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Abstract
Single crystals of Ln(Cu, Al)12 and Ln(Cu, Ga)12 compounds (Ln = Y, Ce–Nd, Sm, Gd–Ho,
and Yb for Al and Ln = Y, Gd–Er, Yb for Ga) have been grown by flux-growth methods and
characterized by means of single-crystal x-ray diffraction, complemented with microprobe
analysis, magnetic susceptibility, resistivity and heat capacity measurements. Ln(Cu, Ga)12 and
Ln(Cu, Al)12 of the ThMn12 structure type crystallize in the tetragonal I 4/mmm space group
with lattice parameters a ∼ 8.59 Å and c ∼ 5.15 Å and a ∼ 8.75 Å and c ∼ 5.13 Å for Ga and
Al containing compounds, respectively. For aluminium containing compounds, magnetic
susceptibility data show Curie–Weiss paramagnetism in the Ce and Pr analogues down to 50 K
with no magnetic ordering down to 3 K, whereas the Yb analogue shows a
temperature-independent Pauli paramagnetism. Sm(Cu, Al)12 orders antiferromagnetically at
TN ∼ 5 K and interestingly exhibits Curie–Weiss behaviour down to 10 K with no Van Vleck
contribution to the susceptibility. Specific heat data show that Ce(Cu, Al)12 is a heavy fermion
antiferromagnet with TN ∼ 2 K and with an electronic specific heat coefficient γ0 as large as
390 mJ K2 mol−1. In addition, this is the first report of Pr(Cu, Al)12 and Sm(Cu, Al)12 showing
an enhanced mass (∼80 and 120 mJ K2 mol−1). For Ga containing analogues, magnetic
susceptibility data also show the expected Curie–Weiss behaviour from Gd to Er, with the Yb
analogue being once again a Pauli paramagnet. The antiferromagnetic transition temperatures
range over 12.5, 13.5, 6.7, and 3.4 K for Gd, Tb, Dy, and Er. Metallic behaviour is observed
down to 3 K for all Ga and Al analogues. A large positive magnetoresistance up to 150% at 9 T
is also observed for Dy(Cu, Ga)12. The structure, magnetic, and transport properties of these
compounds will be discussed.

1. Introduction

Pseudo-binary lanthanide intermetallic compounds (Ln–T–
X where Ln = lanthanide, T = transition metal, and

4 Author to whom any correspondence should be addressed.

X = main group element) adopting the ThMn12 structure
type [1, 2] have been extensively studied and show a variety
of interesting physical properties including magnetism and
superconductivity [3–12]. This tetragonal phase (I 4/mmm)
consists of a lanthanide, transition metal, and a main group
element occupying the 2a (4/mmm), 8f (2/m), 8i (m2m), and
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8j (m2m) Wyckoff sites. It is worthy of note that the 8i and
8j positions are jointly occupied by T and X when X = Ga,
and for X = Al only 8j is jointly occupied. Growth of the
pseudo-binary lanthanide analogues in this structure type is
considerably stabilized with the addition of the third element,
as only Mn and Zn lanthanide derivatives have been shown to
crystallize in this structure type [13–16].

The magnetic ordering at low temperatures due to long-
range lanthanide interactions has been reported for several
compounds where M = Cr or Cu and X = Al. CeCr4Al8

exhibits an enhanced Sommerfeld coefficient of specific heat,
γ ∼ 62 mJ mol−1 K−1, and does not magnetically order down
to 1.5 K [17]. GdCr4Al8 and ErCr4Al8 show antiferromagnetic
(AFM) ordering around 8 K and 14 K, respectively [18, 19].
Similarly, CeCu4Al8 shows heavy fermion behaviour with
γ ∼ 300 mJ mol−1 K−1 [20]. Reported on more recently,
CeCu4+x Al8−x (0 < x < 0.55) shows heavy fermion
behaviour (γ ∼ 200 mJ mol−1 K−1) with antiferromagnetic
ordering at 5.8 K, which was not previously observed; it
was reported to be paramagnetic down to 4.1 K [19, 21–23].
HoCu4Al8 and ErCu4Al8 compounds have been shown to order
antiferromagnetically at 5.5 K and 6 K, respectively, which is
due to the ordering of the lanthanide sublattice, with a second
report of HoCu4Al8 ordering at 7 K [17–19, 24].

Addition of magnetic transition metals like Fe presents
possibilities for magnetic ordering due to transition metal
interactions and long-range lanthanide interactions, respec-
tively [10, 25–28]. For example, ErFe4Al8 shows two magnetic
transitions, at 25 K and 111 K, corresponding to the ordering
of the Er and Fe sublattices, respectively [26]. In addition, neg-
ative magnetoresistance in the range of −1.8% to −20.1% has
been found in several of the RFe4Al8 compounds (R = Sc, Y,
Ce, Yb, and Lu) [6].

We have grown Ln(Cu, Ga)12 and Ln(Cu, Al)12 analogues
(Ln = Y, Gd–Er, Yb for Ga and Ln = Y, Ce–Nd, Sm, Gd–Ho,
and Yb for Al) using Ga and Al flux-growth techniques. To
the best of our knowledge, there has not been a systematic
study on ThMn12 structure in the Ln–Cu–Ga system. In
addition, during exploration of the Ln–Cu–Al system, high
quality single crystals were grown that upon further study are
found not to give results in agreement with some previously
published ones. Here, we report the crystal growth, magnetism,
and transport properties of Ln(Cu, Ga)12 and Ln(Cu, Al)12

compounds (Ln = Y, Gd–Er, Yb for Ga and Ln = Y, Ce, Pr,
Sm, and Yb for Al).

2. Experimental details

2.1. Synthesis

Single crystals of Ln(Cu, X)12 (Ln = Y, Ce–Nd, Sm, Gd–Ho
and Yb for X = Al (note that Ln = Ce–Nd, Sm, Gd–Ho, Yb,
and Y ones have been grown for Ln(Cu, Al)12 but only the
properties for Ce, Pr, Sm, Yb, and Y will be reported) and
Ln = Y, Gd–Er, Yb ones for X = Ga) were grown in the
presence of excess flux. Ln (3N, chunks, Alfa Aesar), Cu
(5N, powder, Alfa Aesar), and Al (5N, pellets, Alfa Aesar)
or Ga (6N, pellets, Alfa Aesar) were loaded, respectively,
into an alumina crucible with a reaction ratio of 1:9:20

for Al containing analogues and 1:5:20 for Ga containing
compounds. Elements were stored in inert atmospheres to
prevent oxidation. The crucibles were placed into a fused
silica tube and the contents were evacuated (50–70 mmHg) and
sealed.

2.1.1. Ln(Cu, Al)12. The vessel was loaded into a furnace
and heated to a dwell temperature of 1100 ◦C for 10 h at
200 ◦C h−1. Samples were slowly cooled to 720 ◦C at a rate of
4 ◦C h−1 whereupon they were centrifuged to separate crystals
from the Al flux. In attempts to increase the crystal size,
Yb samples were cooled at slower ramp down temperatures
(0.5–1 ◦C h−1). Final dwell times were varied from hours to
days, and it was observed that crystal size increases with dwell
time. In addition, it was clearly observed that with different
dwell times a differing amount of Cu was substituted into the
Al site. For Yb samples, crystal size was maximized from a
short dwell time, not following the general trend for the other
analogues. This is possibly due to the high vapour pressure of
Yb. In all growths, silver metallic crystals were retrieved via
etching in NaOH (6 M) until excess aluminium was removed,
and subsequently cleaned with 30% HNO3, yielding flux-free
single crystals which were observed to be air stable.

2.1.2. Ln(Cu, Ga)12. The crucible and its contents were then
sealed in an evacuated fused silica tube and heated to 1100 ◦C
for 7 h. The tube was then slowly cooled to 673 ◦C at a rate of
10 ◦C h−1 and immediately inverted and spun with a centrifuge
for the removal of excess Ga flux. Silver-coloured block-like
crystals were found and not observed to degrade in air. To
ensure the complete removal of Ga from surfaces, crystals
were etched using a diluted HCl (1 M) solution. After etching
crystals for several hours, reddish colours on crystal surfaces
were observed, indicating exposure of excess Cu as well as the
completion of removal of Ga from crystal surfaces. The Cu was
successfully removed by using a diluted HNO3 (30%) solution.

2.2. Single-crystal x-ray diffraction, powder x-ray diffraction,
and elemental analysis

The crystals of Ln(Cu, Al)12 or Ln(Cu, Ga)12 were cut to
suitable sizes for data collection (�0.05 mm3) and mounted
on a glass fibre using epoxy. They were then positioned
onto the goniometer of a Nonius Kappa CCD diffractometer
equipped with Mo Kα radiation (λ = 0.710 73 Å). Data
collection was carried out up to θ = 30.0◦ at 298 K.
Further crystallographic parameters for Ln(Cu, Al)12 (Ln = Y,
Ce, Pr, Sm and Yb) and Ln(Cu, Ga)12 (Ln = Y, Gd–Er,
Yb) are provided in tables 1a and 1b. Direct methods
were used to solve the structure. SHELXL97 [29] was
used to refine the structural model and data were corrected
with extinction coefficients and refined with anisotropic
displacement parameters. Refinement assuming a fully
occupied formula led to convergence with very small final
difference residual peaks. Selected interatomic distances are
presented in tables 2a and 2b, and atomic positions and
displacements are provided in tables 3a and 3b. To determine
the composition of Ln(Cu, Al)12 or Ln(Cu, Ga)12, electron
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Table 1a. Crystallographic parameters for Ln(Cu, Al)12.

Formula Ce(Cu, Al)12 Pr(Cu, Al)12 Sm(Cu, Al)12 Yb(Cu, Al)12 Y(Cu, Ga)12

a (Å) 8.813(3) 8.792(6) 8.749(2) 8.721(3) 8.704 (3)
c (Å) 5.160(2) 5.156(3) 5.146(2) 5.118(2) 5.131(2)
V (Å) 400.8(2) 398.6(4) 393.9(2) 389.3(2) 388.7(2)
Z 2 2 2 2 2
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal
Space group I4/mmm I4/mmm I4/mmm I4/mmm I4/mmm
θ range (deg) 3.27–30.02 3.28–29.95 3.29–29.94 3.30–29.72 3.31–28.61
μ (mm−1) 18.424 19.015 21.075 25.657 18.961

Data collection:

Measured reflections 531 465 487 479 476
Independent reflections 196 190 191 190 169
Reflections with I > 2σ(I ) 195 188 188 184 161
Rint 0.0581 0.0359 0.0471 0.0304 0.0525
h −12 → 12 −12 → 12 −12 → 12 −12 → 12 −11 → 11
k −8 → 8 −8 → 8 −8 → 8 −8 → 8 −7 → 8
l −7 → 5 −6 → 5 −7 → 4 −7 → 4 −6 → 6

Refinement:

R1[F2 > 2σ(F2)]a 0.0292 0.0262 0.021 0.0237 0.0289
wR2(F2)b 0.0679 0.0624 0.0509 0.0542 0.0715
Reflections 196 190 191 190 169
Parameters 17 17 17 17 17
�ρmax (e Å

−3
) 2.293 1.239 1.487 2.928 1.088

�ρmin (e Å
−3

) −1.688 −1.904 −1.69 −1.836 −0.845

a R1 = ∑ |Fo| − |Fc|/ ∑ |Fo|.
b wR2 = [∑[w(F2

o − F2
c )]/∑[w(F2

o )2]]1/2. w = 1/[σ 2(F2
o ) + (0.0328P)2 + 1.7521P],

w = 1/[σ 2(F2
o ) + (0.0252P)2 + 1.7135P], w = 1/[σ 2(F2

o ) + (0.0085P)2 + 0.6996P],
w = 1/[σ 2(F2

o ) + (0.0241P)2 + 1.1008P], w = 1/[σ 2(F2
o ) + (0.0390P)2 + 0.0000P], for Ce, Pr, Sm, Yb and Y,

respectively.

Table 1b. Crystallographic parameters for Ln(Cu, Ga)12.

Formula Gd(Cu, Ga)12 Tb(Cu, Ga)12 Dy(Cu, Ga)12 Ho(Cu, Ga)12 Er(Cu, Ga)12 Yb(Cu, Ga)12 Y(Cu, Ga)12

a (Å) 8.637(3) 8.622(3) 8.612(3) 8.600(3) 8.591(4) 8.650(3) 8.610(4)
c (Å) 5.175(2) 5.175(2) 5.171(2) 5.166(2) 5.163(3) 5.151(2) 5.172(2)
V (Å) 386.0(2) 384.7(2) 383.5(2) 382.1(2) 381.1(3) 385.4(2) 383.4(3)
Z 2 2 2 2 2 2 2
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal
Space group I4/mmm I4/mmm I4/mmm I4/mmm I4/mmm I4/mmm I4/mmm
θ range (deg) 3.34–30.01 3.34–29.99 3.35–30.03 3.35–29.95 3.35–29.99 3.33–29.99 3.35–30.04
μ (mm−1) 46.534 47.268 47.936 48.692 49.452 50.139 45.81

Data collection:
Measured reflections 482 450 475 467 466 458 442
Independent reflections 190 188 188 185 187 190 188
Reflections with
I > 2σ(I )

182 183 180 180 179 183 184

Rint 0.0469 0.0422 0.0488 0.0363 0.0402 0.0557 0.0467
h −12 → 12 −11 → 12 −11 → 12 −11 → 12 −11 → 12 −12 → 12 −11 → 12
k −8 → 8 −8 → 8 −8 → 8 −8 → 8 −8 → 8 −8 → 8 −8 → 8
l −7 → 5 −7 → 5 −7 → 5 −7 → 5 −6 → 7 −7 → 5 −7 → 5

Refinement:

R1[F2 > 2σ(F2)]a 0.0277 0.0339 0.0244 0.0344 0.0279 0.0231 0.0265
wR2(F2)b 0.0651 0.0788 0.0599 0.0916 0.0638 0.0574 0.058
Reflections 190 188 188 185 187 190 188
Parameters 16 16 16 16 16 16 16

�ρmax (e Å
−3

) 2.992 1.752 1.975 2.706 1.532 1.107 1.611

�ρmin (e Å
−3

) −1.869 −2.329 −1.06 −2.978 −1.591 −1.847 −1.179

a R1 = ∑ |Fo| − |Fc|/ ∑ |Fo|.
b wR2 = [∑[w(F2

o − F2
c )]/∑[w(F2

o )2]]1/2. w = 1/[σ 2(F2
o ) + (0.0137P)2 + 2.7483P], w = 1/[σ 2(F2

o ) + (0.000 68P)2 + 2.9974P],
w = 1/[σ 2(F2

o ) + (0.0192P)2 + 10.2277P], w = 1/[σ 2(F2
o ) + (0.0000P)2 + 7.1821P], w = 1/[σ 2(F2

o ) + (0.0339P)2 + 14.2257P],
w = 1/[σ 2(F2

o ) + (0.0000P)2 + 13.2723P], w = 1/[σ 2(F2
o ) + (0.0000P)2 + 4.6790P], for Y, Gd–Er, and Yb, respectively.
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Table 2a. Selected interatomic distances for Ln(Cu, Al)12 (Å). (Note: M0 = Al or Cu.)

Ce(Cu, Al)12 Pr(Cu, Al)12 Sm(Cu, Al)12 Yb(Cu, Al)12 Y(Cu, Al)12

Ln environment:

Ln1–Al1(x8) 3.073(2) 3.062(2) 3. 0384(2) 3. 016(2) 3.020(2)
Ln1–M0(x8) 3.2427(10) 3.2352(10) 3.2201(11) 3.2017(14) 3.2040(10)
Ln1–Cu1(x4) 3.3723(10) 3.3651(10) 3.3501(5) 3.3383(7) 3.3340(10)

Cu environment:

Cu1–Cu1(x2) 2.5800(10) 2.5780(10) 2.5730(10) 2.5590(10) 2.5655(10)
Cu1–Al1(x4) 2.6972(7) 2.6906(7) 2.6765(7) 2.6626(10) 2.6632(7)
Cu1–M0(x4) 2.5643(2) 2.5597(2) 2.5499(5) 2.5409(7) 2.5389(2)

Table 2b. Selected interatomic distances Ln(Cu, Ga)12 (Å). (Note: M1 and M2 = Cu or Ga.)

Y(Cu, Ga)12 Gd(Cu, Ga)12 Tb(Cu, Ga)12 Dy(Cu, Ga)12 Ho(Cu, Ga)12 Er(Cu, Ga)12 Yb(Cu, Ga)12

Ln environment:

Ln–M1(x8) 2.9916(16) 3.0036(15) 2.9947(18) 2.9890(15) 2.983(2) 2.978(2) 2.9961(15)
Ln–M2(x8) 3.1766(11) 3.1856(12) 3.1814(14) 3.1756(12) 3.1712(15) 3.1661(17) 3.1767(12)
Ln–Cu(x4) 3.3073(13) 3.3164(10) 3.3115(10) 3.3079(10) 3.3035(10) 3.3003(13) 3.3183(10)

Cu environment:

Cu–Cu(x2) 2.5860(10) 2.5875(10) 2.5875(10) 2.5855(10) 2.5830(10) 2.5815(15) 2.5755(10)
Cu–M1(x4) 2.6475(10) 2.6550(8) 2.6503(9) 2.6468(8) 2.6428(9) 2.6397(11) 2.6514(8)
Cu–M2(x4) 2.5298(9) 2.5351(7) 2.5323(7) 2.5303(7) 2.5272(7) 2.5255(10) 2.5350(7)

probe microanalysis was performed using a JEOL JSM-
5060 scanning electron microscope equipped with an energy
dispersive spectrometer. The accelerating voltage was 15 kV
with a beam to sample distance of 20 mm. An average of 5–7
scans were performed on each single crystal. The results are
provided in table 4. After taking account of elemental analysis
results, the structures of Ln(Cu, Al)12 and Ln(Cu, Ga)12 were
carefully checked for mixed occupancy on all Cu and Al/Ga
sites, and refinements of single-crystal x-ray diffraction data
suggest that the 8j site in Ln(Cu, Al)12 and the 8i and 8j sites
in Ln(Cu, Ga)12 are occupied statistically by Cu and Al or Ga
respectively (8i will be denoted as Al1 or M1 (M1 has joint
occupancy of Cu and Ga) whereas 8j will be denoted as M0
and M2 where Cu/Al and Cu/Ga jointly occupy this position,
respectively). The structural models showed stoichiometry for
Ln:Cu:Al and Ln:Cu:Ga similar to the result from elemental
analysis. For simplicity, we will discuss the compounds as
Ln(Cu, Al)12 or Ln(Cu, Ga)12 where (Ln = Y, Ce, Pr, Sm, and
Yb for Al and Ln = Y, Gd–Er, Yb for Ga).

For all growths, ground single-crystal samples were
characterized using x-ray powder diffraction to confirm phase
purity with a Bruker AXS D8 advance diffractometer.

2.3. Physical properties

Magnetic data were collected using a Quantum Design
Physical Property Measurement System (PPMS). The temper-
ature-dependent susceptibility data were measured under
zero-field-cooled (ZFC) conditions from 2–3 to 285–300 K
under an applied field of 0.1 T for Al and Ga compounds, and
then measured upon heating to obtain field-cooled (FC) data
after cooling to 2 K under a field for Ga. Field-dependent
magnetization data were measured at 3 K with field up to
9 T. The electrical resistivity and magnetoresistance (MR) were

measured by the standard four-probe AC technique. The heat
capacity was measured by the standard adiabatic heat pulse
relaxation technique down to 0.4 K.

3. Results and discussion

3.1. Structure

The ThMn12 structure type has been well studied and has been
shown to crystallize with a general formula of Ln(TM, X)12;
Ln = rare earth, TM = transition metal, X = main group
element [15]. Herein, Ce(Cu, Al)12 will be discussed as a
general structural model for the series of rare earth aluminides
and gallides reported in this work, as only unit cell parameters
such as the a or c unit cell lengths change due to lanthanide
contraction. This pseudo-binary crystallizes in the tetragonal
I 4/mmm space group with the Ln, Cu, (Al or M1) and
M0 or M2 (M0(8j)–Cu/Al, M1(8i)–Cu/Ga, and M2(8j)–Cu/Ga
mixing) occupying 2a, 8f, 8i, and 8j sites respectively. It was
found that statistical disorder is observed on the 8j site for Al
containing compounds and the 8i and 8j sites for Ga analogues.
The degree of statistical disorder depends on the reaction ratio,
dwell times, and the lanthanide.

Figure 1(a) illustrates the Ln (Ln = Ce–Nd, Sm, Gd–Yb)
polyhedral environment; each polyhedron is comprised of eight
Cu atoms (medium yellow spheres), four Al atoms (small green
spheres, identified as M1 in Ga analogues), and eight M0 atoms
(small purple spheres, identified as M2 in Ga analogues). The
Ce environment is similar to that of SmCu4Ga8 (hexagonal),
which belongs to the family of CaCu5 structure type. M0
atoms are face sharing atoms in the polyhedron around the Ce
atom (large powder blue spheres), in which the Ce polyhedra
are corner sharing through Cu atoms. The polyhedron is
comprised of two perpendicular six-member rings which are
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Table 3a. Atomic positions and thermal parameters for
Ln(Cu, Al)12. (Note: M0 = Cu and Al.)

Atom
Wyckoff
position x y z Ueq (Å

2
)a

Ce 2a 0 0 0 0.0048(4)
Cu 8f 1/4 1/4 1/4 0.0091(4)
Al 8i 0.348 3(3) 0 0 0.0059(8)
M0 8j 0.277 1(2) 1/2 0 0.0135(10)

Pr 2a 0 0 0 0.0026(3)
Cu 8f 1/4 1/4 1/4 0.0067(4)
Al 8i 0.348 3(2) 0 0 0.0052(8)
M0 8j 0.277 69(18) 1/2 0 0.0105(9)

Sm 2a 0 0 0 0.0043(3)
Cu 8f 1/4 1/4 1/4 0.0085(3)
Al 8i 0.347 29(18) 0 0 0.0064(7)
M0 8j 0.278 70(14) 1/2 0 0.0156(7)

Yb 2a 0 0 0 0.0030(3)
Cu 8f 1/4 1/4 1/4 0.0064(4)
Al 8i 0.345 8(3) 0 0 0.0048(9)
M0 8j 0.279 4(2) 1/2 0 0.0144(10)

Y 2a 0 0 0 0.0057(5)
Cu 8f 1/4 1/4 1/4 0.0097(5)
Al 8i 0.347 0(3) 0 0 0.0070(11)
M0 8j 0.279 5(2) 1/2 0.00 0.0165(9)

a Ueq is defined as a third of the trace of the orthogonalized Uij

tensor.

coordinated about the Ce atom. Each ring is composed of
two Al and four M0 atoms. The rectangular prism of Cu
atoms is situated such that two Cu positions are set at ∼45◦
between the two perpendicular six-member rings, essentially
bi-capping the structure as shown in the figure 1(b). The
face sharing 8j sites are the locations of mixing in the ternary
phase. These sites (tables 3a and 3b), whose bond distances are
listed in tables 2a and 2b, show that this M0 position is at an
intermediate distance when compared to the Cu and Al bond
lengths, giving rise to the potential for statistical disorder on
this 8j site.

Figures 2(a) and (b) show the structural relationship
between ThMn12 and CaCu5 structure types [30] (hereafter,
ThMn12 and CaCu5 are represented as RT12 and RT5,
respectively for clarity). The relationship of the lattice
parameters has previously been described as the following:
aRT12 ≈ √

3aRT5 ≈ 2cRT5; cRT12 ≈ aRT5 ≈
aRT12/

√
3 [31, 32]. The transformation from RT5 to RT12

structure is caused by systematic substitution of a pair of T
atoms for R atoms along the c-axis from the parental RT5

structure. This can be described using the equation 2(RT5) −
R + 2T (a pair of Ts) → RT12 [33, 34]. The crystallographic
sites between the hexagonal P6/mmm RT5 and tetragonal
I 4/mmm RT12 are shown in figures 2(a)–(c).

3.2. Physical properties

3.2.1. Ln(Cu, Al)12. Figures 3–5 show the temperature
dependence of the magnetic susceptibility of single crystals
of Ln(Cu, Al)12 (Ln = Ce, Pr, Sm) measured at an applied
field of 0.1 T and the field dependence of the magnetization
at 3 K. The magnetic susceptibility for all three compounds

Table 3b. Atomic positions and thermal parameters for
Ln(Cu, Ga)12. (Note: M1 and M2 = Cu and Ga.)

Atom
Wyckoff
position x y z Ueq (Å

2
)a

Y 2a 0 0 0 0.0042(4)
Cu 8f 1/4 1/4 1/4 0.0078(3)
M1 8i 0.347 46(9) 0 0 0.0097(3)
M2 8j 0.285 74(12) 1/2 0 0.0140(3)

Gd 2a 0 0 0 0.0065(3)
Cu 8f 1/4 1/4 1/4 0.0096(4)
M1 8i 0.347 76(12) 0 0 0.0121(4)
M2 8j 0.284 86(16) 1/2 0 0.0161(4)

Tb 2a 0 0 0 0.0058(4)
Cu 8f 1/4 1/4 1/4 0.0089(5)
M1 8i 0.347 34(17) 0 0 0.0113(4)
M2 8j 0.285 3(2) 1/2 0 0.0161(5)

Dy 2a 0 0 0 0.0054(3)
Cu 8f 1/4 1/4 1/4 0.0089(4)
M1 8i 0.347 07(13) 0 0 0.0108(4)
M2 8j 0.285 90(17) 1/2 0 0.0158(4)

Ho 2a 0 0 0 0.0026(5)
Cu 8f 1/4 1/4 1/4 0.0060(5)
M1 8i 0.346 84(19) 0 0 0.0079(5)
M2 8j 0.286 1(2) 1/2 0 0.0132(5)

Er 2a 0 0 0 0.0028(4)
Cu 8f 1/4 1/4 1/4 0.0061(4)
M1 8i 0.346 64(17) 0 0 0.0076(4)
M2 8j 0.286 6(2) 1/2 0 0.0139(5)

Yb 2a 0 0 0 0.0048(3)
Cu 8f 1/4 1/4 1/4 0.0076(3)
M1 8i 0.346 38(12) 0 0 0.0089(3)
M2 8j 0.285 02(16) 1/2 0 0.0157(4)

a Ueq is defined as a third of the trace of the orthogonalized
Uij tensor.

was fitted to a Curie–Weiss equation of the following form:
χ(T ) = χ0+C/(T −θ), where C represents the Curie constant
and θ is the Weiss temperature in the paramagnetic state, and
where χ0 is a constant positive background. The effective
moments obtained from C were compared to the calculated
values using μeff = gJ (J (J +1))1/2; they are both summarized
in table 5.

The temperature-dependent magnetic susceptibility of
Ce(Cu, Al)12 in an applied field of 0.1 T is shown in figure 3(a).
The material is paramagnetic down to 3 K with no magnetic
transition. The effective moment (35–253 K) of the Ce3+
ion was determined as 2.63 μB which is close the calculated
effective moment of 2.54 μB. A negative Weiss constant, θ =
−106.6 K, indicates strong antiferromagnetic correlations. The
field-dependent magnetization is presented in figure 3(b) for
Ce(Cu, Al)12 at 3 K and shows no saturation up to 9 T.

Figure 4(a) shows the temperature-dependent magnetic
susceptibility of Pr(Cu, Al)12, measured with the magnetic
field of 0.1 T parallel to the c-axis (H ‖ c) and perpendicular
to it (H ‖ ab). Pr(Cu, Al)12, like the Ce analogue, is
paramagnetic down to 3 K for both field orientations. The
effective moment determined from the Curie–Weiss equation
for the Pr3+ ion (20–200 K) was found to be 3.26 μB for
H ‖ ab and 3.78 μB for H ‖ c. Both values agree well with the
calculated effective moment for Pr3+ of 3.54 μB. The Weiss
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Figure 1. The crystal structure of Ce(Cu, Al)12 is shown in (a), where the Ce (2a) atoms are represented with large metallic blue spheres; Cu
(8f) atoms are denoted as medium yellow spheres, Al (8i) atoms are denoted with small green spheres, and the M0 (8j) position is denoted
with small purple spheres. Dashed lines are used to show the unit cell. The local (b) Ce environment is shown depicting the two perpendicular
six-member rings with the square prismatic array of Cu atoms.

(This figure is in colour only in the electronic version)

Figure 2. (a) The relationship between RT12 and RT5 as adapted from [34]. The unit cell of (b) RT12, in which the RT5 unit cell is marked by
solid lines. The original (c) unit cell of RT5 is shown for comparison.

Table 4. Composition as obtained from electron probe microanalysis.

Ce(Cu, Al)12 Pr(Cu, Al)12 Sm(Cu, Al)12 Yb(Cu, Al)12

(Cu:Al)
compositiona

4.46(4):7.54(4) 4.65(4):7.35(4) 4.75(5):7.25(5) 4.77(8):7.23(8)

Y(Cu, Ga)12 Gd(Cu, Ga)12 Tb(Cu, Ga)12 Dy(Cu, Ga)12 Ho(Cu, Ga)12 Er(Cu, Ga)12 Yb(Cu, Ga)12

(Cu:Ga)
compositiona

5.63(11):6.37(11) 5.58(4):6.42(4) 5.53(11):6.47(11) 5.60(8):6.40(8) 5.67(13):6.33(13) 5.66(10):6.34(10) 5.36(10):6.64(10)

a Composition is normalized to lanthanide.

Table 5. Magnetic properties of Ln(Cu, Al)12 (Ln = Y, Ce, Pr, Sm, and Yb).

C θ μcalc (μB) μeff (μB) Fit range (K)

The de Gennes
factor
[(g−1)2 J (J +1)] Ordering TN (K)

Y(Cu, Al)12 — — — — — PPMa

Ce(Cu, Al)12 0.869 −106.6 2.49 2.63 35–253 0.18 PMb

Pr(Cu, Al)12 1.786 −49.9 3.54 3.78 20–200 0.80 PM (H ‖ c)
1.333 −36.4 3.54 3.26 20–200 PM (H ‖ ab)

Sm(Cu, Al)12 0.082 −26.7 0.71 0.81 10–300 4.46 AFMc 4.8
Yb(Cu, Al)12 — — — — — PPM

a Pauli paramagnetic. b Paramagnetic. c Antiferromagnetic.
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Figure 3. (a) Magnetic susceptibility (emu/mol Ce) of Ce(Cu, Al)12 versus temperature. The inset shows the inverse magnetic susceptibility.
(b) Magnetization of Ce(Cu, Al)12 as a function of field at 3 K.

a

Figure 4. (a) Magnetic susceptibility (emu/mol Pr) of Pr(Cu, Al)12 as a function of temperature is shown. The inset shows the inverse
magnetic susceptibility. (b) Magnetization of Pr(Cu, Al)12 as a function of field.

temperature for Pr(Cu, Al)12 was found to be θ = −36.5 K
and −49.9 K for H ‖ ab and H ‖ c, respectively, indicating
weakly anisotropic antiferromagnetic interactions. The smaller
value of θ in Pr(Cu, Al)12, as compared to the Ce analogue,
also implies weaker antiferromagnetic coupling. Figure 4(b)
shows the field-dependent magnetization at 3 K in both the
H ‖ ab and H ‖ c directions. A downward curvature is
observed at ∼2 T, and more dramatically for H ‖ ab, yet no
saturation is observed up to 9 T, supporting the negative values
of the Weiss constant.

The temperature-dependent magnetic susceptibility of
Sm(Cu, Al)12 is shown in figure 5(a), in an applied field
of 0.1 T. Sm(Cu, Al)12 has an antiferromagnetic transition
at TN ∼ 5 K. The effective moment for the Sm3+ ion
above 10 K, from the Curie–Weiss equation, was found to
be 0.81 μB which is close to the calculated effective moment
of 0.71 μB. The Weiss temperature for Sm(Cu, Al)12 was
found to be θ = −26.7 K. It is worth noting that the inverse
susceptibility remains linear down to 10 K which is unusual
for a Sm analogue. Deviations from Curie–Weiss behaviour
in Sm compounds are generally attributed to Van Vleck

paramagnetism. The absence of a Van Vleck contribution in
Sm(Cu, Al)12 is probably due to the spherical environment
of Sm3+ which minimizes the crystal electric field splitting.
Figure 5(b) shows the field-dependent magnetization at 3 K.
The magnetization is linear with no sign of saturation in the
field measured, up to 9 T, as expected for an antiferromagnetic
material.

The Curie–Weiss parameters and the observed and
calculated effective moment values are summarized in
table 5. These findings are in contrast to some previous
reports which show PrCu4Al8 and SmCu4Al8 to order
antiferromagnetically with TN � 15 and �25 K [19].
Multiple attempts to grow these materials stoichiometrically
were unsuccessful. It is still unclear what the source was for
the 15 and 25 K Néel temperatures previously reported for the
powder samples as the magnetic susceptibility, magnetization,
resistivity, magnetoresistance, and heat capacity of single
crystals measured here with the magnetic susceptibility for
Pr(Cu, Al)12 measured with H ‖ c and H ‖ ab showed no
ordering down to 3 K and little magnetic anisotropy.
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Figure 5. (a) Magnetic susceptibility (emu/mol Sm) of Sm(Cu, Al)12 as a function of temperature is shown. The inset shows the inverse
magnetic susceptibility. (b) Magnetization of Sm(Cu, Al)12 as a function of field.

The magnetic susceptibility is positive for both
Y(Cu, Al)12 and Yb(Cu, Al)12 and temperature independent,
which we attribute to Pauli paramagnetism (not shown).
The magnitude of χ0 = 2.9 × 10−3 emu mol−1 found
for Yb(Cu, Al)12 is consistent with the Pauli susceptibil-
ity, χPPM = 1.092 × 10−3 emu mol−1, determined from
the experimental electronic specific heat coefficient γ0 =
11 mJ K−2 mol−1, using the Wilson ratio R = (π2k2

B/g2 J (J +
1) μ2

B)χPPM/γ0 = 1. It is also close to the values of χ0 =
1.79 × 10−3 and 1.36 × 10−3 emu mol−1 obtained for the Ce
and Sm analogues respectively. The absence of Curie–Weiss
behaviour in Yb(Cu, Al)12 is a strong indication that the va-
lence of Yb is close to 2+, a conclusion also supported by the
analysis of the lattice volume evolution across the Ln series.
As can be seen in table 1a, the Yb(Cu, Al)12 analogue shows
a deviation from a Yb3+ ion in the lanthanide contraction in-
dicating at least partial occupancy of Yb2+. One would expect
for a full occupation of the Yb2+ ion that the volume of the unit
cell would be similar to that of a Sm3+ ion. With the existence
of Yb2+ ions in the crystal lattice this effectively acts to mag-
netically dilute the system such that the Pauli paramagnetism
is observed.

The electrical resistivities as a function of temperature for
single crystals of Ln(Cu, Al)12 (Ln = Ce, Pr, Sm, Yb, and
Y) are shown in figure 6. These compounds show metallic
behaviour with residual resistivity ratio (RRR) values of 3.0,
1.6, 1.6, 2.1, and 1.5 for Ce, Pr, Sm, Yb, and Y analogues,
respectively. For Pr, Yb, and Y no anomalous behaviour is
observed. Ce(Cu, Al)12 shows deviations from an expected
linear resistivity which may be attributed to some Kondo-
like behaviour from the screening of conduction electrons. In
figure 6 the inset is a blow-up of the low temperature data for
Sm(Cu, Al)12. A small kink is observed at ∼5 K, coinciding
with the AFM transition at ∼5 K observed in the magnetic
susceptibility data. The resistivity saturates below 5 K with
no indication of a reduced spin disorder scattering.

Heat capacity data were collected for Ln(Cu, Al)12 where
Ln = Ce, Pr, Sm, Yb, and Y. The Y(Cu, Al)12 analogue was
used to subtract the phonon contribution to the heat capacity

0

Figure 6. Normalized electrical resistivity of Ln(Cu, Al)12

(Ln = Ce, Pr, Sm, Yb, and Y) as a function of temperature is shown.
The inset shows a blow-up of the low temperature resistivity of
Sm(Cu, Al)12.

for the Ce, Pr, and Sm compounds. Attempts were made
to grow the La derivative, but all synthesis attempts result in
the formation of La(Cu, Al)13, a cubic phase with the NaZn13

structure. Figures 7(a) and (b) show the plots of Cp versus T
and Cp/T versus T (inset: Cp/T versus T 2). In figure 7(b)
the data provided have had the phonon contribution to the heat
capacity, as determined for Y(Cu, Al)12, subtracted.

As is clear in figures 7(a) and (b), Ce(Cu, Al)12 shows a
transition at ∼2 K. Magnetic susceptibility data were collected
down to 3 K. From consideration of the negative θW value,
it is thought that the transition in the heat capacity data is
an antiferromagnetic ordering at ∼2 K. With the absence
of antiferromagnetic ordering in the magnetic susceptibility
data and the absence of an anomaly in the heat capacity,
the previous report of TN = 5.8 K is not supported by
the single-crystal physical property measurements [21]. In
addition, analysis of the low temperature portion of the heat
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Figure 7. (a) Heat capacity versus temperature for Ln(Cu, Al)12

(Ln = Y, Ce, Pr, Sm, and Yb). (b) Electronic heat capacity C p/T as
a function of temperature; the inset shows C p/T versus T 2.

capacity shows that Ce(Cu, Al)12 is a heavy fermion, with a
Sommerfeld coefficient, obtained from a linear fit of Cp/T
versus T 2 for T < 1 K, of γ ∼ 390 mJ K−2/mol Ce,
corresponding to a mass enhancement of 39 compared to
the non-magnetic Yb analogue case. This is also supported
by the fact that the entropy at 2 K is only 0.35R ln 2, the
full magnetic entropy Smag = R ln 2 being recovered only
at 20 K. The missing entropy is probably the result of the
Kondo screening of the Ce3+ moments at low temperatures.
The temperature dependence of the resistivity also suggests
the presence of Kondo screening (see figure 6). The partial
recovery of the magnetic entropy at 2 K reinforces the notion
that the large γ value retrieved from the low temperature fit
is a signature of a heavy fermion, which is in agreement with
earlier reports [20–22].

Heat capacity data for Pr(Cu, Al)12 and Sm(Cu, Al)12 are
also presented in figures 7(a) and (b). Pr(Cu, Al)12 shows
two broad peaks in the low temperature range, Tanom ∼ 1.9

and 8.8 K. A two-level Schottky formula does not give a
satisfactory fit of the broad peak at 8.8 K. Nevertheless, this
feature might correspond to a multi-level Schottky anomaly,
since there is no indication of magnetic ordering in the
susceptibility data at this temperature. For the second peak at
the lower temperature, we cannot rule out the possibility of an
antiferromagnetic transition, since the susceptibility has only
been measured down to 3 K. From the fit of the linear low
temperature regime of Pr(Cu, Al)12 heat capacity data, Cp/T
versus T 2 for T < 0.7 K, a rather large electronic specific heat
coefficient is obtained, γ = ∼80 mJ K−2/mol Pr. This value
shows a mass enhancement of a factor of 8 as compared to
the non-magnetic Yb analogue. For the Sm analogue, a broad
peak can be seen in figures 7(a) and (b) at ∼5 K, coinciding
with the antiferromagnetic transition observed in the magnetic
susceptibility data. In addition, fits of the low temperature
regime of Cp yield γ ∼ 130 mJ K−2 /mol Sm. Heat capacity
data were collected only down to 0.9 K for this compound. The
entropy recovered at 5 K is R ln 2. It remains unclear whether
this represents the full magnetic entropy, as one would expect
R ln(2J + 1) = R ln 6 for Sm3+ in the absence of crystal field
splitting. On the basis of the spherical environment and the
absence of Van Vleck interactions, it could be asserted that the
splitting is negligible and the entropy does follow R ln(2J +1).
Following this assumption, only 39% of the expected full
magnetic entropy (R ln 6) is recovered at the transition (with
C/T integrated from 1 to 7 K), possibly due to the Kondo
screening. It is unclear at this time whether Sm(Cu, Al)12 is a
heavy electron system, or whether the Sommerfeld coefficient
is large due to the transition.

3.2.2. Ln(Cu, Ga)12. Figures 10–14 show the temperature-
dependent magnetic susceptibility of single crystals of
Ln(Cu, Ga)12 (Ln = Gd–Er) measured at an applied field of
0.1 T along the crystallographic c-axis and ab-plane. The
magnetic susceptibility of the compounds was fitted to a Curie–
Weiss equation of the following form: χ(T ) = C/(T − θ),
where C represents the Curie constant and θ is the Weiss
temperature in the paramagnetic temperature ranges (T >

50 K). The effective moments were obtained from μeff =
gJ (J (J + 1))1/2 and are summarized in table 6.

For Y(Cu, Ga)12 and Yb(Cu, Ga)12 the magnetic suscep-
tibility is positive, but negligible without the temperature de-
pendence, which is not shown here. This indicates that the
ytterbium in Yb(Cu, Ga)12 is mixed valence, consistently with
the Yb cell volume.

The temperature-dependent magnetization along the two
crystallographic directions of Gd(Cu, Ga)12 is shown in
figure 8(a) and is isotropic over the whole temperature range.
This is consistent with the fact that Gd3+ has no orbital moment
(L = 0), only spin. Therefore, the spin–orbit coupling is weak
and there is no crystal field splitting for Gd3+. The absence
of magnetic anisotropy in the Gd sample, in contrast to all
other lanthanides, may be due to the absence of crystal field
splitting for Gd3+. Gd(Cu, Ga)12 orders antiferromagnetically
at 12.5 K for both directions. The effective moments of
8.35 μB/Gd (H ‖ c) and 7.85 μB/Gd (H ‖ ab) which are
close to the calculated value of 7.94 μB for Gd3+ were obtained
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Figure 8. (a) Magnetic susceptibility (emu/mol Gd) of Gd(Cu, Ga)12 as a function of temperature is shown. The inset shows the inverse
magnetic susceptibility. (b) Magnetization of Gd(Cu, Ga)12 as a function of field.

Figure 9. (a) Magnetic susceptibility (emu/mol Tb) of Tb(Cu, Ga)12 as a function of temperature is shown. The inset shows the inverse
magnetic susceptibility. (b) Magnetization of Tb(Cu, Ga)12 as a function of field.

Table 6. Magnetic properties of Ln(Cu, Ga)12 (Ln = Y, Gd–Er, Yb).

C θ μcalc (μB) μeff (μB) Fit range (K)

The de Gennes
factor
[(g−1)2 J (J +1)] Ordering TN (K)

Y(Cu, Ga)12 — — — — — — PPMa

Gd(Cu, Ga)12 8.728 −36.32 7.94 8.35 50–260 15.75 AFMb 12.5 (H ‖ c)
7.704 −28.42 7.94 7.85 50–260 AFM 12.5 (H ‖ ab)

Tb(Cu, Ga)12 14.435 −23.45 9.72 10.74 50–260 10.5 AFM 13.5 (H ‖ c)
15.023 −83.18 9.72 10.96 50–260 AFM 13.5 (H ‖ ab)

Dy(Cu, Ga)12 14.74 −1.16 10.65 10.85 50–260 7.08 AFM 6.7 (H ‖ c)
14.502 −53.97 10.65 10.76 50–260 AFM 6.7 (H ‖ ab)

Ho(Cu, Ga)12 13.821 1.03 10.61 10.51 50–260 4.5 PMc (H ‖ c)
14.352 −28.17 10.61 10.71 50–260 PM (H ‖ ab)

Er(Cu, Ga)12 11.517 13.48 9.58 9.59 50–260 2.55 AFM 3.4 (H ‖ c)
11.535 −15.16 9.58 9.6 50–260 PM (H ‖ ab)

Yb(Cu, Ga)12 — — — — — — PPM

a Pauli paramagnetic. b Antiferromagnetic. c Paramagnetic.
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Figure 10. (a) Magnetic susceptibility (emu/mol Dy) of Dy(Cu, Ga)12 as a function of temperature is shown. The inset shows the inverse
magnetic susceptibility. (b) Magnetization of Dy(Cu, Ga)12 as a function of field.

Figure 11. (a) Magnetic susceptibility (emu/mol Ho) of Ho(Cu, Ga)12 as a function of temperature is shown. The inset shows the inverse
magnetic susceptibility. (b) Magnetization of Ho(Cu, Ga)12 as a function of field.

and the large negative Weiss constants, θ = −36.32 and
−28.42 K for the c-axis and ab-plane, respectively, indicate
strong antiferromagnetic correlations in this compound. The
field-dependent magnetization for Gd(Cu, Ga)12 at 3 K is also
isotropic with a metamagnetic transition at ∼1.5 T for both
directions as shown in figure 8(b). One would expect a lower
ordering temperature due to a systematic substitution of a
pair of T (T = Cu or Ga in this case) atoms for magnetic
Gd atoms in Gd(Cu, Ga)12. In comparison GdCu5 and
GdCu4Ga, which are isostructural to the RT5 structure type,
show antiferromagnetic transitions at 26 K with θ = 7 K and
36 K with θ = −7.4 K, respectively [35, 36].

Figure 9(a) shows the temperature-dependent magnetiza-
tion for Tb(Cu, Ga)12. A downturn at 13.5 K, which indicates
antiferromagnetic ordering, is observed for both directions.
Unlike for the Gd analogue, a clear anisotropic behaviour at
low temperatures is shown in the temperature-dependent mag-
netization of Tb(Cu, Ga)12. The magnetic susceptibility data
for Tb(Cu, Ga)12 can be fitted to a modified Curie–Weiss law
in the following form: χ(T ) = χ0 + C/(T − θ), where χ0

denotes the temperature-independent term, C represents the
Curie constant and θ is the Weiss temperature giving effective

moments of 10.74 μB/Tb (H ‖ c) and 10.96 μB/Tb (H ‖ ab)
which are close to the calculated value of 9.72 μB for Tb3+, and
large negative Weiss constants, θ = −23.45 K and −83.18 K
for the c-axis and ab-plane, respectively, indicating strong an-
tiferromagnetic correlations. The field-dependent magnetiza-
tion for Tb(Cu, Ga)12 at 3 K is also anisotropic and does not
saturate up to 9 T for both directions (figure 9(b)).

An antiferromagnetic transition at 6.7 K in Dy(Cu, Ga)12

is observed for both crystallographic directions (figure 10(a)).
The temperature-dependent magnetization of Dy(Cu, Ga)12

shows anisotropic behaviour. The data fit above 50 K yields
effective moments of 10.85 μB/Dy (H ‖ c) and 10.76 μB/Dy
(H ‖ ab) which are close to the expected value of 10.65 μB

for Dy3+, and negative Weiss constants, θ = −1.16 K and
−53.97 K for the c-axis and ab-plane, respectively, consistent
with antiferromagnetic ordering. Figure 10(b) shows the field-
dependent isothermal magnetization of Dy(Cu, Ga)12 at 3 K.
The data show anisotropic behaviour and saturation along the
c-axis.

Figure 11(a) shows the temperature-dependent magnetic
susceptibility of Ho(Cu, Ga)12, and no magnetic ordering is
observed down to 2 K for both crystallographic directions. The
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Figure 12. (a) Magnetic susceptibility (emu/mol Er) of Er(Cu, Ga)12 as a function of temperature is shown. The inset shows the inverse
magnetic susceptibility. (b) Magnetization of Er(Cu, Ga)12 as a function of field.

data fit above 50 K gives effective moments of 10.51 μB/Ho
(H ‖ c) and 10.71 μB/Ho (H ‖ ab) with large negative Weiss
constant, θ = −28.17 K along the ab-plane, indicating strong
antiferromagnetic correlations. The field-dependent isothermal
magnetization for Ho(Cu, Ga)12 at 3 K is anisotropic and
reaches the moments of 7.63 μB/Ho (H ‖ c) and 4.88 μB/Ho
(H ‖ ab), respectively (figure 11(b)).

Highly anisotropic behaviour of the magnetic suscep-
tibility for Er(Cu, Ga)12 crystal is shown in figure 12(a).
Er(Cu, Ga)12 shows an antiferromagnetic transition at 3.4 K
along the c-axis; however no magnetic ordering along the
ab-plane is observed down to 2 K. Effective moments of
9.59 μB/Er (H ‖ c) and 9.60 μB/Er (H ‖ ab) and Weiss con-
stants, θ = 13.48 K and −15.16 K for the c-axis and ab-plane,
respectively, are obtained by using a modified Curie–Weiss fit
for the paramagnetic temperature range (>50 K). The field-
dependent magnetization for Er(Cu, Ga)12 at 3 K also shows
anisotropic behaviour consistent with magnetic susceptibility
data. The magnetization of Er(Cu, Ga)12 along the c-axis,
which is an easy axis, saturates at 3 K since the easy axis is eas-
ily polarized (f electrons) under magnetic field (figure 12(b)).

The electrical resistivities as a function of temperature
for single crystals of Ln(Cu, Ga)12 (Ln = Y, Gd–Er, Yb) are
shown in figure 13. These compounds show metallic behaviour
with residual resistivity ratio (RRR) values of 4.1, 5.2, 2.3, 4.9,
3.1, 2.5, and 1.9 for Y, Gd, Tb, Dy, Ho, Er, and Yb analogues,
respectively. The inset of figure 13 shows a blow-up of the low
temperature resistivity data. There is no indication of a kink or
any anomaly at their magnetic transition corresponding to the
reduction of spin disorder scattering, which is highly unusual.
One possibility is that the scattering of conduction electrons by
4f local moments is very anisotropic and the current is applied
in the ab-plane which is not the easy axis of magnetization
for Tb, Dy, and Er. On the other hand, the downturn in the
temperature dependence of the resistivity around 30 K may
reflect the spin disorder scattering.

Figure 14(a) shows the magnetoresistance (MR = (ρH −
ρ0)/ρ0 × 100%) of single crystals of Ln(Cu, Ga)12 (Ln = Y,
Gd–Er) as a function of field at 3 K. Interestingly, large
positive magnetoresistances of 117%, 127%, 28%, 150%,

Figure 13. Normalized electrical resistivity of Ln(Cu, Ga)12

(Ln = Y, Gd–Er, Yb) as a function of temperature is shown.

105%, and 141% are observed for Y, Gd, Tb, Dy, Ho, and
Er analogues unlike the case for the RM4Al8 (R = Sc, Y, Ce,
Yb, Lu; M = Cr, Mn, Fe) compounds which show negative
magnetoresistance due to the Kondo-like interaction and spin
glass state resulting from crystallographic disorder [5]. This
positive magnetoresistance is also unusual, as most magnetic
metals have negative magnetoresistance. Since the magnetic
long-range interaction between the Ln moments is mediated
by conduction electrons, one would expect spin disorder
scattering to be suppressed below TN or by applying magnetic
field, resulting in a resistivity kink at TN or/and negative
magnetoresistance. Usually the strength of this coupling scales
as the de Gennes factor as well (figure 14(b)). In Ln(Cu, Ga)12

(Ln = Y, Gd–Er, Yb) this RKKY coupling seems to be either
very anisotropic or anomalously small, resulting in a small
negative contribution to the magnetoresistance. The observed
positive, saturating magnetoresistance is probably classical
magnetoresistance. Most interestingly, the magnetoresistance
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Figure 14. (a) MR% for Ln(Cu, Ga)12 (Ln = Y, Gd–Er) as a function of field at 3 K is shown. (b) Curie–Weiss temperature (K) as a function
of the de Gennes factor. Closed circles correspond to Ln(Cu, Al)12 and open circles to Ln(Cu, Ga)12.

of Y(Cu, Ga)12 seems to behave like those of other magnetic
analogues.

Overall, the Curie–Weiss temperatures obey the expected
scaling as a function of the de Gennes factor (g − 1)2 J (J + 1)

for Ln(Cu, Ga)12 analogues. In contrast, Ln(Cu, Al)12 does
not scale with the de Gennes factor, which is attributed to
frustration. The Ce analogue shows a large Weiss temperature
of −106.6 K, whereas the TN is only 2 K; the large difference
between the two may be indicative of magnetic frustration or
may be attributed to the Kondo effect. It is noteworthy that the
two systems, Ln(Cu, Ga)12 and Ln(Cu, Al)12, despite being
isoelectronic, and Al and Ga being in the same column of the
periodic table, have very widely different magnetic properties.

In conclusion, we have reported structural and physical
properties of single crystals of Ln(Cu, Al)12 (Ln = Y, Ce, Pr,
Sm, and Yb) and Ln(Cu, Ga)12 (Ln = Y, Gd–Er, Yb) adopting
the ThMn12 structure type. Crystallographic refinements
of single-crystal x-ray diffraction data for Ln(Cu, Al)12

(Ln = Y, Ce, Pr, Sm, and Yb) suggest that the 8j site
is occupied statistically by Cu and Al, and those for
Ln(Cu, Ga)12 (Ln = Y, Gd–Er, Yb) suggest that 8i and 8j
sites are occupied statistically by Cu and Ga. Ln(Cu, Al)12

(Ln = Sm) and Ln(Cu, Ga)12 (Ln = Gd, Tb, Dy, and Er)
exhibit antiferromagnetic ordering at low temperatures. In
addition, Ce(Cu, Al)12 shows heavy fermion characteristics,
with Pr(Cu, Al)12 and Sm(Cu, Al)12 showing enhanced mass
behaviour.
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