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Electron correlations and topology are well established as 
engines for surprising and potentially functional properties. 
Strong correlations promote quantum fluctuations, which 

engender abundant phases of matter and various quantum phase 
transitions1,2. Meanwhile, extensive developments have taken place 
in non-interacting electron systems, especially those with sizable 
spin–orbit couplings (SOCs). In particular, the role of space-group 
(SG) symmetry in determining and classifying symmetry-protected 
topological phases has been highlighted3–7. In the archetypal version 
of two-dimensional (2D) and three-dimensional (3D) topological 
semimetals, SG symmetry enforces Dirac nodes in the honeycomb 
lattice (as realized in graphene8) and diamond lattice9, respectively. 
These understandings set the stage for a systematic search of weakly 
correlated topological materials in terms of the constraints of  
SG symmetries on non-interacting band structures for a variety 
of crystal structures, which has led to a large topological materials 
database10,11.

We can expect that the intersection of these two fields will be 
especially fertile in breeding novel quantum phases, but it remains a 
largely open terrain12–14 especially for the case with gapless bulk exci-
tations2,15. The fractional quantum Hall effect amply demonstrates 
the capability of strong correlations to drive gapped topological 
states. By contrast, correlated gapless electronic topology has been 
much less explored. The usual approach starts from non-interacting 
symmetry-protected topological states. It considers the interactions 
as a perturbation or as producing a symmetry-breaking ordered 
state—such as a magnetic order—that, in turn, modifies the weakly 
correlated topology16. In the opposite limit, where the electrons’  
correlations dominate over their kinetic energy, there has been a  
considerable lack of strongly correlated gapless topological materials.  
It is pressing to realize such materials, which are important in their 

own right and may also serve as anchoring points to explore the 
overall landscape of strongly correlated gapless topology. Recently, a 
non-perturbative study has led to a Weyl–Kondo semimetal phase17–19  
in a toy model associated with the diamond lattice. Concurrently, 
such a phase was experimentally advanced in a cubic heavy-fermion 
compound Ce3Bi4Pd3 based on the measurements of specific heat 
and spontaneous Hall effect20–22. The interplay between substantial 
electron correlations and lattice geometry is also being experimen-
tally explored in other materials such as kagome metals23–25.

These developments motivate the search for a general non- 
perturbative framework to treat the interplay of correlation and 
topology and design both phases and materials of correlated gapless 
electronic topology. Our hypothesis is that strong correlations coop-
erate with crystalline symmetry to produce such states. Specifically, 
as Fig. 1a illustrates, strong correlations give rise to emergent excita-
tions at low energies. The SG symmetry constrains these excitations, 
leading to emergent topological phases and enforcing their gapless 
nature. If validated, the proposition provides a materials design 
principle for correlated gapless electronic topology. Still, the pro-
posed cooperation is counterintuitive, because strong correlations 
tend to cause localization and gap out electronic excitations26,27.

To test the proposed materials design principle, it is important to 
go beyond toy models and explore correlated systems with general 
SG symmetries that may promote different types of nodal electronic 
state. We illustrate our approach by narrowing down the choice of 
strong-coupling models for our study here as follows. We focus  
on SG symmetries where electronic degeneracies may develop at 
partial fillings, regardless of orbital content. These often happen 
in non-symmorphic SGs. We examine the case where interactions  
do not break crystalline or time-reversal symmetries, as a point of 
principle. Finally, to be definite, we formulate our materials design 
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in the context of Kondo lattice systems, as realized via the limit 
of strong Coulomb repulsion in periodic Anderson models. The 
Kondo effect leads to a ground state in which the local moments 
and conduction electrons entangle and form a spin singlet, which 
supports composite fermions in the excitation spectrum at low 
energies—within the Kondo energy scale of Fermi energy28–30. 
Generalizations to other correlated systems will be discussed.

We, thus, consider a Kondo lattice system that contains mirror  
symmetry, which is known to favour Weyl nodal lines in non- 
interacting systems31–34. Our focus is on the non-symmorphic and 
non-centrosymmetric square-net systems, which host both mirror  
and screw non-symmorphic symmetries (Fig.  1b,c). Especially, 
SG 129 has been a fertile setting for the electronic degeneracies 
of non-interacting systems35–40 and is particularly advantageous 
in that the degeneracies are orbital independent4. Allowing for 
inversion-symmetry breaking, we demonstrate the cooperation of 
strong correlations with SG symmetry in producing a novel phase—
a Weyl–Kondo nodal-line semimetal. Our analysis of correlation- 
driven topological semimetal phases gives rise to a general proce-
dure to design new materials that realize such phases. We illustrate 
this materials design principle by identifying several new candidate 
Ce-based correlated topological semimetals, and indicate how it can 
be used to identify many new materials.

The periodic Anderson model is specified by the following 
Hamiltonian:

H = Hd +Hcd +Hc . (1)

The spin-1/2 d- and c-fermion operators describe the physical local-
ized f electrons and the light spd conduction electrons that form the 
non-interacting bands, respectively. Further details of the model 
and solution method are described in the Methods.

The 3D crystalline structure of SG 129 (P4/nmm) and its 
inversion-breaking counterpart, SG 31, are constructed by stack-
ing 2D layers in the z direction. To set the stage for analysing the 
interplay between SG symmetry and correlation effects, we start 
from this 2D system corresponding to the layer group p4/nmm. The 
Hamiltonian of the conduction electrons, Hc, is described in a matrix 
form: Hc =

∑
kΨ

†
kHc(k)Ψk, where Ψ

T
k = (ck↑A, ck↓A, ck↑B, ck↓B),  

A and B are two sublattices, k is the wavevector and σ = ↑ or ↓ 
denotes the spin quantum numbers. As described in the Methods 
(and Supplementary Fig.  3), it contains tight-binding hopping 
terms between the nearest (t1) and next-nearest (t2) neighbours, 
an SOC (tSO) term and an inversion-symmetry-breaking (Δ) 
term. In the absence of the Kondo effect, all the electrons prefer 
to occupy the low-lying d states to half-filling, making the d com-
ponent to be a Mott insulator. Concomitantly, the conduction 
c-electron bands are completely empty, that is, they lie above the 
Fermi energy. Figure  2a shows the band structure for the case of 
the inversion-symmetry-breaking potential Δ = 0, that is, in the 
presence of the full p4/nmm symmetry. The mirror and screw 
non-symmorphic symmetries enforce additional crossings at 
high-symmetry points X, Y and M (Methods)35. Since these Dirac 
points occur far above the Fermi energy, they leave the ground state 
topologically trivial. We note that the separated d-electrons are deep 
levels far away (below) the Fermi energy; they are half-filled and 
form a Mott insulator due to the large onsite Coulomb repulsion. 
Supplementary Fig. 1a shows the dispersion of the Kondo-driven 
Fermi-energy-bound composite fermions for Δ = 0. Because the 
composite-fermion bands are subjected to the non-symmorphic 
symmetry constraint, they feature Dirac nodes at X, Y and M.

We are now in position to present our main results on the 3D 
SGs 129 and 31. For SG 129, the mirror and screw symmetries have 
the same effect as in the 2D case. This implies that Kondo-driven 
dispersive Dirac nodes robustly develop along the XR, MA and YS 
lines in the composite-fermion spectrum within the Kondo energy 
of the Fermi energy. Their dispersive nature implies that a Dirac 
nodal point can develop at the Fermi energy. We illustrate this point 
through a concrete calculation (Supplementary Fig. 2a,b). We note 
that in the presence of a magnetic field (or ferromagnetic order), 
Kondo-driven Weyl nodes develop (Supplementary Fig. 2c,d).

The case of SG 31 is more involved. To be definite, we con-
sider the AA stacking of square-net layers (Fig. 1d) with the two  
stacking layers hosting s and p orbitals, respectively32,33. The cor-
responding periodic Anderson model is given in the Methods. In 
the presence of the Kondo effect, our results are shown in Fig. 3a. 
Nodes develop in the dispersion of the Kondo-driven composite 
fermions, which are more clearly seen in the zoomed-in view of 
the immediate vicinity of the Fermi energy (Fig. 3b). In our model, 
the Kondo-driven nodes are precisely at EF. These electronic degen-
eracies appear in the form of Weyl nodal lines in the kz = 0 plane 
(Fig. 3c). All these reflect the mirror non-symmorphic {Mz|

1
2
1
2 0} 

symmetry. Because they are associated with the highly renormal-
ized composite fermions, the Weyl nodal-line excitations have 
strongly reduced velocities. We stress that the nodal lines are robust 
against the SOC.

The realization of the Weyl–Kondo nodal-line semimetal is 
particularly important, as it suggests the emergence of drumhead 
surface states. We have computed the excitation spectrum on the 
(001) face in a slab with 40 unit cells. As indicated in Fig. 3d, we 
find Kondo-driven drumhead surface states that are bounded by 
the projections of the Weyl rings. Importantly, the dispersion of the 
drumhead states also captures the Kondo energy scale and hence is 
strongly correlation renormalized.

b

c
A(1/4, 1/4, -z)
B(3/4, 3/4, z)

Cx

Cy

Mz

Mzz

x+y

a

x

z

y

d

Mz

SG
symmetry
constraints

Strong
correlations

Correlated
topological

phases

Correlated
topological
materialsEmergent

excitations

Fig. 1 | Materials design principle and SG symmetry. a, Proposed 
cooperation between strong correlations and SG symmetry in realizing 
correlated gapless topological states and materials. Here low-energy 
excitations emerge from strong correlations and are subjected to SG 
symmetry constraints, leading to correlated topological phases in 
theoretical models and materials that realize such phases. b,c, Lattice 
structure of the square-net layer with sublattices A and B on Wyckoff 
position 2c. Also shown are the mirror (Mz) and screw (Cx and Cy) 
non-symmorphic symmetries. d, AA stacking of the square-net layers into 
a 3D structure.
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We now turn to the experimental signatures of the Kondo-driven 
Weyl nodal-line semimetals. The first category of signatures bears 
similarities with those of the Weyl–Kondo semimetals17–22. For 
example, because the velocity v∗ is highly reduced from the typical 
bare conduction-electron value v, the specific heat is expected to 
have a quadratic temperature dependence with a large enhancement 
factor (Supplementary Information):

cv = Γ T2. (2)

Here the prefactor is Γ = K
2π

9ζ(3)
2 ( kB

h̄v∗ )
2kB, where K is the length 

of the nodal line, h̄ is the Planck’s constant divided by 2π, kB is the 
Boltzmann constant, and zeta function ζ(3) ≈ 1.202. It is enhanced 
from the typical non-interacting value by (v/v∗)2, which is of  
the order of (W/kBTK)2, where W is the bare conduction-electron 
bandwidth. This enhancement factor is huge—about 104−106 for 
moderately to strongly renormalized heavy-fermion semimetals. 
As another example, the enhanced Berry curvature near the Fermi 
energy can be probed through the spontaneous Hall effect21.

The second category of experimental signatures is distinct for 
the Kondo-driven nodal-line phase. As one example, the nodal lines 
lead to a non-trivial Berry phase of any closed loop perpendicular to 
the mirror plane. The resulting characteristic signatures in quantum 
oscillations for such a strongly correlated setting are considerably 
more challenging to probe than their weakly correlated counter-
parts41–43. However, in materials with moderate mass enhancement 
(as we will identify below), these experiments are expected to be  

feasible. As another example, the drumhead surface states will  
lead to distinct spectroscopic signatures. As in weakly correlated 
systems44, they can, in principle, be probed by quasiparticle interfer-
ence measurements via scanning tunnelling microscopy; here the 
quasiparticle interference pattern develops a structure at wavevec-
tors whose magnitude is bounded from above by the location of the 
nodal lines in the bulk, as well as at energies that are bounded above 
by the bandwidth of the drumhead states45. Finally, the develop-
ments of recent years46 make angle-resolved photoemission spec-
troscopy as a promising probe of the dispersive bulk and surface 
f-electron states that we have discussed.

Next, we turn to demonstrate how our approach guides the 
search for new correlation-driven topological materials. Because 
the composite fermions must be located near the Fermi energy, 
we can expect the Kondo-driven semimetal phases to host topo-
logical nodal excitations near the Fermi energy for generic fillings. 
Consequently, the cooperation of symmetry and Kondo correlation 
is adequate to realize candidate Kondo materials; this general pro-
cedure is outlined in Fig. 1a. In passing, we note one general point. 
Designing strongly correlated topological materials is inherently 
difficult; in the presence of strong correlations, the ab initio cal-
culations of electronic states represent a challenge. Here we bypass 
this difficulty by using symmetry. Our results on the Kondo-lattice 
model Hamiltonians imply that SG symmetry and Kondo corre
lation cooperate in driving correlated topological semimetals. 
Hence, we can design new materials for correlation-driven topo-
logical semimetals purely based on crystalline symmetry and strong 
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correlations, without resorting to ab initio results for the correlated 
electronic structure.

We first consider SG 129, and focus on the case of Ce ions on 
site 2c. The procedure is outlined in Fig. 4a and further described in 
Supplementary Fig. 4. It leads to two new materials, namely, CePt2Si2 
and CeRh2Ga2, which we propose to realize the Kondo-driven 
semimetal phase. Both remain paramagnetic down to the lowest 
temperature of somewhat below 2 K (refs. 47,48) that has been experi-
mentally measured, and both have strong correlations as inferred 
from their moderately enhanced specific heat (Supplementary 
Information). Moreover, both show semimetallic behaviour. Below 
their respective Kondo temperatures, their resistivity as a function 
of temperature (Supplementary Fig. 5a,b) behaves similarly as the 
well-established heavy-fermion semimetals Ce3Bi4Pd3 and CeNiSn 
(refs. 20,49), respectively (Supplementary Fig. 5c,d). For CePt2Si2, the 
spd electronic structure, determined by f-core density functional 
theory (DFT) calculations (Methods), are displayed in Fig.  2c. 
Evidently, the symmetry of SG 129 dictates the existence of Dirac 
nodes at the X, M, R and A points, which are located away from the 
Fermi energy. The results for CeRh2Ga2 are similar (Supplementary 
Fig. 7). The DFT-calculated electronic structure is expected to apply 
well above the Kondo temperature. Below their respective Kondo 
temperatures, the approach we have advanced here suggests that 
they will realize Kondo-driven topological semimetals. The precise 
nature of the renormalized band structure requires the construction 
of tight-binding representations of the DFT-derived band structure 
and the ab initio input of Kondo couplings. We outline how this 
construction can be done in the Supplementary Information and 
Supplementary Fig. 8, and reserve the correlated ab initio studies 

for a future work. Still, our solution of the Kondo-lattice model 
Hamiltonian with SG 129 and the resulting conclusion about the 
cooperation between symmetry and Kondo correlation imply that 
both materials qualify as candidates for the correlation-driven topo-
logical semimetals advanced here.

Studies of these materials set the stage to search for additional  
strongly correlated semimetals. In the case of a non-zero inversion- 
symmetry-breaking term Δ, corresponding to SG 31, a similar 
search procedure for the Ce-based case is outlined in Fig. 4b and 
Supplementary Fig. 4. It leads to the identification of a new mate-
rial, Ce2Au3In5, as a candidate heavy-fermion material that is known 
not to order down to the lowest measured temperature (2 K)50. Its 
inversion-symmetry breaking is illustrated in Fig. 4e. We propose it 
as a candidate material to realize the Weyl–Kondo nodal-line semi-
metal advanced here. Thus, the considerations of these two specific 
SGs lead to the identification of three new candidate Kondo-driven 
topological semimetals (Fig.  4c). This result already considerably 
expands the material base for such strongly correlated topological 
semimetals beyond the known case of Ce3Bi4Pd3 (refs. 20–22).

To demonstrate the predictive power of our materials design 
principle, we have synthesized single-crystalline Ce2Au3In5 and its 
La counterpart, La2Au3In5. The electronic specific heat of Ce2Au3In5 
is shown in Fig. 4d (Supplementary Fig. 6 shows how the phonon 
contribution is determined). The low-temperature upturn indicates 
the influence of a (presumably magnetic) phase transition below 
the lowest measured temperature (2 K). In the paramagnetic regime 
free of this influence, a ΓT2 form is observed. Fitting Γ in terms 
of equation (2) (Supplementary Fig. 15) yields a nodal velocity 
v∗ = 2994 m s–1. This represents a close to three orders of magnitude 
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renormalization from the typical velocity of non-interacting elec-
trons, which is consistent with the association with Kondo-driven 
composite fermions.

Our approach for materials design can be readily generalized. 
For example, our procedure applies to other Wyckoff positions (for 
example, Ce ions at positions 2a or 2b instead of 2c), other lanthanide 
elements (Pr, Sm, Eu and Yb, in addition to Ce) and actinide ele-
ments (for example, U), and finally, a large number of other SG sym-
metries (in particular, those among the 155 non-symmorphic SGs). 
These factors make it probable that hundreds of candidate materials 
can be realized for strongly correlated topological semimetal phases.

We now underscore some general lessons drawn from our 
results. Our models have an even number of electrons per unit cell. 
The typical localizing tendency of strong correlations could have 
turned the systems into Kondo insulators14,51,52. Instead, the strong 
correlations cooperate with the SG symmetries (Fig. 1a): the Kondo 
effect generates composite fermions; the SG symmetry constraints 
on the composite fermions prevent the Kondo gap from developing 
and instead lead to the Weyl nodal excitations.

Going beyond Kondo systems, emergent low-energy excitations 
can already develop for intermediate correlations when the correla-
tion strength is comparable to the non-interacting bandwidth. Here, 
too, they will be subjected to SG symmetry constraints. To illustrate  
the point, consider a multi-orbital Hubbard model containing 
both Hubbard and Hund interactions and with the orbitals having 
unequal kinetic energies53,54. When a correlated metal develops near 
an orbital-selective Mott phase, the emergent low-energy excitations  

take the form of a narrow band that is bound to the immediate 
vicinity of the Fermi energy, as indeed seen experimentally55. For 
such models, in suitable crystalline settings, the SG symmetries 
are expected to constrain the low-energy excitations and produce 
gapless topological phases. Thus, our work motivates parallel 
(and systematic) studies for correlated gapless electronic topology 
in such multi-orbital models and the associated transition metal 
compounds. We can expect our approach to provide a means for 
identifying hitherto-unknown phases and materials of correlated 
electronic topology in a variety of settings across a wide correla-
tion spectrum. Finally, correlation physics that involves non-trivial 
electronic topology is a general problem that pertains to a growing 
list of materials. As recent studies56 in the moiré bands of twisted 
bilayer graphene illustrate, the kind of topological heavy fermions 
we advance here may effectively serve as a platform to elucidate the 
enigmatic physics of these emerging materials.

Our work has advanced a materials design principle, namely, 
strong correlations cooperate with SG symmetry to drive corre-
lated topological solids, as well as a general procedure to identify 
new materials for correlation-driven topological semimetals. Our 
findings illustrate the potential of the design principle to guide the 
search for new correlated topological metals in a broad range of 
strongly correlated quantum materials. Given that new materials 
and novel quantum phases may serve as anchoring points for new 
physics and unusual properties that are yet to be foreseen, we expect 
our work to guide the exploration of the vast landscape of metallic 
topological matter in strongly correlated regimes.
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f-core DFT calculations
The electronic structure calculations were performed with the f 
states removed from the pseudo-potential to model the band struc-
ture. The SOC was taken into account. Further details can be found 
in the ‘Further details and additional results of the DFT calculations’ 
in the Supplementary Information.
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Methods
Periodic Anderson model, solution method and symmetry analyses. The periodic 
Anderson model is specified by equation (1). The model contains two species of 
spin-1/2 electrons. The Hamiltonian Hd, containing spin-1/2 d operators, describes 
the physical localized f electrons:

Hd = Ed
∑

i,σ
d†iσdiσ + U

∑

i
ndi↑n

d
i↓, (3)

where Ed is the energy level and U is the onsite Coulomb repulsion. However, Hc, 
which involves c operators, characterizes the spd conduction electrons that form 
the non-interacting bands. The hybridization term, which describes the Kondo 
coupling between the conduction and f electrons, is given by

Hcd = V
∑

iσ

(

d†iσciσ + h.c.
)

, (4)

where V represents the hybridization between the two species of electrons. The 
following features of SG 129 and model justify its application to many f-electron 
materials in this SG. The symmetry representations of this SG are such that at each 
high-symmetry point, the degeneracy of the bands is independent of the symmetry 
of the orbital (assuming SOC). Thus, our model applies regardless of the nature 
of the orbitals near the Fermi energy. The dispersion of Kondo-driven composite 
fermions stays near the Fermi energy, within the Kondo energy. Thus, although we 
specialize in the quarter-filled case (corresponding to one electron per site), changing 
the filling will only shift the composite-fermion bands up to the Kondo energy. 
The saddle-point analysis, involving self-consistent equations that are exact in a 
large-N limit (where N is the spin degeneracy), is described in the Supplementary 
Information. The Kondo effect generates composite fermions that must be located 
near the Fermi energy. Although we will describe symmetry constraints in terms of 
the dispersion of composite fermions, the same conclusion is reached through a more 
general analysis that is carried out in terms of the eigenvectors of the full single- 
particle Green’s function for the interacting Hamiltonian57 (see the ‘Symmetry analysis 
of the interacting Green’s function’ section in the Supplementary Information).

The periodic Anderson model in 2D involves

Hc =
∑

k
Ψ

†
kHc(k)Ψk,

where ΨT
k = (ck↑A, ck↓A, ck↑B, ck↓B). Furthermore,

Hc(k) = t1 cos kx
2 cos ky

2 τx + t2(cos kx + cos ky) + tSO(sin kxσy − sin kyσx)τz

+ ∆ sin( kx−ky
2 )τxσz,

(5)

where τ = (τx, τy, τz) and σ = (σx, σy, σz) are Pauli matrices acting on the (A, B) 
sublattice and spin spaces, respectively. A more explicit form of the Hamiltonian 
can be found in the Supplementary Information (‘Hamiltonians in matrix form’ 
section). For definiteness, we consider the lattice model with tight-binding hopping 
terms between the nearest (t1) and next-nearest (t2) sites (Supplementary Fig. 3a),  
an SOC (tSO) term and an inversion-symmetry-breaking (Δ) term. The first three 
terms contain all the symmetry-allowed components up to the next-nearest 
neighbour, describing an effective s-orbital model on Wyckoff position 2c with 
both time-reversal symmetry (T ) and inversion symmetry (I). The presence of 
both T  and I  ensure each band is doubly degenerate with states |g〉 and T I |g⟩. In 
addition, the symmetries include the glide mirror symmetry {Mz| 12

1
2} (Fig. 1b,c) 

and two screw symmetries {C2x| 12 0} and {C2y|0 1
2} (where {Cni∣t} is the n-fold 

rotation along axis i + fractional translation t; Fig. 1c). The bands are generically 
twofold degenerate. However, a fourfold degeneracy at X arises as a result of either 
the mirror non-symmorphic {Mz| 12

1
2} symmetry or the screw non-symmorphic 

{C2x| 12 0} symmetry. The same degeneracy appears at Y, due to either the  
mirror non-symmorphic {Mz| 12

1
2} symmetry or the screw non-symmorphic 

{C2y|0 1
2} symmetry. Finally, a fourfold degeneracy also develops at M, from  

either the {C2x| 12 0} or the {C2y|0 1
2} symmetry. The fourth term has the form of  

∆ sin( kx−ky
2 )τxσz. It breaks the inversion symmetry of p4/nmm and preserves 

its mirror symmetry35,58. The quarter-filling case we examine corresponds to one 
electron per site. We consider the realistic regime of parameters corresponding 
to the limit of strong coupling, U → ∞, and with the d-electron level being 
sufficiently deep compared with the energy of the conduction-electron bands 
(that is, for sufficiently negative Ed), in which the system is in the Kondo limit. The 
saddle-point analysis results are compatible with those derived from a variety of 
other methods. For example, the Kondo effect is found to develop only when the 
hybridization strength goes above a threshold value. This reflects the fact that the 
bare conduction-electron bath has a gap near the Fermi energy. The gap makes 
the Kondo coupling to be irrelevant (as opposed to marginally relevant) in the 
renormalization-group sense; as a result, a non-zero threshold value of the  
Kondo coupling or hybridization is needed for the Kondo effect to develop.

We now specify the periodic Anderson model in three  
dimensions. Here Hd and Hcd are the same (except that the site  
summation is in the 3D lattice). For the conduction electrons, the  
Hamiltonian now takes the form H3D

c =
∑

kΦ
†
kH

3D
c (k)Φk, where 

Φ
T
k = (csk↑A, csk↓A, csk↑B, csk↓B, c

p
k↑A, c

p
k↓A, c

p
k↑B, c

p
k↓B). In this equation,

H3D
c (k)

= Hc(kx, ky) ⊗ ρz + ∆zρz + t1z sin( kz
2 )ρy + t2z cos(kz)ρz + mzτx ⊗ σx ⊗ ρy,

(6)

where ρx,y,z denote the Pauli matrices in the space of the two stacking layers (the 
‘Hamiltonians in matrix form’ section in the Supplementary Information provides 
a more explicit form of the Hamiltonian). Here the third and fourth terms 
represent the nearest- and next-nearest-neighbour hoppings along the z direction 
(Supplementary Fig. 3a) and the fifth term is the SOC along the z direction. For 
simplicity, we have chosen s- and p-orbital stacking and set the s and p orbitals 
to couple with the d electrons with the same hybridization strength. However, 
the nature of the resulting topological semimetal phase is determined by the 
underlying SG symmetry and is generic to the given SG. Further details of our 
analysis is described in the Supplementary Information and Supplementary Fig. 3. 
Again, we focus on the quarter-filling case.

Crystal growth and specific heat of Ce2Au3In5 and La2Au3In5. Single crystals 
of Ce2Au3In5 were grown from In flux using alumina crucibles. Elements of high 
purity (>99.9%) were taken for the synthesis. Single crystals were separated from 
the melt by centrifuging. Attempts to prepare single crystals of La2Au3In5 by this 
way failed. A single-phase polycrystalline La2Au3In5 sample was prepared by 
melting pure elements in the stoichiometric ratio in a high-frequency furnace and 
annealing the as-cast sample at 650 °C for three days. All the samples were analysed 
by X-ray powder diffraction and energy-dispersive X-ray spectroscopy for phase 
purity and composition before the physical property measurements. The single 
crystallinity of the Ce2Au3In5 samples was checked by Laue X-ray measurements. 
The specific heat cp was measured using the Quantum Design heat capacity option 
for the physical property measurement system. Supplementary Fig. 6a shows the 
cp value of Ce2Au3In5 and La2Au3In5 as a function of T3. The phonon contribution 
to specific heat (cph), assumed as usual to be the same for both compounds, was 
estimated from the cp value of La2Au3In5 by subtracting its electronic contribution, 
determined as follows: the cp/T value of La2Au3In5 at low temperatures (<5 K) is 
well described by a conventional Debye–Sommerfeld model, namely, cp/T = γ + βT2 
(Supplementary Fig. 6b). It yielded a finite electronic specific-heat coefficient 
γ = (16.2 ± 0.6) mJ mol–1 K–2 and a β value that corresponds to the Debye 
temperature (232 ± 5) K. The electronic specific heat of Ce2Au3In5 was obtained  
by subtracting cph from its total cp.
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