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Systematic investigations of rare-earth (R)-based intermetallic materials are a leading strategy to reveal the
underlying mechanisms governing a range of physical phenomena, such as the formation of a Kondo lattice and
competing electronic and magnetic anisotropies. In this work, the magnetic, thermal, and transport properties
of RCo,Alg (R = La, Ce, Pr, Nd, and Sm) single crystals are presented. LaCo,Alg is characterized as a Pauli
paramagnet, and transport measurements, with the current along and perpendicular to the orthorhombic c-axis (o,
and p,p, respectively), reveal a clear electronic anisotropy, with p,, & (4-7)p. at 300 K. We show that CeCo,Alg
is a Kondo lattice for which the Kondo coherence temperature 7y, deduced from broad maximums in p, and o
at ~68 and 46 K, respectively, is also anisotropic. This finding is related to a possible underlying anisotropy of
the Kondo coupling in CeCo,Alg. The Pr- and Nd-based materials present strong easy-axis anisotropy (c-axis)
and antiferromagnetic (AFM) orders below 7' = 4.84 and 8.1 K, respectively. Metamagnetic transitions from this
AFM to a spin-polarized paramagnetic phase state are investigated by isothermal magnetization measurements.
The Sm-based compound is also an easy-axis AFM with a transition at 7 = 21.6 K.

DOI: 10.1103/xcvn-4drj

I. INTRODUCTION

The physical properties of rare-earth (R)-based intermetal-
lic materials encompass a broad phenomenology ranging
from, among others, heavy fermion behavior, superconduc-
tivity, and magnetism. Rich phase diagrams are found in
the case of heavy fermion materials, reflecting the coexis-
tence of energy scales competing for the material ground
state. The formation of the heavy fermion state is due to
the local hybridization between the rare-earth-derived 4 f and
conduction electrons, and it is more often realized in Ce- and
Yb-based materials. This hybridization leads to the formation
of a Kondo lattice, characterized by a many-body coherence
temperature 7', below which the localized and itinerant states
are entangled in a liquid of heavy carriers [1-5].

The key to understanding heavy fermions is to disentangle
the contributions from distinct degrees of freedom—Iattice
and electronic—which is usually accomplished by system-
atic investigations of the physical properties of a particular
series. Indeed, for a given structural type, it is paramount to
seek examples of non-moment-bearing (La-, Lu-, and Y-based
materials), pure local moment (Pr-, Nd-, and Gd-Tm-based
materials), and hybridizing (Ce- and Yb-based materials, and
sometimes Pr-, Sm-, and Eu-based materials) R-based in-
termetallics. This need for a comprehensive set of physical
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properties is well exemplified by material series like RNi,Ge,
[6], RNi,B,C [7-9], RAgSb, [10,11], RPtBi [12,13], and
RM2ZII20 [14]

An ongoing topic of investigation in this field is the interac-
tion between the Kondo lattice and the magnetic anisotropies.
Indeed, the local hybridizations leading to the Kondo lattice
are set by large energy scales that may compete with the crys-
talline electric field (CEF)-determined anisotropy. This is well
illustrated by the “hard-axis” ordering phenomenology, where
magnetic order develops along the (CEF-determined) hard-
axis of magnetization in Kondo materials [15—-18]. Moreover,
the subject motivates the pursuit of first-principles theoretical
approaches to understanding CEF effects and the search for
new anisotropic Ce-based materials [19,20].

Recently, attention has been devoted to 1-2-8 R-based
materials adopting the CaCo,Alg-type orthorhombic crys-
tal structure (space group Pbam). In this structure, the R
cations are organized along chains in the c-axis, with the R-R
distances being smaller along the c-axis than the distances
observed when the structure is projected onto the ab-plane.
In particular, some gallides (RM,Gag, where M is a transi-
tion metal) have shown interesting physics, such as magnetic
quantum critical behavior observed in NdFe,Gag [21,22] and
an axial Kondo lattice in CeCo,Gag [23-26]. In the latter
case, an axial Kondo chain is evidenced by a strong anisotropy
of the resistivity (o), which shows a broad maximum (about
17K, characterizing 7§ for this material) only for measure-
ments along the c-axis (p.). For measurements along a and
b, p keeps going up at low temperatures in a way that is
reminiscent of the single ion Kondo effect (incoherent Kondo

©2025 American Physical Society
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scattering). This phenomenology suggests that the underly-
ing 4f-conduction electrons hybridization is anisotropic in
this material. The CeCo,Gag magnetic properties are also
anisotropic, with the c-axis identified as the easy-axis. The c-
axis was also identified as the easy-axis for PrFe,Gag [27] and
PrRu,Gag [28]. As for the vast majority of R-based materials,
the magnetic anisotropy is likely set by crystalline electric
field (CEF) effects [25].

The RM,Gag materials thus display anisotropic elec-
tronic and magnetic properties. CeCo,Gag, in particular,
showcases an example of coexisting hybridization and
CEF-determined anisotropies. A good number of R-based
aluminides (RM,Alg) also adopt the CaCo,Alg-type or-
thorhombic structure. Early explorations of these materials
focused on samples in polycrystalline form [29-31] un-
til recently, when the growth of single crystals from
an Al-rich ternary composition was reported [32,33].
Our paper is dedicated to the physical properties of
RCoAlg (R = La, Ce, Pr, Nd, and Sm) single crystals.

We start showing that LaCo,Alg is a simple Pauli para-
magnet that displays a clear electronic anisotropy, which is
characterized by a large anisotropy in resistivity (o) measure-
ments. Indeed, at T = 300K, we found that p,,/p. & 4-7,
where p. and p,, are, respectively, the resistivity measured
with the current along and perpendicular to the orthorhombic
c-axis. We then investigated CeCo, Alsg.

Previously, the formation of a Kondo lattice in CeCo,Alg
was deduced based upon the observation of a broad maximum
in p(T) measurements of polycrystalline samples [29], but
this was not observed in CeCo,Alg single crystals [32]. The
status of CeCo,Alg as a Kondo lattice thus requires clarifica-
tion. Here, we show that CeCo,Alg is an anisotropic Kondo
lattice system for which 7§, deduced from broad maxima in
pe and pgp (TI;C and T, respectively), assumes different
values, with T¢, ~ 68K and T¢ , ~ 46 K. This finding is
examined in light of the proposed Kondo chain in CeCo,Gas.

We then investigate PrCo,Alg and NdCo,Als. PrCo,Alg
was shown to be a strong easy-axis antiferromagnetic (AFM)
material [28]. Our experiments confirm this property of the
Pr-based material and adds that NdCo,Alg is also a strong
easy-axis AFM material. Moreover, we show that PrCo,Alg
undergoes two consecutive AFM transitions. For both mate-
rials, applying a magnetic field (H) along the c-axis induces
metamagnetic transitions from the AFM state to a high field
polarized paramagnetic phase state at relatively low H. The
T versus H phase diagrams for the samples are constructed
based upon magnetization [M(H, T)] measurements. The
Sm-based material was previously described as a Pauli para-
magnet (where Sm would assume a 2+ valence) [32]. Here,
we show that it is a moment-bearing compound with an AFM
transition, Ty ~ 22 K.

II. METHODS

Motivated by previous work [32], RCo,Alg single crystals
(R = La, Ce, Pr, Nd, and Sm) were obtained from an Al-rich
ternary composition (1:2:20). A total amount of about 3.5 g
of reactants was weighted and placed in a Canfield crucible set
(CCS) [34,35]. Guided by the methods explained elsewhere

[34], the heat treatment was slightly modified to obtain phase
pure single crystals: from room temperature (RT), the reac-
tants were heated for 6hto 7 = 1180 °C. The mixture was left
at this temperature for 24 h and then slowly cooled down to
T = 900°C at arate of 2 °C/h, at which point the growth was
taken out of the furnace and spun to segregate the flux from
the crystals. The samples thus obtained were rodlike in shape,
with a typical size about 2-3 mm in length with a cross sec-
tion of about 1x1 mm. Larger crystals, about 1 cm in length
[see the inset in Fig. 1(b)], could be obtained by either of the
two methods: (i) cooling down the melt from 7 = 1180°C ata
slower rate of 1 °C/h, or (ii) growing the crystals in a two-step
process; first cooling the melt to 1025 °C and decanting, which
promotes the removal of any oxide slags that can serve as
unwanted nucleation sites. This makes the solution more pure.
Then, secondly, larger crystals could be obtained by taking the
materials that were decanted at 1025 °C, resealing and heating
to 1100 °C, and cooling to 900 °C over 150 h.

We have observed that when attempting to grow RCo,Alg
single crystals with heavier lanthanides (Gd-Tm), we obtained
a new phase: R,CogAl;9, whose preparation and detailed
physical properties will be the subject of a separate report.
Indeed, as exemplified by phases containing Ce-Co-Al, Pr-
Co-Al, and Nd-Co-Al [36-38], many ternary R-Co-Al phases
are possible.

Pieces of the obtained samples were selected, crushed, and
passed through a 90 um sieve to obtain a fine powder to
perform powder x-ray diffraction (XRD) experiments. A com-
mercial tabletop Rigaku Miniflex x-ray diffractometer was
employed for the XRD experiments. The GSAS2 software
[39] was used to analyze the powder profile and check the
crystallographic phase. The crystal orientation was checked
by Laue diffraction experiments. We could clearly distinguish
the crystallographic c-axis (the axis along the rod length) but
not the a- and b-axes, due to the formation of twins in the ab
plane. As a consequence of this, all anisotropic data are given
only as parallel to the identified c-axis and perpendicular to
the identified c-axis. This means that we are not able to study
any possible in-plane anisotropy in this system.

Magnetization (M) measurements [as a function of H
and T, M(H), and M(T), respectively] were performed in
commercial SQUID magnetometers from Quantum Design.
Measurements were performed down to 7 = 1.8 K and fields
as high as puoH =7 T. Experiments were performed with
the applied field either along the c-axis (denoted H ||c)
or perpendicular to the c-axis directions (denoted H || ab).
For all samples, zero-field-cooling (ZFC) and field-cooling
(FC) M(T') measurements were performed, and no notable
differences were found. In this paper, we present the ZFC
measurements.

Heat capacity, C,(T), and electrical transport measure-
ments were performed in a commercial Dynacool Physical
Property Measurement System (PPMS) from Quantum De-
sign. In the case of the La- and Ce-based system, the
electrical transport was characterized adopting two config-
urations, namely the current parallel and perpendicular to
the c-axis (denoted p, and p,p, respectively). For the other
R-based materials, the electrical transport was characterized
only for the current parallel to the c-axis.
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FIG. 1. (a) Black squares: LaCo,Alg powder XRD experimental
data, powder profile refinement (thick red line), background fitting
(thick green line), and difference pattern (thick blue line) obtained
with an Ryp = 11.2%. (b) Structural model of the CaCo,Alg-type
orthorhombic crystal structure (space group Pbam). R atoms are
represented by red spheres, Co atoms by blue spheres, and Al atoms
by yellow spheres. Some key structural features are highlighted by
the model: (i) the R-chains along the c-axis and the skewed triangular
lattice in ab-plane formed by the R atoms, (ii) the Co coordination
structure by the Al atoms, and (iii) the cagelike structure around the
R sites. In the inset, we show a large CeCo,Alg single crystal (see
Methods), about 1 cm in length along the c-axis. (c) Unit-cell volume
of the RCo,Alg materials as a function of R, as obtained by Rietveld
refinement of the powder XRD data (typical Rwp ~ 11.0-12.0%,
error bars are of the order of the point size).

III. RESULTS AND DISCUSSION

A. Crystal structure and LaCo,Alg physical properties

Powder XRD data were collected for all RCo,Alg (R =
La, Ce, Pr, Nd, and Sm) materials. The resulting diffraction
patterns were refined assuming the previously reported data
from single-crystal diffraction experiments [32] (space group
Pbam), providing a good description of experimental data.

The lattice constants assume typical values as ¢ ~ 4.0 A,
a~120 A, and b~ 140 A. Figure 1(a) present the
LaCo,Alg powder XRD data (black circles) and refinement
results (red and blue thick lines). The quality of the data
analysis is representative of the series.

In Fig. 1(b), the refined structure is represented. Focusing
first on the structural features related to the R atoms (red
spheres), it can be observed that along the c-axis, the R atoms
are organized along somewhat isolated chains. The model also
highlights the cagelike structure formed around the R site,
which is reminiscent of what is found in intermetallic cagelike
materials. Considering the structure projected in the ab plane,
the sublattice formed by the R atoms is a motif containing
skewed triangles for which AFM interactions might be some-
what frustrated. The Co-Al polyhedra show that there are no
direct R-Co contacts, and thus the role of the hybridization
between the R-derived orbitals and the Co-derived 3d orbitals
is negligible. The Co atoms are coordinated by nine Al atoms,
and the typical Co-Al distances are less than the sum of the
Co and Al metallic radii, suggesting a significant covalent
character of the Co-Al bond. This feature weakens the Co
magnetism, as is demonstrated by the Pauli-paramagnetism
of the LaCo,Alg crystal shown in Fig. 2(a). Thus, RCo,Alg
magnetic properties are dominated by those of the trivalent
R-ions.

Figure 1(c) shows the unit-cell volume, obtained from the
powder XRD refinement along the series, and the results are
in good agreement with the single-crystal refinement [32].
Whereas there is a clear Lanthanide contraction, the unit
cell for CeCo,Alg appears to be somewhat lower than would
be expected, suggesting some possible degree of tetrava-
lent nature, or perhaps more accurately, some degree of
hybridization.

Assuming the partitioning of the electronic (localized 4 f
electrons plus conduction electrons) and lattice degrees of
freedom of the other RCo,Alg materials, LLaCo,Alg can thus
be rationalized as a suitable reference material to obtain the
4 f-electron contributions to physical properties of the other
R-based materials. We thus investigate the LaCo, Alg magneti-
zation, electrical transport, and heat capacity (C,). Turning to
measurements of physical properties, Fig. 2(a) presents data
on the LaCo,Alg single-crystalline sample. The LaCo,Alg
magnetization M as function of 7', obtained with an applied
field woH of 0.1 T, is presented in Fig. 2(a). We define
the system susceptibility, x, as M/H. The results are nearly
T-independent, as expected for a Pauli paramagnet, and the
observed value is 22 x 10™* emu/mol Oe.

Resistivity (p) measurements (current || c-axis and ||ab-
plane, denoted as p. and p,p, respectively) are presented in
Fig. 2(b) for 2 < T < 300 K. Metallic behavior with resid-
ual resistivities of about p, ~ 8—10 u2 cm and p,p & 40-55
u€2 cm are observed at 7 = 2 K. Similarly, a factor in between
~4-7 is observed for p,y/p. at T = 300K, characterizing a
strong electronic anisotropy.

Room-temperature resistivity ratio (RRR) parameters be-
tween ~5 and 6 were obtained, similar to what we observed
for the other R-based materials. Resistivity measurements
were performed for three samples (po.) and two samples (o),
each with its own error bar. In the former case, typical di-
mensions for the distance between the electrodes (L) were
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FIG. 2. LaCo,Alg physical properties. (a) x as a function of T
obtained for uoH = 0.1 T, for H along the c-axis (H || ¢) and in the
ab plane (H || ab). (b) p. and p,, as a function of 7', in the interval
2 < T < 300K. (c) C, as a function of T. The inset presents C,/T"
as a function of 7', which displays a broad peak about 7 = 25K (see
the main text). (d) C,/T as a function of T? in a limited T-range. A
reference line (solid blue line) marks the extrapolated value of C,/T
asT — 0.

~(0.8—1.1 mm, and the cross-section area (A) was in be-
tween ~0.18 and 0.20 mm?. In the latter case, measurements
were executed with values in between L ~ 0.4-0.6 mm and
A ~ 0.25-0.30 mm?. For p,;, the actual measurements differ
by a factor of about ~1.6, and we also present the average
between the two curves to be inspected in connection with the
estimated error bars.

The C, data as a function of T are presented in Fig. 2(c).
From now on, we shall denote by C§ the heat capacity of the
R-based material. No sign of a phase transition was observed
down to T = 1.81K, as previously reported [29]. The CIE*‘
data assume an almost constant value in the low-7" region.
Indeed, in the simplest approximations, it is expected that C,
at sufficiently low-7" should be modeled as C,/T = y + BT?,
where y is the Sommerfeld coefficient, connected with the
conduction electrons, and 8 is a constant connected with the

Debye (phonon) contributions to C,. The adequacy of this
model is investigated in the upper inset of the figure, wherein
we plot C}I;a/ T3 as a function of 7.

A broad peak at about 25K is observed. Such a contribu-
tion is reminiscent of a low-frequency nondispersive phonon,
usually paraphrased as a “rattling mode” of the R atoms inside
a cagelike structure. This vibration is connected with good
potential for thermoelectric applications in cagelike materials
such as skutterudites and clathrates [40—43]. These modes are
modeled, in first approximation, by an Einstein contribution to
the heat capacity which contains a single parameter: the Ein-
stein temperature Og. A peak about 25 K in the heat-capacity
data is associated with ®g ~ 125 K. Whereas this number
stands out as a rather low-frequency optical vibration, vibra-
tions as low as &1 GHz (=5 K) were already characterized for
rattlers in skutterudite materials [44].

Figure 2(d) plots C/T versus T2 for 0 < T? < 30K.
Whereas the data for 72 < 25K are well approximated by
the Debye model with ¥ ~ 18.2(5) mJ/mol K? and g“* ~
0.45(2) mJ/mol K2, for T2 > 25 this is not the case. This
is most likely associated with the low-lying Einstein mode
discussed above.

The y'* was obtained per mol of formula unit, and
it is then close to ~1.5 mJ/mol K> per atom, as ex-
pected for simple metals, i.e., our estimate for y'* does
not suggest enhancement of the quasiparticle mass. In-
deed, the ratio between the Pauli-like response and y'?
(2x107*/y emu K?/mJ) is ~1.24x10° (emu K?/mJ) close
to 1.37148x10° (emuK?/mJ) deduced for a simple free-
electron gas [45]. Overall, LaCo,Alg is a Pauli paramagnet
that can be adopted as a “nonmagnetic” reference material
for the RCo,Alg (R = Ce, Pr, Nd, and Sm) compounds. This
said, we should note three important points. First, similar
Einstein modes should exist for the other (R = Ce, Pr, Nd,
and Sm) members of the RCo,Alg family. We do not know
the exact value of their Einstein temperatures, but given
the lanthanide contraction, it will probably shift in some
monotonic manner. Second, even with this uncertainty, the
LaCo,Alg C,, data remain a good nonmagnetic analog for sub-
traction from the other RCo, Alg materials because even with a
possible small shift in Einstein temperature, the total entropy
change over a wide temperature range will be well modeled
by the LaCo,Alg. Third, as such, we will not be able to use
the typical low-T heat-capacity model to extract values for y
and B for the other RCo,Alg compounds.

B. The Kondo lattice CeCo,Alg

In Figs. 3(a)-3(c), the magnetic properties of CeCo,Alg
are presented. Magnetization measurements were made for
woH =0.1T for H || c and H || ab. In Fig. 3(a), x is pre-
sented and the magnetic response is clearly anisotropic, with
the c-axis being the easy axis of magnetization. As mentioned
earlier, twins were observed in the ab plane, and therefore
measured quantities for which H || ab are, to a certain ap-
proximation, averages between results expected with H || a or
b. From now on we identify quantities obtained in measure-
ments with H either parallel to c or to ab by their respective
subscripts. When necessary, we shall also adopt a label R to
denote a quantity associated with the R-based material.
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FIG. 3. CeCo,Alg physical properties. (a) The CeCo,Alg x. and
Xab- In the inset, we present the inverse of ()u» — Xap,) and (x. —
Xc)- The dashed blue lines represent the CW fitting (obtained for
T > 150K) of the data. (b) On the left and right axis, respectively,
xS and (xS — x0)~! are presented. The dashed black line repre-
sents the inverse CW fitting of the data (obtained for 7 > 150 K).
(c) Isothermal magnetizations obtained for H || ¢ and H || ab at
T =1.8K. (d) CeCo,Alg p. and p,, as a function of T for a
number of single crystals. (e) The Ce 4f contribution to resistivity
(pafce = Pce — PLa) as a function of T in a log scale for the two
different directions. The vertical blue line marks the maxima of p4¢ e,
which we adopt as an estimate to 7, = 68K and T, = 46 K.
Note that average values of the respective resistivity curves were
used. (f) CeCo,Alg and LaCo,Alg heat capacity. The inset shows
in detail the C, vs T? at low-T. (g) The magnetic entropy con-
tribution (AS) of CeCo,Alg and some reference values (solid blue
lines).

A Curie-Weiss (CW)-like behavior is observed for x.
down to T = 15K, below which a tendency for satura-
tion is observed. This is reminiscent of the formation of
an enhanced Pauli-like response of coherent heavy carriers
(contributed by the Ce 4f states) in Kondo-lattice systems.
Along the ab-plane, x., has a weaker T-dependence,
and it also tends to saturate at low-7. In the inset of
Fig. 3(a), we present the inverse of x. and yx,, subtracted by
o =2x107* emu/mol Oe, which is the LaCo,Alg Pauli-like
response. We then fit the data (in the 7 > 150K region) to
an inverse CW expression to obtain the Curie-Weiss constants
6 = —1.6(5)K and 05 = —267(4)K.

To estimate the effective moments and the energy scale
of the interactions, we adopt a CW description of the poly-
crystalline average of x, denoted by xa.. Assuming that
Xap 1S an average between x, and y,, we define xa. as
Xave = (Xc + 2xap)/3- In Fig. 3(b), we present xay. (left axis)
and (Xae — X0)~ ' (right axis). We performed the CW fit-
ting of (Xave — x0)~' (for T > 150K) and obtained uSs =
2.43(1) pp and 65, = —68(2). The value of 1SS corresponds
to 0.96 of the full value expected for the Ce’* cations
(2.57up), suggesting that the Ce-derived moments are well
localized in the 7 > 150 K region. Being negative, Og&, sug-
gests AFM interactions.

For both directions, there is a clear upturn in x at low-T,
which may suggest a paramagnetic impurity in the sample
or the onset of magnetic order. This is further investigated
by isothermal magnetization measurements at 7 = 1.81 K—
H || ¢ and H || ab—presented in the inset of Fig. 3(a). The
results clearly suggest that the system is not magnetically
ordered at this temperature.

Motivated by the anisotropy of CeCo,Gag electronic prop-
erties and the proposal of an axial Kondo lattice in the
material, we measured p©¢ with the current parallel and per-
pendicular to the c-axis. In Fig. 3(d), p. and p,, for the
Ce-based material are presented. As is observed, o is also
marked by a significant anisotropy and by broad maxima
suggesting the formation of a Kondo lattice. At T = 300K,
Pab/ Pc 1s about 5. We applied the same procedure used for the
La samples to the Ce samples. The resistivity was measured
in both directions across multiple single crystals as shown in
the figure.

As a way to estimate the contribution of the Ce-derived
4f states to the CeCo,Alg transport properties, we show
in Fig. 3(e) pffe = p — p? . For a better comparison, we
magnify the p. data, multiplying them by a factor of 3 as
indicated in the figure. The p$f° curves were obtained from the
averages of the p©° and p'* presented in Figs. 3(d) and 2(b),
respectively. Broad resistivity maxima are observed at clearly
distinct positions, based upon which we define anisotropic
Kondo coherence temperatures (7y) of about 7y . ~ 68K
and T¢ , ~ 46 K. Our findings suggest the emergence of
anisotropic heavy quasiparticles due to the formation of a
Kondo lattice in CeCo,Alg. The RRR obtained for CeCo,Alg
is about &5, similar to the LaCo,Alg case [see Fig. 2(b)]. By
inspection, one observes that pc. o is about five times pce ¢ at
T =300K.

Electronic correlations and the presence of heavy carri-
ers are further investigated in Figs. 3(f) and 3(g), where
we present the CeCo,Alg specific-heat data and analysis. In
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Fig. 3(f), the CeCo,Alg C, data are presented alongside those
of LaCo,Alg. No sign of a phase transition is observed down
to T = 1.81K, as previously reported [29]. In comparison
with the La-based material, a systematic and clear entropy
excess in the Ce-based system is observed, in particular in
the low-T region. In the inset, C,/T data are presented as a
function of T2 for both materials. A clear upturn, reminiscent
of a Kondo system, possibly close to quantum criticality, is
observed in Cge at low-T as previously observed in the case
of polycrystalline samples [29]. We can estimate the low
temperature < as being between 173(3) mJ/mol K? (from
the extrapolation of the linear part of C,,/T versus T? to zero)
and 337(5) mJ/mol K? (from the lowest temperature value
measured). As such, CeCo,Alg is a moderate heavy Kondo-
lattice system.

Having in mind the caveat related with the presence of
the low-lying optical phonon in LaCo,Alg, we examine an
estimate for the CeCo,Alg magnetic heat capacity, which we
obtain from Cglig = Cge - C[I;a. We then integrate ngg /T to
calculate the magnetic contribution to the CeCo,Alg entropy
variation AS up to 300 K. This is presented in Fig. 3(f). As
observed, AS only shows a tendency for saturation at high-T,
and the saturation value is about Rx In(4) only close to 300 K.
If we take one of the conventional estimates of the ther-
modynamic Kondo temperature (7x), namely when magnetic
entropy reaches Rx In(2), we can estimate Tx ~ 36 K.

For an alternate estimate of Tk, one can inspect the inset
of Fig. 3(e) and conclude that ngg is underestimated for
T < 1.81K, because of the CpCe upturn in this region. It is
then likely that an entropy amounting to R x In(4) is recovered
for T < 300K. Thus, by adopting the generalized relation
yceTK = Rx In(4) [14] one finds Tx =~ 70K, in good agree-
ment with 7 .. This expression assumes that two low-lying
CF doublets hybridize to form the Kondo state.

From our experiments and analysis, one can deduce the for-
mation of a coherent Kondo lattice featuring moderate heavy
quasiparticles in CeCo,Als. The electronic and magnetic
properties of the system are anisotropic and, most strikingly,
the deduced Kondo coherence temperatures are anisotropic,
with a difference of about 22K between Ty . and Ty . Our
findings support a scenario wherein Kondo coherent scatter-
ing is first achieved along the c-axis whereas in a relatively
broad T-interval the Kondo scattering in the ab plane re-
mains incoherent, reminiscent of the single ion Kondo effect.
Moreover, in view of our results for LaCo,Alg, the Kondo
anisotropy in CeCo,Alg is likely an effect that derives from
the conduction electrons, not necessarily related with the local
hybridizations.

There is no clear qualitative difference between CeCo,Alg
and CeCo,Gag. The materials are isoelectronic and the struc-
tural parameters are in close similarity, which renders similar
Ce-Ga and Ce-Al distances. Sample quality, as determined
from RRR, is also similar. Moreover, the resistivity anisotropy
at 300K is also comparable [24,26]. In CeCo,Gag, p. peaks
about 17K whereas no coherence peak is observed for ei-
ther p, or p, down to 2K. This, and results from optical
spectroscopy experiments, supports the proposal of an axial
Kondo chain in this material [25,26]. In view of our find-
ings for CeCo,Alg, it is possible that a coherence peak in

pq and p, may exist also in CeCo,Gag, but it is delayed
to lower temperatures. The synthesis of LaCo,Gag single
crystal and the investigation of its transport properties is
certainly highly desirable to understand how analogous the
situation is.

C. PrCo,Alg and NdCo,Alg

We now inspect, in turn, the Pr- and Nd-based materials.
We start with the former. y measurements [Fig. 4(a)] display
our key findings about this material: it is a strong easy-axis
magnet presenting AFM order. From the H || ¢ data, a Neél
temperature (Ty) of Ty = 4.84 K can be deduced. In the inset,
this subject is investigated in detail. We present high statis-
tics measurements for d(T x.)/dT about Ty = 4.84 K, which
adds some complexity to our findings. The data display two
putative AFM transitions, which we shall call AFM phase
I and 1[I, taking place at Ty; =4.84K and Ty, =4.71K,
respectively. Multiple magnetic transitions were also observed
in other orthorhombic Pr-Co-Al ternaries, such as PrCoAly
[37,46,47].

In Fig. 4(b), we analyze the inverse of x. and x,,. As re-
cently reported for this same material [28] and other Pr-based
materials adopting the CaCo,Alg-type structure [27,31], xa_b'
deviates strongly from the expected CW behavior. This devia-
tion was attributed to excited CF levels lying about this energy
scale. In Fig. 4(a), close inspection shows that indeed yx,; has a
broad peaklike structure (a “belly”), suggesting that only data
in the high-T region should be considered for CW fittings. We
then perform the inverse CW fitting for 7 > 225 K obtaining
0. = 59(3)K and 6,, = —631(10) K.

In Fig. 4(c), left axis, we present y,ve. T0 estimate Mepfff and
Qg{,v, we first noticed that 1/x,. contains a clear deviation
from linear behavior. This is most likely a manifestation of
the fact that we are not performing a proper polycrystalline
average but rather using x,, as a proxy for the, average, in-
plane susceptibility. The fact that we still see a CEF feature
in our polycrystalline average suggests that there is actually
sizable in-plane magnetic anisotropy. We thus adopted a CW
fitting only in the 7 > 225K region, and we use the fitting
to extract a constant paramagnetic contribution xo, which,
due to a Van Vleck term, is not the same as the LaCo,Alg
contribution. Then, the linear CW fitting of the ()ave — X0) ™'
data was performed again in the restricted 7 > 225 K region.
This is shown in the right axis of Fig. 4(c), and the fitting is
represented by the black dashed line. Based on this procedure,
pht =3.82(5)up and 65y = —47(2)K are estimated. The
effective moments are very close to the theoretical value for
Pr3t cations (3.57p), but it is an overestimation. From QE{N,
a large frustration parameter f = |fcw/Tn| =~ 10 is deduced.
The ;Lgfrf value may indicate some contribution from Co that
may become magnetically polarized due to the Pr presence.
It has to be noted, though, that because the polycrystalline
average data so clearly violate CW-behavior, our values of
6o and pfh should be viewed as more qualitative than
quantitative.

The properties of the AFM state are further investigated
by isothermal magnetization measurements. Results at 7 =
1.81K for H || ¢ (upper panel) and H || ab (lower panel)
are presented in Fig. 4(d). A metamagnetic transition from
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FIG. 4. PrCo,Alg magnetic properties. (a) x data obtained for
uoH = 0.1 T with H || ¢ and H || ab. Strong easy-axis anisotropy
is observed. The measurement with H along the c-axis suggests
an AFM transition at 7y = 4.84 K. The inset shows in detail the
behavior of d(T x)/dT close to the transition temperature, and two
transitions are observed (Ty; = 4.84K and Ty, = 4.71 K). (b) The
inverse of y, and x,, subtracted by x,. The dashed blue lines
represent the CW fitting (obtained for 7 > 225 K) of the data. Re-
spectively On the left and right axis, respectively, xave and (Yae —
X0)~! are presented. The solid black line represents the inverse CW
fitting of the data (T > 225 K). (c) On the left and right axis, respec-
tively, Xave and (Xae — Xo)~ ! data are presented (see the main text
for a definition of x;). The solid blue line represents the inverse CW
fitting of the data (7" > 225 K). (d) Isothermal magnetization curves
(T = 1.81K) obtained with H || ¢ (upper panel) and H || ab (lower
panel). (e) Representative isothermal magnetizations for distinct tem-
peratures obtained with H || c. The data show clear metamagnetic
transitions from a low-field AFM state to a high-field spin-polarized
PM phase. The inset shows the dM/duoH derivatives from which
we determine the critical field for the field-induced metamagnetic
transition. The inset also shows that at some intermediate 7', two
inflections are observed in dM/d uoH .

a low-field AFM state to a high-field spin-polarized param-
agnetic (PM) state is observed at about ~0.9 T for H || c.
The saturation value is ~3.14 ug/f.u., very close to what is
expected for a ||4) singlet CF ground state. Indeed, in the

case of Pr3t cations, which are non-Kramers (J =4), the
degeneracy of the CF levels can be completely removed. In the
case of PrCo,Alsg, in view of the low Pr point group symmetry
(m2), the CF scheme should feature only singlets and dou-
blets and possibly pseudodoublets, which denote two nearby
singlets.

For H || ab, a spin rotation transition is observed and in-
duced by a relatively small field. By comparing the values of
the magnetization at 1.81 K and uoH = 5 T for the two field
directions, the magnetic anisotropy in PrCo,Alg is about ~32.

In Fig. 4(e), we explore the temperature dependence of
the metamagnetic transition, presenting some representative
isothermal magnetization curves, obtained for H || ¢, in the
interval 1.81 < T < 5K. In the inset, we show the field
derivative of the isothermal magnetization (dM/duoH). We
adopt that a peak in the derivative identifies the critical field
at which the metamagnetic transition takes place. As can
be observed, above the base temperature [for instance for
T =2.75K, red circles in Fig. 4(e)], the saturation moment
is reached after two peaks of the derivative. We associate
the low-field peak with a transition from AFM 17 to AFM [
and the second peak with a transition to the high-field spin-
polarized PM phase. For low-T measurements (7" < 2.5 K),
only one critical field is observed. We thus conclude that at a
certain T and H, the transitions to the AFM [ and /I phases
coalesce in a single transition line [see Fig. 5(f)].

The PrCo,Alg C, (denoted C;r) is presented in Fig. 5(a)

alongside the LaCo,Alg reference data. The inset shows CE‘ in
the vicinity of the values of the putative AFM transition tem-
peratures. It clearly shows the two transitions at 7Ty; = 4.84 K
and Ty, = 4.71 K.

We investigate the total entropy associated with the mag-
netic ordering in Fig. 5(b). In all cases, the magnetic entropy
is estimated by adopting C;a plus a renormalization factor,
which accounts for the mass difference between La and the
relevant R atom. This renormalization factor is ©F/©L?,
where ©F is the Debye temperature determined from Cllf.
The magnetic heat capacity is then obtained as Cyx®p/
®]]3a — CII;"‘ [48]. In the PrCo,Alg case, (-DPDr and @Iﬁa were
estimated from two methods: assuming the validity of the 7
Debye law at low-T and by fitting a Debye function plus an
optical contribution in some selected T -intervals (to test the
fitting stability) between 15 and 75 K. The renormalization
factors thus obtained ranged from 1.04(2) and 1.006(4). In
view of the results, we adopted C‘f;'“1 as a suitable phonon ref-
erence in this case (i.e., the renormalization factor is assumed
as ~1).

The Pr magnetic heat capacity was then integrated to find
the entropy recovered up to T = 25K, as shown in Fig. 5(b).
The value at 5K is already close to Rx In(2). This result,
together with the M versus H curves [Fig. 4(d)], suggests
the ordering of a CF pseudodoublet, associated with all the
degrees of freedom in the sample.

In Fig. 5(c), we present the Pr-based material resistance
as a function of temperature, R(7T"). The data are normalized
by the value of R(T) measured at T = 300 K. The measure-
ments were performed with the current along the c-axis. An
RRR = 5 is found. The first AFM phase transition is clearly
observed as a maximum of R(7) at about T ~ 4.9K. The
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FIG. 5. PrCo,Aly  thermal and  transport  properties.
(a) PrCoAlg C, (black triangles) showing the AFM transitions.
The inset provides detailed data in the vicinity of 7y and
shows the two consecutive transitions, which are also observed
in the x measurements. The LaCo,Als C, is presented as a
reference. (b) PrCo,Alg magnetic entropy variation (see the main
text). (c) Temperature dependence of the normalized resistance
R(T)/R(300 K). The inset shows the resistance derivative to Ty, ,.
(d) Comparison between C, and d(T x.)/dT showcasing the two
AFM transitions as determined from independent measurements.
(e) PrCo,Alg magnetic phase diagram (H || ¢) deduced from M (H)
measurements.

inset shows the data derivative, and the position of the dip
in the derivative is very close to Ty; as determined from C,,.
In Fig. 5(d), we compare C;r (left axis) with d(T x.)/dT
to pinpoint the values of Ty; and Ty,. The results obtained
from the peaks in resistivity, heat capacity, and d(7 x.)/dT
are in close agreement [49]. A phase diagram, determined
from magnetization measurements (with H || ¢), is presented
in Fig. 5(e).

Experiments of NdCo,Alg were motivated by the magnetic
quantum critical behavior claimed to have been observed in
isostructural NdFe,Gag, which seems to present the expected
behavior of a three-dimensional spin-density-wave type of
quantum critical point (QCP) [21,22]. Our findings show that
the NdCo,Alg case is simpler and similar to that of the Pr-
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FIG. 6. NdCo,Alg magnetic properties. (a) x. and x,, data ob-
tained for puoH = 0.1 T. From yx., we deduce an AFM transition
at Ty = 8.1 K. In the inset, we present the inverse of y, and x.
subtracted by xo. The dashed blue lines represent the CW fitting
(obtained for T > 100K) of the data. (b) On the left and right
axis, respectively, Xave and (Xae — Xo)~' are presented. The dashed
black line represents the CW fitting of the data (obtained for 7' >
150 K). (c) Isothermal magnetization curves (7' = 1.81 K) obtained
with H || ¢ (upper panel) and H || ab (lower panel). (d) Repre-
sentative isothermal magnetization curves for distinct temperatures
obtained for H || c. The data show clear spin-flop transitions from
a low-field AFM state to a high-field polarized metamagnetic
state. The inset shows the dM/duoH derivatives from which we
determined the critical field for the field-induced metamagnetic
transition.

based material. Results are presented in Figs. 6(a)-6(d) and
Figs. 7(a)-7(e). The NdCo,Alg x. and yx,p data are in Fig. 6(a)
and show that the material is also a strong easy-axis magnet
which presents an AFM transition at 7y = 8.1 K. In the inset,
we present the analysis of x. and x,, obtaining 6, = 5(3)K
and 6,, = —125(7) K.

To estimate the effective moments and size of the interac-
tions, we examine in Fig. 6(b) y.. (left axis) and the inverse of
(Xave — X0)~' (right axis). Here, xo = 2x10™* emu/mol Oe
representing the LaCo,Alg Pauli-like susceptibility. A CW
constant (9Nd) of —43(2)K is obtained and suggests AFM
interactions. A frustration parameter f =~ 5 is deduced, half
of what was obtained for the Pr-based material. The obtained
effective moment is ,ueff = 3.95(5) ug, which compares well
with the theoretical Value for the Nd>* cation (3.61up). As
in the Pr case, the p,eff value may indicate some contribution
from Co, but this is at the edge of our resolution, given the
lack of a true polycrystalline average, as discussed above.
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FIG. 7. NdCo,Alg specific heat and resistance data.
(a) NdCo,Alg C, (black triangles) showing the AFM transitions.
The LaCo,Alg, C, is presented as a reference. (b) NdCo,Alg
magnetic entropy variation (see the main text). (c) Temperature
dependence of the normalized resistance R(7)/R(300 K). The inset
shows the resistance derivative, dR/dT. (d) Comparison between
C, and d(T x.)/dT showing Ty as determined from independent
measurements. (e) NdCo,Alg magnetic phase diagram deduced
from M(H) (H || ¢) measurements.

Isothermal magnetization measurements at 7 = 1.81K,
for H || ¢ (upper panel) and H || ab (lower panel), are pre-
sented in Fig. 6(c). A metamagnetic transition from a low-field
AFM state to a high-field spin-polarized PM state is observed
at about ~4.5 T for H||c. The value of the saturated mag-
netization corresponds closely to 2.4 ug/f.u., which could
suggest an «|| £ 5/2) = B|| F 7/2) doublet CF ground state
with a large || F 7/2) component; on the other hand, a higher
applied field could lead to another metamagnetic transition
with a subsequent g ~ 3.3up. In the lower panel, it is
shown that relatively small fields can generate a spin-rotation
transition. By comparing the values of the magnetization at
1.81 K and uoH = 7 T for the two-field directions, the mag-
netic anisotropy in NdCo,Alg is about ~12.

In Fig. 6(d), a series of representative isothermal magne-
tizations (H || ¢) are presented to examine the temperature

dependence of the metamagnetic transition. The field deriva-
tive of the magnetization (dM/d uoH) is presented in the inset
of the figure. Again, we adopt the field at which the derivatives
peak as the critical field for the metamagnetic transition.

The LaCo, Alg (reference data) and the NdCo,AlgC), (C}fd)
are presented in Fig. 7(a). The latter clearly shows the AFM
transition at Ty = 8.1 K. As in the PrCo,Alg case, we adopt
the LaCo,AlsC, as a reference to estimate the NdCo,Alg
magnetic heat capacity along with the calculation of a renor-
malization factor ®X¢/@L2. As was done previously, we also
investigated the normalization adopting different methods and
temperature ranges for the fittings. The obtained factors lied
in between 0.95(4) and 0.91(2). We normalized C}:Id by 0.93
(the average) to obtain the magnetic heat capacity and then
the total magnetic entropy recovered for 7' up to 25 K. This
is shown in Fig. 6(b), and the result corresponds well to the
ordering of a CF doublet ground state associated with all
the degrees of freedom in the sample. Indeed, with Nd**
being a Kramer’s cation, the CF scheme in its low-symmetry
environment should feature five doublets.

The NdCo,Alg normalized resistance is shown in Fig. 7(c).
A sharp drop of R(T) at about 8 K axis marks the AFM
transition. The RRR is also close to ~5 as for the other R-
based materials. In the inset, we show the derivative of the
normalized resistance, and a peak is observed at T = 8.1 K,
marking the AFM transition. In Fig. 7(d), C)* (left axis) and
d(T x.)/dT are compared to pinpoint the value of Ty, which
is confirmed as 8.1 K. We summarize our findings in the phase
diagram in Fig. 7(e).

D. SmCOZAlg

The SmCo,Alg properties are presented in Figs. 8(a)-8(g).
In Fig. 8(a) x. and y, data characterize SmCo,Alg as an easy-
axis magnet with Ty ~ 21.6 K. In Fig. 8(b), we present yx,ye-
The overall paramagnetic response is small, and CW behavior
is not observed. This is common for Sm-based intermetallic
compounds where the first excited Hund’s rule multiplet is
low enough so as to contaminate the ground-state multiplet
response.

SmCo,Alg was previously reported as a Pauli paramag-
net, wherein Sm cations assume a nonmagnetic 2+ valence
[32]. A careful inspection of the data is thus required. We
first investigate the low-T" upturn of the data. We present in
Fig. 6(c) isothermal magnetization measurements measured
atT = 1.81K, with H || c and H || ab. The response is small
for both field directions and describes the finite response of the
AFM state to an applied field. No ferromagnetic component is
observed, and a paramagnetic component (from any impurity
phase) would have a larger response.

The LaCo,Als and SmCo,Als C, are presented in
Fig. 8(d). The phase transition suggested in Fig. 8(a) is clearly
present in the CS“‘ measurements. To normalize the phonon
contribution, we modeled Clﬁa and CS““ in the T -interval 28 <
T <75, which is well above the transition temperature, taking
into account Debye and optical phonons. Indeed, this 7'-range
lies outside the validity of the T3 law. The obtained renor-
malization factor is 0.86(3). We then obtain the SmCo,Alg
magnetic heat capacity. It is observed that at low-T it be-
comes slightly negative, certainly because of the uncertainties

245160-9



FERNANDO A. GARCIA et al.

PHYSICAL REVIEW B 111, 245160 (2025)

S
3.5 T T T T T T T T —/ 2.5 >
SmCo,Alg (a) (b) £
= 1 120 3
g 3.0 g g
= —=—H]lc A 115 x
o 1)
£ —e—H]llab B
= 25 2
3 T T T T T T T 10 ~
£ . 0 50 100 150 200 250 300 2
=
«'SZ'OA ] I T T(XK) T ‘*004"\
T —=—H]lc S
=151 1 | Hllab Joo00 2
(c) s
=1.81K
1.0 T T T T T T T 7 : : : : : 0.04
0 50 100150 200 250 300 g 4T 7T T oT
T (K) HoH (T)
35 T T T T T T T T T 8.0
—4— SmCo,Al
30 2T (d) |
—v— LaCo,Alg
25 - 1 o
< 3
5 201 1 £
£ 3
3 154 1 =
& ‘ / =
101 ] 2
54 i
0 i
T
0
0.6
5 301 0.0040
5
0.5 . =
o f ~ O
3 2 201 k]
g 0 15 30 45 £ « d(Ty)dT | ﬁgg
= T(K) o T E
& 0.4+ © o 2
I
4
: 4 0.001
I
04 I
03 T T T T T 1 T T T T T L T
0 20 40 60 80 100 120 O 5 10 15 20 25 30

T(K) T(K)

FIG. 8. SmCo,Als magnetic, thermal, and transport properties.
(a) x. and x,, data obtained for uoH = 0.1 T. An AFM transition
is suggested at Ty = 21.6 K for measurements along the c-axis.
(b) xave is presented. CW behavior is not observed in the investi-
gated T-interval. (c) Isothermal magnetization curves (7' = 1.81 K)
obtained with H || ¢ and H || ab. (d) SmCo,Alg C, (black trian-
gles) showing the AFM transition at 7y = 21.6 K as suggested by
x measurements. The LaCo,Aly C, (red triangles) is presented
as a reference. (¢) SmCo,Alg magnetic entropy variation (see the
main text). (f) Temperature dependence of the normalized resistance
R(T')/R(300 K). The inset shows the resistance derivative, dR/dT .
(g) Comparison between C,, and d(T x.)/dT determining Ty from
independent measurements.

related with the phonon subtraction. We then integrate it in the
interval 3.3 < T < 30K, where it is strictly positive, to find
the total recovered magnetic entropy up to 30 K. Results are
shown in Fig. 8(e). As can be observed, Rx In(2) is obtained
at about 7T =~ 29 K. This result is certainly underestimating
the magnetic entropy, but it shows that the transition ob-
served here corresponds to the ordering of a well-localized

ground-state CF doublet and suggests the absence of a Sm
mixed-valence. Moreover, the results give further confidence
that the SmCo, Alg magnetic response stems from the whole
of the sample and not from an impurity.

The SmCo,Alg transport properties are examined in
Fig. 8(f), where the normalized resistance as a function of T
is presented. The obtained RRR is close to ~4. A broad peak
in R(T) is observed about 7~ 21 K and can be ascribed to
the AFM transition. In the inset, we present the resistance
derivative, and the peak position in the derivative is iden-
tified at T = 21.6 K. Furthermore, results for R(T") do not
support Sm mixed-valence. For a more precise determination
of Ty, we show in Fig. 8(f) C]Ifd (left axis) and d(T x.)/dT
(right axis). The AFM transition temperature Ty = 21.6K is
confirmed.

IV. SUMMARY AND CONCLUSIONS

We investigated the anisotropic magnetic and transport
properties and the thermal properties of RCo,Alg single
crystals (R = La, Ce, Pr, Nd, and Sm). LaCo,Alg is a Pauli
paramagnet with a resolvable anisotropy in the temperature-
dependent resistivity. CeCo,Alg is a Kondo-lattice compound
that presents no magnetic order down to 1.81 K. Anisotropic
Kondo coherence temperatures 7y . ~ 68K and Ty , = 46K
were estimated from the broad peaks of the Ce 4 f contribution
to p. and p,p, respectively. A thermodynamic Kondo temper-
ature was estimated from C, and amounts to 7, = 36-70 K,
depending on the method that is adopted to estimate it.

Based upon these results, we concluded that an anisotropic
Kondo state is formed in CeCo,Alg in such a way that co-
herent Kondo scattering first sets in along the c-axis and then
along the ab plane. This anisotropy likely stems from the con-
duction electron anisotropy, measured for both the LaCo,Alg
and CeCo,Alg compounds. In a sense, in the temperature
interval between Tgc and TK . ONeE finds a situation that is
similar to what is observed in CeCo,Gag below 17K, and it
was termed an axial Kondo chain.

The PrCo,Alg and NdCo, Alg materials are easy-axis AFM
materials for which the moments are aligned along the c-
axis. For PrCo,Alg, two AFM transitions are observed at
zero applied field. The transitions merge into a single tran-
sition at low-T'. It is safe to assert that in PrCo,Alg, the CF
ground state is a ||4) singlet making PrCo,Alg an Ising-like
system.

The SmCo,Alg material is an AFM material, but no infor-
mation about the single ion physics could be extracted, since
a CW behavior was not observed. For all AFM materials, Ty
was confirmed by heat capacity, magnetization, and resistivity
measurements.
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