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ABSTRACT: LnCu2(Al,Si)5 (Ln = La and Ce) were synthesized and characterized. These
compounds adopt the SrAu2Ga5 structure type and crystallize in the tetragonal space group
P4/mmm with unit cell dimensions of a ≈ 4.2 Å and c ≈ 7.9 Å. Herein, we report the
structure as obtained from single crystal X-ray diffraction. Additionally, we report the
magnetic susceptibility, magnetization, resistivity, and specific heat capacity data obtained for
polycrystalline samples of LnCu2(Al,Si)5 (Ln = La and Ce).

■ INTRODUCTION
The search for and understanding of materials that exhibit
exotic behavior derived from complex, competing, or emergent
phenomena begins with identifying the unifying characteristics
of these materials. When searching for materials with
competing ground states, such as Kondo screening and
antiferromagnetism, where heavy electron metallic behavior
and unconventional superconductivity can be found, it is
obviously productive to explore Ce, Yb, and U containing
compounds.1−8 Heavy fermion behavior is commonly
associated with Ce compounds and is characterized by an
anomalously large Sommerfeld coefficient, γ, which para-
metrizes the electronic contribution to the specific heat
capacity which is typically of the form C = γT + βT3. The
overwhelming majority of Ce compounds contain Ce in a
formal +3 valence state and order antiferromagnetically at low
temperatures, whereas Yb containing phases more commonly
exist in either the +2 and/or +3 oxidation states.
The unconventional superconductivity associated with

quantum criticality discovered in the CenMIn3n+2 (M = Co,
Rh, or Ir; n = 1 or 2) phases has generated intense interest in
finding novel highly correlated electron systems.1,2,9 Further
exploration and understanding of this system and its low-
temperature behavior would be enhanced if an isostructural
phase could be stabilized with M = Pd to investigate how the
addition of one valence electron would perturb the ground
state. Such an isostructural phase was not found; instead this
research led to the discovery of a new compound. The
antiferromagnetic (TN = 5 K) heavy fermion compound,

CePdGa6 (γ ≈ 230 mJ/mol K2 mol as T → 0 and 400 mJ/mol
K2 mol T > TN),

4,10 was grown from excess Ga flux and
crystallizes with a variant of the SrAu2Ga5 structure type.11

Following this work, the structurally related intermetallic
Ce2PdGa12 was discovered and orders antiferromagnetically at
11 K, and shows moderately enhanced charge carrier mass with
γ > 70 mJ/K2 mol.10 The discovery of these two new
antiferromagnetic phases with enhanced mass behavior
warranted the growth of both the Ni- and Cu-containing
phases to investigate the effects of varying the transition metals
on the structural stability and physical properties.12,13 We found
that the latter lanthanides form α − LnNiGa4 (Ln = Y, Gd−Yb)
and β − LnNi1‑xGa4 (Ln = Tb−Er),14 SmCu4Ga8,

15 and
Ln(Cu,Ga)12 (Ln = Y, Gd−Er, and Yb).16 In any case, the Ni or
Cu analogues were not found to adopt the SrAu2Ga5 structure
type.14,15,17,18

Exploration of similar phase spaces using an Al flux resulted
in the growth of LaNi1+xAl6‑x

19 and more recently
CePd1‑xAl6‑x.

20 The disorder in these compounds occurs on
the same Wyckoff site that is observed to disorder in the parent
phase, SrAu2Ga5. Density functional theory (DFT) calculations
reveal the stabilization of LaNi1+xAl6‑x in this structure type may
arise from the optimization of Al−Al and Al−Ni contacts in
LaNi1+xAl6‑x and valence electron count of 19.68 electron/f.u.19

This is in good agreement with CePdGa6 (∼ 21 e−/f.u.),4

SrAu2Ga5 (∼ 19 e−/f.u.),11 and CePd1‑xAl6‑x (∼ 19.5 e−/f.u.)20
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While working on compounds in the Ln−Cu−Al phase space
(Ln = La and Ce) and searching for highly disordered Cu/Al
compounds, we have serendipitously grown pseudoternaries of
LnCu2(Al,Si)5 (Ln = La and Ce) which crystallize in the
SrAu2Ga5 structure type. Herein we report the synthesis,
magnetic, transport, and thermodynamic properties of the new
compounds LnCu2(Al,Si)5 (Ln = La and Ce).

■ EXPERIMENTAL SECTION
Synthesis. Flux Growth Synthesis. Single crystals of Ce-

Cu2(Al,Si)5 were grown in the presence of excess Al flux.21 Ce (3N
chunks), Cu (3N powder), Si (5N powder), and Al (5N pellets) were
used as received (Alfa Aesar) and loaded into an alumina crucible with
a reaction ratio of 1:2:0.1:10 for Ce:Cu:Si:Al, respectively. The
crucible was placed into a fused silica tube along with silica wool which
was used as a filtering medium, and the contents were evacuated
(0.05−0.07 mmHg) and sealed. The charged vessel was loaded into a
furnace and heated to a dwell temperature of 1200 °C for 72 h at 250
°C/h. Samples were slowly cooled to 1000 °C at a rate of 2 °C/h at
which the cooling rate was doubled to 4 °C/h to a final dwell
temperature of 720 °C, upon which the samples were centrifuged to
separate crystals from the Al flux. Single crystals of CeCu2(Al,Si)5 were
found growing off the surfaces of single crystals of Ce(Cu,Si,Al)4.
The successful growth of LaCu2(Al,Si)5 was performed using the

following conditions: La (3N chunks), Cu, Si, and Al were loaded into
an alumina crucible with a reaction ratio of 1:2:1:5, respectively. The
sample was heated to 1150 at 300 °C/h for 24 h. The sample was
cooled to 720 °C at a cooling rate of 4 °C/h upon which the sample
was centrifuged to remove the excess Al flux. Small (<0.5 mm × 0.5
mm × 0.05 mm) plate-shaped crystals were grown. Once again the
BaAl4 structure type, La(Cu,Al,Si)4, impurity was observed. All of the
above-mentioned reaction experiments were motivated by prior
experiments where the incorporation of silicon from the silica wool
was observed in single crystals that were grown while exploring the
Ln−Cu−Al phase space. In all growths, silver-colored metallic crystals
were retrieved via etching in NaOH (1−3 M) until excess aluminum
was removed and subsequently cleaned with 10% HNO3. These flux-
free single crystals were observed to be air stable. The crystal
morphology for both analogues is best described as plate-like.
Arc Melt Synthesis. Samples were prepared via arc-melting in an

ultrapure Ar atmosphere employing Zr as an oxygen getter. The Ln,
Cu, and Al constituent elements (same purities as mentioned above)
were melted first, the resulting button was then turned over, and the Si
pieces were then incorporated. Finally, each button was subsequently
flipped and remelted three times to ensure homogeneity. Mass losses
for the La and Ce analogues were 0.17% and 0.01%, respectively. Both
samples were then annealed at 750 °C for 3 weeks.
Single Crystal X-ray Diffraction. Crystals of LaCu2(Al,Si)5 and

CeCu2(Al,Si)5 obtained from flux growth were cut to suitable sizes for
data collection (≤0.05 mm × 0.05 mm × 0.05 mm) and mounted onto
separate glass fibers using epoxy. They were then mounted onto the
goniometer of a Nonius KappaCCD X-ray diffractometer equipped
with Mo Kα radiation (λ = 0.71073 Å). Crystallographic parameters
for LnCu2(Al,Si)5 (Ln = La and Ce) are provided in Table 1. SIR97
was employed to give a starting model, SHELXL97 was used to refine
the structural model, and the data were corrected using extinction
coefficients and weighting schemes during the final stages of
refinement.22,23 Based on lattice parameters and the initial refinements,
our starting structural model was found to be similar to CePdGa6

4,10

with LnCu2(Al,Si)5 (Ln = La and Ce) crystallizing in the SrAu2Ga5
structure type.11 However, refinement of the 2h (4mm) Wyckoff
position assuming full main group element occupancy (Al), as
observed in CePdGa6, resulted in a model with an abnormally small
anisotropic displacement parameter (ADP). Modeling the 2h Wyckoff
position as having mixed occupancy of Cu and Al resulted in more well
behaved ADP. This same type of disorder was observed for both
LnNi1+xAl6‑x

19 and LnPd1+xAl6‑x.
20 Additionally, both Al and Si are

found to be disordered on the 4i (2mm) Wyckoff site, resulting in a
structural model that converged with small final difference residual

peaks and well behaved ADPs. Selected interatomic distances are
presented in Table 2, and atomic positions and ADPs are provided in
Table 3. These tables reflect the structural models obtained after
mixing the occupancy of the 2h and 4i positions. We note that the
lattice parameter for the c-axis of CeCu2(Al,Si)5 is slightly larger than
that of LaCu2(Al,Si)5. However, the volumes conform to the expected
lanthanide contraction. Futhermore, multiple single crystal X-ray
diffraction collections for both analogues showed this result was
reproducible. The results for the most highly redundant data collection
have been reported in Tables 1−3.

Powder X-ray Diffraction. Powder X-ray diffraction patterns were
obtained using a Bruker AXS D8 Advance diffractometer (Cu Kα
radiation, λ = 1.54056 Å) to determine the purity of the annealed
polycrystalline samples. To more fully investigate the phase purities,
high-resolution synchrotron powder diffraction data were collected at
ambient temperatures using the 11-BM beamline (λ = 0.413262 Å) at
the Advanced Photon Source located at Argonne National
Laboratory.24 Data points were collected over a 2θ range of 2°−50°

Table 1. Crystallographic Parameters for LaCu2(Al,Si)5 and
CeCu2(Al,Si)5

a

formula LaCu2(Al,Si)5 CeCu2(Al,Si)5

a (Å) 4.221(1) 4.204(2)
c (Å) 7.916(2) 7.926(5)
V (Å3) 141.04(6) 140.08(13)
Z 1 1
refined composition LaCu1.96(16)Al4.04(16)Si CeCu1.95(10)Al4.05(10)Si
cryst syst tetragonal tetragonal
space group P4/mmm P4/mmm
θ range (°) 2.55−34.97 2.55−37.04
μ (mm−1) 15.45 16.02
data collection
measured reflns 3584 3584
indep reflns 228 226
reflections with I > 2σ(I) 227 226
Rint 0.020 0.017
h −6 − 6 −6 − 6
k −4 − 4 −4 − 4
l −12 − 12 −12 − 10
refinement
bR1[F

2 > 2σ(F2)] 0.024 0.012
cwR2(F

2) 0.056 0.039
parameters 14 14
GOF 1.32 1.21
extinction 0.276(18) 0.192(5)
Δρmax (eÅ−3) 1.98 0.76
Δρmin (eÅ−3) −2.45 −0.48
aw = 1/[σ2(Fo

2) + (0.0344P)2 + 0.1307P] and w = 1/
[σ2(Fo

2)+(0.0181P)2 + 0.2080P] for La and Ce, respectively. bR1 =
∑∥Fo| − |Fc∥/∑|Fo|.

cwR2 = [∑[w(Fo
2 − Fc

2)]/∑[w(Fo
2)2]]1/2.

Table 2. Selected Interatomic Distances (Å) for
LaCu2(Al,Si)5 and CeCu2(Al,Si)5

LaCu2(Al,Si)5 CeCu2(Al,Si)5

Ln−Ma rectangular prisms
Ln−M (x8) 3.2083(7) 3.1944(14)
M−M (x4), c-axis 2.3533(19) 2.338(2)
M−M (x4), ab-plane 4.221(1) 4.204(2)
Cu−Xa rectangular prisms
Cu−X (x8) 2.5133(8) 2.5110(11)
X−X (x4), c-axis 2.729(2) 2.747(2)
X−X (x4), ab-plane 2.9847(7) 2.9727(14)

aM = Cu/Al and X = Al/Si.
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with a step size of 0.001°. Rietveld refinements conducted using the
GSAS and EXPGUI programs were employed to generate optimized
models of the observed powder patterns for LnCu2(Al,Si)5 (Ln = La
and Ce).25,26 The refined models of LaCu2(Al,Si)5 and CeCu2(Al,Si)5
obtained from the single crystal X-ray diffraction experiments were
employed as starting models in order to fit the data obtained from the
11-BM beamline. The histograms and the results of the Rietveld
refinements are shown in Figure 1. For clarity, only a select 2θ range is

shown. At low angles minor impurity peaks were resolved; however,
attempts to model these impurity peaks were unsuccessful. The phase
purity of LaCu2(Al,Si)5 was estimated to be greater than 95% by
comparing the ratio of the most intense peak (∼ 1300 counts) of the
impurity phase to the most intense peak (∼100 000 counts) of
LaCu2(Al,Si)5. The results for phase purity of CeCu2(Al,Si)5 were
determined to be roughly the same. The lattice parameters and the
discrepancy factors obtained from refinement can be seen in Table 4.

These lattice parameters are slightly different from those obtained
from single crystal X-ray diffraction. Because the Cu/Al occupancies of
the 2h Wyckoff positions for both analogues are within error when
comparing the results of the single crystal and powder diffraction
models, certain experimental variables such as differing growth
conditions, sample manipulation, and different experimental analysis
(in-house single crystal X-ray diffraction compared with high-
resolution synchrotron powder diffraction) could lead to these slight
changes in the lattice parameters. Attempts to grow polycrystalline
LnCu2Al5 on stoichiometry resulted in the formation of LnCuAl3,
again indicating Si is critical to phase stabilization of LnCu2(Al,Si)5
(Ln = La and Ce).

Elemental Analysis. Energy dispersive X-ray spectroscopy (EDS)
experiments were conducted using a Hitachi S-3600N Variable
Pressure scanning electron microscope equipped with an energy
dispersive spectrometer. The accelerating voltage was 15 kV with a
beam to sample distance of 15 mm. Four crystals, each of which were
scanned three times resulting in 12 total compiled data points, were
used to determine composition for CeCu2(Al,Si)5. For the
LaCu2(Al,Si)5 sample, a small aggregate of single crystals was selected
and a total to 10 data points collected on separate single crystals in the
aggregate were used to determine composition. The results of the
elemental analysis showed that Cu to Si ratio was 2 to 1 when
normalized by the at.% Ln. The elemental composition for each
compound were found to be La1.00(2)Cu1.95(6)Al4.14(7)Si0.97(3) and
Ce1.00(2)Cu1.96(4)Al4.08(4)Si0.95(3). In light of these findings, the starting
model obtained for single crystal X-ray diffraction for both analogues
was inspected for mixed occupancy of Cu and Al in a fashion similar to
the mixing observed in EuAu2Ga5 and SrAu2Ga5.

11 It is worth noting
that Cu/Al and Al/Si mixing has been previously observed in
Ln(Ag,Al,Si)2 (Ln = Ce and Gd),16 LnAlSi (Ln = La, Ce, Pr, Nd, Sm
and Gd), LnAl2Si2 (Ln = Eu and Yb), and Ln2Al3Si2 (Ln = Tb, Dy, Ho,
Er, and Tm).27

Physical Properties. In light of a small amount of impurities
(Ce(CuAl,Si)4) on the single crystals after mechanical separation,
polycrystalline samples of LaCu2(Al,Si)5 and CeCu2(Al,Si)5 were used
for physical property measurements. Magnetic data were collected

Table 3. Atomic Positions and ADPs for LnCu2(Al,Si)5 (Ln = La, Ce)

atom Wyckoff position x y z occupancy Ueq (Å
2)a

La 1a 0 0 0 1.0 0.00656(19)
Cu 1b 0 0 1/2 1.0 0.083(2)
Cu/Al (M) 2h 1/2 1/2 0.14864(12) 0.482(8)/0.518(8) 0.0068(3)
Al/Si (X) 4i 0 1/2 0.32761(14) 0.75/0.25 0.0100(3)

Ce 1a 0 0 0 1.0 0.00615(10)
Cu 1b 0 0 1/2 1.0 0.00740(13)
Cu/Al (M) 2h 1/2 1/2 0.14752(8) 0.477(5)/0.523(5) 0.0064(2)
Al/Si (X) 4i 0 1/2 0.32670(10) 0.75/0.25 0.01003(16)

aUeq is defined as 1/3 of the trace of the orthogonalized Uij tensor.

Figure 1. High-resolution X-ray diffraction powder patterns and
Rietveld refinements of LaCu2(Al,Si)5 (above) and CeCu2(Al,Si)5
(below). The black cross, red fit line, green line, and blue line
correspond to the observed data, calculated model, background fit, and
difference curve, respectively.

Table 4. Crystallographic Parameters for LnCu2(Al,Si)5 (Ln
= La and Ce) obtained from Rietveld Refinement

formula LaCu2(Al,Si)5 CeCu2(Al,Si)5

a (Å) 4.218328(4) 4.195367(3)
c (Å) 7.933527(11) 7.913732(9)Å
V (Å3) 141.1720(3) 139.291(1)
Z 1 1
refined composition LaCu2.04(26)Al3.96(26)Si CeCu2.06(24)Al3.94(24)Si
aRp 0.065 0.065
bRwp 0.091 0.080
cRexp 0.045 0.042
dχ2 4.16 3.72

aRp = ∑|Yo − YC|/∑Yo.
bRwp = [M/∑w(Yo

2)]1/2. cRexp = Rwp/(χ2)
1/2. dχ2 = M/Nobs − Nva.
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using a Quantum Design Magnetic Property Measurement System
(MPMS). The temperature-dependent susceptibility data were
measured under field cooled (FC) conditions between 2.25 and 400
K for CeCu2(Al,Si)5 under an applied field of 1 T. Field-dependent
magnetization data were measured between 5 and 20 K with applied
fields up to 5 T. The electrical resistivity measurements for both
samples were conducted on bar-shaped polycrystalline samples using a
Quantum Design Physical Property Measurement System (PPMS).
Specific heat capacity data for LnCu2(Al,Si)5 (Ln = La and Ce) were
obtained down to liquid 3He temperatures using the PPMS.

■ RESULTS AND DISCUSSION
Synthesis. As part of our motivation to synthesize the Cu

analogue of CePdGa6 with Al, single crystals of CeCu2(Al,Si)5
were grown. Silicon was initially introduced into the reaction
from the silica wool filtering material at high temperatures.
Subsequent growths were carried out with the following
reaction ratios: (1) 1:2:0.1:10, (2) 1:2:0.5:10, and (3) 1:2:2:10
for Ce:Cu:Si:Al, which resulted in the growth of (1)
CeCu2(Al,Si)5 and Ce(Cu,Al,Si)4, (2) CeCu2(Al,Si)5 and
Ce(Cu,Al,Si)4, and (3) Ce(Cu,Al,Si)4 for the aforementioned
reaction ratios. The presence of both phases, CeCu2(Al,Si)5 and
Ce(Cu,Al,Si)4, was confirmed by both X-ray powder diffraction
and single crystal X-ray diffraction. The stabilization of a phase
adopting the BaAl4 structure type may be expected due to the
structural similarities between the SrAu2Ga5 and BaAl4
structure types.11,19 Attempts were made to mechanically
separate the crystal morphologies. CeCu2(Al,Si)5 crystals grow
as thin plates protruding from the surface of the Ce(Cu,Al,Si)4
impurity. Small fragments of pure CeCu2(Al,Si)5 can be easily
cleaved for single crystal X-ray diffraction. The mechanical
separation of larger fragments for physical property measure-
ments resulted in small amounts of the impurity phase
remaining on the small single crystals of CeCu2(Al,Si)5.
Multiple attempts to grow the La analogue were completed

with similar synthetic conditions used for the growth of
CeCu2(Al,Si)5. Under these conditions, only La(Cu,Si,Al)4
formed. The growth of LaCu2(Al,Si)5 was realized with
stoichiometric flux growth conditions. Small (<0.5 mm3)
crystals were grown. Once again the BaAl4 structure type,
La(Cu,Al,Si)4, impurity was also observed. In light of the
presence of Ln(Cu,Al,Si)4 (Ln = La and Ce) remaining on the
small single crystals of LnCu2(Al,Si)5 (Ln = La and Ce) cleaved
for physical property measurements and the inability to avoid
the impurity phases, samples were prepared via arc-melting. X-
ray powder diffraction patterns obtained from preannealed
polycrystalline samples again indicated the presence of both
LnCu2(Al,Si)5 (Ln = La and Ce) and Ln(Cu,Si,Al)4 (Ln = La
and Ce) impurities. Subsequent annealing resulted in >95%
LnCu2(Al,Si)5 (Ln = La and Ce), suitable for physical property
measurements.
Structure. The SrAu2Ga5 structure type has been shown to

crystallize with a range of compositions that more closely
resemble the general formula LnM2‑xX5+x where x can have
values up to 1 when M = Pd and X = Ga.4,11,19,20 Herein,
CeCu2(Al,Si)5 will be discussed as the general structural model
for both analogues, LaCu2(Al,Si)5 and CeCu2(Al,Si)5. The
pseudoternary CeCu2(Al,Si)5, as shown in Figure 2, crystallizes
in the P4/mmm space group (no. 123) with lattice parameters
of a = 4.204(2) Å and c = 7.926(5) Å, and the Ce, Cu, M, and
X (M = Al/Cu and X = Al/Si) atoms occupying the 1a, 1b, 2h,
and 4i Wyckoff position, respectively. The structure can be best
described as a stacking of rectangular prisms in alternating face/
edge sharing arrangements rotated by 45° with respect to the

other along the crystallographic c direction. The local
environment of Ce (1a) can be described as a face-sharing 8-
coordinate rectangular prismatic environment (CeM8/4, M =
Cu and Al) where the local environment of Cu (1b) can be
described similarly as an edge-sharing rectangular prismatic
environment (CuX8/2, X = Al and Si).
In SrAu2Ga5 the 2h position is equally occupied by Ga and

Au.11 In a similar fashion we observe a nearly equal distribution
of Cu and Al atoms on this position in CeCu2(Al,Si)5.
Additional disorder was observed with Al and Si jointly
occupying the 4iWyckoff position. It is worthwhile to note that
several synthetic attempts were made to grow Si free single
crystals, all of which resulted in the growth of undesired phases.
Both the 2h and 4i positions were checked for Si occupancy,
but only mixing the occupancy of the 4i position with Si led to
a stable structural model. It is difficult to refine structural
models as obtained from X-ray diffraction, and obtain
quantitative data relating to the chemical composition when
constituents differ by only one atomic number (Si and Al).
Therefore, the model was adjusted to reflect the composition of
Si that resulted from EDS measurements; Cu was refined
separately from the EDS results and independently reflected
the values obtained from the EDS experiments. The final model
resulted in a composition that was consistent with the
elemental composition found by EDS. Ce to M (M = Cu/
Al) distances agree well with other compounds that share a
similar disorder of Cu and Al mixing. Ce−Cu/Al distances in
CeCu2(Al,Si)5 of 3.1944(14) Å agree well with previously
reported distances observed in Ce(Cu,Al)12 and CeCuAl3 of
3.2427(10) Å and 3.245(12) Å, respectively.18,28 Cu−Al/Si
distances in the title phase of 2.5110(11) Å agree well with
distance found in related CuSi and CuAl containing phases
[Ce(Cu,Al)12 − 2.6972(7) Å, CeCu2Al3 − 2.5893(1) Å,
CeCu2Si2 − 2.415, and CeCuSi − 2.4479(8) Å].18,29−31

Figure 2. Crystal structure of CeCu2(Al,Si)5 is shown. Ce (1a) atoms
are represented with large light green spheres, Cu (1b) atoms are
denoted as medium light blue spheres, Al/Cu (2h) atoms are denoted
as M in small gray spheres, and Al/Si (4i) atoms are denoted as X in
small gray spheres. Dashed lines show the unit cell. The local 8
coordinate Ce environment is shown as a light green translucent
rectangular prism with the 8 coordinate Cu local environments
depicted as a translucent light blue rectangular prism.
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Physical Properties. The temperature-dependent magnetic
susceptibility of CeCu2(Al,Si)5 in a field of 1 T is shown in
Figure 3. The modified Curie−Weiss equation was used to fit

the magnetic susceptibility data from 20−400 K where χ(T) =
χ0 + C/(T − θW), C represents the Curie constant, θW is the
Weiss temperature, and χ0 represents the temperature-
independent contributions to the magnetic susceptibility due
to the Pauli paramagnetism and Larmor diamagnetism. The χ0,
C, and θW parameters obtained from this fit can be viewed in
the inset table of Figure 3. These terms were used to generate
the red line to extrapolate the Curie−Weiss form to lower
temperatures for comparison to the magnetic susceptibility.
The inset in Figure 3 shows that the data diverge from this
form below 10 K. Furthermore, the magnetic susceptibility data
deviate to higher values compared to the red curve, which is
indicative of ferromagnetic correlations between magnetic
moments. The χ0 value obtained from the modified Curie−
Weiss fit was subtracted from the raw magnetic susceptibility
data and the inverse of χ − χ0 is plotted on the right axis of
Figure 3. A linear fit to these data from 20 to 400 K was
performed in an attempt to extract more accurate C and θW
values. The effective moments obtained from C were compared
to the calculated values using μeff = gJ[J(J + 1)]1/2. We note that
CeCu2(Al,Si)5 displays paramagnetic behavior down to 2.25 K
and Curie−Weiss behavior above 20 K. The magnetic moment
of 2.24(1) μB/mol Ce is somewhat lower than the expected
moment of 2.54 μB/mol for a free Ce3+ ion. The observation of
a somewhat smaller effective moment in CeCu2(Al,Si)5 was
also observed for the related phase, CePd1+xAl6−5.

20 A positive
Weiss constant, θW = 1.8(4) K, indicates weak ferromagnetic
interactions in contrast to the Weiss temperature that results
from the fitting procedure above. This indicates that the Weiss
temperature is small and that our fitting of a Curie−Weiss form
to the susceptibility does not result in an accurate

determination of the Weiss temperature. Therefore, we have
scaled the field-dependent magnetization data to more
accurately determine the θW as presented below.
The field-dependent magnetization up to 5 T at 5, 7, 9, 11,

15, and 20 K ia presented in Figure 4 for CeCu2(Al,Si)5. The

magnetization data above 10 K are linear and show no sign of
saturation whereas the data at 5, 7, and 9 K show a tendency
toward saturation at high fields as expected for a paramagnet.
Figure 5a and b show the field-dependent magnetization curves
vs H/T and H/(T − 2 K), respectively. As can be seen in
Figure 5b, the data overlap and scale nicely when 2 K is
subtracted from the sample temperatures. This again is
suggestive of weak ferromagnetic correlations between the
magnetic moments and reinforces the positive Weiss temper-
ature, θW ≈ 2 K, obtained from Curie−Weiss fits of χ − χ0.
The magnetocaloric effect is a promising refrigeration

technology that utilizes the changes in magnetic entropy
when a magnetic field is applied.32 The magnetic entropy
change can be approximated from a series of magnetic
isotherms with ΔSm = Σi(Mi+1 − Mi)/(Ti+1− Ti)ΔHi, where
Mi and Mi+1 are magnetizations at temperatures Ti and Ti+1,
respectively.33 CeCu2(Al,Si)5 shows a modest ΔSm of −5 J/kg
K at 5 K for a field change of 0−5 T and decreases with
increasing temperature as expected for a paramagnet. For
comparison, a common magnetocaloric material for this
temperature region is Gd3Ga5O12 which shows a ΔSm of −24
J/kg K under similar conditions.34

The electrical resistivity as a function of temperature for
LnCu2(Al,Si)5 (Ln = La and Ce) is shown in Figure 6. Metallic
behavior is observed down to 2 K for both analogues. The
resistivity of most metals is linear in temperature for T > θD,
where θD is the Debye temperature and is an estimate of
highest frequency phonon modes. The high temperature
resistivity is roughly linear in temperature down to ∼50 K,
which is indicative of a small Debye temperature (see below).
The resistivity of LaCu2(Al,Si)5 at low T approaches a constant
value indicating the reduction of phonon scattering and
signaling the dominance of simple impurity and defect
scattering. By comparison, CeCu2(Al,Si)5 displays a much
more temperature-dependent resistivity. The differences with
the resistivity of LaCu2(Al,Si)5 indicate that conduction
electron/Ce f-electron scattering is likely cause. The resistivity

Figure 3. Magnetic susceptibility, χ = M/H (emu/mol), of
CeCu2(Al,Si)5 as a function of temperature measured under an
applied field of 1 T is shown on the left axis, and inverse magnetic
susceptibility, 1/χ − χ0 = H/M (mol/emu), as a function of
temperature is shown on the right axis. The χ0, C, and θW parameters
obtained from a modified Curie−Weiss fit to the susceptibility can be
viewed in the upper inset of this figure. A graph comparing the Curie−
Weiss fit to magnetic susceptibility can be seen in the lower right inset.

Figure 4.Magnetization (M) of CeCu2(Al,Si)5 as a function of applied
field (H) at 5, 7, 9, 11, 15, and 20 K.
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between 2 K and higher is similar to the behavior observed for
CeMg3,

35 Ce3Ni2Ge7,
36 Ce2Ni3Ge5,

36 and Ce3Ni7As5,
37 and can

be attributed to the interplay between the Kondo effect and
crystalline electric field effects. Between 5 and 14 K a
decreasing ρ with T is observed and when plotted in the
inset of Figure 6, ρ as a function of lnT displays linearity
indicating a Kondo mechanism, although the T-range is limited
(6 K < T < 13 K). The peak in resistivity data for CeCu2(Al,Si)5
around 5 K and a sudden drop in resistivity are likely related to
the onset of a magnetic transition where the alignment of the
magnetic moments reduces the spin disorder scattering.
The specific heat capacity (Cp) of LnCu2(Al,Si)5 (Ln = La

and Ce) is shown in Figure 7. A magnetic contribution in Cp of
CeCu2(Al,Si)5 as signaled by the deviation from the heat
capacity of LaCu2(Al,Si)5, is observed below 10 K. This is

followed by a sharp peak at 2 K signifying a phase transition
that closely coincides with θW obtained from fits to the
magnetic susceptibility data. Fits of Cp/T vs T2 data for
LaCu2(Al,Si)5 and CeCu2(Al,Si)5 were performed to extract the
β and γ coefficients. The values for β and γ obtained from these
fits for LaCu2(Al,Si)5 [CeCu2(Al,Si)5] were found to be equal
to 0.442 mJ/mol K4 [0.457 mJ/mol K4] and 12.34 mJ/mol K2

[24.53 mJ/mol K2]. The Debye temperature for both analogues
was calculated using the formula, θD

3 = (234·n·kB)/β where n is
the density and kB is Boltzmann’s constant. The calculated
Debye temperatures for LaCu2(Al,Si)5 and CeCu2(Al,Si)5 are
163 and 162 K, respectively. Because the Debye temperatures
for LaCu2(Al,Si)5 and CeCu2(Al,Si)5 are nearly equivalent, the
magnetic heat capacity divided by temperature (Cm/T) for
CeCu2(Al,Si)5 (Figure 8) could be determined by subtraction
of the phonon contribution to heat capacity by the non-

Figure 5. Magnetization (M) curves vs field divided by temperature (H/T) (a) and M vs H/(T − 2 K) to demonstrate scaling of the magnetization
data (b).

Figure 6. Temperature-dependent electrical resistivity (ρ) for
LnCu2(Al,Si)5 (Ln = La and Ce). The inset shows a linear fit of ρ
vs lnT for CeCu2(Al,Si)5 from 6 to 13 K.

Figure 7. Heat capacity (Cp) for CeCu2(Al,Si)5 and LaCu2(Al,Si)5 as a
function of temperature (T).
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magnetic LaCu2(Al,Si)5 analogue. The magnetic entropy, Smag,
as a function of temperature was determined by integrating Cm/
T and is shown in Figure 9. The expected entropy, Smag =

Rln(2S + 1) with S = 1/2, is completely recovered from the
lowest temperatures measured to the onset of the transition,
around 10 K. It is interesting to again note that the onset of the
deviation of the magnetic susceptibility data for CeCu2(Al,Si)5
from Curie−Weiss behavior occurred at around 10 K (This can
be seen as the red curve in Figure 3.). With the entropy
associated with the transition in Cm being in good agreement
with the entropy expected for a magnetic transition, it is
reasonable to assert that the transition at 2 K is due to a
magnetic ordering of Ce atoms. Furthermore, the positive θW
and the nice scaling of the field-dependent magnetization by

the subtraction of 2 K to the temperature also suggest that this
transition is ferromagnetic in nature (Figure 5a and b).

■ CONCLUSIONS
Single crystals of LaCu2(Al,Si)5 and CeCu2(Al,Si)5 were grown
by the flux growth technique and subsequent phase pure
polycrystalline samples were prepared by arc melting of the
constituent elements in stoichiometric ratios and annealing.
Single crystals of both LaCu2(Al,Si)5 and CeCu2(Al,Si)5 were
characterized by single crystal X-ray diffraction and composi-
tion was determined by EDS. The polycrystalline samples were
characterized by powder X-ray diffraction, using both in-house
equipment and the synchrotron source at APS. We have shown
that the magnetic susceptibility of CeCu2(Al,Si)5 is para-
magnetic down to the lowest temperature measured, T = 2.25
K. The Curie−Weiss analysis and magnetization scaling suggest
that magnetic correlations for CeCu2(Al,Si)5 become relevant
at 10 K and are likely ferromagnetic (θW = 2 K). This is
supported by the heat capacity data where a transition was
observed to peak at 2 K. In addition, the low-temperature
transport behavior of CeCu2(Al,Si)5 is consistent with
incoherent Kondo scattering interactions at high temperatures.
Thus, our data indicate that CeCu2(Al,Si)5 has a somewhat
enhanced carrier mass, γ ∼ 25 mJ/mol K2, and likely undergoes
a ferromagnetic transitions at 2 K, placing it among only a
handful of ferromagnetic Ce compounds.16,38−40 The occur-
rence of ferromagnetism in a Ce compound displaying distinct
features of Kondo screening at higher temperatures may be
indicating an underscreened or undercompensated Kondo
lattice, which has been predicted and experimentally shown to
result in the formation of a singular Fermi liquid. Measurement
of the electrical transport of CeCu2(Al,Si)5 at lower temper-
ature is thus of interest to explore this possibility.41−44
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