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Ce;3BiygNi; — A large hybridization-gap variant of Ce;BisPt;

D. M. Kirschbaum®,' X. Yan®,! M. Waas,' R. Svagera,1 A. Prokofiev®,' B. Stoger 2 G. Giester,? P. Rogl A
D.-G. Oprea,s’6 C. Felser®,’ R. Valenti,® M. G. Vergniory 77T, Custers®,2 S. Paschen®,!* and D. A. Zocco®!-¥
nstitute of Solid State Physics, Vienna University of Technology, 1040 Vienna, Austria
2X-ray Center, Vienna University of Technology, 1040 Vienna, Austria
3Institute of Mineralogy and Crystallography, University of Vienna, 1090 Vienna, Austria
*Institute of Materials Chemistry, University of Vienna, 1090 Vienna, Austria
SMax Planck Institute for Chemical Physics of Solids, 01187 Dresden, Germany
®Institute for Theoretical Physics, Goethe University Frankfurt, 60438 Frankfurt a.M., Germany
"Donostia International Physics Center, 20018 Donostia/San Sebastidn, Spain
8 Department of Condensed Matter Physics, Charles University, 121 16 Prague, Czech Republic

® (Received 26 January 2024; accepted 23 April 2024; published 4 June 2024)

The family of cubic noncentrosymmetric 3-4-3 compounds has become a fertile ground for the discovery of
novel correlated metallic and insulating phases. Here, we report the synthesis of a new heavy fermion compound,
Ce;BiyNis. It is an isoelectronic analog of the prototypical Kondo insulator Ce;BisPt; and of the recently
discovered Weyl-Kondo semimetal Ce;BisPds. In contrast to the volume-preserving Pt-Pd substitution, structural
and chemical analyses reveal a positive chemical pressure effect in Ce;BisNij relative to its heavier counterparts.
Based on the results of electrical resistivity, Hall effect, magnetic susceptibility, and specific heat measurements,
we identify an energy gap of 65-70 meV, about eight times larger than that in Ce;BisPt; and about 45 times
larger than that of the Kondo-insulating background hosting the Weyl nodes in Ce;BisPd;. We show that this
gap as well as other physical properties do not evolve monotonically with increasing atomic number, i.e., in
the sequence Ce;BisNiz;-Ce;BisPd;-Ces;BisPts, but instead with increasing partial electronic density of states
of the d orbitals at the Fermi energy. This work opens the possibility to investigate the conditions under which
topological states develop in this series of strongly correlated 3-4-3 materials.

DOLI: 10.1103/PhysRevResearch.6.023242

I. INTRODUCTION

The prospect that strong electron correlations and nontriv-
ial electronic topology could cooperate in the formation of
novel quantum states of matter has sparked great interest in
recent years. Much attention has been given to heavy fermion
materials, with proposals to realize correlated topological
states in Kondo insulators and semimetals [1-3]. In the family
of cubic, noncentrosymmetric Ce-based “3-4-3” compounds
of space group 220, Ce;BisPts is perhaps the best-known case.
It was classified early on as a Kondo insulator (KI) [4-6], a
material where the Kondo interaction between localized (typ-
ically 4f) states and conduction electrons (typically from d
shells) promotes the formation of a narrow band gap [7]. More
recently it was found that the isoelectronic and isosize substi-
tution of Pt by Pd consecutively reduces the gap, ultimately
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giving rise to a novel Weyl-Kondo semimetal (WKSM) state
in the end compound Ce;BisPd; [8-10].

Magnetic field experiments showed that the WKSM
(gapless) signatures observed in Ce3BisPd; can be readily
suppressed at a modest field of 9 T while maintaining the
Kondo interaction essentially intact [11-13]. The background
Kondo gap, albeit small, remains finite up to a considerably
larger magnetic field, as demonstrated from magnetic torque
and susceptibility experiments [11,14]. High-pressure studies
indicate that a larger gap value similar to that of Ce;BiyPts
is gradually recovered [15]. Yet, a detailed understanding of
how the WKSM state is affected by volume and hybridization
changes produced by chemical substitutions [8,16] or exter-
nally applied pressure [15,17,18] is currently lacking.

Here we extend the previous isoelectronic substitution
study (5d to 4d) one step further, to the Ni case (3d).
We present the synthesis of high-quality single crystals of
Ce3BigNiz, a material that has not been synthesized in any
form before. Structural analysis reveals that the Ni substi-
tution results in a positive chemical pressure, distinct from
the volume-preserving Pt-Pd substitution, which gives new
insight into the pressure effects on Ce;BisPds. Electrical re-
sistivity, Hall effect, magnetic susceptibility, and specific heat
measurements suggest that Ce3;BiyNij is a new heavy fermion
compound with a hybridization gap that is large compared to
those of the Pd and Pt compounds. We end by discussing

Published by the American Physical Society
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FIG. 1. (a) Photo of a single crystal of Ce;BisNi; with indicated
crystallographic directions obtained from Laue diffraction. Typical
sample length is 1.5 mm. (b) Laue XRD pattern (white spots). The
center of the image corresponds to the [-2-1-1] crystallographic di-
rection. (c) Sketch of the unit cell. The polyhedron emphasizes the
close environment of a Ce atom. (d) Room-temperature powder XRD
pattern of Ce;BisNij; (black dots). Vertical bars indicate the positions
of the expected diffraction peaks. The difference (blue line) between
the measured data and the refinement (red line) shows no signs of
impurity phases. (e) Lattice parameter a across the Ce;BisX; series
(X = Ni, Pd, Pt). Intermediate Pd-Pt values (white diamonds) taken
from Ref. [8]. The gray shaded line is a guide to the eye.

the evolution of the characteristic energy scales across the
Ce3Bis X5 series (X = Ni, Pd, Pt), and relate it to the results of
electronic band structure calculations.

II. SINGLE CRYSTAL GROWTH AND
CHARACTERIZATION

Materials with the chemical formula R3;PnsX5, where R
is a rare-earth or actinide element, Pn is a pnictogen (As,
Sb, Bi), and X is a transition-metal element, are extensively
investigated [19-22]. Among the Ce compounds, the Kondo
insulator Ce;BisPt; has been known for decades [4—6]. While
single crystals of the isoelectronic compound Ce;BisPd; were
recently obtained via Bi-flux technique [8], the synthesis of
the Ni phase has remained elusive so far. Our initial at-
tempts to prepare polycrystalline samples confirmed that the
Ce;Bi4Ni; phase indeed forms, and encouraged us to attempt
single crystal growth using various fluxes. A detailed descrip-
tion of the sample synthesis is presented in Appendix A.

Single crystals of Ce3;BisNiz with faceted surfaces and
maximum sizes of 2 x 0.5 x 0.5 mm® were successfully
grown using Pb flux [Fig. 1(a)]. Laue x-ray diffraction (XRD)

Counts (x10%)

E (keV)

FIG. 2. EDX spectrum corresponding to one point measurement
of a polished Ce;BisNi; crystal (inset, top right). Inset: Backscat-
tered SEM images of as-grown (bottom left) and polished (top right)
Ce;BisNi3 samples. The lighter spots visible on the surface of the
as-grown crystal correspond to Pb, and are absent in the polished
sample.

provides clear patterns, confirming the high quality of the
crystals [Fig. 1(b)]. Similarly to the Pt and Pd 3-4-3 com-
pounds, the powder and single crystal XRD data of Ce3BisNi3
can be refined with the cubic Y3SbsAuj structure, space group
220, 143d [19,23]. The unit cell contains four formula units,
with 40 atoms forming a noncentrosymmetric structure. Fig-
ure 1(c) displays the crammed unit cell; the local environment
of a Ce atom is comprised of eight Bi atoms and four Ni atoms
(nearest neighbors, see Appendix B, Tables I-III). Rietveld re-
finements of the powder XRD data of the most stoichiometric
samples [Fig. 1(d)] yield an average room-temperature lattice
parameter a = 9.7715(9) A (see Appendix C). The unit cell
volume of Ce;BiyNij is therefore compressed by ~8% with
respect to the (essentially isovolume [8]) Pt (a = 10.051 A)
and Pd (a = 10.058 A) compounds [Fig. 1(e)]. These results
were confirmed and studied in more detail with single crystal
XRD experiments performed at 100 K, 200 K, and 300 K.
A summary of the structural data obtained from a highly sto-
ichiometric sample, including interatomic distances, atomic
occupancies, and atomic displacement parameters (ADPs), is
presented in Appendix B.

The stoichiometries of the samples were determined via
energy dispersive x-ray spectroscopy (EDX) after each growth
campaign. Figure 2 displays a representative EDX spectrum
collected from the polished surface of a high-quality single
crystal. The mean composition Cejs 5¢5)Bi3.909)Niz 04¢4) Was
obtained from spectra taken at six different spots of a sam-
ple. Scanning electron microscopy (SEM) images obtained
from as-grown single crystals (inset of Fig. 2, bottom left)
show lighter spots, which could originate from residual flux
solidifying after centrifuging. In high-quality single crystals,
these inclusions are only present at the surface of the sam-
ples, and can therefore be removed by etching with hydrogen
peroxide (H,O,) and careful polishing (inset of Fig. 2, top
right). Spurious superconductivity can therefore be prevented
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or eliminated, as we confirm by magnetic susceptibility and
electrical resistivity measurements. A possible substitution of
Bi by Pb in Ce3;BisNis has been ruled out by comparing the
EDX spectra of a Pb-flux grown single crystal and that of a
Pb-free annealed polycrystalline sample.

Samples of Ces;BisNij are sensitive to air and moisture.
A distinct degradation of the powder XRD intensity was ob-
served after a 5 h exposure of the powder to air. The oxygen
contamination can also be detected in the EDX spectrum after
a short exposure time (small peak in the low-energy region of
Fig. 2).

From a combined analysis of the EDX, powder XRD,
and magnetic susceptibility measurements, we can select with
good certainty the most stoichiometric, high-quality single
crystals. A detailed discussion of this analysis is presented in
Appendix C. In the following sections we present the physical
properties of Ce3;BiyNis corresponding to samples with Ni
content closest to three atoms per mol.

III. PHYSICAL PROPERTIES

The electrical resistivity p(T) of Ce;BiyNij is displayed
in Fig. 3(a). Similarly to the Pt and Pd 3-4-3 compounds,
nonmetallic behavior is observed across the entire studied
temperature range (a detailed comparison is presented in
Sec. IV). p increases by more than two orders of magnitude
from room temperature to 2 K, with a resulting inverse resid-
ual resistivity ratio iRRR = p(2 K)/p(300 K) = 440. Above
100 K, p(T) can be well described by a thermally activated
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FIG. 3. (a) Electrical resistivity p of Ce;BisNi; as a function
of temperature 7 in zero magnetic field, with the electrical current
applied along the crystallographic [111] direction. (b) Temperature-
dependent Hall coefficient Ry. The shaded gray line is a guide to the
eye. (¢), (d) Arrhenius plots of the resistivity (normalized to 300 K)
and Hall coefficient data. The red solid lines are linear fits to the data
above 100 K.

scattering process across a gap. At lower temperatures, the
system enters a regime where the increase in resistivity with
decreasing temperature is less pronounced. First, a shoulder
develops at approximately 50 K, followed by a second, low-
temperature thermally activated regime between 10 K and
30 K. A small energy gap of ~20 K could be extracted from
this narrow temperature range, although one might argue that
other effects, such as the presence of in-gap states, could be
responsible for this particular temperature dependence of the
resistivity. Finally, po(T") begins to flatten below 10 K, but
without reaching saturation down to 2 K.

Figure 3(b) displays the temperature evolution of the Hall
coefficient Ry, obtained from linear fits to the low-field re-
gion of isothermal Hall resistivity curves (linear in B <9 T
for 10 K < T < 300 K). Ry(T) reaches a local maximum
near 50 K and tends to saturate at lower temperatures. This
peak coincides with the end of the high-7' thermally activated
regime. The increase of Ry (7") below 10 K might be due to
the freezing out of thermally activated carriers from shallow
in-gap states, the origin of which needs further investigation.

To determine the size of the gap A, the transport
data are fitted with thermal activation functions, p =
poexpl[A/(2kgT)] and Ry = Ry,oexp[A/(2kgT )], as shown
in Arrhenius plots [Figs. 3(c), 3(d)]. A values of 759 K and
807 K are obtained from the fits of the resistivity and Hall
coefficient above 100 K, respectively. These values are 7-10
times larger than the values reported for Ce;BisPt; [5,8] and
at least 45 times larger than the Kondo gap acting on the
background of the WKSM state of Ce;BiyPd; in the absence
of applied magnetic field [8,11], suggesting the presence of a
much larger Kondo energy scale at play in the Ni compound.
The magnetic susceptibility x(7") of Ce;BiyNis displays a
broad maximum at 7;%,, = 280 K [Fig. 4(a)]. In Kondo in-
sulators, the occurrence of such maxima has been associated
with the onset of Kondo screening and the opening of a hy-
bridization gap [7]. We estimate a Kondo temperature using
the Kondo lattice expression Tx ~ 4T,k /(2J + 1) = 187 K
[5,24], with a total angular momentum J = 5/2 for Ce’t,
The upturn in x vs T observed at lower temperatures is
generally attributed to small amounts of magnetic impurities
or defects [25], which were not detected in our XRD experi-
ments. Assuming Curie-Weiss behavior for T > T;%,,, a linear
fit to the inverse susceptibility y ~'(T) in the limited available
temperature range [Fig. 4(b)] yields a large negative Weiss
temperature ® ~ —1084 K—typical for Kondo insulators—
and an effective magnetic moment pe ~ 2.37up, slightly
reduced from the Hund’s rules value of 2.54up for free Ce3*
ions.

The magnetization curves M (B) are linear in field at 10 K,
100 K, and 300 K [Fig. 4(c)]. A slight curvature appears only
in the 2 K measurement, without reaching saturation up to
9 T. No indications of magnetic hysteresis were observed in
any of the measurements. Overall, Ce;Bi4Ni; appears to be
well described as a paramagnetic Kondo insulator, without
magnetic ordering down to 2 K.

We can gain further understanding on the nature of the
ground state of Ce;BiyNi3 and the strength of the Kondo in-
teraction from the specific heat C(7") measurements presented
in Fig. 5. So far, our efforts to synthesize La;BisNi3 as a
non- f-electron reference compound have been unsuccessful.
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FIG. 4. (a) Temperature dependence of the magnetic susceptibil-
ity x of Ce;BiyNi;, measured with B =1 T. (b) Inverse magnetic
susceptibility y ~'(T). The paramagnetic Weiss temperate ® and the
effective magnetic moment ji.; were determined from a Curie-Weiss
fit for T > T) (red line). (c) Magnetization M vs B at 2 K (black),
10 K (blue), 100 K (green), and 300 K (red). The curves show up
and down B sweeps, with no signs of magnetic hysteresis detected.
For all cases, B was applied parallel to the crystallographic [11-2]
direction.

To isolate the electronic and magnetic (Ce 4 f related) con-
tributions to the specific heat, we therefore model the data
as C(T) =yT + Gy + Cx. The first term is the linear-in-
temperature electronic (Sommerfeld) contribution, the second
term the phonon specific heat described by the Debye model
[26]. Ca accounts for an additional Schottky-like electronic
contribution in Kondo insulators, which has previously been
modeled with two sharp peaks in the density of states, located
above and below the energy gap [7]:

( A )2 (2J + 1)exp[A/2kgT]
CAO( 2°
2kgT ) (2J +1 +exp[A/2kgT])

The contribution from the Sommerfeld term is expected
to be very small. In addition, its extraction is complicated
by a low-temperature upturn in C/T (see inset of Fig. 5).
We therefore set y =0 and fit the data above 20 K using
the full Debye integral. The fit yields a Debye temperature
®p = (202 £3) K and a large gap A = (1693 &+ 87) K. We
can nevertheless obtain an estimate of the Sommerfeld coef-
ficient y by matching the fit to the measured data in a C/T
vs T? plot at low temperatures (blue line in inset of Fig. 5).
The required shift along the C/T axis then corresponds to
y = 6.92 mJ/molc.K?, similarly small to the value deter-
mined for Ce;BisPts [5]. The small low-temperature upturn
visible in C/T could be due to magnetic impurities, as we pre-
viously discussed for the magnetic susceptibility data (Fig. 4).
However, the upturn could also be related to the onset of
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FIG. 5. Specific heat C vs T of Ce;Bi;Ni; measured between 2 K
and 300 K. The red dashed line is a fit with the Debye model plus an
additional Schottky-like electronic contribution derived for Kondo
insulators (see main text). The inset shows the low temperature C/T
vs T2 and the fit. The Sommerfeld coefficient (y) is then determined
by shifting the fitting line by y = 6.92 mJ/molc. K> to match the
measured data (blue line).

non-Fermi liquid behavior in the presence of a nearby quan-
tum critical point. Additional low-temperature investigations
are needed to unveil its true origin.

IV. DISCUSSION

We can now take a look at Ce;BisNisz in the context of
the Ce3;BisX; series (X = Ni, Pd, Pt). The lattice parame-
ters a for the three compounds are shown in Fig. 1(e). In
addition, we include the values corresponding to the inter-
mediate Pt-Pd substitution Ce;Bis(Pt;_,Pd,); from Ref. [8]
and one value corresponding to the intermediate Pd-Ni sub-
stitution Ce;Bis(Pd;_,Ni, )3 with x = 0.19. Unlike the Pt-Pd
case, which appears to exert very little to no effect on the unit
cell volume [8], the substitution of Pd with Ni is no longer
isosize. In this context, chemical (and, possibly, external)
pressure becomes now a relevant parameter for tuning the
Kondo coupling Jx across the extended Ce 3-4-3 series.

A recent study on the electronic transport properties of
Ce;BisPd; under hydrostatic pressure showed that the energy
gap extracted from resistivity increases quadratically with
applied pressure, reaching a value of ~4.8 meV at 2.3 GPa
[15,27]. Hence, pressure appears to drive Ce;BisPdj3 to a more
insulating state. In this work [15], as well as in two recent
theoretical studies [17,18], it was thus argued that pressure
drives Ce;BiyPd; towards Ce;BiyPts, which, at that point, was
the only known isoelectronic compound of this series. In view
of the chemical pressure effect presented in Fig. 1(e), here
we argue that, instead, pressure drives Ce;BisPd; towards the
Ni compound. We can translate the 8.3% shrinking of the
unit cell volume obtained from Ce;BisPd; to Ce;BisNis to an
equivalent externally applied pressure P using the third-order
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Birch-Murnaghan equation of state [28]
7 5
3B Vo\? Vo\?
Pvy="2[(2) (2
2 14 Vv
3 o\
) 0\
X {1+Z(BO_4)|:<V> —1]}, 2)

where Vj is the ambient pressure volume, V is the com-
pressed volume, By is the bulk modulus, and By its derivative
with respect to pressure. By and By result typically from
fits to V(P) data obtained in high-pressure XRD experi-
ments. Since such data are not yet available for Ce;BiysPd3,
we use the values By = 59.1 GPa and Bj = 6.9 reported
for the isostructural (and isosize) compound Ce;BisPt3 [29],
which provide also a good agreement with the pressure-
dependent unit cell parameters calculated via DFT+U [18].
This calculation yields a pressure of 6.9 GPa equivalent to
the compression effect resulting from the Pd-Ni substitution.
Using the quadratic dependence of A(P) from the experi-
ments reported in Refs. [15,27], a pressure of 9.4 GPa would
then be necessary to reach the energy gap value estimated for
Ce3BisNis (Fig. 3), close to the value calculated using the
Birch-Murnaghan formula.

In Fig. 6 we compare the normalized resistances
R(T)/R(300 K) and magnetic susceptibilities of the Ni, Pd,
and Pt compounds. Perhaps surprisingly at first sight, the
transport and magnetic properties of this isoelectronic se-
ries evolve nonmonotonically with atomic number. The iRRR
decreases by more than two orders of magnitude from
Ce3BiyNiz to CesBisPds, and recovers the value of the Ni
compound when Pd is substituted by Pt. A slight change in
resistivity from the pure Pd compound is already evident when
Pd is substituted by 19% Ni [blue line vs white triangles in
Fig. 6(a)]. Similarly, the characteristic peak in susceptibility
at T,%,, [indicated by arrows in Fig. 6(b)] shifts first from room
temperature to ~12 K from the Ni to the Pd compound, and
increases back to ~75 K for Ce;BisPts.

To help visualizing the evolution across the series, we
present in Fig. 7(a) (notice the logarithmic vertical axis) the
values of T;%,, and iRRR extracted from Fig. 6, together with
the values A/kg and Tk obtained as described in Sec. III. As
we mentioned earlier, the transport properties of Ce;BisPds
at low temperatures and zero magnetic field are largely dom-
inated by the effects of the gapless WKSM ground state
[8,10,11]. For this reason, as noted in Ref. [8], the finite
energy gap value of 16.9 K for Ce;BisPd; obtained via Ar-
rhenius fits to the B = 0 resistivity data should be taken with
caution, and therefore it is presented as a shaded/dotted line
symbol in Fig. 7. Nevertheless, the value is in good agreement
with the magnetic field-derived energy of ~1.5 meV required
to close the Kondo gap [11].

Overall, the nonmonotonic change of the characteristic
parameters forms a “U” shape centered around the most
strongly correlated material in the series Ce3;BiyPds, and with
the comparably less correlated, large Kondo-gap compounds
Ce;BisPt; and Ce;BigNij lying at either side. While pres-
sure arguments alone could suffice, as discussed above, to
broadly describe the Ni-Pd side of this plot, they cannot
explain the changes in Kondo coupling observed under the
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FIG. 6. (a) Electrical resistance R(7) normalized to its room
temperature value R(300 K) and (b) magnetic susceptibility x (T")
of the Ce;BisX; series, with X = Ni (black dots), Pd (blue line), Pt
(red line), and of a partially substituted Ni-Pd single crystal (19% Ni,
white triangles). The data for Ce;BiyPd; and Ce;BiyPt; were taken
from Refs. [8] and [10].

volume-preserving Pd-Pt substitution, and, therefore, other
arguments are necessary to understand the entire nonmono-
tonic evolution found across the series. A recent analysis of
electronic band structure calculations suggested that the radial
extension of the d orbitals could play an important role in the
determination of the Kondo coupling in these hybridization-
gapped materials [16]. Our density functional theory (DFT)
calculations of the whole series (Fig. 10) appear to confirm
this hypothesis. The aim of these calculations is to extract the
d-electron density of states at the Fermi level, a key factor
determining the Kondo interaction strength. As the Kondo
effect itself cannot be captured by DFT, the 4 f electron of Ce
is treated as core electron (see Appendix D for more details).
Figure 7(b) displays the Kondo scale A/kg as a function of
the d-orbital electron density of states (d DOS) at the Fermi
level for the three Ce;BisX3 compounds (see Fig. 11 in Ap-
pendix D). The Kondo scale increases exponentially with the
d DOS(EF) (shaded gray line in the semilog plot), but it does
it nonmonotonically with the principal atomic number n, in-
creasing from the Pd 44 to the Pt 5d compounds, and reaching
its maximum for the 3d Ce;Bi4Nis. Hence, we conclude that
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FIG. 7. Comparison of characteristic parameters for the
Ce;BiyX; series (X = Ni, Pd, Pt). Shaded grey areas are guides to
the eyes. (a) iRRR values (from Fig. 6) and temperature scales T,
A/kg, and TY . For Ce;BiyNi3, T is taken from Fig. 4(a), Tx is
calculated from T;X, (see Sec. III), and A/kg is obtained from the
fits in Figs. 3(c)-3(d). Values for the Pd and Pt compounds taken
from Ref. [8]. (b) Kondo energy gap A/kg as a function of the
d-electron density of states (d DOS) at the Fermi level (from DFT
calculations, see Figs. 10 and 11 in Appendix D).

the nonmonotonic evolution of the physical properties across
the isoelectronic series can be explained by the relationship
between Kondo coupling and d-orbital density of states.

V. CONCLUSIONS

In summary, we successfully synthesized single crystals of
Ce;BisNis using Pb flux. The high quality of the samples was
verified via XRD and EDX measurements. From electrical
resistivity, Hall effect, magnetic susceptibility, and specific
heat experiments, we conclude that Ce;BisNij is a paramag-
netic heavy fermion material with a relatively large Kondo
gap of 65-70 meV. In the context of the Ce;BisX3 series
(X = Ni, Pd, Pt) we find a positive chemical pressure effect
in Ce3;BiyNi; relative to the heavier Pd and Pt compounds.
Notably, the transport and magnetic properties as well as the

extracted characteristic energy scales evolve nonmonotoni-
cally throughout this isoelectronic series. We attribute this
behavior to the nonmonotonic variation of d-orbital DOS at
the Fermi level. Obtaining a detailed understanding of how
the variations in orbital hybridization affect the Kondo cou-
pling across the Ni-Pd-Pt isoelectronic series would have a
broader impact for future experimental and theoretical stud-
ies. For example, the giant topological responses found in
various physical properties of Ce;BisPd; arise from strongly
renormalized Weyl bands located within a Kondo insulating
gap [8-10], which in turn acts in the background as a shield
against the effects of topologically trivial bands. It would then
be interesting to explore how the WKSM signatures observed
in Ce;BisPds will evolve as the band structure is carefully
tuned via various Ni-Pd-Pt substitutions, and as a function of
externally applied pressure.
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APPENDIX A: MATERIALS AND METHODS

Single crystal and polycrystalline samples of Ce;BisNij
were synthesized using high purity ingots of Ce (Smart
Elements, 99.9%), Bi (Aldrich, 99.999%), and Ni (Strem
Chemicals, 99.9%). As a first step, a polycrystalline sam-
ple with a nominal composition of Ce;BisNi3 was prepared
in a high-frequency furnace. From XRD and SEM/EDX
measurements (not presented here), the as-cast sample con-
tained the desired Ce;BisNiz phase [Y3SbsAus-type, space
group (SG) 220, 143d], additional CeBi (NaCl-type, SG: 225)
and CeNi;_,Bi, (CuHfSi,-type, SG: 129) phases, and small
amounts of elemental Ni. After annealing at 700 °C in vacuum
for 14 days, CeNi;_,Bi, disappeared in the ingot, but the
binary phase remained. From a careful examination of the mi-
crostructure of the as-cast sample, we concluded that the cubic
CeBi phase crystallizes before the Ce3;BisNij phase during the
cooling process, i.e., Ce3BisNis melts incongruently.

For the single crystal growth various metal fluxes were
tested, including Al, Ga, In, Sn, Sb, Bi, and Pb. Only with the
latter (Pb, Alfa Aesar 99.999%) single crystals of Ce;BisNij
successfully formed. The high-purity elements were loaded
into a tantalum crucible with a ratio of Ce:Bi:Ni:Pb =
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FIG. 8. Crystal structure of Ce;BisNiz, with atoms displayed as
ellipsoids representing their anisotropic atomic displacement param-
eters (ADPs). Derived from the refinement (including Ni deficiency
in the structure) of single crystal XRD data corresponding to a highly
stoichiometric sample (see Table II).

3:4:3.2:10 and sealed in vacuum in a quartz ampoule. The
excess of Ni was used to suppress its deficiency in the 3-4-3
phase (see EDX analysis in Sec. II and discussion in Ap-
pendix C). The ampoule was heated in a vertical furnace to
1050 °C at 150 °C/h, and held during 10 h for soaking before
cooling it down to 500 °C at 3 °C/h. The ampoule was then
inverted and centrifuged to separate the single crystals from
the flux. In addition to the desired Ces;BisNi3 phase, we also
detected the phases CeBi and CeNi;_,Bi,. While the former
appears to be unavoidable, it can be safely separated from the
selected Ces;BisNij single crystals. The formation of the latter,
on the other hand, could be circumvented by removing the
crucible from the furnace at a certain high temperature.

The phase constitutions and lattice parameters of all
specimens were analyzed by powder XRD using Ge-
monochromated Cu-Ko; radiation (A = 1.5406 A). Rietveld
refinements were obtained with the FULLPROF software suite
[30,31] and precise lattice parameters with the program
STRUKTUR [32] from least-squares fits; Ge served as an inter-
nal standard (age = 5.657906 A). The refinement described
in Sec. II was achieved with reasonable residual values, Rg =
7.4%, Rp = 7.6%, and a goodness of fit of 1.6.

Small single crystals (~50 um) suited for x-ray structure
analysis were selected from a mechanically crashed large
crystal. The small crystals were first inspected on an AXS
D8-GADDS texture goniometer, to assure the high crystal
quality, unit cell dimensions, and Laue symmetry. Detailed
single crystal XRD data were collected at 100 K, 200 K, and
300 K on a Bruker KAPPA Apex II four-circle diffractometer
equipped with CCD detector (graphite monochromated Mo-
K, radiation, > = 0.7107 A). Besides the general treatment of
absorption effects using the multiscan technique (SADABS;
redundancy of integrated reflections >8) [33], no individual
absorption correction was necessary because of the rather
regular crystal shape and small dimensions of the investi-
gated specimens. The crystal structure was solved by applying
direct methods (software SHELXS-97) and refined against F?
(software SHELXL-97-2) within the OSCAIL program [34-36].
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FIG. 9. (a) Lattice parameter a vs Ni content of Ce;Bi;Ni;
obtained from room-temperature powder XRD and EDX mea-
surements, respectively, of selected samples from different growth
batches (labeled by numbers). Data in the gray-shaded area cor-
respond to the most stoichiometric samples (close to three Ni
atoms per formula unit), with an average value of a = 9.7715(9)
A. (b) Magnetic susceptibility x vs T of CesBisNi; single crystals
from different batches (B || [11-2] = 1 T). Broad maxima at T, are
marked with arrows. (c) T.X, (left scale) and susceptibility magnitude

at Y (right scale) obtained from (b) vs lattice parameter from (a).

Finally, the crystal structure was standardized with the STRUC-
TURE TIDY software [37,38]. Details on structure refinements
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of the studied phases are listed in Appendix B. Crystal orien-
tations were determined and the quality of the samples was
verified by Laue XRD (Photonic Science).

The chemical composition was determined by EDX in a
scanning electron microscope operated at 20 kV (Zeiss Supra
55VP, probe size 1 um). Measurements at different positions
on the polished surface of the samples yielded a variation of
composition homogeneity of £0.3 at. %.

Electrical transport and magnetic susceptibility mea-
surements were performed between 300 K and 2 K in
a PPMS/VSM system from Quantum Design. Electrical
contacts for resistivity were made along the [111] crystallo-
graphic direction by gluing 25 um annealed gold wires with
silver paste (DuPont 4929N). The heat capacity was also

measured in a PPMS system using the standard heat-pulse
method. Samples were fixed to the platform with Apiezon
N-grease. Before the measurements of the samples, the empty
platform was calibrated with N-grease (addenda).

APPENDIX B: STRUCTURE REFINEMENT FROM
POWDER AND SINGLE CRYSTAL X-RAY DIFFRACTION

The Rietveld refinement of the powder XRD shows that
the atomic displacement parameter (ADP) at the Ni site
(12b) is larger than those at the corresponding Ce (12a) and
Bi (16c) sites. This could originate from an inappropriate
occupation at the Ni site. To clarify it, we carried out sin-
gle crystal XRD at 100 K, 200 K, and 300 K, expecting a
priori that the influence of ADPs on the determination of
occupations would be reduced at low temperatures. The single
crystal XRD analysis reveals isomorphism of the Y3;SbsAus-
type structure (SG: 220, I43d), with Ce sitting at the 12a
site, Ni at the 12b site, and Bi at the 16¢ site. For sam-
ples corresponding to the most stoichiometric batch (#36,
see Appendix C), a refinement of the atomic occupations
at each site without any constraints yields almost full oc-
cupations at the Ce and Bi sites, but an occupation that
slightly deviates from 1 at the Ni site (occupation ~0.95).
This result is robust and does not depend on temperature (see
Table II). The refinement including Ni deficiency in the struc-
ture (Table I) also yields reasonable ADPs at each site, low
residual values, low residual electron densities, and a refined
composition similar to that obtained from the EDX exper-
iments [Ces 15(5)Bi3.90(9)Niz.944), see Sec. II]. In the crystal
structure displayed in Fig. 8, the shapes of the atoms represent
the anisotropic ADPs, with almost spherical shapes and equal
size for each atom. Table III lists the interatomic distances
between all atoms, showing strong bonding between hetero-
geneous atoms if we compare the interatomic distances with
atom radii of rce = 1.83 A, rg; = 1.60 A, and ry; = 1.25 A,

Using this model in the refinement of the powder XRD
data (red line in Fig. 1), we obtained a better fit for the
observed pattern, more reasonable ADPs at each site, and
slightly lower residual values. To further establish the level
of Ni deficiency in the structure, additional structure inves-
tigations with crystals of various compositions, which can
be realized by modifying the crystal growth parameters, are
necessary.

APPENDIX C: RELATIONSHIP BETWEEN
STOICHIOMETRY, STRUCTURAL, AND MAGNETIC
SUSCEPTIBILITY DATA

As discussed in Appendix A, the growth of Ce;BiyNis
single crystals tends to yield samples with Ni deficiency. To
evaluate how this affects the physical properties, we studied
crystals from different batches, with Ni contents ranging from
very close to 30% (the exact 3:4:3 stoichiometry) to about
28.3% (Fig. 9). Clear trends are observed. The lattice param-
eter a increases with increasing Ni content [Fig. 9(a)]. For
the five most stoichiometric samples selected from different
batches, shown in the gray-shaded area, the average lattice
parameter is a = 9.7715(9) A.
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TABLE I. Structural data of Ce;BiyNi; obtained from single crystal XRD data collected at 100 K, 200 K, and 300 K (space group 220,
143d). For the refinement, the lattice parameter at 300 K was initially obtained from powder XRD, and the values at lower temperatures were
calculated from the linear thermal expansion coefficient derived from single crystal XRD.

T (K) 100 K 200 K 300 K
aA) 9.7170(2) 9.7445(2) 9.7720(2)

vV (A% 917.48 925.29 933.15
Density (g cm™) 10.370 10.282 10.196
Mabs (mm™1) 96.88 96.06 95.25
F(000) 2360.0 2360.0 2360.0
Reflections 14509 14555 14993
Independent reflections 657 657 672
26max 90.63 90.30 91.19

Rine 0.069 0.073 0.073

h —-19<h<19 —-19<h<19 —-19<h<19
k —-19<k<11 —19<k<11 —-19<k <11
l —-19<I1<17 —-19<I<17 —-19<I1<17
Reflections in refinement 630(F,) > 40(F,) 623(F,) > 40(F,) 630(F,) > 40(F,)
Number of variables 10 10 10
Extinction coefficient 0.0023(2) 0.0036(2) 0.0039(3)
Goodness of fit 1.25 1.22 1.21

Ry 0.021 0.019 0.020
wR, 0.053 0.058 0.062
APmax> APmin (€A3) 3.23, —3.88 2.68, —3.78 2.48, —3.70
Refined composition C€3Bi4Ni2‘35(3) C63Bi4Ni2'g5(3) Ce3Bi4Ni2‘32(6)

Also the magnetic susceptibility x changes systematically
with the Ni content [Fig. 9(b)]. The temperature of a local
maximum seen in all x (T') curves, denoted by T;% (indicated
with arrows), increases with increasing Ni content, whereas
the magnitudes of x at 7,5, decrease with increasing Ni
content. Both trends are approximately linear [Fig. 9(c)].

This systematic behavior allows us to use magnetic suscep-
tibility measurements to identify samples with a Ni content
closest to the exact 3:4:3 stoichiometry. We have used sam-
ples from batch #36 for the physical properties measurements
presented in Secs. III and IV.

APPENDIX D: DENSITY FUNCTIONAL THEORY
CALCULATIONS

The electronic structure of Ce3BiyX3 (X = Ni, Pd, Pt) was
calculated using FPLO-22 [39], a density functional theory
(DFT) package (Fig. 10). Structural parameters obtained from

the refinement of the single crystal XRD data were utilized
(Appendix B). The PBE (GGA) functional [40] was used, as
well as the default basis, with the 4f orbitals of Ce treated
as corelike. The latter means that no hybridization with 4f
states is possible and the results thus represent the (hypothet-
ical) situation without any Kondo interaction. As discussed
in the main part, the motivation for these calculations is to
evaluate whether the electronic structure evolves according to
the atomic number of the elements (3d element Ni: 28; 4d
element Pd: 46; 5d element Pt: 78) or other effects are at work.

As the hybridization between d and f electrons is responsi-
ble for the experimentally observed Kondo effect, the density
of states (DOS) of the former, d DOS, is the quantity of
interest, in particular at the Fermi energy. We calculated it
for all three compounds and the results are shown in Fig. 11.
Indeed, our calculations reveal that the DOS at the Fermi
energy evolves nonmonotonically with the atomic number. It
is largest for Ni, but larger for Pt than for Pd. The general

TABLE II. Structural information and atomic displacement parameters U;; in [10? nm?] at 100 K, 200 K, and 300 K.

Wyckoff site 100 K 200 K 300 K
12a (38, 0, 14): Occ. Ce: 1 Ce: 1 Ce: 1
U, (A? 0.0009(1) 0.0033(1) 0.0063(1)
Ui (A% 0.0015(2) 0.0045(2) 0.0079(3)
U; (AY),i=2,3 0.0006(1) 0.0028(2) 0.0055(2)
12b (78, 0, 14): Occ. Ni: 0.95(1) Ni: 0.95(1) Ni: 0.95(1)
Uy, (A?) 0.0019(4) 0.0049(5) 0.0083(5)
Ui (AY 0.0010(6) 0.0038(7) 0.0066(8)
U; (AY),i=2,3 0.0023(5) 0.0054(5) 0.0092(6)
16¢ (x, x, x): Occ. Bi, x =0.07929(2) : 1 Bi, x = 0.07893(2) : 1 Bi, x = 0.07929(2) : 1
U, (A?) 0.0007(1) 0.0031(1) 0.0059(1)
U; (AY),i=1,2,3 0.0007(1) 0.0031(1) 0.0059(1)
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TABLE III. Interatomic distances (A) at 100 K, 200 K, and 300 K.

Atom 100 K 200 K 300 K
Ce - 4Ni 2.9752(6) 2.9836(6) 2.9921(6)
4Bi 3.3210(7) 3.3267(7) 3.3317(7)
4Bi 3.4061(7) 3.4196(7) 3.4338(8)
Bi - 3Ni 2.6992(6) 2.7054(6) 2.7114(6)
3Ce 3.3210(7) 3.3267(7) 3.3317(7)
3Ce 3.4061(7) 3.4196(7) 3.4338(8)
3Bi 3.6579(8) 3.6717(8) 3.6861(8)
Ni - 4Bi 2.6992(6) 2.7054(6) 2.7114(6)
4Ce 2.9752(6) 2.9836(6) 2.9921(6)

expectation is that the smallest 3d orbitals have the largest
DOS, and the largest 5d orbitals have the smallest DOS.
However, the lattice parameters of the Pt and the Pd compound
are essentially the same. This squeezes the 5d orbital of Pt, to
yield the observed enhanced DOS. Our DFT results have thus
clarified the reason for the nonmonotonic trend in the physical
properties across the Ni-Pd-Pt series of Ce;BisX3 compounds.

30_ T T T T T ;‘. T T T T ]

DOS (eV")

-0.2 -0.1 0.0 0.1 0.2

FIG. 11. Total and d-electron density of states (d DOS) of
Ce;3BisX; (X = Ni, Pd, Pt), obtained from the band structure calcu-
lations displayed in Fig. 10. The Fermi energy is set to zero (vertical
line).
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