approximation. In view of ®nite electric

conductivity in the magnetic quasicrystals, the spin±spin

interactions may possibly be given by the Ruderman±Kittel±

Kasuya±Yoshida- (RKKY-) type indirect exchange interac-

tions, which only depend on the relative distance of the

interacting spins. [It should be noted that the RKKY inter-

action may not be the same as that in periodic crystals (Roche

& Mayou, 1999).] Thus, one may write a model Hamiltonian

for the dodecahedral spin object as

H � ÿP
hi;ji

J�Rij�Si � Sj; �2�

where Si (or Sj) is the Heisenberg classical spin at the ith (or

jth) site and J�Rij� is the spin±spin interaction.

Finding a ground state of the above Hamiltonian equation

(2) is known to be a non-analytic problem (Axenovich &

Luban, 2001). Thus, we use the numerical-minimization

technique to ®nd the ground-state spin con®guration. For a

given set of spin±spin interactions J, the ground-state spin

con®gurations are calculated by numerically minimizing

equation (2) from a randomly given initial spin structure. It is

found that the dodecahedral spin object is highly frustrated for

most of the antiferromagnetic J's; there are an in®nite number

of spin con®gurations that have the lowest energy, and thus

may equally be realized. Thus, we calculate 180 different

ground-state spin con®gurations starting from different initial

states and, for each con®guration, the diffuse scattering

patterns are calculated by the Fourier transform:

I�Q� / jf �Q�S?�Q�j2; �3�
where f �Q� is the magnetic form factor of the Ho3� ion

(Freeman & Desclaux, 1979) and S?�Q� is de®ned as

S?�Q� � S�Q� ÿQ � S�Q�
Q

�4�

and

S�Q� �P
i

exp�ÿiQ � Ri�Si: �5�

A statistical average is then made for the resulting diffuse

scattering patterns and is used as ®nal calculated patterns.

After several trials with different sets of J's, we found that

the simplest set of J's that reproduces the observed diffuse

scattering patterns is the one comprising only the second-

nearest-neighbor interaction J2. The interaction J2 is anti-

ferromagnetic and corresponds to the spin±spin distance of

8.8 AÊ . The calculated diffuse scattering patterns are shown in

Fig. 11; by comparison with the experimental results shown in

Fig. 9, one ®nds quite reasonable agreement. One of the

ground-state spin con®gurations is depicted in Fig. 12. The

spins at the opposite side of the dodecahedron have opposite

direction (antiferromagnetic), whereas the strong frustration

gives rise to the non-collinear spin con®gurations in the

pentagonal faces. The in®nite degeneracy allows a continuous

change of the spin directions in a certain collective manner

without costing energy. The possible relation of this in®nite

continuous degeneracy to the spin-glass-like behavior will be

discussed later.

5. Dynamical aspects of spins in quasicrystals

It is undoubtedly crucial to study spin dynamics in magnetic

quasicrystals to understand the nature of the spin freezing

phenomena. A large number of experiments have been
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Figure 12
One of ground-state spin con®gurations obtained for the dodecahedral
spin object with the antiferromagnetic second-nearest-neighbor interac-
tion J2. It should be noted that the ground state is continuously
degenerate, and thus the con®guration is not unique.



performed in this direction, with a wide range of observation

time scales.

The slowest experiment may be the ac susceptibility and

magnetization-relaxation measurements. Experiments falling

into this category were performed by Charrier & Schmitt

(1998), Fisher et al. (1999) and DolinsÆek et al. (2001, 2003). The

former two experiments reported that time relaxation of the

magnetization in the f-Zn±Mg±R quasicrystals is given by the

stretched exponential function, as commonly seen in the

canonical spin-glasses (Mydosh, 1993). Fisher et al. (1999) also

detected the divergence of the real part of the third-order ac

susceptibility �3. From those experimental results, Fisher et al.

(1999) concluded that the spin freezing in the f-Zn±Mg±R

quasicrystals is the thermodynamic spin-glass transition. On

the other hand, in the later experiments by DolinsÆek et al.

(2001, 2003), detailed information on the decay of the

thermoremanent magnetization (TRM) was obtained in a low-

magnetic-®eld region with temperatures slightly lower than Tf

in the f-Zn±Mg±R and p-Cd±Mg±R quasicrystals. They found

that the amplitude of TRM shows linearly increasing depen-

dence on the external ®eld. This is apparently incompatible

with the canonical spin-glasses, where an ultrametrically

organized free-energy landscape is believed to be manifested

below Tf. The linear increase rather indicates a single global

free-energy minimum, and thus is indicative of the super-

paramagnetic origin of the spin freezing; here the freezing

behavior can be interpreted as blocking of spins in ®nite-sized

non-interacting clusters. It is also noted that this spin freezing

is similar to the one observed in geometrically frustrated

magnets, such as antiferromagnetically interacting spins on the

Kagome or pylochlore lattice (Gaulin et al., 1992; Schiffer et

al., 1995; Gingras et al., 1997; Wills et al., 2000).

A probe measuring relatively fast spin dynamics may be the

mSR technique (Noakes et al., 1998; Charrier et al., 1999). In

the mSR signal, the dominant part of the relaxations is the

stretched-exponential type, being consistent with the spatially

random freezing of the spins. The mSR experiments, in addi-

tion, detect the other components of unknown origin; Noakes

et al. (1998) reported coexisting temperature-independent

relaxation, whereas Charrier & Schmitt found a simple

exponential term. These additional signals may be intriguing

for further study. Spin dynamics with the fastest time scales, i.e.

10ÿ12 s can be observed by the neutron inelastic scattering

technique. Preliminary results have been reported in the

literature (Sato et al., 1999; Scheffer et al., 2000; Sato, Taka-

kura et al., 2001), however, the details of the spin dynamics in

this time range have not been elucidated completely.

6. Are magnetic quasicrystals spin-glasses?

After intensive study of more than a decade, it now becomes

possible to draw conclusions on the spin ordering in the rare-

earth-based magnetic quasicrystals. Firstly, as con®rmed by

several neutron diffraction experiments, the magnetic order is

short-ranged; magnetic correlations develop as temperature is

decreased, nevertheless, the development terminates with

®nite correlation lengths. The 3D analysis of the magnetic

diffuse scattering at the lowest temperature shows that the

dodecahedral spin object is intrinsic for the short-range order.

A coherent picture is also inferred from the TRM

measurements. They also indicate that the free-energy land-

scape is not ultrametrically organized in the magnetic quasi-

crystals but has one global minimum as is the case for the

superparamagnets. This is, indeed, in agreement with the

above-described neutron diffraction results, where existence

of rather rigid spin objects is evidenced. It should be noted

that the dodecahedral spin object with Heisenberg isotropic

spins cannot have a free-energy minimum since the ground

state becomes isotropic and thus ¯ipping of entire spins does

not cost energy. However, in reality, there must be a weak but

non-negligible anisotropy due to the non-spherical site

symmetry. This perturbation term, which we neglected in the

model Hamiltonian for simplicity, will break the Heisenberg

isotropy, as well as continuous degeneracy of the ground state.

This may result in an energy barrier for the ¯ipping of entire

cluster spins. Therefore we may conclude that the spin freezing

phenomenon, observed in the magnetic quasicrystal, is related

to that of the superparamagnet; the intrinsic spin object for the

blocking phenomenon may most likely be the rare-earth

dodecahedron.

Although we now have a relatively simple interpretation for

the freezing phenomenon in magnetic quasicrystals, there

remains one fundamental question: why does the development

of the spin correlations terminate at ®nite lengths? As noted

before, there is no geometrical reason that disconnects each

dodecahedral object from the adjacent ones. Nevertheless, the

fact that the observed diffuse scattering can be explained by

the single object strongly suggests that there is some sort of

mechanism that prohibits the development of the correlation

out of the dodecahedral spin object. For this puzzle, it may be

suggestive that waves in a quasiperiodic structure, such as

phonons or electrons, are likely to have a localization

tendency (Rieth & Schreiber, 1998; Fujiwara, 1999; Hafner &

KrajcÆõÂ, 1999). The spin ¯uctuations in the paramagnetic phase

are also a collective motion of spins in short-range regions, and

thus the same localization mechanism may work for the spin

¯uctuations.

For the p-Cd±Mg±R and p-Zn±Mg±R quasicrystals, the

details of the spin freezing are not elucidated yet. We think

that they are very intriguing; the p-Cd±Mg±R quasicrystals

show two successive anomalies of unknown origin, whereas

the p-Zn±Mg±R quasicrystals are of interest due to their

primitive icosahedral lattice. It is thus highly desirable to

perform single-quasicrystal neutron diffraction on these

systems.

Another future issue is to ®nd a magnetic quasicrystal that

exhibits long-range spin order. It is trivial that ferromagnetic

order is realized if the spin±spin interactions are dominantly

ferromagnetic, even in the quasiperiodic lattice. On the other

hand, for antiferromagnetic interactions, long-range order

may be expected if the network of spins has no geometrical

frustrations. It is thus always desired to ®nd new quasicrys-

talline materials with different structures. From this viewpoint,

the recently discovered Zn±Fe±Sc quasicrystal may be very

phase transitions
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interesting (Maezawa et al., 2004), since the magnetic Fe sites

are expected to have quasiperiodic structure different to the

A±Mg±R quasicrystals.

7. Conclusions

In this review, we have summarized recent experimental

activity on spin freezing phenomena in the A±Mg±R (A = Cd,

Zn; R = rare-earth elements) magnetic quasicrystals. The

macroscopic magnetization measurements and the micro-

scopic neutron diffraction now give a coherent picture for the

freezing phenomena at least for the f-Zn±Mg±R quasicrystals;

the freezing may be interpreted as blocking of the total spin of

the dodecahedral spin object. There is a remaining funda-

mental question: why can the dodecahedral spin objects be

treated separately even though the spin objects should interact

with each other?
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