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Dirac node lines (DNLs) are characterized by Dirac-type linear crossings between valence and conduction
bands along one-dimensional node lines in the Brillouin zone (BZ). Spin-orbit coupling (SOC) usually shifts the
degeneracy at the crossings thus destroys DNLs, and so far the reported DNLs in a few materials are noninter-
acting type, making the search for robust interacting DNLSs in real materials appealing. Here, via first-principle
calculations, we reveal that Kondo interaction together with nonsymmorphic lattice symmetries can drive a robust
interacting DNLs in a Kondo semimetal CePt,Si,, and the feature of DNLs can be significantly manipulated
by Kondo behavior in different temperature regions. Based on the density functional theory combining with
dynamical mean-field theory (DFT + DMFT), we predict a transition to Kondo-coherent state at coherent
temperature T.o, = 80 K upon cooling, verified by temperature dependence of Ce-4f self-energy, Kondo
resonance peak, magnetic susceptibility, and momentum-resolved spectral function. Below T, well-resolved
narrow heavy-fermion bands emerge near the Fermi level, constructing clearly visualized interacting DNLs
locating at the BZ boundary, in which the Dirac fermions have strongly enhanced effective mass and reduced
velocity. In contrast, above a crossover temperature Txs ~ 600 K, the destruction of local Kondo screening
drives noninteracting DNLs, which are comprised by light conduction electrons at the same location. These
DNLs are protected by lattice nonsymmorphic symmetries thus robust under intrinsic strong SOC. Our proposal
of DNLs, which can be significantly manipulated according to Kondo behavior provides an unique realization
of interacting Dirac semimetals in real strongly correlated materials, and serves as a convenient platform to

Node-line Dirac semimetal manipulated via Kondo mechanism in nonsymmorphic CePt,Si,
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investigate the effect of electronic correlations on topological materials.
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I. INTRODUCTION

Dirac semimetals, such as NazBi [1] and CdsAs; [2],
are characterized by linear crossings between valence and
conduction bands in momentum space, forming fourfold de-
generate Dirac points describing by Dirac equation, and can
be viewed as three-dimensional (3D) analogy of the two-
dimensional (2D) Dirac points in graphene. By breaking of
either time-reversal or space-inversion symmetry, individual
Dirac point can be divided into a pair of Weyl points with
opposite chiralities, as observed in TaAs [3] and Ag,S [4],
etc. In some materials with negligible spin-orbital coupling
(SOC), the valence and conduction bands meet along a curved
line or closed loop in the Brillouin zone, forming Dirac node
lines (DNLs), which are usually unstable under action of SOC.
Recently, DNLs in materials with space group Nos. 129 and
125 are proposed and confirmed by angle-resolved photoe-
mission spectrums (ARPES) observations. In these materials
such as ZrSiS [5-7] and PtPby [8], the DNLs are protected by
nonsymmorphic symmetries in their lattice space group, mak-
ing them robust under SOC. Additionally, the Dirac fermions
on these DNLs exhibit 2D character in momentum space [9].

In contrast to ZrSiS and PtPbys, in which the electronic
correlations are negligible, strong correlations may bring
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dramatic affects to the DNLs. As in the case of Weyl-Kondo
semimetal Ce;BisPt; [10,11], the strong correlation and
Kondo hybridization result in renormalized Weyl fermions
with highly enhanced effective mass and suppressed Fermi ve-
locity, leading to characteristic 7> dependence of specific heat
[10], more remarkably, the correlations can give rise to nonlin-
ear response behaviors such as giant spontaneous Hall effect
[12,13]. Similarly, the electron correlations in material with
DNLs may also induce notable affects to the Dirac fermions
and arouse anomalous transport phenomena, which can be
explored in future experiments; nevertheless, such interacting
DNLs yet seem lack reporting in the literature.

In this article, we systematically explore nonsymmor-
phic Kondo semimetals CePt,Si, and CePt,Ge, by density
functional theory combing with dynamical mean-field theory
(DFT + DMFT). Firstly, we find that below a characteristic
Kondo coherence temperature at about 80 K, CePt,Si, be-
comes Kondo-coherent, forming interacting DNLs by heavy
quasiparticles composed of conduction spd electrons and
Ce-4f electrons. Secondly, above another crossover tempera-
ture at about 600 K, the local Kondo screening in CePt,Si, has
been destructed, hence the DNLs become noninteracting, con-
sisting of only light conduction electrons. Due to larger unit
cell volume, the DNLs in CePt,Ge;, remains noninteracting in
all calculated temperature region. DNLs are also reported in a
few rare-earth compounds such as centrosymmetric CeRhSb
and CeNiSn [14], however, the correlated 4f electrons in
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FIG. 1. (a) Primitive unit cell of CePt,Si, with tetragonal = @ 1
CaBa,Ge, type structure. (b) Equivalent unit cell displaying inver- 5 ¢ @o/ ©
sion and nonsymmorphic symmetries. (c) Corresponding Brillouin % 3
zone, in which the red and green lines denote the DNLs along M-A =
and X-R paths, respectively. :
=1 I
. . . ) a =
those materials are already localized thus their DNLs are et Q v
actually created by conduction electrons only. In this context, é S EECEC)
to the best of our knowledge, CePt;Si, is a suitable material é oIS I el Sl
with interacting DNLs in real strongly correlated materials. R R
The rest of this paper is arranged as follows. In Sec. II, we el a
will analyze the crystal structures of CePt;Si, and CePt,Ge;, ;E g, E f“‘* % '““ff
and introduce the technical details of DFT + DMFT sim- é: £ f;, b
ulations in present paper. In Sec. III, we will present the ) A~
DFT + DMFT results of CePt,Si,. Through synthetically E TD % = %
analyses of self-energy, density of state, momentum-resolved s < )
spectral function, and the magnetic susceptibility, we will = E =
evaluate the two characteristic temperatures, firstly the Kondo %)
coherent temperature driving the formation of coherent heavy- E
fermion hybridization bands, secondly the Kondo screening % =
temperature below which the local Kondo screening of 4f ~ & ()
electrons by conduction electrons turns on. In Sec. IV, we g S S
will discuss the emergence of interacting DNLs in CePt,Si, g T e
below Kondo-coherent temperature, and also the noninteract- a1 < oy o
ing DNLs above the Kondo screening temperature. We will i ;g T
also verify the noninteracting DNLs in CePt,Ge, based on its S| é ¥ =
DFT and DFT 4 DMFT results. The last section Sec. V will E 3| —%
give a brief discussion and conclusions. 8 RS’
Q —I< .o
1 )
II. CRYSTAL STRUCTURE g a3
AND COMPUTATIONAL METHOD Tg )
>
The primitive unit cell of CePt;Si, is illustrated in )
Fig. 1(a), which crystalizes in the tetragonal CaBa,Ge, type —
structure with space group P4/nmm (No. 129). The lattice E E) ot ot
constants and atom positions of CePt,Si, and isostructural < glg ; % f,
CePt,Ge, are collected in Table I according to Ref. [15]. From “lEldRes
an alternate set of unit cell of CePt,Si, in Fig. 1(b), the space g I Cﬂ [ cﬂ
inversion symmetry can be clearly seen. Besides the inversion i 'ﬁ' o 'ﬁ 3
symmetry, CePt,Si, and CePt,Ge, exhibit nonsymmorphic S| e <
symmetries combining point group with fractional translation
operations, namely the gliding mirror plane {Mz|%, %} and
screw axes {C2x|%, 0}, {510, %}, where the origin of axes & g
locate at the center of the unit cell in Fig. 1(b). CePt,Si, £ £
was found to remain paramagnetic as low as 0.06 K [16], 3 3

signaling the preservation of time-reversal symmetry. The
nonsymmorphic symmetries combining time-reversal and in-
version symmetries protect the fourfold degeneracy at X and
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FIG. 2. Self-energies of 4f5,, and 4f7,, states via DFT 4+ DMFT calculations of CePt,Si, at 10 K on (a) imaginary-frequency axis and

(b) real-frequency axis. Inset of (b) shows the detail near zero frequency.

M, and also along X-R and M-A lines in the Brillouin zone,
creating the DNLs shown in Fig. 1(c), as will be discussed in
detail below.

In order to explore the electron-correlation effects in
CePt,Si, and CePt,Ge,, we employ the density func-
tional theory combined with dynamical mean-field theory
(DFT + DMFT) embodied in the EDMFT package [17].
In each DFT + DMFT step, the DFT part implemented by
full-potential linear augmented plane-wave method built in
WIEN2k code [18] generates a single-particle Kohn-Sham
Hamiltonian Hys, then it is combined with an interacting term
Hy for Ce-4 f orbits and a double-counting term X4. for
self-energy, since DFT has already contained some form of
electron correlations, and the resulting lattice model

Hprriomrr = Hs + Hing — Sac (1

is solved with single-site DMFT algorithm. In order to better
fit experimental observations, we employ the on-site Coulomb
repulsion U = 5.0 eV and Hund’s coupling Jy = 0.76 eV on
Ce-4f orbits, similar to the value used in Refs. [19] and [14].
For X4, we use nominal double-counting,

Yae =Umy —1/2) = J/2(ny — 1), 2)

where ny is Ce-4f occupancy. The DFT + DMFT calcu-
lations are executed iteratively to reach full-charge self
consistence. Such DFT + DMFT method has been success-
fully applied in studying electronic correlations in a variety of
materials, especially in rear-earth compounds [14,19-23].

In the DFT part, we use a 16 x 16 x 7 k-mesh in the
Brillouin zone integration, with a cut-off parameter Ki,,x given
by RmrKmax = 7.0, and SOC is included throughout the cal-
culations. The DFT band structures are also cross checked
by VASP code. Each DFT + DMFT step contains one-shot
DMFT and 20 steps of DFT calculations. The states within
energy window [-10 eV, 10 eV] from the Fermi level are
projected into the Anderson impurity problems. We use the
hybridization expansion version of continuous-time quan-
tum Monte Carlo method (CT-QMC) to solve the Anderson
impurity problems, then perform analytical continuation by
maximum-entropy method to obtain the real-frequency self-
energies for f electrons. CT-QMC may be the most used

impurity solver and has been employed down to very low
temperature [11]. In each CT-QMC computation, 128 CPU
cores are used to run (5 ~ 30) x 108 QMC steps from 1000 K
to 10 K. Typically, within 30 ~ 40 DFT + DMFT iterations,
full-charge self consistence can be reached, then we run addi-
tional five iterations to further average the self-energies. Since
no magnetic order was found in CePt,Si, and CePt,Ge, down
to 60 mK [16], we focus on the paramagnetic phase. In the
impurity solver, the crystal-field splitting of f orbits has been
examined and is found to be one more orders of magnitude
smaller than the SOC splitting, hence the crystal-field splitting
is neglected in present calculations. The SOC splits Ce-4f
orbits into j = 5/2 and j = 7/2 states, denoted by 4 f5,, and
4 f7 > respectively in the following.

III. CORRELATION EFFECT AND KONDO BEHAVIOR

In DFT + DMFT formulations, the electron correlation
manifests itself following the local self-energies of f states.
In Fig. 2, we plot the calculated DFT + DMFT local self-
energies X(w,) and X(w) for CePt,Si, at temperature 7 =
10K, on imaginary- and real-frequency axes respectively,
where Matsubara frequency w, = (2n + 1)z T. In Fig. 2(a),
the imaginary-part self-energies for both 4 f5,, and 4 f7 states
nicely approach zero at zero imaginary frequency, indicating
Fermi-liquid-like character. The slope of imaginary-part self-
energy ImXs/(w,) for 4fs,, state at zero frequency is about
—9.3, which gives the quasiparticle spectral weight and mass
enhancement factor

dlmX% »
7 = 1/<1 _ Mbﬂ_ﬁ) =0.097,
dwy,

m* Jmppr = 1/Z = 10.3, 3)

respectively, it means that the band width of 4f5/, bands is
strongly reduced to be roughly ten times narrow than in DFT,
as will be verified in the following. Large value of m*/mppr
is the origin of large specific heat of CePt,Si, observed at
low temperature [24]. The self-energies on real axis are cre-
ated through analytical continuation of ¥(w,) by maximum
entropy method, and are shown in Fig. 2(b). The real-part self-
energies for both 4f5,, and 4 f7/, states show rapid variations
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FIG. 3. (a) Imaginary part of 4f5/, self-energy ImXs,(w) vs o at different temperatures. (b) Evolution of —-ImXs,(w = 0) with

temperature.

between w = (0.2 eV, 1 eV), leading to significant modifies
of f bands from DFT results by correlations, as will be seen
below. At T = 10K, the imaginary self-energy ImXs,,(w)
of 4fs,, state has a small value 27.2 meV at w =0, gives
rise to low-scattering rate and relatively long lift time for
quasiparticles at the Fermi level.

Figure 3(a) demonstrates the evolution of imaginary self-
energy ImXs/(w) for 4f5,, state as a function of frequency
w, at various temperatures. Below 80 K, a clear and sharp
dip near w = 0 appears, reaching a quite small value at the
bottom. Such dip of Im¥s,,(w) near w = 0 will directly drive
an intense Kondo resonance peak in the 4 f5,, density of states
(DOS) (see below), and can be interpreted as the onset of
Kondo coherence [19,21] below a characteristic coherent tem-
perature T.on ~ 80 K. Moreover, the sharp dip of ImXs,,(w)
below T..p also induces clearly resolved 4 f bands, further ver-
ifying the Kondo coherence below Tiqp, as will be discussed
below. Besides, below 80 K, ImXs5,,(w) can be well fitted by
a parabolic function ImXs) (@) ~ —a(w — wy)? — Tg, with
@ =29.7eV7 wy=5meV, ¥y =26.5meV at 10 K, also
suggesting Fermi-liquid behavior at low temperature, in ac-
cordance with the interpretation from resistivity and specific
heat experiments [24,25]. As temperature rises, the dip of
ImXs/(w) is suppressed gradually, while above 600 K, the
narrow dip starts to vanish, leaving a broad minimum con-
siderably away from w = 0, resulting in a greatly weakened
4f DOS. In Fig. 3(b), the magnitude of —ImXs/,(w = 0) is
plotted as temperature varies. Below 10 K, —ImX5,,(0) tends
to be saturated and approaches about 27 meV at zero temper-
ature, while temperature rises, it shows a gradually increase,
then turns to stay around a large magnitude of 1.25 eV at
T >600 K, which makes 4 f electrons localized at high tem-
perature, as will be further clarified below. The many-body
Kondo screening of local 4f electrons by conduction elec-
trons creates an enormous enhancement in the DOS of Ce-4f
states near the Fermi level, i.e., the Kondo resonance peak.
In Fig. 4(a), the total and 4f DOS of CePt,Si, are plotted as
functions of energy, from 10 K to 1000 K, displaying signif-
icant difference near the Fermi level as temperature rises. At
low temperatures (see 10 K and 80 K cases), two narrow peaks
(peak width about 20 meV) dominated by 4f states appear

with large height, in which the one contributed by 4fs,, state
centers at 14 meV above the Fermi level with its tail crosses
Er, the other owning to 47/, state locates at 0.351 eV above
Ep, and the corresponding SOC splitting between these two
peaks is about 0.337 eV, as shown in Fig. 4(b). As temperature
increases, the two resonance peaks decrease considerably but
are still visible up to 1000 K, owning to relatively strong
impurity hybridization function in DFT + DMFT calculation,
which indicates a strong c-f hybridization in CePt,Si, in wide
temperature range.

Since the Kondo resonance peak is dominated by the low-
lying 4fs/, state, we plot the evolution of its peak height
with temperature in Fig. 4(c). The Kondo resonance peak
carries large height at low temperatures and shows a saturation
tendency below 10 K, which arises from similar saturation
behavior of —ImZXs5,,(0) in Fig. 3(b). As temperature rises
from 10 K, the peak height first drops rapidly, then turns
to decrease much slowly, and eventually varies smoothly to
maintain a small magnitude above 600 K. Below 80 K, the
Kondo coherence sets in and manifests itself by a rapid in-
crease of resonance peak, further confirming the appearance
of Kondo coherence below coherent temperature 7., ~ 80 K.
While above 600 K, Kondo resonance peak is greatly reduced,
and only accounts for a small proportion in the total DOS,
indicating that the 4f electrons are already localized to form
local moments, similar to the 4 f states in CeSb, CelrIn5 and
Celn3 in their local-moment regions [19,20,26]. Therefore,
we obtain another characteristic Kondo-screening temperature
Tks ~ 600 K, below which the conduction spd electrons start
to screen the localized Ce-4f electrons to form Kondo sin-
glet states, and consequently generate Kondo resonance peak
gradually in 4f DOS near the Fermi level. Apart from the
resonance peaks, the on-site Coulomb repulsion between 4 f
electrons also produces broad lower and upper Hubbard bands
in the 4 f DOS, concentrated mainly between (=3 eV, -1 eV)
and (1.5 eV, 4 eV) from the Fermi level, respectively, and the
distance between their centers is roughly 4.3 eV, comparable
with Hubbard strength U = 5eV. Besides, there is very little
DOS weight in the lower Hubbard band thus hard to identify,
while the upper Hubbard band has large intensity in the DOS.
The probabilities of Ce-4f atomic states are calculated via
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FIG. 4. (a) Density of states (DOS) of CePt,Si, from temperature 10 K to 1000 K via DFT + DMFT calculations. The black-solid lines
denote total DOS, and the red lines denote Ce-4f DOS. The paired 4f peaks become more and more prominent as temperature drops.
(b) Projected Ce-4 f DOS at different temperatures. The solid lines denote 4 f5,, DOS, while the dashed lines denote 4f;,, DOS. The splitting
of 4f DOS is caused by SOC. (c) Temperature variation of 4f5,, peak height, implying formation of local Kondo screening and Kondo

resonance below Txs ~ 600 K.

CT-QMC solver. At 10 K, 4f°, 4f', 4f2, and 4f3 configu-
rations account for probabilities of 0.06167, 0.86129, 0.0729,
and 0.0013, respectively, indicating the dominance by 4f!
state, and resulting in 4/ occupance ny = 1.017, which varies
very weakly with temperature.

We now turn to the magnetic susceptibility of CePt,Si,. In
Fig. 5, the local spin susceptibility y, and its inverse x; ! are
illustrated as functions of temperature, computed by CT-QMC
solver in DFT + DMFT iterations. In Fig. 5(a), x, shows a
faster increase upon cooling, then undergoes an abrupt de-
crease below 80 K. At T > 80K, x, can be well fitted by the
Curie-Weiss form x;, = C/(T + 6) with 6 ~ 92K, and starts
to deviate from the Curie-Weiss formula considerably below
80 K. Such temperature dependence of magnetic susceptibil-
ity shows consistence with experimental results [24,25,27],
and provides strong evidence of the appearance of Kondo
coherence below coherence temperature 7., = 80 K, similar
to Kondo semimetal CeFe,Al;q [28].

The above analyses of 4f self-energies, Kondo reso-
nance peak and magnetic susceptibility clearly witness a
Kondo mechanism of CePt,Si,. Above a crossover temper-
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FIG. 5. Red dots show the temperature dependence of (a) lo-
cal magnetic susceptibility x; and (b) inverse susceptibility '
for CePt,Si,, via DFT + DMFT calculations. For comparison, the
Curis-Weiss form y, = C/(T + 0) is denoted by red-dashed lines.

ature Txs ~ 600 K, the Ce-4f electrons are tightly bound and
fully localized inside Ce atoms, thus are totally decoupled
from itinerant electrons to form local moments. Reduction
of temperature from 7xs induces local Kondo screening of
local moments by conduction electrons gradually, results in
Kondo singlet states and arouses Kondo resonance peak near
the Fermi level. Further cooling to below Top & 80 K drives
indirect nonlocal Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction between f electrons [29], which creates a Kondo-
coherent many-body state and gives rise to intense Kondo
resonance peak and well-resolved heavy-fermion hybridiza-
tion bands.

IV. THE DIRAC NODE LINES

The transition to Kondo coherent state below T.., can
be witnessed by temperature variation of spectral function,
which can be measured directly via ARPES experiments.
In Fig. 6, the momentum-resolved spectral function A(k, w)
of CePt,Si, calculated by DFT + DMFT is plotted along a
representative high-symmetry path in the Brillouin zone, in
temperature range from 10 K to 1000 K. Below 80 K, the
intense spectral weight of two groups of weakly dispersive
heavy-fermion bands, which concentrate near 14 meV and
0.351 eV above the Fermi level, respectively, can be clearly
seen, through which the two narrow resonance peaks in DOS
[Fig. 4(a)] can be directly obtained via p(w) = ) | Ak, w).
The sharply resolved heavy-fermion bands near the Fermi
level below 80 K again verifies formation of Kondo coher-
ence below T, ~ 80 K. As temperature rises from T, the
hybridization bands become more and more blurred and are
no longer well resolved.

Above the local Kondo screening temperature Txs =~
600K, the intensity of hybridization bands is dramatically
diminished [see Fig. 6(e) at 1000 K], leading to low 4 f DOS
peaks [see the top pattern in Fig. 4(a)], consequently the 4f
electrons are fully localized, and the bands near the Fermi
level become highly dispersive, see Fig. 6(j). Figure 7(c)
shows the DFT bands treating 4 f orbits as open-core states
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FIG. 6. DFT + DMFT momentum-resolved spectral function of CePt,Si, from 10 K to 1000 K. The bottom patterns are just zoomed-in
view of top patterns. From 10 K to 80 K, the hybridization bands near the Fermi level are clearly resolved, while at 1000 K, the hybridization
bands are already blurred out, leaving highly-dispersive conduction bands and signaling local-moment nature of Ce-4f electrons at high

temperature.

[30], which can nicely reproduce high-temperature DFT + T > Txgs, similar to y-Ce, CeSb, and Celnjz in their local-
DMEFT result in Fig. 6(e), further confirming the local moment moment regions [20,21,26].

nature of 4f states at T > Txgs. It should be noted that the The clearly distinguished DFT 4+ DMFT hybridization
spectral weight of 4 f electrons remains nonvanished even at ~ bands at 10 K are illustrated in Fig. 6(f) and enlarged in

f-itinerant DFT FT+DMFT (10 K)

1|0 2IO 3|0 0 1|0 2IO 3|0
Ce-4f DOS (states/eV)

0.4
(c) @) ]
3 ) s
% ANy %0-05- gfeeb b
STRWIAN G G o\l N
SN OSSR 2 AL U

r M XR AM X TZ R r M XR AM X I'Z R
FIG. 7. DFT bands of CePt,Si, treating Ce-4 f electrons as (a) itinerant and (c) open-core states. (d) is just a zoomed-in view of (a) near
the Fermi level. The bands are degenerate at X, R, M, A and along X-R and M-A paths, leading to DNLs locating on X-R and M-A lines

shown in Fig. 1(c). Ce-4f bands in (a) are divided into 4fs,, and 4 f7,> bands under SOC splitting, contributing double 4f DOS peaks in (b),
by comparison, DFT + DMFT leads to much narrow 4 f DOS peaks at 10 K.
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FIG. 8. (a) DFT + DMFT momentum-resolved spectral function of CePt,Si, near Fermi energy at 10 K. (b) Modify ImXs,(w) to identify
the low-lying hybridization bands and their crossings more clearly (see text). (c) DFT + DMFT DOS at 10 K, in which the black line denotes

total DOS, red line shows DOS of 45, state.

Fig. 8(a), in which the band structure is similar to the DFT
bands in Figs. 7(a) and 7(d), which treat Ce-4f electrons
to be itinerant. The hybridization bands of f-itinerant DFT
also split into 4fs5,, and 4f7,, bands by an energy interval
close to that of DFT 4+ DMFT. As shown in Fig. 7(b), the
4f DOS shows three major differences between DFT and
DFT + DMFT results, firstly, the 4 f peak width (198 meV in
DFT) is strongly reduced to 20 meV in DFT 4+ DMFT under
electron correlations, with a reduction factor of 9.9 close to the
mass enhancement m*/mppr = 10.3 in Eq. (3); secondly, in
DFT + DMFT result, the 4 f5,, DOS shifts towards the Fermi
level, forming Kondo resonance peak very close to the Fermi
energy, while the DFT 4f5,, DOS peak locates considerable
higher above the Fermi level; thirdly, DFT + DMFT produces
additional lower and upper Hubbard bands far away from the
Fermi level.

In the literature, it has been shown that the nonsymmorphic
symmetries combining point group with fractional translation
operations can generate additional degeneracy along certain
high-symmetry paths in the Brillouin zone, which are robust
under action of SOC [9]. In space group No. 129, the nonsym-
morphic symmetries are the gliding mirror plane {MZ|%, %}
and screw axes {Ca|3,0}, {C5/0, 3}, which are hold by
CePt,;Si, and CePt,Ge; crystals in Fig. 1(b). At T > Txs,
since Ce-4 f electrons are already localized, the electron bands
of CePt;Si, can be reflected by 4f open-core DFT results
in Fig. 7(c). With time-reversal symmetry in their param-
agnetic phases, the space inversion symmetry of CePt,Si;
and CePt,Ge, guarantees global twofold degeneracy of the
electron bands, and the nonsymmorphic symmetries give ad-
ditional degeneracy of bands at X, R, M, A points, therefore,
fourfold Dirac crossings arise, generating Dirac nodes at these
points. Moreover, degeneracy of bands remain along X-R
and M-A paths [see Fig. 7(c)], resulting in DNLs, similar to
ZrSiS and PtPb, [5-8]. The X-R and M-A DNLs locate at the
boundary of the Brillouin zone, as shown in Fig. 1(c). The
energy ranges of the X-R DNL in CePt;Si, are (-0.725 eV,
-0.624 eV) and (6.4 meV, 0.759 eV) from the Fermi level,
while for M-A DNL it is in (-0.338 eV, -0.330 eV). At
T > Txs, the similarity between spectral function [Fig. 6(e)]
and 4f open-core bands in Fig. 7(c) clearly verifies above

analyses of band crossings and appearance of DNLs in
CePt;,Si; in local-moment region. It should be stressed that
since the Ce-4f electrons are already localized at T > Tks,
such DNLs are noninteracting and are composed by light con-
duction electrons (mostly Ce-d, Pt-p, d, and Si-p electrons).

We have shown in Figs. 6(f) and 8(a) that below T &~
80K, the hybridization bands can be clearly identified near
the Fermi level, in which their crossings at X, R and along
X-R path are already legible, while at M, A and along M-A
path seem a little fuzzy because several crossings concentrate
in a narrow energy range. In order to see the DNLs more
clearly, we slightly reduce the value of X in the parabolic
expression of imaginary self-energy ImXs/;(w) and recalcu-
late the spectral function. The obtained spectral function is
displayed in Fig. 8(b), in which the locations of crossings
between hybridization bands match f-itinerant DFT results in
Fig. 7(d), confirming the existence of interacting DNLs along
X-R and M-A paths, since such crossings are protected by
lattice nonsymmorphic symmetries and robust under electron
correlations. Nevertheless, below T, electron correlations
push the hybridization bands much closer to the Fermi level
than f-itinerant DFT results, hence generate much narrow
energy windows for X-R and M-A DNLs, which are about
(=90 meV, —15 meV) and (12.5 meV, 37 meV) along X-R,
and (12.5 meV, 18.8 meV) along M-A, from the Fermi level.
Comparing Figs. 8(a) and 8(c), it can be seen that the energy
window of M-A DNL locates at the center of the Kondo reso-
nance peak; therefore, the Dirac fermions near M-A DNL are
highly renormalized and are essentially the heavy-fermions
hybridizing 4fs/, electrons with conduction electrons. The
energy window of X-R DNL locates at the lower tail of the
Kondo resonance peak, thus the Dirac fermions near X-R
DNL are also interacting.

From above discussions, we can now verify the appearance
of interacting DNLSs in CePt,Si,, locating along X-R and M-A
paths in its Brillouin zone, driven by Kondo coherence below
coherent temperature T.,, &~ 80K, and the energy windows
of these DNLs are very close to the Fermi level. The Dirac
fermions of these interacting DNLs are constructed by heavy-
fermions with strongly enhanced effective mass and reduced
velocity. As temperature rises from 7.y, the interacting DNLs
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FIG. 9. (a) 4f open-core DFT bands of CePt,Ge, and (b) the momentum-resolved spectral function at 10 K via DFT + DMFT
calculation. (c) Projected DOS by DFT 4+ DMFT simulation at 10 K, in which the dashed horizontal line represents the Fermi level,
black-solid line denotes total DOS, red line denotes Ce-4f DOS, blue and green lines show projected Ce-4fs,, and 4f;, DOS,

respectively.

are destructed gradually and are no longer clearly identified.
Above the local Kondo screening temperature Txs ~ 600 K,
the DNLs reappear near the Fermi level, but now the cor-
related 4f electrons are already localized, so now the Dirac
fermions are composed of noncorrelated light conduction
electrons. Besides, the energy ranges of the DNLs in these
two cases are shifted dramatically, in that the energies of the
noninteracting DNLs are much far from the Fermi level than
the interacting DNLs.

Now we turn to discuss CePt,Ge,. By contrast, the transi-
tion to Kondo-coherent state upon cooling in CePt;Si, does
not emerge in CePt,Ge;. In Fig. 9, we compare 4 f open-core
DFT bands with DFT 4+ DMFT momentum-resolved spectral
function at 10 K for CePt,Ge,, which shows good corre-
spondence. Even at such low temperature, the Ce-4f states
just contribute a small DOS near the Fermi level, and the
4f peak height is much smaller than that of CePt,Si, at
low temperature. Besides, at 10 K, the imaginary 4 f5,, self-
energy of CePt,Ge, has very large value at w = 0, similar to
CeSb and y-Ce, which are in local-moment region. Therefore,
the 4 f electrons are localized, suggesting the local-moment
nature of Ce-4f states in CePt,Ge,, which can be directly
verified by the similarity of 4 f open-core DFT bands with the
spectral function in Fig. 9. The strong suppression of Ce-4f
resonance peak in CePt,Ge, mainly results from about 7%
volume increase of the unit cell than CePt;Si,, which also
drives the itinerant-localized shift of f electrons in o — y
phase transition of Ce metal [23]. Since the correlated 4f
electrons are localized, the X-R and M-A DNLs in CePt,Ge,
are noninteracting, and their energy ranges are (-0.708 eV,
-0.615eV) and (0.129¢V, 0.731 eV) for X-R, and (-0.521 eV,
—0.507 eV) for M-A, all relatively far from the Fermi level.
Similar to Celnjz [20], contraction of the unit cell in pressured
CePt,Ge, will significantly enhance the Kondo resonance
peak at low temperature, and start to form clear heavy-fermion
bands and interacting DNLs above certain pressure.

V. DISCUSSION AND CONCLUSIONS

To summarize, we have performed systematic DFT +
DMFT simulations of CePt,Si> and CePt,Ge, in a wide

temperature range. By examining the temperature dependence
of Ce-4f self-energies, Kondo resonance peak, magnetic
susceptibility, and momentum-resolved spectral function for
CePt,Si,, we have verified a crossover from localization of
Ce-4f electrons to local Kondo screening of 4f electrons
by spd conduction electrons, at Kondo screening temper-
ature Txs ~ 600K upon cooling. Secondly, as temperature
decreases further, a transition takes place from local Kondo
screening to Kondo coherent state in CePt;Si, at coher-
ence temperature Toon &~ 80K, and the Kondo coherence is
driven by indirect RKKY interaction between 4f electrons.
In contrast, due to larger unit-cell volume than CePt;Siy,
Ce-4f electrons in CePt;Ge, remain localized as low as
10 K.

The lattice nonsymmorphic symmetries in CePt;Si; and
CePt,Ge, give rise to symmetry-protected DNLs along X-R
and M-A high-symmetry paths in the Brillouin zone, which
are robust under action of SOC and electron correlations.
For CePt;Si,, above Txs, the local-moment nature of Ce-4f
electrons makes these DNLs noninteracting, mainly com-
posing of light spd conduction electrons, and the energy
windows of these DNLs are relatively far from the Fermi
level. Below Tiop, the emergence of Kondo coherence drives
the DNLs in CePt,Si, strongly interacting and constructing
by heavy-fermions with strongly enhanced effective mass
and reduced velocity. Remarkably, the energy range of the
interacting DNLs is shifted to be much closer to the Fermi
level. In intermediate temperature range Toon < T < Tks, the
DNLs are no longer well identified. By contrast, in CePt,Ge,,
the DNLs along X-R and M-A paths are noninteracting in
wide temperature region, consisting of only light conduction
electrons.

It is well known that in some rare-earth semimetal-
lic compounds, Weyl fermions can arise due to breaking
of time-reversal symmetry by magnetic order, such as in
Weyl node-point semimetals CeSb [26,31,32], CeBi [33,34],
CeAlGe, CeAlSi and LaAlSi [35-38]; or arise by breaking
of space-inversion symmetry in noncentrosymmetric lattices,
such as in Weyl node-point semimetal CeRuySng [39], and
Weyl node-ring semimetals Ce;BisPts [10,11] and YbCdGe
[40]. In addition, Dirac fermions also emerge in node-line
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Dirac semimetals CeRhSb and CeNiSn with centrosymmetric
structures [14]. Although model studies have implied that
heavy-Weyl or heavy-Dirac quasiparticles can emerge in An-
derson lattice model [41,42], their appearance in real materials
are rare. In most of above materials (except for Weyl semimet-
als CeRuySng and Ce3BiyPt3), the f electrons in rare-earth
atoms are actually localized, so the Weyl or Dirac fermions
in these materials are composed of noninteracting conduc-
tion electrons. It should be also stressed that nonsymmorphic
CeSbTe also holds DNLs in its paramagnetic phase; however,
CeSbTe shows a magnetic order below 2.7 K, and the Ce-4f
states are essentially localized in its paramagnetic phase [43],
so their DNLs are formed by conduction electrons in all tem-
perature region. In this context, our revealed interacting DNLs
in CePt,Si, provides a very rare case of interacting Dirac
fermions in real materials, besides, the dramatic change of
Dirac fermions on the DNLs at different temperature regions
provides an unique platform for future experimental investi-
gations.

The bulk DNLs and induced surface states have been
observed by ARPES experiments in nonsymmorphic ZrSiS
[5-7] and PtPb, [8], which exhibit noninteracting DNLs on
the boundaries of their Brillouin zones; likewise, the inter-
acting DNLs we proposed in CePt,Si, also locate along
high-symmetric X-R and M-A lines, making it easier to be ob-
served experimentally, and the drastic temperature variation of
dispersions near the DNLs can also be detected conveniently.
We find that the surface states induced by DNLs in CePt,Si,

depend sensitively on the cleavage plane of the crystal, hence
it requires further experimental data to obtain detailed surface
dispersions. Besides, the interacting DNLs below T.,, may
give rise to heavy surface states, which are distinct to ordinary
light surface states above Txs [44].

According to model studies of Weyl Kondo semimet-
als, the interacting node points or node lines can give rise
to unusual transport phenomena in comparison with non-
interacting cases, e.g., the strong mass enhancement and
velocity reduction of Weyl nodes produce a 73 tempera-
ture dependence of specific heat [10], while the Weyl node
line provides two-dimensional Weyl fermions in momen-
tum space, hence contributes a T2 dependence of specific
heat [30]. Moreover, the electron correlations in topological
semimetals can induce nonlinear-response phenomena such
as giant spontaneous Hall effect, as observed in node-line
Weyl semimetal Ce;BisPt; [12,13]. Similarly, the interacting
DNLs in CePt,Si, may also induce anomalous nonlinear re-
sponses, which deserves further experimental and theoretical
investigations.
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