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Rare-earth compounds have been an attractive subject based on the unique electronic structures of the rare-earth
elements. Novel ternary intermetallic compounds Ry7X3 (R = rare-earth element or U, T = transition-metal element, X
= Si, Ge, Ga, In) are a significant branch of this research field due to their complex and intriguing physical properties,
such as magnetic order at low temperature, spin-glass behavior, Kondo effect, heavy fermion behavior, and so on. The
unique physical properties of Ry7X3 compounds are related to distinctive electronic structures, crystal structures, micro-
interaction, and external environment. Most R, T X3 compounds crystallize in AlB,-type or derived AlB;-type structures
and exhibit many similar properties. This paper gives a concise review of the structures and physical properties of these
compounds. Spin glass, magnetic susceptibility, resistivity, and specific heat of R,TX3 compounds are discussed.

Keywords: R,T X3 compounds, structure, physical properties

PACS: 61.50.—f, 75.20.En, 72.80.Ga, 75.30.Gw

1. Introduction

Rare-earth compounds have significant applications in a
variety of fields for they can be synthetized into rare-earth
luminescent materials, hydrogen-storage materials, supercon-
ducting materials, magnetic materials, etc. Hence, more and
more rare-earth compounds have been synthetized and inves-
tigated, yielding fruitful outcomes, opening up exciting av-
enues, and also throwing up challenges. The magnetic order
and even multiple magnetic order at low temperature, the giant
magnetoresistance (GMR) effect, spin-glass behavior, heavy
fermion behavior, and magnetocaloric effect (ME) have been
constantly revealed in rare earth-transition metal intermetallic
compounds in recent years. Recently, R, T X3 compounds have
been attracting much attention because of their unique prop-
erties (especially magnetic behaviors). Most 2:1:3-type com-
pounds are crystallized in an AlB,-type structure, and some
members have superstructures, while others may have their
rare-earth ions occupy two different sites. Researchers have
been exploring the crystal structures and magnetic structures
through neutron diffraction.

In the present paper, we review and discuss the crystallo-
graphic structures and typical physical properties of 2:1:3-type
rare-earth compounds.

2. Rare-earth elements and rare-earth com-

pounds

Rare-earth elements (REEs) consist of lanthanide series
with atomic number ranging from 57 to 71, scandium (atomic
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number 21), and yttrium (atomic number 39). The electronic
configuration of rare-earth elements is (Xe)4f0—14540- 1652
with partially filled 4f electron layers, usually displaying the
state of trivalence except for cerium, europium, and yttrium,
which often display valence fluctuation in their compounds.
Rare-earth elements are characterized by localized 4f elec-
trons, which are shielded by the outer 552—5p6 electrons,l!-2!
and to some extent by 5d-6s electrons. Their orbital mag-
netic moment is therefore protected from the crystal field, and
the phenomenon of quenching of orbital angular momentum
(which occurs to 3d magnetics) will not exist. The magnetic
moment formed by 4f electrons is the key source of the mag-
netism of rare-earth elements. It has been found that many
rare-earth magnetics exhibit a stronger spontaneous magneti-
zation than common magnetic materials. This separates the
rare-earth magnetics into a separate class particularly from the
point of view of electron structure, which has stimulated re-
searchers to initiate deep and detailed research on rare earths
and rare-earth compounds.

al!

compounds

Since Rauchschwalbe et discovered heavy
CeCu,Siy,

rare earth-transition metal intermetallic compounds have

fermion superconductor many

been widely investigated.  For instance, Kondo lattice

CePt,Si, [+ superconductor CePd,Si, [°-11] complex mag-

[12-14] ferromagnetic order and weak spin-

netism Eu,PdSis,
glass ProCuSi3,['>1% etc. In rare-earth compounds, 4f elec-
trons interact with conduction electrons, and 4f electrons

themselves also interact with each other, which manifests in
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competition between Kondo effect and RKKY interaction.!'”]

However, the Kondo effect is inclined to reduce magnetic mo-
ment, while the Ruderman—Kittel-Kassuya—Yosida (RKKY)
interaction tends to stabilize it. The compounds susceptible
to these effects may present resistance anomaly, high spe-
cific heat coefficient 7y, high magnetic susceptibility yx, or high
thermoelectric potential S.

3. 2:1:3-type rare earth-transition metal inter-
metallic compounds

The system of R,TX3 has become the subject of inten-
sive studies. Inside the system, there are respective fami-
lies categorized as RyNiGes '8! R,PdSis3 [19->*1 R,RhSi3,[2%:20]
RyAgIns 27281 RyCulns 231 etc. Each family usually
presents almost similar properties. For example, R,RhSi3 and
R,PdSi3 (R = Ce, Gd, Tb, Dy, Ho, Er) compounds order an-
tiferromagnetically, while the Nd compound orders ferromag-
netically. Most Ry Aglnz compounds do not show long-range
magnetic order except TbyAgInz?! and TmyAgln; 3 There
are similar magnetic features in the Tby Aglns and Tm;Agln;
compounds. This may be associated with the fact that in the
ground state the Tb and Tm ions share identical values of L
and S (L=5 and S=1). All the R,Culn3 (R=Nd, Dy, Ho) com-
pounds order antiferromagnetically. In addition, compounds
U, T X3 with T=Pd, Pt, Au, Ir, Rh are found to show spin-glass
or cluster glass behavior below their respective spin freezing
temperature. Owing to the existence of rare-earth elements,
the behavior of R,TXj3 is consistent, to some degree with the
compounds or alloy composed of rare-earth and other ele-
ments. In these compounds, the Kondo effect often counter-
signs itself as the anomaly in electrical resistivity and specific
heat, which may also be responsible for the effective mass
enhancement. The major parameter to characterize the mag-
netic properties is magnetic susceptibility y at different tem-
peratures. It always presents the basic information about the
compounds. Generally, we find anomalies characterized by
the occurrence of peaks at low temperature, indicating mag-
netic transition. There is even more than one magnetic tran-
sition in some compounds. Take TbyCuGe;*# as an exam-
ple, there are three magnetic transitions, all of which are of
antiferromagnetic type, namely 20, 13, and 8 K. At these tem-
peratures, Tb,CuGes has different Fermi surfaces arising from
changes in the magnetic structures. Nowadays, a large number
of RyTX3 compounds have been synthetized. Among them,
LayTX3 and Lu, T X3 are generally regarded as the isomorphic
nonmagnetic counterpart, providing reference to other Ry 7 X3
compounds because their electronic allocations are character-
ized by 4f95d'6s? for La and 4f'45d!6s? for Lu, and hence
display no magnetism. However, not all their references are
available because some of them form multiphases. Although
quite a few single crystals have been synthesized, there are still

challenges to grow single crystals with high quality for some
R,TX3. Thus, polycrystals will still occupy an important posi-
tion in the research field of R,T X3 compounds. Consequently,
both fundamental and applied research in this field are of great
significance.

4. Structure of 2:1:3-type rare-earth ternary
compounds

In 1967, Raman®®> firstly explored R,CuSi3 (R=La, Ce,
Er), R,Cu3Si (R=Ce, Nd, Gd, Y, Er), and La,FeSij3, La;NiSis,
Ce,NiSi3 compounds. These silicides crystallize in an AlB;-
type structure(8-ThSip-type structure), which belongs to
space group P6/mmm with lattice parameter ¢/a =~ 1, ex-
cept that Er,CuSij3 crystallizes in a-ThSi,-type structure and
space group of 14| /amd (maybe originating from the change
of valence electron concentration®®). In 1984, Chevalier and
his coworkers>7! prepared RyRhSi3 (R =Y, La, Ce, Nd, Sm,
Gd, Tb, Dy, Ho, Er), and found that these kinds of compounds
appear in derived AlB;-type superstructures and their lattice
parameters a and ¢ are about twice those of their disilicides
RSijp. In 1990, researchers prepared a series of R,PdSi3 com-
pounds in order to search bizarre materials, and what attracted
the subsequent researchers was that R,PdSi; compounds have
considerable structural similarity with rare-earth disilicides
and R,RhSiz. In 1996, Hwang er al®® synthetized poly-
crystalline Ce,CuSi3 and LayCuSis3, and confirmed the AlB;-
type structure, which Raman suggested previously. In 1999,
Szytuta et al®%! studied R,PdSi3 (R=Ce, Nd, Tb, Er) and
found that all these R,PdSiz compounds formed an AlB,-type
structure. Later, Tang er al*”) conducted a systematic study
on heavy rare-earth compounds R,PdSiz (R=Gd, Tb, Dy, Ho,
Er, Tm), which revealed the existence of a crystallographic
superstructure via X-ray and neutron diffraction. The unit cell
parameter  is found to be about 8 A. Initial neutron diffraction
experiments on powder samples by Szytula et al. indicated,
however, a primitive AlB,-type structure with randomly occu-
pied 2d sites, which is the currently accepted crystal structure.
The lattice constants (see Table 1) are about 4 A for both ¢ and
¢ throughout the series. It is not clear yet that which model is
the source of the superstructure, and the inconformity between
the X-ray and neutron diffraction indicates the structural com-
plexity of R,PdSi3. In recent years, researchers successively
synthetized a series of RyAgIns>’! compounds, which crys-
tallize in a Calny-type structure, and belong to space group
P63 /mmc with lattice parameter ¢/a = 0.792 (Z = 2). The
Caln,-type structure is the deformation variance of the AlB;-
In the
meantime, the series of U,7X3 compounds consisting of ac-

type structure reported in the Refs. [41] and [42].

tinide element U, which have a unique 5f electronic structure,
have also become a hot research topic. In 1993, Pottgen!*3]
synthetized 11 uranium silicides U,7'Si3 (T=Fe, Co, Ni, Cu,
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Ru, Rh, Pd, Os, Ir, Pt, Au). Most of these compounds crys-
tallize in an AlIB,-type structure, with partly or completely
crystallographic disorder of 7 and Si within B positions. Be-
sides, UzCuSi3[44] forms a tetragonal o-ThSi, structure, and
UjyFeSi3, UzRuSi3, and UyOsSiz crystallize in a UyRuSis-
type structure with complete order in B site. In 1996, Tran!*3!
reported the synthesis of the series of U7 Gaz (T=Ru, Rh,
Ir, Pd, Au, Pt), and found that they crystallize in CeCu, type,
which belongs to space group Imma. To sum up, the crystal
structures of most R, 7T X3 are identified to be in AlB; type or
derived AlIB, type, which consist of R—R magnetic layer and
T—-X layers alternating along the ¢ axis, and possible crystal-
lographic disorder within 7-X positions. Figure 1(a) shows

the unit cell of the AIB, structure. The unit cell of AlB, con-
tains only three atoms. It corresponds to a simple hexagonal
unit cell of aluminum atoms (Wyckoff site 1a) with the two
boron atoms occupying the trigonal prismatic sites (Wyckoff
site 2d). For Ry T X3 compounds, it is possible to obtain AlB;-
related structures, where the R atoms occupy the aluminum
positions, while the T and X atoms form the hexagons (boron
positions). This distribution can be expected to cause some
anomalous physical properties, which will be described below.
Figure 1(b) presents the projection of typical AlB; structure
(U, T'Si3,1*0] T=Ru, Rh, Pd) onto the hexagonal plane, show-
ing different degrees of order. We performed the XRD mea-
surement of Tb,NiSi3 and obtained the typical AIB, structure,

Table 1. Crystallographic parameters and crystal types of several R,7X3 compounds.

Compound alA bIA c/A Structure type
Ce,CuGes™! 7.262 4.591 4.231 orthorhombic
La,CuGe;*"! 7.260 4.608 4.465 orthorhombic
Yb,AuGe;!*®! 805124(17) 14.730(2) 8.4995(17) orthorhombic
Tb,CuGes33! 4.062 4.077 AlIB;-type
U, AuGas¥! 4.435 7.079 7.799 orthorhombic CeCu,-type
Ce,CuSizP! 4.059(1) 4.294(4) AlB;-type
PryCusSi3!'0] 4.052 4255 AlB;-type
La, CuSi; 8! 4.084 4.395 AlB;-type
Ce,RhSi3?0! 8.2310(3) 8.4391(3) Er,RhSij-type
Nd,RhSi3P! 8.186 8.272 Er,RhSij-type
Gd,RhSi3P! 8.112 7.976 Er,RhSi3-type
Tb,RhSi3P! 8.110 7.860 Er,RhSi3-type
Dy;,RhSi3P! 8.097 7.823 Er,RhSi3-type
Ho,RhSi3P! 8.072 7.771 Er,RhSi3-type
Y,RhSi;B! 8.086 7.829 Er,RhSi3-type
LayRhSi;P! 8.233 8.594 Er,RhSi3-type
Er,RhSi;? 8.1130 7.7556 ordered variant of AlB;-type
LuyCoGaz?! 8.659 6.823 ordered variant of AlB;-type
Ce,IrSiz 3! 8.2120 (7) 4.2374(4) U,RuSij-type
Ce,CoSi3l334 8.104(1) 4.197(1) U,RuSis3-type
U,FeSish) 8.003 3.854 U,RuSi3-type
U,RuSizP! 8.145 3.8496 ordered variant of AlB;-type
Ce,FeSizP4 4.065 4.191 AIB,-type
Ce,NiSiz°! 4.0485(1) 4.2877(1) AlB;-type
La,NiSi30! 4.0711(4) 4.3737(6) AlB;-type
Dy, PdSi3?7! 4.062 4,031 AlB;-type
Eup CuSiz8! 4.095 4.488 AlB;-type
Nd,PtSi3*] 4.0927 4.2582 AlB;-type
Tb, Culn;!®0! 4.702(1) 3.682(1) AlIB;-type
U,CuGaj®1 4.348(1) 3.605(1) AlIB;-type
U IrSizd! 4.090 3.954 AIB,-type
U, Pdsi;[0% 4.083 3.932 AlIB;-type
U, PtSi;l03! 4.073(6) 3.960(3) AlB;-type
U, RhSi;6! 4.074 3.881 AIB;-type
U, CoSi;[°! 3.988 3.883 AlB;-type
U,NisSi;4¢) 3.979 3.949 AlB;-type
TmyAglnz!33l 4778 7.146 Caln,-type
Tby Agln; 32! 4.793(1) 7.322(2) Caln,-type
Nd, AgIn;[%4] 4.8826 7.584 Caln,-type
Pry AgIn;[! 4.872(2) 7.594(4) Calny-type
Ce,PdSis20] 4.1215(13) 4.2723(22) AlIB;-type
Nd,PdSi;2! 4.1033(16) 4.2039(24) AIB,-type
Tb,PdSi3?0! 4.0642(15) 4.0502(41) AlB;-type
Ho,PdSi3?! 4.0459(7) 3.9977(13) AlB;-type
Er,PdSi;?! 4.0427(20) 3.9794(29) AlB;-type
Tb,NiSi3 3.9672, 4.0429 AlB;-type
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Fig. 1. (a) The unit cell of an AlB, structure with Al atoms at the la
position and B atoms distributed in a plane between the Al atoms. (b)
The crystal structure of a typical AlB; structure (U7 Si3 1461 T=Ru, Rh,
Pd) projected onto the hexagonal ab plane. For U,PdSi3, the weak ten-
dency to an orthorhombic superstructure of Pd and Si atoms is indicated
by € 2 0. (¢) X-ray powder diffraction pattern for TbyNiSis.

as shown in Fig. 1(c). Hitherto, the synthesis and research
of rare-earth ternary compounds are developing vigorously.
More and more R,T X3 compounds are brought into synthe-
sis and structural exploration. Table 1 shows crystallographic
parameters and crystal types of several R,7 X3 compounds. In
this table, many compounds are actually derived (in view of
the ratio change in the crystal parameters a and c, or the degree
of order of atomic sites) AlB;-type, but share the same AlB;-
type steric configuration, and thus are calibrated to be AlB;
type. Besides, we need to explain the reason why Er,RhSi;3
(2a, 2¢), LupCoGajz (2a, 2c¢), and U,RuSi3 (24, ¢) are all or-
dered variances of the AlB,-type structure. The Luy;CoGaj
structure is a distorted AIB,-type structure, where the trigonal
Lug prisms centered by cobalt atoms share triangular faces in
infinite columns. The distortions in Erp,RhSi3 are of a lesser

magnitude than those observed in Lu;CoGaz. Ce,CuGes,
La,CuGes, and YbyAuGes*®! form the orthorhombic (space
group: Fmmm) ordered superstructure of AlB; type. Based on
various structures, R»T X3 shows diversity of magnetic ground
states, which makes it possible for them to behave differently
from each other from the point of view of physical properties.

5. Magnetic order behavior

It has been confirmed that magnetic order originates from
electronic exchange interaction. For rare-earth compounds,
the unique 4f electrons determine that the interaction be-
tween ions is RKKY indirect exchange interaction, instead of
Heisenberg coupling. The typical behaviors of magnetic or-
der are ferromagnetic order (FM) and antiferromagnetic order
(AFM). The type of magnetic order can be determined by in-
teratomic distance and the radius of electronic orbit. Almost
all RyTX3 compounds display FM or AFM at low tempera-
tures, and we can judge this behavior by magnetic suscepti-
bility. At Curie temperature, the thermal energy of electronic
spins can counterbalance the magnetic field energy of elec-
trons imposed by a molecular field. Thus, the material will
lose magnetism. According to Curie-Weiss law

x=Co/(T—6), ey

where Cj is the Curie constant, T is temperature, the sign of
O, will determine the type of magnetic order, which can be de-
duced from the linear part of the magnetic susceptibility curve,
the negative for AFM and positive FM. The effective moment
Uegr can be derived from

Co = Nug/3ks, )

while in the case of free ions,

Mett = Mg/ J(J+ 1), 3

where N is the Avogadro constant, kg is Boltzmann’s con-
stant, (g is the Bohr magneton, g is the Lande factor, and
J is the total angular momentum quantum number. The effec-
tive moment obtained from linear region cannot be in complete
agreement with that of free ions due to different reasons. For

101 is 10.3up per Tb ion, while

example, Ucg for TbyCulns
9.72up for free ion, due to conduction electron polarization.
The plesr of TbgAgInng] is 5.1up per Tb ion, much smaller
than 9.72up for free ion. It is the crystal electric field and frus-
tration effects caused by the statistical distribution of Ag and
In atoms that prevent the formation of the full magnetic mo-
ment on the Tb ions.3? Table 2 shows the effective magnetic
moments and magnetic moments for free ions of some RyT X3
compounds. Remarkably, the magnetic behaviors are obvi-
ously different in the zero field cooling (ZFC) and field cooling

(FC) states for most R,7TX3 compounds. When temperature is
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lowered to a certain point, the divergence of magnetic suscep-
tibility occurs between the ZFC and FC curve. Owing to dif-
ferent conditions of applying magnetic field, when the cooling
process is finished, random-frozen magnetic ion moments are
formed in the sample experiencing the ZFC process, while the
FC condition facilitates the formation of magnetic moments
towards the direction induced by the external magnetic field.
After increasing the temperature, both tend to rotate towards
an external field, but the initial state before increasing temper-
ature and the competitive effect between the thermal energy
and magnetic energy will eventually result in the divergence
under different conditions. This phenomenon may originate

[471), strong mag-

from spin-glass behavior (such as Ce,CuGes
netic anisotropy (such as Eu,CuSi3®!), grain-boundary pin-
ning effect or domain-wall pinning effect, and superparamag-
netism. Figure 2 shows the difference between ypc and Yzrc
for compounds Dy;AuSi3 and Nd,;PtSi3. The irreversibility
in the two compounds results respectively from FM cluster-
glass behavior and the formation of ferromagnetic order. For
the Dy, AuSi3 compound, the irreversibility temperature 7j; is
much larger than the peak temperature Ty, in yzpc curve. This
phenomenon is different from that observed for standard SG
materials, and can be considered as a characteristic feature
for a ferromagnet with high magnetic anisotropy or a short-
range FM order (FM cluster) system. While for the Nd,PtSi3
compound, the deviation between Yrc and yzpc starts at Tg
(T;; = T.) at very low applied fields. This observation means
that the irreversible magnetism results from the formation of
ferromagnetic state.

The form of magnetic order is various. Hwang et al.3®!
pointed out that polycrystalline Ce,CuSi3 shows an antiferro-
magnetic order at 2.1 K in a field of 50 Oe, whereas this order-
ing peak was smeared in a field of 2000 Oe. This anomaly phe-
nomenon implies a conical ferromagnetic helical spin struc-
ture. Frontzek et al.1°) performed neutron diffraction and AC
susceptibility measurement on Tb,PdSi3 single crystal, and re-
ported the existence of strong anisotropy. In the c direction,
the Curie—Weiss behaviors can be observed only above 150 K,
producing AFM coupling. In contrast, the Curie-Weiss behav-
ior appears from right above 23 K in the basal plane, causing
FM coupling. In fact, many ferromagnetic compounds exhibit
strong magnetocrystalline anisotropy, which results from the
competing effects of the crystal electric field (CEF) and the
magnetic two-ion interaction. In addition, the deviation from
Curie—Weiss law of magnetic susceptibility at low temperature
is the result of the combination of the CEF effect, exchange
interaction, and Kondo effect. The crystal electric field is re-
ferred to as the effect of nearest atoms and ions, and it could
be equivalent to a certain potential field. the CEF effect can
cause the splitting of the ground state of rare-earth ions, which
will further leads to the change of specific heat, electric resis-

tance, and other properties. However, the CEF is a single-ion
property and two-ion exchange interactions are needed to me-
diate order. The crystalline electric field, energy level, and
degeneracy-splitting of energy level are strongly dependent on
crystal symmetry.

Table 2. Effective magnetic moments and magnetic moments for free
ions of Ry TX3 compounds.

Compound Uett/UB UeftR/UB
Ce Ce,NiGes!07! 2.57 2.54
Ce,CuSisl?! 1.95
Ce,NiSi; 0! 2.57
Ce,CuGes!*7! 2.40
Ce,RhSizP1 2.40
Tb Tb,CuGesl4 10.80 9.72
Tb,PdSi5!%8! 9.87
Tb, Culn;!®] 10.30
Tby Agln;32! 5.10
Tb,RhSizP! 9.61
Dy Dy, NiGe;!!®! 10.68 10.63
Dy, PdSi3] 10.65
Dy;,RhSi3P! 10.67
Pr PryNiGe;!'8) 3.59 3.58
Pr,CuSiz 10 3.54
Nd Nd,NiGe;! ! 3.65 3.62
Nd,CuSi3t! 3.68
Nd,RhSi3! 3.76
Gd GdyNiGe;!'8! 8.00 7.94
Gd,RhSi3P! 7.61
() H=100 Oc Dy»AuSis
0.04f
|
3 1T6<~Ti,->
5
<L 0.02F
=<
ZFC
0 " L i —_— ]
0 10 20 30
T/K
0.06
(b) H=100 Oe Nd,PtSij
T, 0.04p FC lT
= T.
s |
= 0.02F
0r zrc
0 10 20 30

T/K

Fig. 2. (a) The divergence between ypc and xzrc for compound
Dy, AuSi3%! and Nd,PtSi3 1% The irreversible magnetism is from FM
cluster-glass behavior. (b) The formation of ferromagnetic order.

6. Spin-glass behavior of RyTX3

A spin glass (SG) is a disordered magnet with frustrated
interactions of atomic magnetic moment. It is a common be-
lief that quenched disorder and frustration are the necessary
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conditions to form an SG state where ferromagnetic and an-
tiferromagnetic bonds exist paradoxically. In R,7TX3(exclude
U,TX3), the statistical distribution of 7 and X atoms crystal-
lographically produces a varying environment around R ions
and causes a variation in RKKY mediated exchange interac-
tion, which will facilitate the formation of spin glass. A host
of RyT X3 compounds due to distinctive structures display SG
behavior. We enumerate them as follows: U,TSi3["" (T'= Pd,
Pt, Au, Ir, Rh) show SG or cluster glass behavior. In rare-earth
compounds, there are typical SG behavior in Ce,NiGej3,[67]
PryAglns [0 CesAglns [’ and CerCuGes[*”! Coexistence
of SG state with long-range magnetic order exists in
Pr,CuSi3, P! Nd,CuSi3,['31 Dy,Culnz,?! and Gd,Culns I3
Weak spin glass exists in Nd,PtSi3,>” re-entrant spin-glass
Dy,PdSi3,’7 and Ce,CuGes.[*’! Canonical SG compounds
always show the following features.[*7->%-61:64991 (i) The peak
position T; in ¥zgrc(T) curve strongly depends on the exter-
nal magnetic field. Both peak position 7; and 7;; (irreversibil-
ity temperature is usually defined as the temperature below
which ygc and ) zrc curves separate from each other) shift to
low temperatures with increasing external magnetic field. (ii)
There is pronounced irreversible magnetism below Tj. behav-
ing as the divergence between Y rc and Y zpc curves. (iii) Both
the real and the imaginary part of AC magnetic susceptibility
form obvious peaks close to 7y whose positions shift towards
higher temperatures with increasing frequency. The magni-
tude of the real component at the maximum decreases, and
that of the imaginary component rapidly increases with the in-
crease in frequency. Figure 3 shows real component y,.(T) of
the AC susceptibility versus temperature at various frequen-
cies for typical spin-glass behavior. (iv) 7; coincides with
T;; for a simple spin glass. (v) Remnant magnetization and
magnetic relaxation on macroscopic time scales after chang-
ing the applied magnetic field below T; are also typical sig-
nals of spin-glass behavior, as shown in Fig. 4. The different
extents of magnetic relaxation are shown for Nd,Agln3,[%4]
U,RhSi3,1%¢! and PrCuSis.[!15) The relaxation characteristic

can be described as follows:[4

Mirm () = Mo (t) — o) In(z), 4)

where IRM denotes the isothermal remnant magnetization, My
is the initial zero-field magnetization, and «(r) is the vis-
cosity coefficient. While for nonmagnetic disorder (NMAD)
spin glass, there is the exponential term in the expression of
Mipm ()74

Mirm (1) = Mo+ aln(t) + Bexp(—t/7), ®)

where My, o, 3, and 7 are fitting parameters. (vi) The SG sys-
tem lacks periodic long-range magnetic order. (vii) yrc(7T)
for a canonical SG tends to be nearly constant below 7;. (viii)

The imaginary part of AC magnetic susceptibility will vanish
just above T¢, which is expected for a paramagnet. Apart from
all the above features, the magnetic entropy of an SG system
is much lower than the ordered system empirically and experi-
mentally. There are two typical formulas to describe spin-glass
behavior. The initial frequency shift 8T, can be calculated
pyl1S]

0T, = AT, /(T Alogw). 6)
0.48
~ lT[ PryAglng
w 0.46} «
2 “ “
j=1 4.//'4'1 -
© 044k N ~u,
‘Iv s o« * o o \‘
3 e AN
~ 0.42f ° aA T e
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Fig. 3. (color online) Real component 4 (7') of the ac susceptibility of
Prp Aglns versus temperature at various frequencies of 0.1, 1, 10, 100,
and 1000 Hz (from top to bottom).[0%]

LoF b PryCuSis  0The = 0.001
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= rl . _
< 0_8_1 UsRhSi;  6Th =0.008
E
E T=5K
& o6} B
5
= ~a
~=.
E \.\.~l\.__.
0.4F —a—a4
NdzAglns 0T =0.015
0 4000 8000 12000
t/s

Fig. 4. (color online) Time dependence of the isothermal remnant
magnetization Mgy () /Mgy (0) for Ndy Aglng (%4 UyRhSi3, 140! and
Pr,CuSiz ! The magnitude of 67,. measures the extent of the forma-
tion of spin glass.

This formula is usually applied to distinguish an SG material
from an SG-like system, where T, (or Tt) is always defined as
the peak temperature of magnetic susceptibility, w represents
the frequency, 0T, is about several percent in typical spin-
glass system. Figure 5 shows the 8T, values of several Ry T X3
compounds, indicating the intensity of spin glass. The Vogel
and Fulcher empirical equation can also be used to analyze the

frequency dependence of AC susceptibility! 74
E, >
w=woexp| ————= |, 7)
P < ke (T —To)

where wq is the characteristic frequency, E, the activation
energy, Ty the Vogel-Fulcher temperature, and kg the Boltz-
mann constant. For a spin-glass system, the characteristic

temperature 7y is somewhat lower than the Curie temperature.
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In fact, most spin-glass behaviors in RyTX3 system are not
simple ones. As we discussed above, SG arises from frustra-
tion. This means that there must be a competition between
ferromagnetic and antiferromagnetic interactions. For RyT X3
compounds, within one magnetic layer R atoms form triangles
of nearest neighbors and no single configuration of the spins
is extraordinarily favored by all interactions. Therefore, on
account of different degrees of structural disorder of nonmag-
netic atoms and different strengths of random frustration of
R—R interactions, it is easy to understand that there exists a
wide range from a simple spin glass to a spin glass with ferro-
magnetic to a long-range magnetic order. In 2008, Li et al.['5]
explained the phenomenon in terms of magnetic cluster, estab-
lishing that the disorder of nonmagnetic atoms could destroy
the long-range magnetic correlation and result in the formation
of finite-size granules with net magnetic moments (magnetic
clusters) which can interact with each other at low temper-
ature. The size of magnetic cluster depends on the degree
of randomness and relative strength of magnetic interaction.
When T and X atoms are distributed with complete disor-
der, the cluster is so small that it forms a simple SG (instead
of superparamagnetic behavior due to the fact that the mag-
netic moments are randomly distributed within every cluster).
With the increase in the degree of order, the cluster becomes
larger and the properties vary from simple SG to cluster glass.
Moreover, Li et al. interpreted the NMAD spin-glass behavior
of R,TX3 commendably. On the other hand, there is another
well-known phenomenon, reentrant spin glass, which has been
discovered in some R,TX3 compounds, such as Dy,PdSi3 17!
and U,RhSi3.[%] Reentrant spin-glass transition is found near
the phase boundary between the SG phase and the ferromag-
netic phase. It is a reentry from a magnetic order to a frozen
state with magnetic cluster. However, there is not a unani-
mously perfect theory that can demonstrate the mechanism of
reentry. Further research is needed to explain the distinctive
phenomenon. Because no long-range magnetic order exists in
spin-glass system, the p—T curve and C-T curve of this kind

60F A—Pr,CuSisl) TbyCulng!™]
B—Nd,CuSij;lt5] GdyCulngl™)
5ol C—NdaPtSiy)
| D—Dy»AuSisl69 ThyPdSi;l™)
E—CeyCuGes9 Dy,PdSis™l
40| F—U,PdSi,l59) DyaCulng ™
5]
I
o .5
= 30t Pr;Agln,[6%]
S
& :
o 20 CeyAglnsl5l
L E p
CeyCuSisltsl —o CeyCulnj(™]
10+ U,RhSi3[46] ///N.dzAgIH:;[‘r"q]
o UyAglngl59l
A B¢ D
0 [ ]

Fig. 5. The 8T, values of several R,TX3 compounds. The pattern indi-
cates the intensity of different R,7'X3 compounds.

of compounds do not show sharp peaks. However, it has been
confirmed that the spin-glass magnetism can result in enlarge-
ment of specific heat coefficient, as suggested by Gschneidner
et all”

7. Electrical resistivity and specific heat of
RyTX3

During the research of R,7TX3 compounds, the mea-
surement of resistivity and specific heat is a major method.
Some important information is usually obtained by compar-
ing curves of p—T, C-T, and y-T. The occurrence of mag-
netic order is reflected together on the three curves, character-
ized by the change of slope or the occurrence of peak. Over
the low-T region, the appearance of magnetic-related scatter-
ing leads to the change of resistivity, and magnetic oscillation
brings about the anomaly of specific heat. Usually, the changes
in p and C take place consistently near the magnetic phase
transition temperature. Even for complex phase, p and C can
still reflect consistently the magnetic properties. However, for
Tb,CuGes, Majumdar ef al**! found there was no significant
drop of p near the transition at 20 K, which was expected to
occur according to C and ). This indicates that the transition
around 20 K is related to the formation of magnetic Brillouin-
zone boundary gaps in a way that the drop due to the loss of
spin-disorder contribution to p is nearly compensated by an
increase in p.

The resistivity of RyTXzcan be regarded as the summa-

tion of the following contribution:('¢!

p(T) :pimp+pph(T)+pm(T)a )

where pimp is also called residual resistivity, which results
from the scattering of impurities and lattice imperfections,
Ppn(T) is the contribution of the electro-phonon interaction,
and p,(7T) is caused by the magnetic scattering. The resid-
ual resistivity takes typically smaller values in ferromagnets,
while much larger values pjn, are observed in antiferromag-
nets. As we mentioned above, the Lay7T X3 compound is char-
acterized by analogous crystal structure with other R,7X3
compounds. The lattice contribution is roughly identical for
LayT X3 and other Ry T X3 compounds, and thus the resistivity
caused by magnetic scattering for R,TX3 compounds can be
derived as

Pm(T) = p(RoTX3) — p(LaxTX3). ©)]
Similarly, the specific heat can be expressed as
C=Ce+Cph +Cn, (10)

where C, and G, are the specific heat resulting from the con-
tribution of electrons and lattice vibration, respectively. The
Cn, represents the magnetic specific heat.
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t[67

The magnetic part of specific heat'*”! reads

Cn(T) = C(RyTX3) — C(LarTX3). (11D

In standard metallic system, the dominating resistance
mechanism is electron-phonon scattering, which leads to
monotonous decrease in p(7) with the decrease in temper-
ature. However, for many rare-earth compounds, electrical
resistivity is characterized by Kondo behavior. It is believed
that Kondo effect results from the coupling of localized mag-
netic impurities and itinerant electrons. At low temperatures,
apart from residual resistance, the leading mechanism for re-
sistance generation is Kondo scattering and electron-phonon
scattering. The former is enhanced due to the decrease in tem-
perature and is characterized by —InT dependence of temper-
ature, while the latter weakens. When temperature is lowered
to a certain point, Kondo scattering plays the dominating role.
Figure 6 presents the electrical resistivity of EuyPdSis!'?! and
Tb,CuGes,** only showing normal magnetic order instead of
Kondo effect. Figure 7 presents electrical resistivity pmag(7)
of Ce,CuSi3,l"% showing a typical Kondo effect. Many R, T X3
Kondo compounds have been continuously studied.
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Fig. 6. Temperature dependence of the electrical resistivity for
Eu,PdSi3!?! and Tb,CuSiz 24

In 1997, Tien reported the NMAD spin-glass compounds
Pr,CuSis!!! and Ce;CuGes.*7! and proposed the existence of
Kondo effect. In 1999, Hwang et al>% reported the simi-
lar behavior in Ce,CuSiz. In 2009, Kase et all*”l revealed
that Ce,RhSij3 is an antiferromagnetic Kondo-lattice system
with evident anisotropy. In Kondo compounds, one can often
find a large negative Curie paramagnetic temperature, which
is often used as one of indicators to judge the occurrence of
Kondo effect. On the other hand, the external field can also
affect the resistance, namely, magnetoresistance (MR). Spin
fluctuation and spin-dependent scattering always contribute to
the anomaly of MR. The negative sign of MR is consistent
with ferromagnetic coupling, while the positive sign is con-
nected with antiferromagnetic coupling. This can be used
as another indication of magnetic phase transition. Mallik et
al %% have reported large low-temperature magnetoresistance
in TbyPdSi3 and Dy,PdSis. They explained that in zero field

there is an antiferromagnetic component undergoing metam-
agnetic transition with the increase of magnetic field. Majum-
dar et alP®) reported large negative MR above Curie temper-
ature on polycrystalline Eu,CuSij3, and proposed that the ob-
served MR anomaly was merely related to magnetic precur-
sor effect due to 4f magnetism because Cu ions did not carry
magnetic moment. Furthermore, the temperature dependence
of specific heat also provides the track to magnetic proper-
ties. Cao et all’!"78! prepared large single crystals of EuyCuSis3
and examined the properties, where the specific heat implies
magnetic fluctuations in the paramagnetic regime and a sig-
nificant magnetic disorder at 7;. Actually, the occurrence of
the peak in the C-T curve is usually a signature of a mag-
netic order. For a spin-glass system, no evident singularity is
discovered.[®?] Nevertheless, in some uncanonical spin-glass
systems, the broad bents can still be found, which can be at-
tributed to the formation of magnetic cluster (short-range mag-
netic order).[65] While in a non-SG system, this bend can be
due to Schottky anomalies arising from crystal-field effects.
Using the expression Smag = [(Cmag/T)dT, one can obtain
the magnetic entropy which further reflects the state of mag-
netism. For rare-earth ions, if the system reaches the full popu-
lation of J level, S = RIn(2J +1),[7%! the value of S clarifies the
extent of magnetic order and the energy splitting due to CEF.
For many ferromagnetic materials near the ferromagnetic tran-
sition temperature, the sharp heat capacity at low temperature
under zero field broadens with increasing field, which can re-
flect the ferromagnetic-like ordering of rare-earth ions. This is
only one aspect of specific heat responding to magnetic behav-
ior, and other aspects are under research. What attracts atten-
tion is the enhancement of 7y (specific heat coefficient) in the
C/T-T? curve. This represents the heavy fermion behavior
of R,TX3 compounds, which has been found in Ce,CuSiz, B8
Pr,CuSiz, Kondo effect, and spin glass are respectively re-
sponsible for this phenomenon. As a matter of fact, the heavy
fermion effect is recognized as the result of the interaction be-
tween localized electrons and conduction electrons, where lo-
calized electrons are compelled to stay in the dissociative state.
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Fig. 7. Temperature dependence of electrical resistivity ppag(T) for
Ce,CuSi3 7!
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8. Conclusion and outlook

The properties of rare-earth ternary compounds Ry7X3
are abundant, interesting, and fantastic. All the promising find-
ings are strongly correlated with 4f electrons. Different R, 7T X3
compounds present different behaviors in aspects of suscep-
tibility, resistance, specific heat, etc. The magnetism arises
from the combined action between RKKY interaction and the
CEF effect. However, it is still a tough task to have a clear-
cut understanding of the structure and interactional mecha-
nism. This poses a big challenge to improve the theories on
the electronic level. For instance, how can we distinguish the
spin-glass behavior of amorphous alloys or diluted metallic
alloys from that of RyTX3 system more accurately and pre-
cisely? To solve the problems, it is necessary to establish

a more perfect and comprehensive model of structure by es-

[80]

tablishing phase diagrams,'*”! along with the measurements of

XRD and electron ray diffraction as well as precise structure
computation. Since neutron diffraction is in tight progress,
rounding off the current theories on R,TX3 can be expected
in the near future. Although many synthesized R,TX3 com-
pounds have been extensively investigated, some microscopic
mechanisms of macroscopic physical properties are far from

being perfectly clear. It is absolutely necessary to prepare

larger-size single crystals with high quality and get more accu-
rate information on the crystal structures, magnetic structures,
and physical properties by neutron diffraction, synchrotron X-

ray scattering, and so on. Since the crystal growth techniques

d [81-83

are drastically improve I large single crystals with high

perfection are expected to be grown and more unique phenom-
ena will be revealed in the R, 7T X3 compounds.
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