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Electronic correlations effect on nontrivial topological fermions in CoSi
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The present study has been carried out to understand the effect of electronic correlations on
the recently found fermions in CoSi. For which the spectral functions of bulk and (001) surface
of CoSi have been investigated by using DFT+DMFT advanced methodology at T = 100 K with
and without inclusion of spin-orbit coupling (SOC). All the newly found fermions are observed at I"
and R points similar to other theoretical and experimental reports. Our DFT+DMFT calculations
for the bulk states have shown one extra hole pocket at M point. Both coherent and incoherent
features have been observed in the spectra of bulk CoSi. This indicates the presence of quasiparticle-
quasiparticle (QP-QP) interactions which is eventually affecting the lifetime (7) of exotic fermionic
QPs. For instance, the calculated 7 for QPs at w ~ -30 and -186 mev are found to be ~ 1072 s
and ~ 10712 s, respectively when SOC is not considered. However, GoWo corrections have shown
7 for spin-1 fermionic QP at I' to be infinite while for double Weyl fermionic QP at R point to be
~ 1072 5. Their effective masses (m*) have also been calculated as ~ 1.60 and 1.64 at T’ and R
points, respectively. Furthermore, the spectral functions at T = 100 K of (001) surface have also
shown both coherent and incoherent features. Consequently, at w = 0 for surface states T has been

calculated of the order ~ 10™8s for both without SOC and with SOC inclusions.

I. INTRODUCTION

For past few decades there has been a quest for novel
fermionic particles other than Dirac, Majorana and Weyl
in the field of elementary-particle physics [1]. Inter-
estingly, in the recent years condensed matter systems
have also shown the existence of various exotic fermionic
quasiparticles (QPs) such as two-dimensional (2D) Dirac
fermions in graphene [2], helical Dirac fermions at the
surface of three-dimensional (3D) topological insulators
[3, 4], Majorana fermions in topological superconductors
[5-9], Dirac semimetals and Weyl semimetals [10-19].
Exploration of these kind of fermionic QPs is very im-
portant due to their potential of applicability in the field
of electronics and information technology.

Following the history, Herring investigated the degen-
eracies occur in electronic band structures, and he noted
that even in the absence of any symmetry one could ob-
tain a two-fold degeneracy in a 3D solid [20]. The disper-
sion in the vicinity of these degeneracy points (the band
crossing/touching points) is generally linear and resem-
bles the Weyl equation which lacks the Lorentz invari-
ance |20]. Such band touching points in solids as discov-
ered by Herring are then named as Weyl nodes/points
by Wan et al. |20, 21]. The key feature of determin-
ing such band touching points is the degeneracy of bands
which in turn is realized by symmetry. The Weyl points
can be found in 3D solids only when either time rever-
sal or inversion symmetries are broken. On other hand,
when both the symmetries are present, the possibility of
a 2-fold degeneracy at a Weyl point in the spectrum gets
excluded. This rather produces a four-fold degeneracy at
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band crossing points which is also termed as Dirac node
[19]. Thus, at the band touching points Weyl fermions
have 2-fold degeneracy and the Dirac fermions have 4-
fold degeneracy. However, recent studies have shown
new types of massless fermions with many-fold degenera-
cies in solid state systems which have no analogs in high
energy physics [22-27]. These newly found fermions ap-
pear in crystals with specific space group symmetries |30].
For example, spin-1 fermion with 3-fold degeneracy car-
rying +2 topological charge, spin-3/2 Rarita-Schwinger-
Weyl fermion (RSW) with 4-fold degeneracy carrying +4
topological charge [28-30], double Weyl fermions with
+2 topological charge [31H33] and double spin-1 fermion
with 6-fold degeneracy [22]. Interestingly, these newly
found fermions are predicted to be seen in topological
chiral systems like transition-metal (TM) monosilicides
such as XSi(X=Co,Rh,Fe) 30, 32, 34-38]. Among these
the present work is mainly focused onto CoSi for the
study. First-principle band structure calculations over
CoSi and its angle-resolved photo-emission spectroscopic
study (ARPES) have already predicted and shown it to
be topological chiral systems [30, 136, 139, 40]; belongs to
the family of CoGe, RhSi and RhGe with P23 as space-
group [41]. The 3D band structure calculations with-
out spin-orbit coupling (SOC) for CoSi has predicted
two types of unconventional linear band crossing points,
one at I' with 3-fold degeneracy corresponding to spin-
1 fermion and other at R with 4-fold degeneracy corre-
sponding to double Weyl fermion [30, 40]. Tang et al.
have also shown that topological surface states (SS) be-
come apparent from the projections of spin-1 excitation
and a double Weyl fermion at I and R [30]. Moreover,
when band structure calculations are performed with
SOC consideration; resulted into two separate crossing
points both at " and R, respectively [30]. Thus, recent
works are mainly focused into the prediction and realiz-
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ing the existence of unconventional chiral fermions and
their associated fermi-arc states for CoSi material theo-
retically and experimentally [30, [36, 37, 139, 140, 42-44].

All these theoretical works have been carried out at
the density functional theory (DFT) level. In the non-
interacting picture QPs possess infinite lifetime. Thus,
in those DFT studies the newly found QPs have infi-
nite lifetime, and the informations of their interactions
are missed out. It is well known that in solids QP-
QP interactions broaden the single noninteracting par-
ticle 6-function peaks, renormalize them and redistribute
the spectral weight between the coherent and incoher-
ent structures. These incoherent structures often called
statelites or sidebands. Thus, it is important to char-
acterize these exotic fermionic QPs in interacting pic-
ture and which can be achieved by using beyond DFT
method i.e., dynamical mean field theory (DMFT). For
dealing many electron problems and strong correlation
effects in solids DFT+DMFT is a sophisticated formu-
lation [45-48], has been used recently [49-52]. This for-
mulation deals with local impurity problem, where self-
energy (X(w)) contains all the information regarding QP
excitations [53]. However, these days GW calculations
are also performed for getting the QP’s informations but
this method is computationally very costly. This GW
approximation is a many-body perturbation theory as
developed by Hedin [54]. Here, G stands for one electron
Green’s function and W stands for screened Coulomb in-
teraction. In this theory, the self-energy (X) is a function
of both crystal momentum (k) and frequency (w), and
can calculate ¥ of QPs at any k-point in Brillouin zone
(BZ). However, in this theory one-shot GW (GoWp) is
well established which is a all electron GW based tech-
nique, and not much computationally demanding [40, 150].
Thus, usage of these two advanced methodologies will
provide an insight of these new fermions’ behavior in-
side strongly correlated electron system like CoSi. This
kind of investigation is required because a bridge between
the existing unconventional chiral fermions with nontriv-
ial topology and the electronic correlations is missing.
The present work is motivated with this thought, and
accordingly, we have revisited the already found topolog-
ical chiral fermions in CoSi with the usage of advanced
formulations.

Considering the above mentioned aspects we have
studied the spectral functions for both bulk and (001)
surface of CoSi by using DFT+DMFT methodology at
T = 100 K [58] with and without SOC inclusions. All
the new fermions are observed at I' and R points as ex-
pected yet one extra hole pocket is found at M points.
DFT+DMFT calculations have shown the presence of
both coherent and incoherent features in spectra. Sug-
gesting the lifetime (7) of the newly found fermions to
be affected due to QP-QP interactions. For instance, the
calculated 7 for QPs at w ~ -30 and -186 mev are found to
be ~ 1079 s and ~ 10712 s, respectively when SOC is not
considered. However, GoW} corrections have given 7 for
spin-1 fermionic QP at I' to be infinite while for double-

weyl fermionic QP at R point to be ~ 1072 s. Simi-
larly, 7 is calculated for other new fermionic QPs as found
when SOC is considered by using both DFT+DMFT and
GoWy methods. Moreover, at T = 100 K the spectral
functions of (001) surface have also shown the existence
of both coherent and incoherent features. Accordingly,
at w = 0 7 has been evaluated which is of the same order
~ 10785 for both noc SOC and SOC considerations.

II. COMPUTATIONAL DETAILS

The DFT based electronic structure calculations have
been performed by using WIEN2k code [55]. This code is
based on full-potential plane wave (FP-LAPW) method.
PBEsol is taken as exchange functional for the calcula-
tions [56]. The experimentally observed crystal structure
is taken from literature [57]. 2.18 and 1.84 Bohr are the
muffin-tin sphere radii for Co and Si sites, respectively,
with 1073 as charge convergence. 21x21x21 mesh grid
size in BZ has been used for the bulk states calculations.
Next, DFT+DMFT calculations have been performed by
using the code as implemented by Haule et al. [58] which
is interfaced with WIEN2k code [53]. This DMFT code
provides stationary free energies at finite temperatures
[59]. Accordingly, DMFT calculations are carried out
for 100 K temperature and all the calculations are per-
formed fully self-consistently in the impurity levels and
electronic charge density. The auxiliary impurity prob-
lem is solved by using a continuous-time quantum monte
carlo impurity solver here [60]. Exact double-counting
scheme as proposed by Haule has been used here [61].
More informations regarding this DEFT+DMFT code can
be found at Ref.[47, 158, 162, 63]. Full 3d orbitals of Co
are treated at DMFT level. The density-density form
of Coulomb repulsion has been employed here with the
usage of self-consistently calculated values of U(4.5 eV)
and J(0.94 eV) from our previous work [64]. The analyt-
ical continuation as needed for obtaining the self-energy
on the real axis maximum entropy method is used here
[65]. Further, to calculate the QP energies at particular
k-points, 1 shot-GW (GoWjy) calculations are performed
by using the Questaal package |66]. This code is based on
full-potential linearized muffin-tin orbital (FP-LMTO)
method |67, 68]. In this code GoW) calculations are per-
turbations to a DFT calculation. They are simpler than
quaisparticle self consistent GW calculations, because
only the diagonal part of X0 is normally calculated (this
is an approximation) and only one self-energy is calcu-
lated (single iteration). Its GW implementation descrip-
tion can be found in Ref.[69]. Here again, the exchange
functional and the muffin-tin sphere radii for Co and Si
sites are kept same as mentioned above. 10x10x10 mesh
grid for DFT calculations in BZ while 4x4x4 mesh grid
for the self-energy in GoW, calculations have been used.
Lastly, the surface states of 001 surface are calculated at
both DFT and DMFT levels. For this, a slab of thick-
ness 33.54 bohr has been taken containing 32 atoms. To



minimize the interactions between two consecutive slabs
a 30 Bohr vacuum has been provided along k, direction.
Moreover, SOC is considered in all the calculations.

III. RESULTS AND DISCUSSION

Fig. 1 (a) illustrates the crystalline lattice structure
of CoSi which crystallizes in a cubic lattice with non-
symmorphic space group P2:3 and lacks inversion sym-
metry. Here Co and Si atoms are located at 4a sites
with position coordinates at (x,x,x) in a unit cell with
X00=0.140 and xg;=0.843. The corresponding Brillouin
zone (BZ) along high-symmetric lines is shown in Fig.
1(b), which is a cube with the I'-point at the center, R-
points at the vertices, X-points at the centers of the faces
and M-points at the centers of the edges of the cube. The
projected BZ of 001 surface along high-symmetric lines
(M-T-X)is shown in Fig. 1(c).

Fig. 2(a) shows the bulk band structure as ob-
tained from DFT, and Fig. 2(b) shows momentum-
resolved many-body spectral function calculated within
DFT+DMFT at temperature (T) = 100 K, along high-
symmetric k-directions. Fig. 2(a) - 2(b) are plotted
without SOC considerations in the energy window -
0.5< w <0.2 eV. Bands are numbered in the Fig. 2(a)
for the discussion purpose. Before stating the differences
between the two plots, here it is important to understand
that there is a difference in studying the electronic dis-
persion curves as generated from DFT and DFT+DMFET
methods. Generally, the spectral function (A(k,w)) is
defined as A(k,w) = —ImGE(k,w)/m where G®(k,w) is
the retarded Green’s function for the interacting electron
system. GE(k,w) = 1/(w—eo(k)—X(k,w), where X (k, w)
is the self-energy term in which all the interaction effects
are contained. However, for the non-interacting system
Y(k,w) term is zero and (A(k,w)) has a d-function peak
at w = €y(k). As DFT represents the non-interacting
electron picture; here A(k,w) = 6(w — €p(k)). On the
other-hand within DFT+DMFT, the A(k,w) is written
as given in Eq. 1 [53):

Alk,w) = 1 Im3(k,w)
7w — eg(k) — ReX(k,w)]? + [-ImX(k,w)]?

(1)

where, w is real frequency, eg(k) is the single non-
interacting electron’s energy with crystal momentum (k),
ImX(k,w) is the imaginary part and ReX(k,w) real part
of the self-energy, respectively. This A(k,w) will have
one major peak with some finite width and rest spec-
trum will have broadened structures. The major peak
is associated with DFT ¢ peak with broadened shape at
an energy position (w = eg(k) + ReX(k,w)); this peak
will correspond to coherent weight. The rest broadened
structures in the spectrum will be corresponded to in-
coherent weight.Now, when this spectrum is seen on a
larger scale with large numbers of n and k, the whole
spectrum then have smeared attributions with sharp dis-

persive lines. The sharp dispersive lines are then asso-
ciated with coherent weights (states with large lifetime)
and smeared features of the spectrum with incoherent
weights(states with shorter lifetime).

Here, it is important to note that in this study sin-
gle site DFT+DMFT calculations have been performed,
and thus the self-energy will have only w dependence.
Im¥(w) contains the information regarding the lifetime
of QPs. Larger is the value of ImX(w) lesser will be the
lifetime of QPs. However, to get a better picture of the
lifetime of QPs at particular k-point GoW; calculations
are performed in this study. Further with the knowl-
edge of ReX(w), the effective band mass renormaliza-
tion parameter (m* = 1 —dReX/dw|,—¢) and QP weight
(Z = 1/m*) can also be calculated. This m* provides
the information of the renormalization of bands due to
the inclusion of Coulomb interactions; resulting in a spec-
tral weight transfer between the incoherent and coherent
states. Generally, Z’s value remains < 1 and positive for
the interacting electron systems instead of 1 which is for
the case of non-interacting system. Thus, more closer
the value of Z to 1 lesser will be the transfer of spectral
weight from coherent states to incoherent states. Lastly,
by following the Eq. 1, the lifetime (7) of QP can be cal-
culated as 7 &~ h/FWHM; where FWHM is full width half
maximum [70], and in Eq. 1 FWHM is =~ 2 ImX(k, w).

Now, on the basis of above explanations, the two fig-
ures Fig. 2(a) & 2(b) are compared. Firstly, well defined
dispersive lines in Fig. 2(a) while in Fig. 2(b) smeared
features (in the range -0.5 eV to -0.3 eV) with sharp
dispersive lines (in the range -0.3 eV to 0.2 eV) are ob-
served. Thus, in the range -0.2< w <0.2 eV QPs seem
to be coherent (larger lifetime) and when w < -0.2 eV
the states are becoming incoherent. This can also be
observed from Fig. 3(a), where the value of Im¥(w) is
negligibly small in the range -0.2< w <0.2 eV for all the
three 3d components of Co. Secondly, in Fig. 2(a) one
hole pocket around I' point (created by bands 1 & 2) and
one electron pocket around R point (created by bands 3
& 4) are observed. On the other hand in Fig. 2(b), two
hole pockets are seen around I' and M points (created
by bands 1 & 2), respectively, and one electron pocket at
R point (created by bands 3 & 4). This appears that
due to electronic correlations extra hole pockets seem
to be generated at M points. However, ab-initio cal-
culations as performed by Sanchez et al. have reported
hole pocket at M point which is unlike Tang et al. re-
port 30, 135]. This suggests the urge of observing hole
pocket at M point which is also addressed by Xu et al.
[71]. Thus, this motivates to carry out ARPES study
for finding more hole-like bands near Er at M points.
Yet, the hole-like bands near the Fermi energy at I' point
and electron-like bands at R points have already been re-
ported in ARPES study [36]. Thirdly, two band-crossing
points are found at T' (bands 1, 2 & 3) and R (bands 1,
2, 3 & 4) points in both figures. However, there is a shift
in energy positions of band-crossing points found at T’
and R from ~ 12 meV to -30 meV and from ~ -194 meV



to -186 meV, respectively, as observed while going from
Fig. 2(a) - 2(b). These band-crossing points at DFT
level seem to be three-fold degenerate at I' and four-fold
degenerate at R which are also similar to other theoret-
ical and experimental works |30, 32, 136, [39]. The three-
fold degeneracy has been associated with spin-1 fermion
while the other four-fold degeneracy with double Weyl
fermion in Ref.|30, 132,136, [39]. Fourthly, in Fig. 2(b) as
the band-crossing points I' and R are lying in the range
of -0.2< w <0.2 eV, this suggests that spin-1 and dou-
ble Weyl fermionic QPs seem to have coherent weights
(larger lifetime due to QP-QP interactions which is other-
wise infinite in the case of non-interacting system). Con-
sequently, at w ~ -30 meV and w ~ -186 meV the 7
of QPs are evaluated as ~ 107% and ~ 10~ '%s, respec-
tively. However, GoWj corrections have shown that the
ImY is almost zero for spin-1 fermionic QP at ' point
indicating its 7 to be almost infinite while 7 of double
Weyl fermionic QP at R point is found to be ~ 107!%s.
Furthermore, the effective masses of QPs (m* values) as
calculated from DFT+DMFT and GoWy methods are
given in Table I. Following the table almost equal values
of m* seem to be possessed by all the three components
of Co 3d orbital at both w’s. Indicating that the QPs
have become heavier due to electronic correlations, and
further suggesting spectral weight transfers between co-
herent and incoherent states of these components in equal
amount. This behavior can also be witnessed from Fig.
3(a) where all the three components of Co 3d orbitals
have negligible value of Im¥(w) around the Ep. Lastly,
the m* values as calculated from DFT+DMFT method
at both w are containing the informations of both spin-1
and double Weyl fermionic QPs with QPs available at
other k£ points due to the fact that ImX depends upon
only w. Although, this is not the case with m* values as
evaluated from GoWy method due to the fact that here
Im3 is a function of both k & w. Thus, 1.60 and 1.64 are
the effective masses of spin-1 and double Weyl fermionic
QPs found at T and R points, respectively.

Next, in order to see the effect of SOC on the spec-
tral function in the presence of electronic correlations
Fig. 4(a) - 4(b) are plotted. In Fig. 4(a) the DFT ob-
tained bulk band structure and in Fig 4(b) momentum-
resolved many-body spectral function calculated within
DFT+DMFT at T = 100 K are shown. Both of them are
plotted along high-symmetric k-directions for the energy
window -0.5< w <0.2 eV with SOC inclusion. Here 8
bands are numbered in Fig. 4(a) due to the splitting of
those 4 bands as found in Fig. 2(a), for instance, band 1
has split into 1 & 1’ bands. At first, it is found that the
extra hole pockets at M point got enhanced and the en-
ergy positions of the bands at M has shifted from ~ -16
meV to 23 meV in Fig. 4(b). Different fermions at both
k-points are observed at DFT level which is also reported
in other works [30, 35, 136, |40]. It is said that in space
group 198 due to the absence of inversion symmetry, SOC
inclusion lifts the double degeneracy at non time-reversal
(TR) invariant k-points while at TR invariant k-points

the double degeneracy stays protected [22]. Likewise, at
I"-point the six-fold degeneracy has split into two crossing
points one with two-fold (created by 1 & 1’ bands) and
other with four-fold degeneracy (created by bands 2, 2,
3 & 3’) in Fig. 4(a) & 4(b). The two-fold degeneracy is
associated with spin-1/2 Weyl fermion while four-fold de-
generacy is associated with spin-3/2 RSW fermion. On
moving from Fig. 4(a) to 4(b), change in energy posi-
tions of these band-crossing points at I' has been found.
For instance, the four-fold degenerate point has moved
from ~ 30 meV to 4 meV in Fig. 4(b) while the two-
fold degenerate point has moved from ~ -23 meV to -40
meV in Fig. 4(b). Similarly, at R-point in Fig. 4(a) &
4(b), a crossing point with six-fold degeneracy (created
by bands 2, 2°, 3, 3", 4 & 4’) is found, which corresponds
to double spin-1 excitations and its energy position has
shifted from ~ -186 meV to -182 meV. However, bands
1 & 1’ become degenerate just few energies below six-
fold degenerate point and this too has shifted from ~
-220 meV to -207 meV in Fig. 4(b). Moreover, in Fig.
4(b) the incoherent features seem to be enhanced at both
band-crossing points where w < -0.2 eV, and this can
be validated from Fig. 3(b) where Im¥(w) is negligibly
small. Existence of incoherent features at both I' and
R points suggesting the interactions between the QPs;
affecting their lifetime. Thus, at w ~ 4 and -40 meV,
their 7 ~ 10™%s while at w ~ -180 and -207 meV, their
T ~ 10725, It is already known that an exact infor-
mations of newly fermionic QPs interactions at specific
k-points cannot be retrieved from DFT+DMFT calcu-
lations. For which GoW, corrections calculated the 7
of newly fermionic QPs available at I' and R points as
~ 1079 and ~ 107 !!s, respectively. Here again, the m*
values as calculated from DFT4+DMFT and GoW, meth-
ods are given in Table II. From the table, it can be seen
that DFT+DMFT has show almost same effective masses
of the QPs ~ 1.20. However, GoWj has shown effective
masses of spin-1/2 Weyl fermionic and spin-3/2 RSW
fermionic QPs at I' to be same ~ 1.6 whereas double
spin-1 fermionic QPs found at R point to have effective
mass of ~ 1.67.

Further for better visualizations, the enlarged pictures
corresponding to the band-crossings found at I' and R
points in BZ, are discussed in the following figures for
with and without SOC which are obtained from DFT and
DFT+4+DMFT methods, respectively. Fig. 5 illustrates
bulk band structure at I point obtained from DFT both
for (a) without SOC and (b) with SOC considerations in
the energy window -0.04 < w < 0.09 eV. On observing
the Fig. 5(a), two linear bands (1 & 3) and one flat band
(2) which have a three-fold degenerate point located at
~ 12 meV are found. On other hand in Fig. 5(b), due to
SOC effect the bands 1, 2 & 3 have split into three more
bands 1’, 2’ & 3’ and created two band-crossing points.
One of them is four-fold degenerate located at ~ 30 meV
which is created by 2, 2°, 3 & 3’ bands where all these
bands are almost linear at the point. The other one is
two-fold degenerate located at ~ -23 meV which is cre-



ated by 1 & 1’ bands. These results are similar to other
theoretical works [30, 136, 137, 40]. Then, two more lin-
ear band-crossing points (the marked ones) appear to be
created by 1 & 2’ bands at ~ -6 meV in I' — M direction
while another at ~ -4 meV in I'— R direction, respectively.
However, other flat band-crossing point has been created
(2 & 2°) at ~ 16 meV in ' — R direction. These two
band-crossing points in I' — R direction are recognized as
type-I1 Weyl fermion by Tang et al.[30]. Moreover, due to
the shift in the band crossing point at I' from ~ 12 meV
to 30 meV, the hole-type band (2 band) has also shifted
in Fig. 5(b). This has increased the probability of states
which will behave as hole-type. Next, we are showing the
differences occurred in the band crossing point at I' af-
ter inclusion of SOC at DFT+DMFT level. For this Fig.
6(a) - 6(b) are plotted where momentum-resolved many-
body spectral functions calculated within DFT+DMFET
at T=100 K for with and without SOC effect are shown.
Here in Fig. 6(a), the three-fold degenerate point is lo-
cated at ~ -30 meV and the hole pocket is found just in
I" — R direction but not in I' — M direction which is un-
like DFT result. Moreover, the two linear bands seem to
possess coherent weight only while the flat band seems to
possess both coherent and incoherent weights. Now mov-
ing to Fig. 6(b), as two band crossing points have gener-
ated at I" which are located at w ~ 4 meV and -40 meV
corresponding to four-fold degenerate point and two-fold
degenerate point, respectively. Interestingly, here the in-
clusion of SOC and Coulomb interactions have changed
the curvatures of flat bands with enhanced incoherent
weights. This has resulted in hole-pockets in both the
directions I' — M and I' — R. Furthermore, other band-
crossing points can be clearly seen in Fig. 6(b) though
their energy positions has shifted. Likewise, the two lin-
ear band-crossing points are located at ~ -17.4 meV in
I' — M direction and at ~ -19.3 meV in I' — R direction.
The flat band crossing is found to be shifted to ~ 5 meV
in I' — R direction.

Here, the differences occurred in band-crossing points
at R both from DFT and DFT+DMFT levels for with
and without SOC effect are discussed. Accordingly, Fig.
7(a) - 7(b) and Fig. 8(a) - 8(b) are plotted for DFT
and for DFT4+DMEFT at T=100 K, respectively. In Fig.
7(a), four linear bands (1, 2, 3 & 4) are having a four-
fold degenerate point which is located at ~ -194 meV.
On the contrary, SOC effect has split four linear bands
into six linear bands (2, 2, 3, 3’, 4 & 4’) whereas other
2 bands (1 & 1°) as parabolic are observed in Fig. 7(b).
These six-fold degenerate point is located at ~ -186 meV
while two-fold degenerate parabolic bands are located at
~ -220 meV. Here again in Fig. 7(b), two more linear
band-crossing points are observed which are two-fold de-
generate in I'— R direction where one is located at ~ -205
meV and other is at ~ -262 meV, respectively. These
two band-crossing points are identified as type-II Weyl
fermion by Tang et al. [30]. Next moving into Fig. 8(a),
the four-fold degenerate point here is located at ~ -186
meV. and the features are highly smeared suggesting the

existence of incoherent weights; indicating larger QP-QP
interactions. Then in Fig. 8(b), the six-fold degenerate
point is located at ~ -182 meV and 2-fold parabolic band-
crossing point is at ~ -207 meV. Moreover, the other
two-fold linear band-crossings in I' — R direction are now
located at ~ -204 meV and ~ -250 meV where features
are again highly smeared.

In this part of discussion and results, the effects of
slab thickness and electronic correlations over the surface
states (SS) when projected to the (001) surface of CoSi
along high symmetry lines M —T'— X are discussed. Gen-
erally, it is said that hole and electron pockets in the bulk
are possessed by nontrivial topology and due to which SS
can be observed on the side surface [30]. Based on this,
the SS are expected to be observed on the side surface
(001) of CoSi due to presence of electron and hole pock-
ets in the bulk at I' and R points in figures Fig. 2(a) -
2(b) and Fig. 4(a) - 4(b). Accordingly, Fig. 9(a) - 9(b)
have been plotted, showing the surface band structures
as calculated from DFT for (001) surface without SOC
consideration when slab thicknesses are (a) 33.54 Bohr
and (b) 100.64 Bohr, respectively. Two surface bands (I
& II) have been found at the projections of bulk states at
I" and R points in Fig. 9(a) - 9(b), respectively., marked
in solid lines (red color). This is similar to the electronic
spectra for (001) surface as reported by Tang et al. [30].
For explaining the changes occurred in the SS while going
from Fig. 9(a) - 9(b) few elliptical markings have been
numbered in the plots. In Fig. 9(a), it is observed that
at marking 1 surface bands I and II both are crossing
the Fermi level (Ep) separately while at marking 2 only
surface band II has crossed the Ep. Next, at marking
3 both surface bands I & II merged together and cross
the Er as a single band whereas in marking 4 none of
them crosses the Er and remain below the Er. Lastly,
at marking 5 only surface band I crosses the I' point at ~
166 meV. Moving to Fig. 9(b), it is found that at mark-
ing 1 both surface bands merged together crosses the Ep
as single band while at marking 2 this time the surface
band I slightly shifts above the Er. Then, at marking
3 both the surface bands crosses the Ep separately. At
marking 4 surface band II cross over the Er while surface
band I remains below the Ex. This time at marking 5
and marking 6 both surface bands I & II crosses the I' at
~ 47 meV and 130 meV, respectively. All these points
suggest that there are no major changes on the number
of crossings at Ep of the surface bands I and II. Based on
this, it can be concluded that SS are not much affected
with the change in slab thickness in the energy window of
-50< w <50 meV. Furthermore, the momentum-resolved
many-body spectral functions for (001) surface are also
plotted for with and without SOC effect at T = 100 K
in Fig. 10(a) - 10(b), respectively. Due to high com-
putational cost, for the calculation of surface states from
DFT+DMFT method the slab thickness with 33.54 Bohr
is only chosen. On looking at Fig. 10(a) - 10(b), one can
find that here again the surface states seem to emerge
from the projections of bulk states at I' and R points as



expected. In Fig. 10(a) & 10(b), both the surface bands
appear to cross the Ep at marking 4 unlike DFT results.
Further, on moving from Fig. 10(a) to 10(b), the inco-
herency of the spectrum (smeared features) appears to
enhance specifically in the region -0.1< w <-0.2 eV. This
suggests that these surface states are interacting and due
to which their lifetime is also affected. For instance, from
Fig. 10(a) and Fig. 10(b) at w = 0 the 7 ~ 10~ 8s.

IV. CONCLUSION

In this work, the electronic spectra of bulk and (001)
surface of CoSi have been studied by using advanced
DFT+DMFT method at T = 100 K for both with
and without SOC inclusions, respectively. From the
DFT+DMEFT calculations for the bulk states one extra
hole pocket is found at M points in BZ. All the newly dis-

covered fermions are observed similar to other theoretical
and experimental reports. The dispersion curves of Bulk
CoSi have shown the both coherent and incoherent fea-
tures. Further suggesting the QP-QP interactions which
is resulting into affecting their lifetime. For example, 7
for QPs at w ~ -30 and -186 mev are found to be ~ 1079 s
and ~ 10712 s, respectively when SOC is not considered.
However, GoWj has given 7 for spin-1 fermionic QP at T’
as infinite while for double Weyl fermionic QP at R point
as ~ 10712 s. Their effective masses are also calculated
by using GoWy method as ~ 1.60 and 1.64. Similarly,
the 7 and m™ values of other fermionic QPs are also cal-
culated by using both DFT+DMFT and GoW, method
under SOC inclusion. Furthermore, at T = 100 K the
electronic spectra of (001) surface have also shown both
coherent and incoherent features. Consequently, for both
noc SOC and SOC inclusions at w = 0, 7 ~ 1073s has
been calculated.
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FIG. 1. (colour online) (a) The crystal structure of CoSi where bigger sphere is denoting Co atom while smaller one is denoting
Si atom, (b) 3D-Brillouin zone (BZ) for CoSi showing some high-symmetric k-directions, (c) the projected BZ of 001 surface
of CoSi.
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FIG. 2. (colour online) (a) Bulk band structure of CoSi without SOC as obtained from DFT calculation, and (b) Momentum-
resolved many-body spectral function without SOC at T = 100 K obtained from DFT+DMFT. Zero energy represents the
Fermi level.

TABLE 1. Calculated m* for different w corresponding to I' and R points without SOC consideration at T = 100 K as evaluated from
DFT+DMFT method for three orbital components of Co 3d orbital and other at T=0 K as evaluated from GoWp method, respectively.
Different w values are corresponding to energy positions of band-crossing points as obtained from Fig. 2(b)

Orbital component (DFT+DMFT) GoWo

22 x2-y? /xy xz/yz
k-points (w(meV)) m* m* m* m*
T (w~ -30) 1.16 1.19 1.20 1.60
R (w ~ -186) 1.16 1.20 1.23 1.64

TABLE II. Calculated m* for T' and R points with SOC consideration at T = 100 K as evaluated from DFT+DMFT method for
three orbital components of Co 3d orbital and other at T=0 K as evaluated from GoWjp method, respectively. Different w values are
corresponding to energy positions of band-crossing points as obtained from Fig. 4(b).

Orbital component (DFT+DMFT) GoWo

22 x2-y? /xy xz/yz
k-point (w(meV)) m* m* m* m*
T (W~ 4) 1.18 1.20 1.20 1.60
I' (w ~ -40) 1.18 1.19 1.20 1.61
R (w ~ -180) 1.18 1.20 1.20 1.67

R (w ~ -207) 1.19 1.20 1.20 1.64
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FIG. 3. (colour online) Imaginary part of self-energy (ImX(w)) as a funtion of energy at T = 100 K for three components of

3d orbitals of Co (a) without SOC and (b) with SOC. Zero energy corresponds to the Fermi level (dotted line).
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(colour online) (a) Bulk band structure of CoSi with SOC consideration as obtained from DFT calculation, and

(b) Momentum-resolved many-body spectral function with spin-orbit coupling consideration at T = 100 K obtained from
DFT+DMEFT. Zero energy represents the Fermi level.
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FIG. 5. (colour online) Bulk band structure of CoSi at I' point obtained from DFT both for (a) without SOC and (b) with
SOC. Zero energy corresponds to the Fermi level (dashed line). Two elliptical markings are drawn for the explanation purpose.
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FIG. 6.

DFT+DMFT both for (a) without SOC and (b) with SOC. Zero energy represents the Fermi level.

FIG. 7. (colour online) Bulk band structure of CoSi

SOC.
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(colour online) Momentum-resolved many-body spectral function at I' point for the T = 100 K obtained from
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FIG. 8. (colour online) Momentum-resolved many-body spectral function at T = 100 K obtained from DFT+DMFT both at
R point for (a) without SOC and (b) with SOC.
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FIG. 9. (colour online) Band structure of (001) surface of CoSi obtained from DFT both for without SOC inclusion when
the slab thickness is (a) 33.54 bohr and (b) 100.64 bohr. The surface states are marked with solid lines (red color) and bulk
states are marked with dashed lines (black color). Zero energy represents the Fermi level. Elliptical markings are shown for
explanation purpose.
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FIG. 10. (colour online) Momentum-resolved many-body spectral function for (001) surface of CoSi at T = 100 K obtained
from DFT4+DMFT both for (a) without SOC and (b) with SOC. Zero energy represents the Fermi level.



