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Abstract

CeRh,Ga,, which crystallizes in CaBe,Ge,-type primitive tetragonal structure (space group P4/nmm),
is known to exhibit Kondo lattice heavy fermion behavior and is proposed to be a potential candidate
for Weyl-Kondo semimetal phase. Here we examine the effect of annealing, particularly on the
electrical resistivity of polycrystalline CeRh,Ga,. A comparative study of the powder x-ray diffraction
(XRD), magnetic susceptibility x(T), heat capacity C,(T) and electrical resistivity p(T) data of both as-
arc-melted and annealed CeRh,Ga, samples are presented. The XRD patterns of both as-arc-melted
and annealed samples look similar. No marked effect of annealing could be clearly seen in the
temperature dependences of x and C,, data. However, the effect of annealing is clearly manifested in
the T dependence of p, particlularly at low temperatures. At low-T'the p(T) data of as-arc-melted
CeRh,Ga, follow a T temperature dependence (Fermi-liquid feature), whereas the p(T) data of
annealed CeRh,Ga, exhibit an upturn (semimetal-like feature).

1. Introduction

Ce-based compounds are well known to present diverse electronic properties such as unconventional
superconductivity, Kondo insulator/semimetal, quantum criticality, heavy fermion and non-Fermi liquid
behavior etc. The electronic ground state of Ce-compounds are determined by the strength of the hybridization
between the conduction and f-electrons and strongly competing RKKY (Ruderman-Kittel-Kasuya-Yosida),
Kondo and crystal electric field (CEF) interactions [ 1-7]. Among these the compounds belonging to the 122
series CeT,X, (T=transition element, X = Ge, Si) have attracted considerable research interests within the
condensed matter community by presenting many interesting properties. The majority of the Ce T, X,
compounds form either in ThCr,Si,-type body-centered tetragonal (bct) structure (space group I4/mmm) or in
CaBe,Ge,-type primitive tetragonal structure (space group P4/nmm). CeCu,Si, [8—11] and CePd,Si, [12-15]
are two such compounds which form in ThCr,Si,-type bct structure and present exotic physical properties.
Kondo lattice CeCu,Si, exhibits magnetic fluctuations driven unconventional heavy fermion superconductivity
coexisting with long range antiferromagnetic ordering [8—11]. Kondo lattice heavy fermion CePd,Si, exhibits
long range antiferromagnetic ordering at ambient pressure, and a pressure induced superconductivity develops
(near 28 kbar) upon suppressing the antiferromagnetic order which is accompanied with a non-Fermi liquid
behavior [12—15].

In a recent study we investigated the physical properties of a Ce-based 122 compound CeRh,Ga, which
forms in CaBe,Ge,-type primitive tetragonal structure (space group P4/nmm, No. 129) [16]. The
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Figure 1. CaBe,Ge,-type primitive tetragonal structure (space group P4/nmm) of CeRh,Ga, (left) compared with the ThCr,Si,-type
body centered tetragonal structure (space group I4/mmm) (right).

CaBe,Ge,-type primitive tetragonal structure (space group P4/nmm) of CeRh,Ga, is shown in figure 1. For a
comparison the ThCr,Si,-type body centered tetragonal structure (space group I4/mmim) is also shown. Both
the structures are layered, however with different stacking orders of Rh/Cr and Ga/Si layers along the c-axis.
Our magnetic susceptibility x(T), heat capacity C,(T) and electrical resistivity p(T) measurements on annealed
polycrystalline CeRh,Ga, revealed a Kondo lattice heavy fermion behavior with a paramagnetic ground state
down to 1.85 K [16]. While the overall behavior of resitivity could be described by Kondo effect and crystal
electric field effects, the p(T) also presents an anomalous increase below 280 K and an unusual upturn below
20 Kwhose origins are not clear. The low-Tupturn in CeRh,Ga, is similar to the behavior of p of Kondo
semimetals Ce;BisPd; [17] and CeNiSn [18].

A parallel study by Nesterenko et al [19] also reported an absence of magnetic ordering in CeRh,Ga, down to
1.72 K. However, they reported significant atomic disorder on one Rh (2¢) and one Ga (2a) sites for
CaBe,Ge,-type structure of CeRh,Ga, [19]. Nesterenko et al [19] also collected x-ray diffraction (XRD) data at
173 K, however they did not find any clear evidence for a structural phase transition. They observed two large
peaks in the difference Fourier lists of the low temperature XRD of CeRh,Ga,, located close to the Rh (2¢) and Ga
(2a) positions and accordingly refined XRD data by inserting two additional sites, one for Rh (8i) and one for Ga
(81) (not present in CaBe,Ge,-type structure) and concluded presence of one Rh and one Ga disordered sites
[19]. They also refined the room temperature XRD data with these modifications and suggested for the presence
of atomic disorder even at room temperature. In a recent work, Seidel et al [20] reported a CaBe,Ge,-type
structure for the nonmagnetic analog LaRh,Ga, where they refine XRD data using anharmonic atomic
displacement parameters for Rh (2¢) site. Seidel et al [20] also mention presence of complex higher-dimensional
structural modulation at room temperature in CeRh,Ga, as well as in PrRh,Ga,.

In arecent theoretical work Chen et al [21] suggested that the low temperature state of CeRh,Ga, could be a
Kondo-driven semimetal phase. Chen et al [21] proposed that the strong correlations may cooperate with the
crystalline symmetry to develop a gapless topological state. According to them Ce-compounds crystallizing in
space group P4/nmm (No 129) provide the key-ingredients for the realization of a Weyl-Kondo semimetal
phase. They identified two compounds from space group No. 129, namely CeRh,Ga, [16] and CePt,Si, [22, 23],
both of which remain paramagnetic (down to 1.85 K and 0.06 K, respectively) and have strong electronic
correlations, and present semimetal like p(T) behavior, to be promising candidates for the realization of Kondo-
driven semimetal phase.

Motivated by the fact that one can realize a Weyl-Kondo semimetal phase in CeRh,Ga, here we extend our
investigations on this compound. In [16] we reported the results on an annealed sample. Here we present the
results of x(T), C,(T) and p(T) of as-arc-melted sample and compare them with those of the annealed sample,
which should be of interest in understanding the physical properties of CeRh,Ga,. We find that at low
temperatures the p(T) of as-arc-melted sample significantly differs from that of the annealed sample—while the
p(T) data of annealed sample presents an upturn (conjectured as a Kondo semimetal feature [21]), the p(T) of as-
arc-melted sample presents a Fermi-liquid behavior.




I0OP Publishing Phys. Scr. 99 (2024) 055977 V K Anand et al

L B e e L e e N M B
100000 F(a) $ As-arc-melted sample
—. 80000 | ¢ lobs 3
2z r Ical
E 60000 [ Tobs-Icalc
S L CeRh,Ga,
8 40000 C CeRh 7
2 E 2 :
‘Z 20000 F ]
5 C ]
=] | N | | .
= 0 ! (RN} [ I I N ) LT L T L 1 R 1
_20000-. PR WP T I S AT Iln PRI IR N .-
20 30 40 50 60 70 80 90 100
20 (degree)
— T T T T T T
80000 |- (b) Annealed Sample ]
L o Jobs ]
£ 60000 [ Ical .
g L Tobs-Icalc ]
£ 40000 [ ) - CeRhGa, 3
~ . { CeRh ]
> L 2 ]
£ 20000 [ ]
g C i
i3} L [ ]
= O O T R TR A RN
20000 Le—— 1 t I A .L P R IJ. P I R
20 30 40 50 60 70 80 90 100
20 (degree)

Figure 2. Room temperature powder x-ray diffraction pattern (Cu K, radiation) of (a) as-arc-melted sample and (b) annealed sample
[16] of CeRh,Ga, along with the two phase Rietveld refinement profile (CaBe,Ge,-type tetragonal structure for CeRh,Ga,). The
Rietveld refinement shown by the solid black curves represent major contribution from the bulk CeRh,Ga, and a tiny amount of
impurity phase CeRh,. The Bragg peak positions for the CeRh,Ga, and CeRh, phases are shown by the short vertical bars. The
differences between the experimental and calculated intensities are shown by the lowermost blue curves.

2. Experimental

Polycrystalline samples of CeRh,Ga, were prepared by the standard arc melting technique under the inert
atmosphere as described in [16]. The high-purity (>399.9%) Ce, Rh and Ga were taken in stoichiometric ratio
and arc-melted on a water cooled copper hearth in an Argon atmosphere. During the melting process the
samples were flipped and remelted four-five times to achieve a homogeneous sample of CeRh,Ga,. The sample
obtained so we refer as ‘as-arc-melted’ sample. To improve the sample quality further, part of the as-arc-melted
sample was annealed at 800 °C for a period of three weeks which we refer as ‘annealed’ CeRh,Ga,. The sample
qualities of both as-arc-melted and annealed CeRh,Ga, were checked by powder x-ray diffraction.
Magnetization M measurements of both as-arc-melted and annealed samples were made using a commercially
available superconducting quantum interference device (SQUID) magnetometer (MPMS, Quantum Design
Inc.) as a function of both temperature T'and magnetic field H. The heat capacity C,(T) and electrical resistivity
p(T)and p(H) were measured using the heat capacity and resitivity options of a physical properties measurement
system (PPMS, Quantum Design Inc.).

3. Results and discussion

Figure 2 shows the powder x-ray diffraction data of both as-arc-melted and annealed CeRh,Ga, collected at
room temperature. While the bulk of the sample formed in the desired CeRh,Ga, phase, the XRD data also show
the presence of a small amount of impurities in both as-arc-melted and annealed samples, the impurity fraction
being slightly higher in as-arc-melted sample. The Rietveld refinement profiles (see figure 2) of the XRD patterns
using FullProf [24] confirmed the CaBe,Ge,-type primitive tetragonal (space group P4/nmm, No. 129)
structure of CeRh,Ga,. The lattice parameters and refined atomic coordinates are listed in table 1. A two-phase
refinement, as shown in figure 2, identifies the major impurity phase to be CeRh, which according to Reitveld
refinement is around 3.5% in as-arc-melted sample and 2.9% in annealed sample. Accordingly we estimate
about 5% impurities in annealed sample, and that in as-arc-melted sample is estimated to be less than 8%
(including unidentified impurities). The impurity phase CeRh, is paramagnetic in nature and exhibits
intermediate valence behavior [25, 26].
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Figure 3. Room temperature powder x-ray diffraction pattern (Cu K, radiation) of (a) as-arc-melted sample and (b) annealed sample
[16] of CeRh,Ga, along with the Rietveld refinement profile for modified CaBe,Ge,-type structure. The Bragg peak positions are
shown by the short vertical bars and the differences between the experimental and calculated intensities are shown by the lowermost
blue curves.

Table 1. Crystallographic parameters obtained from the Rietveld
refinement of the powder XRD data of as-arc-melted and annealed
CeRh,Ga, with a CaBe,Ge,-type primitive tetragonal structure (space
group P4/nmm). The Ce, Rh1, Rh2, Gal, and Ga2 occupy the Wyckoff
positions 2c (1/4,1/4, zce), 2a (3/4,1/4,0),2c (1/4,1/4, zrn2), 2b (3/4,
1/4,1/2)and 2¢ (1/4,1/4, zga»), respectively. Also listed are the
parameters obtained from the analysis of the inverse magnetic
susceptibility x ~'(T) by the modified Curie-Weiss law.

As-arc-melted Annealed
Parameters CeRh,Ga, CeRh,Ga,
Lattice parameters
a(A) 4.3331(1) 4.3321(1)
c(A) 9.7169(2) 9.7202(2)
Atomic coordinates
ZCe 0.2438(4) 0.2435(3)
Zrio 0.6142(3) 0.6128(3)
Zou 0.8549(6) 0.8527(4)
X~ (T) modified CW-fit
Xo (emu/mol) 8.12) x 107* 6.4(2) x 10°*
C(emu K/mole) 0.652(3) 0.778(2)
0, (K) —14.7(5) ~27.6(6)
Herr (118/Ce) 2.28(1) 2.49(1)

We also tried to refine our XRD data for disordered Rh and Ga sites as suggested by Nesterenko et al[19], by
inserting Rh (87) and Ga (81), however, we found that if the occupancy of Ga (8i) site is allowed to vary freely then
it picks a negative value with an occupancy of about 95% at Ga (2b) site [Note: in our choice of coordinates Ga
atoms occupy 2c and 2b sites which is different from that in [19] where Ga atoms are allocated to 2c and 24 sites].
Hence in the final refinement we removed Ga (87) and kept only Rh (8i). The refinement profiles with this
modified structure for as-arc-melted and annealed samples are presented in figure 3. There is a little
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Figure 4. Zero-field-cooled magnetic susceptibility x of as-arc-melted and annealed CeRh,Ga, as a function of temperature T for
2 K < T < 50 Kmeasured in a magnetic field H = 0.1 T. Inset: Inverse magnetic susceptibilityxil(T) for2 K< T < 300K.

Table 2. Crystallographic parameters obtained from the Rietveld refinement of the powder XRD data of
as-arc-melted and annealed CeRh,Ga, with a modified CaBe,Ge,-type primitive tetragonal structure

(space group P4/nmm).

Atom Wryckoff X y z Occupancy
position (annealed/ (annealed/ (annealed/

as-arc-melted) as-arc-melted) as-arc-melted)

Ce 2c 1/4 1/4 0.2382(3)/0.2372(7) 1

Rhl 2a 3/4 1/4 0 1

Rh2 2c 1/4 1/4 0.6166(6)/0.602(7) 0.67(2)/0.45(2)

Rh3 8i 1/4 0.106(6)/0.194(9) 0.619(2)/0.642(7) 0.35(2)/0.52(2)

Gal 2b 3/4 1/4 172 1

Ga2 2c 1/4 1/4 0.8620(5)/0.867(2) 1

improvement in R-factors (e.g. from 4.23 for CaBe,Ge,-type structure to 3.93 for modified CaBe,Ge,-type
structure for annealed sample). The crystallographic parameters obtained so are listed in table 2. We notice that
for the annealed sample Rh (2¢) has an occupancy of 67(2)% and the remaining Rh occupy Rh (81) site which
refinement yields to be 35(2)%. On the other hand for the as-arc-melted sample these occupancy percentages are
45(2)% and 52(2)%, respectively, reflecting a higher degree of disorder in as-arc-melted sample.

Figure 4 shows the low-temperature (2 K < T < 50 K) zero-field-cooled (ZFC) dc magnetic susceptibility
x(T) data of as-arc-melted as well as annealed CeRh,Ga, measured in an applied magnetic field H = 0.1 T. No
anomaly related to magnetic phase transition is seen clearly in x(T) data down to 2 K. However, a rapid increase
and relatively large magnitude of y atlow-T might be an indication of the presence of short-range correlations.
The ZFC and field-cooled (FC) x(T) do not show any irreversibility (FC data not shown). The x(T) data of as-
arc-melted and annealed samples show similar behavior. The inverse magnetic susceptibility x ~'(T) data of
both as-arc-melted and annealed samples are shown in the inset of figure 4 over 2 K < T < 300 K measured at
0.1 Tand 1.0 T, respectively. The x(T) data follow the modified Curie-Weiss (CW) behavior:

X(T) = xo + C/(T — 0,). Afitof the X~ '(T) data with the modified CW law over 100 K <T < 300 K yielded
paramagnetic Weiss temperature f, = — 14.7(5) K and effective moment j1¢ = V8C = 2.28(1) 1/ Ce for as-
arc-melted sample, and 0, = — 27.6(6) K and picgr = 2.49(1) 1/ Ce for annealed sample. The values of 0, and pu.
are different for as-arc-melted and annealed samples. While the p.¢r0f annealed sample is close to the theoretical
value of 2.54 113/ Ce expected for Ce®" ions (J = 5/2), the j.grof as-arc-melted sample is smaller. The reduced
value of g for the as-arc-melted sample could be the result of the Kondo coherence which is very much clear
from the electrical resistivity data of the as-arc-melted sample (data presented later). Annealed sample for which
there is no reduction in fi.¢rlacks Kondo coherence in electrical resistivity. The fit parameters X, Cand 0,
obtained from the analysis of x ~'(T) data for both as-arc-melted and annealed CeRh,Ga, are listed in table 1.
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Figure 5. Heat capacity C,, of as-arc-melted and annealed CeRh,Ga, samples as a function of temperature T measured in zero field for
1.85 K < T < 300 K. Inset: C,,/ T'versus T plot showing the upturn feature at low-T.
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Figure 6. Magnetic contribution to heat capacity C,,g and magnetic entropy Sy, as a function of temperature Tfor annealed
CeRh,Ga, sample. The solid red curve represents the crystal electric field contribution to the heat capacity of CeRh,Gay.

Figure 5 shows the heat capacity C,(T) data of as-arc-melted and annealed CeRh,Ga,. As can be seen from
figure 5, the low-T C,,(T) of as-arc-melted sample is similar to that of the annealed sample, though the C,(T) data
of as-arc-melted sample is little noisy. While the low-T C,(T) data do not show any clear anomaly related toa
magnetic phase transition down to 1.85 K, the high-T C,,(T) data of annealed sample show a weak broad
anomaly around 255 K, very likely related to a structural change in view of the corresponding anomaly in
electrical resistivity data (discussed below). The 255 K anomaly is very clear in the magnetic contribution to heat
capacity Ci,ag(T) (see figure 6) which was obtained by subtracting the phonon contribution using the C,(T) of
isostructural nonmagnetic reference compound LaRh,Ga, from the C,,(T) of CeRh,Ga,. The related compound
CePd,Ga, (which also forms in CaBe,Ge,-type primitive tetragonal structure) exhibits a structural transition
from tetragonal to triclinic structure near 125 K [27], we suspect a structural change could be the possible origin
of an anomaly near 255 K in CeRh,Ga, (no structural transition was observed in laboratory based low
temperature XRD in [19] though). A similar structural transition has also been observed in LaPd,Ga, near 62 K
[27]. A comparison of the ratio ¢/a of CeRh,Ga, (¢/a = 2.24) to that of CePd,Ga, (c/a = 2.22) does suggest that
similar to CePd,Ga,, CeRh,Ga, may also be structurally unstable.

As can be seen from figure 6, apart from the 255 K anomaly, the C,,,,(T) also exhibits a broad Schottkey type
anomaly with a maximum around 150 K which could be associated with the splitting of 6-fold degenerate
ground state multiplet of Ce’* (J = 5/2). Considering that the six-fold degenerate ground multiplet of Ce* ™
splits into three doublets under the action of crystal electric field, we analyzed the C,;,,,(T) data by a three-level
CEF model. The fitting of the C,,,,4(T) by the CEF model is shown by the solid red curve in the inset of figure 6.
Our analysis of C,,¢(T) of CeRh,Ga, suggests the splitting between the ground state doublet and the first excited

6
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Figure 7. Electrical resistivity p of as-arc-melted and annealed CeRh,Ga, samples as a function of temperature Tfor2 K < T' < 390K
measured in zero magnetic field. The solid red curve is a fit of p(T) databy p(T) = py + AT?in2 K < T < 20K. Inset: p of as-arc-
melted sample as a function of applied magnetic field H for 0 < H < 9 T, normalized as p(H)/ p(0) for the indicated temperatures.

doublet to be 220 K, and that between the ground state and the second excited doublet to be 480 K. More details
about the CEF-model fitting of C,,,,(T) data can be found in [28—31]. Because of the presence of Kondo effect
and 255 K structural anomaly the CEF splitting energies estimated this way are only the rough estimates. An
inelastic neutron scattering measurement is desired for a better estimate of CEF level scheme. The magnetic
entropy Smag(T) estimated from the C,,,.o(T) data, as shown in the inset of figure 5, attains a value of 13.9 ] /mol
K?at 300 K, which is about 93% of R In 6.

Thelow-T C,(T) of annealed CeRh,Ga, sample shows an upturn below 5 K (see inset of figure 5). This
upturn feature is also seen in the low-T C,(T) of as-arc-melted sample (inset of figure 5). This upturn feature of
C,(T) and a corresponding rapid increase in y may be a manifestation of a magnetic phase transition at Tlower
than2 K.

Figure 7 shows the p(T) data of CeRh,Ga, measured on both as-arc-melted and annealed samples for
2 K < T<390K. AKondo lattice behavior can be inferred from the T'dependence of p. As can be seen from
figure 7, the p(T) of as-arc-melted and annealed samples show marked difference at low-T. The p(T) of as-arc-
melted sample shows a sharp decrease below 50 K (with a residual resistivity of ~118 p£2 cm at 2 K) which could
be understood to be the result of Kondo coherence. On the other hand, the p(T) of annealed sample shows a
minima near 20 K and lacks Kondo coherence. Further, it is seen that the p(T) of both as-arc-melted and
annealed samples show anomalous increase below 280 K. This anomalous increase cannot be accounted by
Kondo scattering alone and could be due to a manifestation of possible structural change. The resistivity upturn
below 280 K is consistent with the heat capacity anomaly near 255 K.

At T < 20K, the p(T) of annealed CeRh,Ga, sample shows a weak increase with decreasing T. This upturn in
low-T resistivity of the annealed sample is similar to those of the Kondo semimetals Ce;Bi,Pd; [17] and CeNiSn
[18]. Theoretically, the development of the Weyl-Kondo semimetal behavior requires the breakdown of either
time-reversal symmetry or inversion symmetry (or both). With a P4/nmm space group the crystal structure of
CeRh,Gaj, lacks a mirror symmetry along c-axis (local inversion symmetry breaking) and hence fulfills the key
requirement for the development of Weyl fermions. Further, as evidenced by the moderately enhanced
Sommerfeld coefficient, CeRh,Ga, also has strong electronic correlations. According to Chen etal [21] the
synergy between the strong correlation and the crystal symmetry may provide a favorable condition for the
development of a gapless topological state in CeRh,Ga,. However, this aspect needs further investigations,
preferably on the single crystal CeRh,Gas.

On the other hand, with a T2 temperature dependence, the low-T p(T) data of as-arc-melted CeRh,Ga,
sample indicates a Fermi liquid behavior. The reproducibility of Fermi liquid-like behavior in as-arc-melted
sample has been checked by measuring the resistivity of two different batches of as-arc-melted samples, both
present qualitatively similar overall features of Kondo effect, structural transition-like anomaly and Fermi
liquid-like behavior. The observation of T> dependence at low- T'in the case of the as-arc-melted sample is
consistent with the disorder-driven Fermi-liquid feature. Apparently our as-arc-melted sample possesses higher
defects and inhomogeneities which is minimized upon annealing and hence annealed CeRh,Ga, sample lacks
the Fermi-liquid feature. The presence of higher defects and inhomogeneities has been suggested to relax the
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constraint to the lattice momentum conservation which in turn enlarges the phase space for various scattering
channels to establish a 7> dependence [32]. Another possible origin of the difference in the T-dependence of
low-T p(T) of as-arc-melted and annealed samples could be due to a change in the coherence of the structural
modulation, which however needs to be verified by techniques like high-resolution synchrotron-XRD.

Afitof p(T) data by p(T) = p, + AT* is shown by the solid blue curve in figure 7. The fit of p(T) over
2K < T< 20K gives pp = 117.0(2) Q2 cmand A = 9.18(9) x 10 % €2 cm/K?. With v ~ 130 mJ/mol K* [16],
the Kadowaki-Woods ratio Riw = A/~* is found to be 0.54 x 10~ ;€2 cm/(mJ/mol K)? which is of similar
order as typically observed in strongly correlated and heavy fermion systems, the universal value of Ry being
1 x 1077 ;€2 cm/(m]J /mol K)* [33].

We also measured the H dependence of p of the as-arc-melted sample of CeRh,Ga, at selected temperatures
2 K, 5Kand 8 K. The p(H) data are presented in the inset of figure 7, normalized as p(H)/ p(0), where p(H) refers
to the value of p measured with H applied and and p(0) to that without H at a given temperature. The p shows
only a weak H dependence. It is seen that at 2 K initially p decreases with increasing H up to about 3.0 T, above
which p starts increasing again. At 5 Kand 8 K the p increases with H almost over the entire range of H, with a
magnetoresistance of about 2% at 9 T. An increase in p with increasing H could be understood to be the result of
classical Lorentzian modification of the trajectory of charge carriers in the magnetic field. The p(H) behavior at
2 K can be understood to comprise of an additional negative component on account of parallel alignment of
spins along the applied field associated with the presence of short range correlations that dominates at fields
lower than 3.0 T whereas positive contribution due to Lorentzian force dominates at higher fields.

4. Conclusions

We have investigated the effect of annealing on the physical properties of Kondo lattice system CeRh,Ga,. With a
CaBe,Ge,-type primitive tetragonal structure (space group P4/nmm) CeRh,Ga, presents a moderate heavy
fermion behavior and remains paramagnetic down to 1.85 K. The effect of annealing has been examined by
powder XRD, x(T), C,(T) and p(T) measurements on the as-arc-melted and annealed CeRh,Ga, samples. The
XRD data of both as-arc-melted and annealed samples are similar, however the impurity content is little higher
(by afew %) in as-arc-melted sample. The T dependences of x are also similar for both as-arc-melted and
annealed samples. The high-T x(T) of both the samples follow the modified CW behavior, however they yield a
little different values of 6, and pic¢. The low-T C,, data also look similar for as-arc-melted and annealed samples,
they both reveal an upturn in C,, below 5 K very likely associated with a magnetic phase transition at lower
temperature. The effect of annealing is quite pronounced in p(T). While the high-T p(T) of both the samples
show similar behavior (apart from the difference in the magnitude of p), the low-T p(T) data differ significantly.
The high-T p(T) of both as-arc-melted and annealed samples show an anomalous increase below 280 K. The
low-T p(T) of as-arc-melted sample presents Kondo coherence and T° temperature dependence, and hence a
Fermi-liquid behavior. On the other hand, in the case of annealed sample the Kondo coherence is absentand a
weak incoherent Kondo scattering leads to an upturn inlow-T p(T) (at T < 20 K) which has been conjectured to
be a signature of Kondo-driven semimetal phase [21]. The difference in low-Tbehavior of p(T) of as-arc-melted
and annealed samples could be due to the disorder effect or due to a change in the coherence of the structural
modulation. Further investigations are required to understand the origin of Fermi-liquid behavior and ascertain
whether the upturn below 20 K results due to the opening of an energy gap/hybridization gap or due to a gapless
topological state.
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