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Kondo-driven topological semimetals in 2D

The Kondo effect leads to composite fermions near the Fermi energy. For the inversion-symmetric
case (A = 0), the renormalized dispersion as shown in Fig.[ST[a) was already discussed in the
main text. For the case with broken inversion symmetry (i.e., with nonzero A), we show the
renormalized dispersion in Fig.[ST[b). The four-fold degenerate states at X and Y are split into
two pairs of two-fold Weyl nodes above and below the Fermi energy. The different branches of the
Weyl nodes cross each other at the Fermi energy, giving rise to Fermi-energy-bound Weyl-nodal
lines, as shown in Fig.[ST(c). The Weyl-nodal lines are protected by the mirror nonsymmorphic
symmetry™?. We note that, here too, the Kondo-driven nodal lines have been identified in the
presence of SOC.

Kondo-driven topological semimetals for SG 129

Utilizing the 2D model as the building block, we consider how the Kondo-driven topological nodes



develop in the SG 129 case. This can already be done with a direct stacking along the z-direction.
As shown in Fig.[S2(a), the symmetry enforced Dirac points at high symmetry points in 2D is
extended along z-direction and becomes Dirac nodal lines along the high symmetry hinges; the
degree of their dispersion is related to the strength of the z-direction hoppings. Thus, there could
only be Dirac points that cross the Fermi energy [Fig.[S2[b)]. In the presence of a ferromagnetic
order or Zeeman coupling from an external magnetic field, the Dirac nodes are turned into Weyl
nodes. In addition, pairs of Weyl nodes can in principle appear along I' — X/Y/Z, which are
protected by rotational symmetries according to magnetic group analysis. This is illustrated in
Fig.[S2c)(d), which show a pair of Weyl nodes along I' — Z.

Additional data for the Kondo-driven nodal line in 3D

In Fig. 3 of the main text, we showed the renormalized electronic structure for the 3D square net
along high-symmetry directions within the £, = 0 plane. Here, we plot the bands along high-
symmetry directions in the entire 3D Brillouin zone. The renormalized band structure is shown
in Fig. [S3|(a) along the path connecting high symmetry points as can be seen through Fig. [S3|b).
Except for the Weyl line in the k£, = 0 plane, the heavy bands are fully gapped across the 3D
Brillouin zone.

Hamiltonians in matrix form

Consider first the 2D case. The Hamiltonian of the conduction c-fermion, H,, is described in a
matrix form: H, = >, \I/LHc(k)\Ifk, where U] = (cira, cya, kB, ), wWith A and B being

the two sublattices, k the wavevector, and o =7, | marking the spin quantum numbers.

fo(k) fsok)  fi(k) + fa(k) 0
H.(k) = fso(k) fo(k) 0 fik) = fa(k)
fi(k) + fa(k) 0 fa(k) —fso(k)
0 filk) = fak)  —fso(k) fo(k)
with
fi(k) =t cos % COS % ,

fa(k) = ta(cos k, + cos k) ,
fso(k) = t°(—sink, —isink,),
ke —ky
2 )
where ¢, /t, are the nearest and next-nearest neighbor hopping parameters,

fa(k) = Asin(
99 is the symmetry-

allowed SOC and A breaks the inversion symmetry.
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Consider next the Hamiltonian for the 3D model. For the conduction c-fermions, the Hamilto-

nian now takes the form:

1P = O HE (k) Py,

k

where @y = (14, Cias Ct 3 B> Ceras Cepa> Cps Gy p)- And

Hc k.’b7 k + Hz kz kZ
P*(kz) _Hc(kom ky) - Hz(kz)
where
H.(k,) = (A, +t2cosk.)lyny,
and
—itlsin % —im,
—itlsin®  —im,
p(k;) = . ek
—im,  —it,sin =
—im, —it]sin £

Here, A, is the chemical potential difference between two layers, ¢!/t represent the nearest- and

next-nearest-neighbor hoppings along the z-direction and m, is the SOC along z-direction.

Saddle point equations

We describe the auxiliary-boson method in this section. In the 2D square-net model, we first fix

the electron filling to be one per site

nd—i-’l’LC:l,

with

_ 1 T
Na = 370 digdio s

1 to
Ne = §o Zi,o CigCio

where N, counts the total number of sites.

S

(52)
(83)

In the infinite-U limit, the localized d-electrons can be represented as d}a = b fiTU with local

constraint

bibi+ > L fie=1.

(S4)

This constraint rules out the double occupancy entirely. At the saddle point, the auxiliary bosons

condense, with b; — (b;) = r. We further introduce a uniform Lagrangian multiplier [ to enforce
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the local constraint in Eq.[S4] which gives rise to the saddle-point Hamiltonian:

1 1
— T 2 c
Hs=H+1 <Nu ;0 Jiotic +1 1) I N, ;0 Mo (S5)

where 1 is the chemical potential. The saddle point equations are

ST (Vi fo) + he) =20l =0, (S6)

g

S (it =1 =1. (S7)

g

Together with the filling constraint Eq.[ST| we can self-consistently determine the variational
parameters (u, ().
We apply the same auxiliary-boson method to the 3D stacked square net with a saddle-point

Hamiltonian

H= H“)+Tﬂ/ 2: sl fl, + hc) +Eh 2: finfls
+T2VE;(191’,0 : - +h.c.) +EdN Z

bk (2 f},(,+rf—1) Pk (z f§+r§—1)
1
- :um Z (S;‘r7gsi,(r +p;'r7gpi,0') )

1,0

(S8)

where f; and fﬁ, r1 and 79, [; and [, represent the auxiliary fermions, condensed auxiliary bosons
and Lagrangian multipliers for each layer.

The saddle point equations are

N Z f5Y + he) —2rml =0, (S9)
EZ(fi*fb -ri=1, (S10)
Niu > (Vphf2) + he) —2mly =0, (S11)
NI RS 512

The filling is still fixed to be one per site.
Symmetry analysis of the interacting Green’s function

We briefly note on the symmetry analysis of the interacting Green’s function®. This utilizes the
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eigenvectors and eigenfunctions of the single-particle Green’s function of an interacting multi-
band system. The symmetry analysis as applied on the eigenvectors proceeds in a similar way as
for the Bloch functions of noninteracting bands. The degeneracies of the eigenvectors imply the
degeneracies of the peaks in the energy dispersion of the corresponding spectral function. Further
details can be found in Ref. [3.

Search for new materials to realize the proposed topological semimetal phases driven by
strong correlations

The search for candidate materials started with the retrieval of Ce compounds crystallizing in the
space group P4/nmm (SG 129) from the Inorganic Crystal Structure Database (ICSD). Multiple
entries were unified. Only materials containing Ce atoms in the unique 2c Wyckoff position were
taken into account. This yields 142 chemical compounds as specified in Fig.4(a). In the sec-
ond step, the following entries were removed: Insulators (oxides, oxohalogenides, oxosulfides),
off-stoichiometric phases and solid solutions, obviously good metals (based on valence consid-
erations) and superconductors and related phases. The remaining 39 pure stoichiometric phases
were predominantly ternary cerium compounds of pnictogens, chalcogens, and the silicon group
elements [Fig.[S4(a)]. The further selection has to be done by literature search and inspection
of the measured physical properties (where available), as illustrated in the next subsection. Two
examples resulting from such a search are identified as strongly correlated paramagnetic semimet-
als, CePt,Si, and CeRhyGa,, and are proposed as materials for the correlation-driven topological
semimetal phases advanced here. A similar procedure applies to the case of SG 31 with Ce atoms.
The 4 materials of this case are shown in Fig.[S4|b).

We note in passing that magnetic materials are also of interest, even though they are not the
focus of the present work. For example, in the case of SG 129, CeSbTe is a well-known material
that hosts f-electrons®*. However, it exhibits an antiferromagnetic order at 7y = 2.7 K, which
breaks time-reversal symmetry. Still, the amount of entropy that has been measured in such a tem-
perature range suggests that the system will be strongly correlated if it is tuned to a paramagnetic
state. Thus, tuning these systems into their paramagnetic ground state is suggested as a means of
realizing the Kondo-driven topological semimetal we have advanced here.

CeRh,Ga, and CePt,Si, as strongly correlated semimetals
The two candidate materials we have identified, CeRh,Ga, and CePt,Sis, show properties that
are characteristic of strongly correlated semimetals. Their strong correlations are signaled by

the large enhancement of the specific heat from the typical values of weakly correlated metals.
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The electronic specific-heat coefficient C'/T reaches 130 and 80 mJ/mol K?, respectively”® (i.e.
about 100 times the effective mass of weakly correlated bulk metals). Their semimetal nature is
captured by the resistivity as a function of temperature, respectively shown in Fig.[S5(a)(b) for the
two compounds>", which behaves similarly as Fig.c)(d), respectively, for the well-established
heavy-fermion semimetals CesBisPd; and CeNiSn®”. In all cases, the temperature dependence
of the resistivity is neither activated, as a fully-gapped system would be, nor showing a giant 7-
dependent component at low temperatures with a positive temperature slope, as a typical heavy-
fermion metal would be. This feature is accompanied by the relatively large magnitude of the

resistivity.

Further details and additional results of the DFT calculations

The electronic structure calculations were performed using the Vienna ab initio simulation pack-
age (VASPY! with the Perdew, Burke and Ernz-erhof (PBE) generalized gradient approximation
for the exchange correlation potential'®. The f states were removed from the pseudo-potential to
model the band structure. The interaction between the ion cores and valence electrons was de-
scribed by the projector augmented-wave method™®. The Hamiltonian contained the scalar rela-

tivistic corrections, and the SOC was taken into account by the second variation method!*.

The calculation for CeRh,Ga, is in principle more difficult, given that the Rh- and Ga-site
displacive disorder in the existing materials has been reported™>. To get a qualitative understanding,
we have carried out f-core DFT calculations but ignoring the disorder, with the Rh and Ga atoms

fully assigned to the 2c and 2a sites, respectively. The results are shown in Fig.

A realistic periodic Anderson lattice model can be constructed as follows. One can start from a
tight-binding representation for the conduction electrons based on the understanding of the domi-
nant orbitals that form the spd conduction-electron bands; to illustrate the latter, we have analysed
the atomic and orbital contents in the case of CePtySis, finding the dominating contributions to
come from the Pt d- and s-orbitals (Fig.[S§)). One also needs to determine the lowest Kramers dou-
blet for the f-electrons, which is an interacting problem; in practice, this usually requires input

from spectroscopic measurements. Thereafter, one can construct the hybridization matrix.

Specific heat
To calculate the low-T7' specific heat, we focus on the linear-dispersion regime where we can ap-
proximate the dispersion e, = ex, = hv*k,. Here, k = (kj, k) represents the decomposition of

the wave vector into the components parallel and perpendicular to the nodal line; k itself has two
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components.

The specific heat becomes

0 [T de
Cy = 8_T (27_()36p(6)f(6)

0 /+°° de 2K7T6 1
~or ) . (27) (Fw) eﬁ/’fBT—l—l

hx rw 31@ 1
(27 38T/ dQ/ dki )2 ehvtki/ksT 4]
K 9¢(3 kT
/f ;
T or 2 hv*

where K is the length of the nodal line and ((3) ~ 1.202. So the specific heat per unit volume is

(S13)

¢, =0T?, (S14)
3
L= 3% e - (S15)
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FIG. S1. Kondo-driven composite fermions of a 2D square net. a, The dispersion, including for the com-
posite fermions (the lower red part), at A = 0. The Kondo-driven Dirac nodes are pinned to Er at the high-
symmetry points X, Y, M. Here, the choice of parameters and the saddle-point analysis parallel those of
Fig. 3(a). The input parameters are (V, Ey, t1,t,t°?, 1) = (6.8, —6,1,0,0.6, —7.529). The saddle-point
analysis yields (r, 1) = (0.285, —6.500). b, The dispersion of the Kondo-driven Weyl nodal-line semimetal.
¢, The Kondo-driven Weyl nodal lines (the red lines) encircle high symmetry points X and Y. Here A =

0.4, and the other parameters are (V, Eg, t1,to,t5°, p,7,1) = (6.8, —6, 1,0, 0.6, —7.564, 0.286, —6.500).
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FIG. S2. Kondo driven composite fermions in the 3D model for SG 129. a, The dispersion,
includes a symmetry enforced dispersive Dirac nodal line along X — R, Y — S and M — A; and
b, the points on the Dirac nodal line that cross the Fermi energy. The parameters for both a and
b are (t1,t,t59 t1.,t3.,m., AV, Eq, pu,7,1) = (1,0,0.4,0.1,0,0,0,3.6, —2.6, —3.70,0.44, —3.13);
¢, in the presence of a magnetic field, symmetry allows the existence of a pair of Weyl points
along T' — Z as shown in d. The parameters are (ty,t2,t°C t1.,t3.,m., A, V,Eg p,r,1) =

(1,0,0.4,0.1,0.8,0.3,0, 3.6, —2.6, —3.82, 0.46, —3.53).
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FIG. S3. Kondo-driven composite fermions in the 3D model for SG 31 over an extended region of the
Brillouin zone. a, Illustration of the hopping parameters in the 3D-stacked model; b, The dispersion across
both the k£, = 0 and &, = 7 planes with the same parameters as shown in Fig. 3. The composite fermions
(lower red part) are fully gapped when k, # 0. ¢, The 3D Brillouin zone with high symmetry points
r=(0,0,0), X = (m,0,0),Y =(0,7,0), M = (m,w,0), Z =(0,0,7), R = (m,0,7), S = (0,7, 7) and
A = (m,m, 7). d, The Kondo-driven Weyl nodal lines, which intersect with the dashed &k, = 0 line from

Y; = (0,—m,0) to Yo = (0,7,0) at O1, Oz, O3 and Oy.

12



FIG. S4. Further details in the search for correlation-driven topological semimetals. Shown here are
the materials identified during the intermediate step of the search procedure as outlined in Fig. 4(a) (main
text) for SG 129 with Ce-ions on the Wyckoff position 2c¢ (a) and in Fig. 4(b) (main text) for SG 31 with Ce

atoms (b).
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FIG. S5. Semimetal transport of Ce-based square-net materials. Resistivity (p) vs. temperature (1") of
a, CeRhyGay (replotted from Ref. [3), b, CePt2Sis”, ¢, CesBigPd3®, and d, CeNiSn?. All plots are shown

in semi-log form.
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FIG. S6. Specific heat of CesAusIn; and LasAusIns. a, Total specific heat ¢, as a function of T3 for
CesAuslns (filled circles) and LagAuglns (open circles). b, ¢, /T of LagAuslIns as a function of T?2. The

solid line is a Debye-Sommerfeld fit.
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FIG. S7. DFT results for CeRhoGas. a, the crystal structure of CeRhoGag; b, the DFT results derived

from ignoring the site-displacive disorder of the Rh and Ga atoms.
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(a) Pt s orbitals (b) Pt d orbitals
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FIG. S8. DFT results for the atomic and orbital contents of the spd conduction electrons in

CePt2Siz. The dominating contributions are found to come from a, the Pt s-orbitals and b, the Pt d-

orbitals. The bands have been plotted using PyProcarlm.

17



	SpringerNature_NatPhy_1743_ESM.pdf
	References




