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Thermoelectric transport of a topological semimetal with a pair of Weyl points
and a nodal ring in the quantum limit
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We explore the thermoelectric transport properties of a coexistence topological semimetal, characterized by
the presence of both a pair of Weyl points and a nodal ring in the quantum limit. This system gives rise to
complex Landau bands when subjected to a magnetic field aligned with the direction connecting two Weyl points.
In the longitudinal configuration, where the magnetic field is parallel to the electric field or the temperature
gradient, the thermoelectric conductivity indicates a plateau independent of the magnetic field and the Fermi
energy at §-form short-range scattering. This platform structure should also exist in pure two-node Weyl
semimetals. However, the thermoelectric conductivity and the Seebeck coefficient are significantly influenced by
the parameters of long-ranged Gaussian or screened Coulomb scattering potentials for both fixed carrier density
and Fermi energy scenarios. In the transverse configuration, both Gaussian and screened Coulomb scatterings
yield substantial positive magnetoresistance and thermoelectric conductance. Since the Hall conductivity is larger
than the longitudinal one, the Seebeck coefficient, exhibiting a quadratic increase with the magnetic field, is
close to the dissipationless limit irrespective of scatterings, while the Nernst response is notably dependent on
the scattering mechanism. Additionally, the model parameter, distinct from the two-node Weyl model, influences
the thermoelectric transport properties. The magnetic field response of the thermoelectric coefficients to different

scattering potentials can be used as a basis for distinguishing scattering mechanisms in materials.

DOI: 10.1103/PhysRevB.109.235206

I. INTRODUCTION

Topological semimetals [1-7] have recently attracted in-
creasing attention due to their nontrivial and exotic physical
phenomena: their band structure includes symmetry-protected
band crossings between the valence and conduction bands,
and they exhibit unconventional responses to applied external
fields [8—13]. In particular, as thermoelectric effects are pro-
portional to the derivative of conductivity, they are generally
considered more sensitive to these novel responses [14-21].
In recent years, theoretical studies of three-dimensional
Dirac/Weyl semimetals in the quantum limit, where only the
lowest Landau band is occupied by electrons, have shown
that the Seebeck coefficient S, indicates an unsaturated linear
growth at low temperatures [22]. Further investigation demon-
strated that the linear growth of the Seebeck coefficient in
the clean limit originates from the the plateau value of ther-
moelectric Hall conductivity o, [23,24], proportional to the
temperature. The plateau of cy, or the equivalent linear growth
of S,,, recognized as a signature of topological semimetals,
has been observed in the Dirac semimetal ZrTes [25,26],
Pb;_,Sn,Se [14], the Weyl semimetal TaP [27], and nodal-line
semimetal graphite [28,29]. Hence, topological semimetals
show great potential in the realm of thermoelectric transport.

Recently, a distinctive class of topological states, termed
“topological coexistence,” has been identified in certain
topological materials [30-37]. Diverging from traditional
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topological semimetals characterized by a single topological
state, these materials showcase the simultaneous presence of
multiple topological states in the bulk. One notable example is
found in the double perovskites Ba,CdReOg [30], which host
both Weyl and nodal ring topological states. In a related study,
Zhang et al. [31] investigated the surface states of the ferro-
magnetic material Cs;MoClg, sharing the same space group
Fm3m as Ba,CdReOg and featuring analogous topological
coexistence states. Their findings reveal a unique surface state
connection between Weyl and nodal ring fermions, a phe-
nomenon also predicted in other systems [33,34]. In these
materials, spin-orbit coupling plays a key role in the formation
of a coexisting topological state.

Topological coexisting materials, as a new class of topo-
logical phases, have energy bands that are quite different from
those previously studied, which may bring special thermo-
electric transport properties. In the quantum limit, there is only
one energy band that contributes to transport. At this point,
scattering may play a crucial role [38—44]. Our study starts
from a two-band model containing both a pair of Weyl points
and a nodal ring, and we investigate the longitudinal as well as
transverse thermoelectric transport properties in the quantum
limit when the magnetic field is applied along the connection
of Weyl points by considering both the Gaussian and screened
Coulomb electron-impurity scatterings.

II. HAMILTONIAN AND THE LANDAU BANDS

We consider a topological semimetal, where a pair of Weyl
nodes and a nodal line coexist. The minimal Hamiltonian is

©2024 American Physical Society


https://orcid.org/0000-0003-0407-3883
https://ror.org/01cxqmw89
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.235206&domain=pdf&date_stamp=2024-06-10
https://doi.org/10.1103/PhysRevB.109.235206

L. W. GUO AND C. M. WANG

PHYSICAL REVIEW B 109, 235206 (2024)

(a) Bulk bands crossing (b) Weyl points

(c¢) Nodal ring

0.2
ks k,
0 e

5 \‘
002 y

% 002
(2P O TEIRIN
<) -0 -0.02\%0\

>
&
S

FIG. 1. (a) The schematic diagram of the band crossing in mo-
mentum space, which forms a pair of Weyl points (blue and gray
dots) and a nodal ring (red circle). The yellow plane represents the
k, = 0 plane. Energy dispersions in the k.-k, or k,-k, plane (b) and
the k.-k, plane (c). Here My = 0.05 eV, M| =5 eV nm?, and D =
2M,.

written as [31]

H = Dk (k.o + kyoy) + Mo, D
with

My = My — My (k; + k; + k2). )

Here D, My, and M, are material parameters, 0 = (oy, 0y, 0;)
are three 2 x 2 Pauli matrices, and k = (k,, ky, k;) is the wave
vector. The dispersion of the system is

Eu = 1D (K2 + K2) + M. 3)

The quantum number A = =1 denotes the conduction and
valence bands. Compared to the minimal two-node Weyl
semimetal model [45] Hy = A(k,o0, + ky0,) + Mo, the con-
stant Fermi velocity A becomes a momentum-dependent
quantity Dk,, which results in the coexistence of two types
of topological states. Two bands contact each other at a pair
of Weyl points (0, 0, =./My/M; = £ky) on the k, axis, in
addition to a closed nodal line (nodal ring) in the k.-k, plane
(k, = 0, k? + k? = ki), displaying two topological properties
in one system. Figure 1(a) schematically shows the character-
istics of band crossing formed by two energy bands of the
model, where blue and gray dots represent a pair of Weyl
points on the k, axis, and the red circle represents the nodal
ring in the k.-k, plane. The panel (b) shows the energy dis-
persion on the k,-k; or k,-k; plane, where two additional Weyl
points come from the intersections of the ring and the k, or
ky, axis. The panel (c) indicates the dispersion in the k; = 0
plane, where the touch points compose a closed circle.

The Berry curvature is considered to be an important quan-
tity reflecting the topological properties of matter. It can be
thought of as the magnetic field in momentum space and is
associated with various topological transport responses such
as the anomalous Hall effect, the quantum Hall effect, and the

chiral anomaly. Three components of the Berry curvature for
the coexistence model are derived in Appendix, and they can
be found as

D2
U =gkk M- M +E k). @
. D? 2, 12 2
Qi- =2E3 kzky[MO—Ml(kx +ky _kz)], (%)
+
D2

Here the “+” subscript represents the Berry curvature of the
A = 41 band. In contrast to the two-node Weyl semimetal
[45], three components of the Berry curvature all take zero
in the k; = O plane. By calculating the integral of the Berry
curvature around the Fermi surface near the +ky point, we
can obtain a topological charge n = +£1, corresponding to
a pair of Weyl points with opposite chiralities. In addition,
we can define a Chern number to determine the topological
properties on the k.-k, plane. For a given k;, we can compute
the Chern number (k) = — 5= [[ dk,dk,S2% along the z di-
rection. We find for —kw < k, < 0 or 0 < k, < ky the Chern
number n. = 1, while for the other case k, # 0, n.(k,) = 0.
Such a nonzero Chern number corresponds to a k,-dependent
edge state.

Now we apply an external magnetic field in the z-direction
B = BZ to the coexisting topological system. The momentum
plane perpendicular to the magnetic field will be quantized,
while the momentum along the direction of the field is still a
good quantum number. In the presence of a magnetic field, the
new Hamiltonian could be obtained via the Peierls substitu-
tion k — k — eA/h, with e being the charge of an electron. If
we choose the Landau gauge A = —By%, the new Hamiltonian
of the coexisting system is shown as the following form:

Dk, (k, — iky)
—Mo + M, (k2 + k2 +k2) |
@)

with k, = k, — y/€2, k, = —id,, and £ = /Ti[eB] being the
magnetic length. We can introduce two ladder operators a’ =
(05/N2) (ke — y/€3 + ) and a = (Lp//2) (ke — /03 — y),
which satisfy [a, a'] = 1. This Hamiltonian is then rewritten
as

My — M1(l€f + 12,2, + kzz)
B Dk (ky + iky)

—M_—a)cafa—i—l w,a

H— ke ( 2) < N (8)
a)zaT M, + a)c(aTa + 5)

with the frequencies w, = 2M; /Elzg and w, = v/2Dk./€p, and

M, = —My + M, kf. Therefore, the Landau energies and

wave functions of the Hamiltonian H for the index v > 1 are

Bu = soe+ ) [Mo — Mik2 — v +ve2, )

2

w B ei(kkx+kzz) Sil‘l a7|,¢]}71 (10)
T JLL | cos%e, |

Vo, = T [eos S (11)
T JLL | —sin%e, |
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FIG. 2. The Landau energy bands of the system with indices
v =0, 1, 2 for three different magnetic fields B =2,3.3,8 T cor-
responding to (a), (b), and (c), respectively. Here My, = 0.05 eV,
M, =5eVnm?, and D = 2M,.

while for v =0,

Ey = —My + Mk + Lo, (12)
ei(kXx+k;z) 0

e 13

Iﬁo ,_LXLZ [¢0:| ( )

Here L.L, is the area of the sample and tano, =
v,/ (vo, + My,). ¢, is the usual harmonic-oscillator eigen-
state at the center yo = k,£3 relating to the Hermite polynomi-
als H, (x),
Pulhe,y) = e om0 gy, (J%) (14)

B

1
vV ﬁZ“v!(ZB

In contrast to the two-node Weyl semimetal model, there is
an additional frequency w, in the Landau bands. It relates to
the parameter D and is k,-dependent, which is a key feature
of the coexisting system. For the indices v > 1, two Landau
energy levels E, intersect at k, = 0 when the magnetic field
B, = iMy/(2v|e|M,). Figure 2(b) indicates the Landau bands
at B = B; >~ 3.3 T, where the +1 band and the —1 band come
into contact at k, = 0. This intersection is a feature of Landau
levels in nodal-line semimetals in the presence of the mag-
netic field perpendicular to the nodal-line plane [46]. But the
zeroth Landau energy band Ej is analogous to the two-node
Weyl semimetal model [45], which is quadratic along the k,
direction.

Due to the k,-dependent frequency w,, the Landau bands
exhibit a complexity in vivid contrast to the two-node Weyl
model, especially at low magnetic fields. In the two-node
Weyl model, Landau bands are distinctly separated and or-
ganized in the order of band indices [45]. However, in this
coexisting topological system, the Landau bands overlap, with
even the lowest Landau band extending into the negative
band (valence band) at low magnetic fields, as illustrated in
Figs. 2(a) and 2(b). This band-crossing behavior is anticipated
to give rise to unique magnetic transport phenomena, such
as novel magnetoresistance oscillations [47]. Currently, our
focus remains on the quantum limit, where only one Landau
band is occupied. Fortunately, when the magnetic field is
sufficiently large such that the bottom of the zeroth Landau

band is higher than the top of the —1 Landau band, as depicted
in Fig. 2(c), the bands become well-separated and ordered
according to the Landau indices. This condition occurs when
the magnetic field B > iMy/(le|M), twice the value of B;. In
such cases, if the Fermi energy Ef intersects only the zeroth
band, the coexisting topological system enters the quantum
limit. Our subsequent calculations will focus on this extreme
regime.

III. LONGITUDINAL CONFIGURATION

At first, we consider the longitudinal configuration, where
the magnetic field, the electric field, and the temperature
gradient are all along the z-direction, B || E || VT || Z. The
Mott relation is believed to be valid at temperatures close
to 0 K [42]. Hence, in this configuration we only need to
calculate the longitudinal conductivity o,,. The resistivity p,,
is just the reciprocal of the conductivity, p,, = 1/0,,. And the
thermoelectric Seebeck coefficient S,, could be obtained from
the conductivity via the Mott relation [42,48-50]

kT 1 o
“= 3¢ 0. 0E;

s5)

Here kg is the Boltzmann constant, T is the temperature, and
Er is the Fermi energy.

The longitudinal conductivity o,, can be expressed as
[38,42,44,45]

he? / o d ong(e)
0., = el —
“Tonv oo e
Here V is the volume, ng(¢e) is the Fermi-Dirac distribution
function, G®/A(¢) is the retarded (advanced) Green’s function,

and 9, is the z-component of the velocity operator with the
form

}Tr[f)zGA(a)f)zGR(a)]. (16)

. 19H 1| -2Mik. 2Da

U = 7 akz - 5 ‘[/—ED(I% 2M1kz (17)
Different from the two-node Weyl model, the off-diagonal
element of the velocity operator ¥, is nonzero due to the
Dk, term in the Hamiltonian. However, for any band with
nonzero index v, (Y¥o|?;|¥+,) = 0. Thus in the quantum limit,
where the Fermi energy only cuts the lowest Landau band Ej,
only the zeroth band Ey contributes to the conductivity in the
longitudinal configuration. In this case, only the velocity ele-
ment vg, = (YolD;| o) = 2M,k;/h involves in the expression
leading to the longitudinal conductivity of this coexistence
model analogous to the two-node Weyl model [44,45]:

2

0, = Q%NkaF 0, (18)

where the Landau degeneracy N; = 1/2m¢%, the Fermi group
velocity vi, = 2M kg /h, and the Fermi wave vector kf is the
positive intersection of the Fermi energy and the zeroth Lan-
dau band. The transport time at the Fermi energy, denoted as
70, includes an additional factor (1 — vy, /vy, ) from the vertex
correction in its expression, distinct from the particle lifetime
[42,51]. This factor introduces a selection rule, allowing only
k. = —kr to contribute to the transport time. Finally, 7. has
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the form
AT o 19)
©)  Mikp < 1 ok —k, Og., 2k«

Here n; is the impurity density, u(q) represents the Fourier
transform of the scattering potential, the wave vector g =
(4x> 9y- ¢2)> and g = g7 + g3

We consider two popular types of elastic electron-impurity
scatterings: the Gaussian potential and the screened Coulomb
potential. The former characterizes scenarios where scattering
intensity diminishes rapidly with distance from the scattering
center, while the screened Coulomb potential represents situ-
ations where charged impurities induce substantial screening
effects. The Fourier transform of the Gaussian potential is
u(q) = upe=7%/2, where uy measures the scattering strength,
and d is a parameter that describes the range of the scattering
potential. If we define Vi = n,-u%, then the transport time is

h Ve

—dhqd®
—_ = e FY, 20
¢ 2nMikp(2d2 + €3) 20
Therefore, the conductivity has the form
2 2M kp)? 2d4? 2
0., = e” QMikr)” 1+ = Hrd® 1)
h Vs Ly

Since only kr depends on the Fermi energy, the Seebeck
coefficient S, is given by

_nzkgT 1
3¢ Mik:

(14 4d%kz). (22)

Further, the thermoelectric conductivity could be found via
Oy = 07287

For the §-form short-range scatters d = 0, o,, k}%, and
S.. k;z, so the thermoelectric conductivity is a constant
irrespective of the magnetic field

_4n2ek§TM1
3 h Vg

It does not rely on carrier density or Fermi energy, indicating
that «,, attains plateaus under sufficiently strong magnetic
fields. Previously observed in Dirac systems, the Hall ther-
moelectric conductivity demonstrates plateau behavior in the
extreme quantum limit [23]. In this study, we identify the
plateau characteristics of longitudinal thermoelectric conduc-
tivity. This phenomenon is expected to be applicable to all
Weyl-like semimetals.

Now we move to the analysis of the screened Coulomb
potential. The Fourier transform is u(q) = #ﬁﬂz) with €,
and €, being the dielectric constants of the vacuum and the
material. The « from the standard random phase approxima-

2 i L__L_ Tn this case, the transport time is

Uonis k= = 5o @ ks

(23)

aZZ

ho_Ye b, 24)
—— =——2Fi(c}).
Tl(r),c MlkF 87 e
Here Ve = nie*/(el€?), the function Fi(x) = 1/x — €'E;(x)
with Ej(x) = fx > dte™ /t being an exponential integral func-
tion, and ¢; = (4k12r + Kz)ﬁl% /2. Therefore, the conductivity

has the form
_e2 AMkp)? 1

= S 25
=T Vel Filor) 25
meanwhile the Seebeck coefficient can be expressed as
2T 1 kr 9In F
. T . 1__Fn—1(c]) ) (26)
3e Ml kF 2 3k1:

The function Fj(x) has the following asymptotic behavior:
Fi(x)=1/x when x<«1, while F(x)= 1/)c2 when
x> 1. Hence, for ¢; < 1, o, o kZ(4k: +k2)/3, S,
k2 (16k2 + 1)/ (4k2 +«%), and o, o (16k2 + Kk2)/03;
while for ¢; > 1, we find o o ki(4kz +K2)?, S,
(4]{,2F + 27, oy, X k% (4k% + «?). The « relies on the Fermi
wave vector k. Therefore, the magnetic field dependence of
these three transport quantities strongly depends on how the
Fermi wave vector relies on the field. It is known that kg is
related to the filling state of electrons. When the Fermi energy
is fixed, the Fermi wave vector is given by

1
kp = \/E(EF + My — w:/2). 27

The B-dependence is in the frequency w.. Another choice
is to keep the carrier density occupying the lowest energy
band unchanged, that is to say N, = Zkﬁkv O(Er — Ey)is a
constant, which leads to ’

kr = 223N, (28)

Now the kr is inversely proportional to the magnetic field.

Since the conductivity in the longitudinal configuration is
the same as that of the two-node Weyl model, which has
been carefully studied before [38,44], here we focus on the
thermoelectric quantities of this coexisting model. Figure 3
shows the longitudinal thermoelectric transport contributions
of the coexistence topological semimetal as a function of mag-
netic field at a fixed carrier density for the Gaussian-type [(a)
and (c)] and Coulomb-type [(b) and (d)] elastic scatterings.
For §-form scattering (d = 0 in the Gaussian potential), the
thermoelectric conductivity «,, remains constant independent
of the magnetic field, aligning with Eq. (23). However, for
Gaussian-type scattering with nonzero distance, it linearly
depends on the magnetic field at high field strengths. This
behavior can be understood from Eqgs. (21) and (22): for short
distances, such as dkr < 1, the thermoelectric conductiv-
ity exhibits a weak linear relationship with B, where o,, =
0,5, o1+ 2d2/€§. For long distances (e.g., d = 12 nm),
o, may first decrease and then increase with the increment
of the field. At short distances where dkr < 1, several curves
(d =2,4,8 nm) of the Seebeck coefficient almost exactly
coincide and grow parabolically with the magnetic field since,
72k T

e WG

deviations begin to appear.

For the screened Coulomb scattering, we first discuss the
results with large relative dielectric constant (e, = 20, 50).
The thermoelectric coefficient ¢, first decreases and then
increases with the field shown in Fig. 3(b). For this case,
the small field limit corresponds to 4kz > k2, but the large
field one corresponds to 4k7 < k2. We find the following:

in this case, S,, ~ o B?. As the distance increases,
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FIG. 3. The thermoelectric conductivity ¢, and the Seebeck co-
efficient of the coexisting system are plotted as functions of the
magnetic field B at Gaussian [(a) and (c)] and Coulomb [(b) and
(d)] potentials for fixed carrier density N, =5 x 10> m~>. The
four curves in (a) and (c) are taken for d = 0,4, 8,12 nm, and
four curves in (b) and (d) correspond to €, = 2, 8,20, 50. Here
Vg = 1073 eV? nm?, the impurity density for the screened Coulomb
potential is taken as n; = 3 x 10’ m~3,and T = 0.5 K.

(i) In the small magnetic field limit, the thermoelectric coef-
ficient o, transitions from o B~ at 2k2€% > 1 to oc B~! at
2k%:€% < 1, but S, is proportional to B> with the increment
of the field according to the previous analysis. (ii) For the
strong magnetic field limit, Eq. (26) can be simplified to S,; >~
(2M k)~ (€3k? /2 + 1)~! with the help of the approximation
F(c1) = 1/[ci(c1 + 1)]. Hence, we find that §,, transitions
from oc B> at €3x%/2 < 1 to o« B at £2x*/2 > 1 with the
growth of the field indicating in Fig. 3(d). However, the
thermoelectric coefficient o, = 0.5, is always proportional
to B*>. Now we move to the low relative dielectric constant
case (e, = 2, 8). In this case, the strong screening condition
(4k12r « «k?) is satisfied in the whole field regime. The smaller
dielectric constants allow us to witness the linear growth of
S,, within smaller magnetic fields, as indicated by the orange
and blue curves in Fig. 3(d). Similarly, ¢,, maintains its cubic
relationship with the magnetic field. Hence, the Gaussian or
Coulomb scattering with a large dielectric constant is inten-
tional for obtaining a large Seebeck coefficient.

At temperatures near 0 K, the chemical potential u ~ Ep.
Alternatively, in experiments where a fixed Fermi energy is
often considered, we select the Fermi energy Ep = 2M, to
position the system in the quantum limit. Figure 4 depicts
the variations of thermoelectric conductivity and Seebeck
coefficients with magnetic field for two scattering potentials
at a fixed Fermi energy. In this scenario, the magnetic field
cannot be excessively applied, as a too-large magnetic field
would elevate the lowest energy band E, beyond the Fermi
energy, contrary to the fixed carrier density case. The re-
sults for Gaussian-type scattering are presented in (a) and
(c). For é-form scattering (d = 0), the thermoelectric coef-
ficient o, remains constant. When the distance is nonzero

b=

10 20

|

—S.; (WW K™
=
_Szz (IJV K_l)

10 15 10 15
B (T) B (T)

FIG. 4. The thermoelectric coefficients o, and the Seebeck co-
efficient of the coexisting system vs the magnetic field at Gaussian
[(a) and (c)] and screened Coulomb [(b) and (d)] potentials at fixed
Fermi energy Er = 2M,. The other parameters are the same as Fig. 3.

(d #0), o, increases rapidly with d and decreases swiftly
with an increasing magnetic field due to the exponential rela-
tion or,, ¢*i?’ The Seebeck response S, increases with the
field following S, k;z for §-form scattering. The curves of
S,, with d # 0 are essentially shifted by a field-independent

2k2T 2 . .
I8 4 from the curve with d = 0, in accordance

constant — /= -

with Eq. (22). For screened Coulomb scattering, all ther-
moelectric conductivities with different ¢, decrease with the
magnetic field. This decrement of «,, for the fixed Fermi en-
ergy contrasts with the case of fixed carrier density. Regarding
the Seebeck coefficient, where the dependence on €, only
arises from «, its value grows rapidly with the field, as shown

in Fig. 4(d).

IV. TRANSVERSE CONFIGURATION

In the transverse configuration, the magnetic field remains
aligned along the z-direction, maintaining the validity of
the previously derived Landau energy bands and eigenstates.
However, the electric field (temperature gradient) is now cho-
sen to be along the x axis perpendicular to the magnetic field.
In this way, the conductivities include the longitudinal one
oy, and the Hall one o,,. For the longitudinal conductivity
o0,, we could still use the Kubo formula. But the veloc-
ity should be taken as the component in the x direction.
Since the z-direction magnetic field quantizes the energy in
the x-y plane, the needed expectation value in the quantum
limit v, = (Yo|0,|¥o) is zero. Hence, the associated velocity
elements come from the off-diagonal ones. The nonzero con-
ductivity oy, originates from the interband velocity vy 1+ =
(Yol Dx|¥a1) [45]. vo 41 is expressed as

1 2
Vo 41 = 7 (DkZ sin % + j_;Ml cos O;—l> 29)
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vo,—1 can be obtained by exchanging sine and cosine, as well
as changing the sign from positive to negative in vy 4;. The
expression for the longitudinal conductivity in the quantum
limit, oy,, is written as

he* 1
2L, 273

Oxx =

> vomGa(Er)vm oG (Er).  (30)
m==%1,k,

where the retarded and advanced Green’s functions at the
Fermi energy are

1
Gy (Ep) =——F, (31)
0rEF EF - E() + 121_0
1
GYy(Ep) =———. (32)
Ep —Esy — 5~

Here 1y and 74 are the lifetimes, where 7| describes the vir-
tual process going back and forth between bands Ej and E ;.
We keep only the real part of oy, since the fields considered
here are all static. In the weak scattering limit Ep — E,, >
nh/(2t,,), the conductivity o, becomes

h (UO m)
e = L 2@2 Z |:2Tm (EF — m)zS(EF - EO)] &9

The lifetime could be calculated in the Born approximation
[42], where both the k, = kr and k, = —kp terms contribute
in contrast to the transport time. Hence, they are given by

h o ni(1 £cosair)
Th AMikp > lulgs, gy, OF

k. qx.qy
+ (g, gy, 2kp) P14 8, ki (34)
with ¢ =qﬁ£123/2. oy is the value of «; at k, = kp. The

behavior of t4; exhibits variance depending on the scattering
potentials, leading to distinct transport quantities.
For the Gaussian potential, the relaxation time t$, is given
by a specific expression
h VGE (1 £cosayr)

— = S(1+e ¥ dhy (35
T 8w Mikp(2d% + Eé)

Therefore, the corresponding o, is of the form
G _62 Vgﬁ (1 +COS oF)

S(14+e %) (36)
h 64m2M242 (24> + £3)’

The thermoelectric conductivity c,, can be determined
through the Mott relation «,, = nzska 3‘1’5 It is worth noting
that the material parameter D affects ([:onductivity via the
factor 1+ cos?op. This factor only fluctuates between 1
and 2, hence its impact on the overall magnetic field depen-
dence of conductivity is relatively minor. First, we disregard
the influence of this factor. Additionally, when examining
the magnetic field-dependent analytical behavior of transport
quantities, we specifically consider the scenario of short-
distance impurities, where e~ ~ 1 In the fixed carrier
density situation, we find 0S¢ o« B and «S o B for short mag-
netic length (large magnetlc field) 247 > 22, but 08 « B?
and S o B3 for long magnetic length (small magnetic field)
2d* L €3,

For the screened Coulomb potential, the lifetime becomes

h Velg®(1 £ cosaqr)
— = F: F, , 37
= Lon Mk [Fa(c1) + Fa(c)] 37)

with ¢; = €3k?/2. Hence, the conductivity of, is expressed as

oC =e_2 VCE%(I + cos? o)
T h 12871M12k§

[Fo(c1) + Fa(c2)]. (38)

We could also obtain «,, from the Mott relation. Here
the function F(x) = —1+ (1 +x)e*E|(x). F>(x) exhibits
the asymptotic behavior F>(x) o« x~2 at x > 1, but F(x) ~
In(1/x) — 1 — y which is almost a constant independent of
the magnetic field at x < 1 with y being Euler’s constant. For
this screened Coulomb potential, we also neglect the effect
of the factor 1 + cos?a;r. We notice the following: (i) If
2 > 1, the conductivity of, is inversely proportional to the
magnetic field at both strong screening (4k> < «2) and weak
screening (4kz > k%) for the fixed carrier density case. (ii)
However, if ¢; < 1, we have 0C. o B and o€, o« B2.

For this transverse configuration (B || Z and E || X), another
important quantity is the Hall conductivity oy,. For this three-
dimensional system dispersing with k;, it is known that each
k. contributes a quantized Hall conductivity e?/h, hence the
total Hall conductivity is [45]

k 2 2
Fdk, e e~ kr
x =2 == 39
% /0 27w h h (39

If we consider the case of the fixed carrier density N,, we get
the Hall conductivity at zero temperature o,, = —eN,/B; this
is the well-known classical Hall conductivity. Therefore, the
resistivities py, and p,, can be written as

UXX
Pxx = ) 5 (40)
Oy + ayx
Py == Py = 1)
o2 402

In the presence of B || Z and —VT || %, due to the diffu-
sion and drift motion of the carriers, the material generates
voltage gradient, Ey; and E|, respectively, along the x and y
directions. Therefore, the Seebeck and Nernst coefficients can
be expressed as

Seix = — E/IVT| = prc@ae + PyxUxy, 42)

Syy =Ey/IVT| = pxxllay — Pyxllax- (43)

Here a,, is a thermoelectric Hall coefficient, which in the
quantum limit is given by [23,52]

e Ey(k;) — Er
B.T)=— > : .44
OB 1) = =500 4 S( ksT ) 4
with the entropy per electron state being
=kg|In(1+¢€")— . 45
s(x) B[n< +e) 1+e"‘:| (45)

One should note that Eq. (44) is model-independent, which
has been successfully applied to the Schrodinger parti-
cles [23,52], the Dirac semimetal [23], and the multi-Weyl
semimetal [42]. If M k2 = Er — (=M + w./2) > kT, that

235206-6



THERMOELECTRIC TRANSPORT OF A TOPOLOGICAL ...

PHYSICAL REVIEW B 109, 235206 (2024)

=

Qu 10° ‘(%/ 10° ~(W
Xy A

[ ]
=}

(aq) (as)

—~ —~ 0]
’E‘ '-IM '-IM 10
a
0
“'g 10" 1 >:_10 >:_ 1021
N N
Tt 4 Sy
SY | 10
T T O‘ T T T T T T
50 75 25 50 75 25 50 75

S
b
‘/\
D
41)

o ——
Qyy

pee (h/e? nm)

(133)/”-
Pxy
10" 4 /

1(®s)

_SM (PV K_l)
s 3
g
_va (PV K_l)
S

—_—
| &=2 -1
/"—‘ 10 £ =20 10 10°
: : : &=30 : : 01—, : :
25 50 75 25 50 75 50 75 25 50 75 25 50 75
B (1) B (1) B (1) B (1) B (T)

FIG. 5. The conductivities, thermoelectric conductivity a,,, resistivities, Seebeck coefficient S;,, and Nernst coefficient S,, of the coex-
istence topological semimetals at fixed carrier density N, = 5 x 10?2 m~? as functions of magnetic field under Gaussian (a;, a,, a3, a4, as)
and screened Coulomb (b, by, bs, bs, bs) scatterings in the transverse case. The red curves in (a;), (az), and (a3) [and (b;), (b2), and (b3)]
represent oy, &y, and p,,. Here Vg = 1073 eV? nm?, the impurity concentration for the screened Coulomb potential is n; = 3 x 10?! m~3, and

T = 0.5 K. The other model parameters are the same as in Fig. 2.

is to say, if the distance between Fermi energy and the bottom
of the zeroth Landau band is much greater than kgT, o, could
be calculated as

ekgT  ’kzTB
241M kr — 4872R*M N,

(46)

~
Oy 2

It is proportional to the magnetic field when the carrier density
is fixed, rather than a constant value, because the current
lowest Landau level behaves like a Schrodinger particle [23].

Figure 5 shows the variation of oy, s, Prr, Syr, and
Syy with magnetic field at fixed carrier density for two scat-
tering potentials [(a) Gaussian and (b) Coulomb potentials].
Additionally, employing Egs. (39) and (44) yields oy, and
a,, displayed with red curves in the corresponding oy, and
. For the §-form scattering (blue curve), the longitudinal
conductivity oy, experiences a faster increase than the cases
with finite distances. This is due to o, o« B> under § poten-
tial, while o, o< B at large magnetic fields (short magnetic
lengths) under Gaussian potential. Concerning the screened
Coulomb potential, the conductivities increase with the mag-
netic field for both €, = 20 and 50 in Fig. 5(b,), whereas the
conductivity for €, = 2 (blue curve) initially increases and
then decreases with the field. It is essential to note that log-
arithmic coordinates are used here, and a substantial decrease
in conductivity is observable in normal coordinates [Fig. 6(c)].
The conductivity reduction is attributed to the fact that for
small €,, c; > ¢, > 1 at large fields, causing the conductivity
oy to tend towards o B~!. In Figs. 5(ay) and 5(b,), both
longitudinal thermoelectric coefficients «,, increase with the
magnetic field. Contrary to the Dirac semimetal, the ther-
moelectric Hall conductivity oy, exhibits an almost linear
dependence on the field rather than forming a plateau, as seen
by the red curves in Figs. 5(a;) and 5(b,). This behavior arises
because the zeroth band of this semimetal is similar to the
Schrodinger particle [23]. The large positive magnetoresis-
tance takes place in Figs. 5(as) and 5(b3) especially in the
presence of Gaussian potential scattering. The Hall resistivity

linearly increases with the field, nearly independent of the
scattering. Consequently, we only plot one curve in Figs. 5(a3)
and 5(b3).

The Seebeck and Nernst coefficients for the two scat-
tering potentials obtained through Eqgs. (42) and (43) are
shown in Figs. 5(as4), 5(b4), 5(as), and 5(bs), respectively.
In this configuration, the rapid growth of the Seebeck and
Nernst coefficients is observed for both scatterings. For the
Gaussian potential with small distance (d = 2,4 nm) or the
screened Coulomb potential with large dielectric constant
(e, = 20, 50), the Seebeck response can be approximated with
the one in the dissipationless limit Sy, ~ oty /0,y & B? inde-

OB ©
— a ~ 81 C
T 10 n
g g
= 5 §6
L L
&
50 75
25 50 75 25 50 75
B (T) B (T)

FIG. 6. The conductivities and thermoelectric conductivity «,, of
the transverse case as functions of magnetic field at fixed electron
density N, = 5 x 10*2 m~ for different D = 2M,, 8M,, 20M, under
Gaussian [(a) and (b)] and screened Coulomb [(c) and (d)] scatter-
ings. Here d = 2 nm and €, = 2. The other parameters are the same
as Fig. 5.
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FIG. 7. Same as Fig. 5, but at fixed Fermi energy Er = 2M,.

pendent of the scattering. This parabolic behavior arises from
the linear dependence of ay,. In this scenario, oy, < oy, at
the given scattering parameters and electron density, making
the first term in S, negligible. Hence, the yellow and green
curves in Sy, almost completely overlap. The behavior of the
Sy« 18 in sharp contrast to the Dirac/Weyl semimetal with a
single node describing by the linear model H o - k, where
the Seebeck response exhibits a linear dependency on the
field, attributed to the constant value of o, [22,23]. The Sy, of
this coexisting system closely resembles that of Schrodinger
particles [23], a similarity that stems from the fact that its
lowest Landau band is also proportional to the square of k.
In principle, S,, of this system will also tend to saturate if the
magnetic field reaches 272N, % x/,fg:‘T . However, given that we
are considering the low-temperature limit, the magnetic field
required for saturation would far exceed 100 T. The Seebeck
response deviates from the dissipationless limit for the 6-form
scattering (d = 0) or the screened Coulomb scattering with
small relative dielectric constant (¢, = 2) especially at larger
magnetic field, where the p, o, in Eq. (42) contributes. In
contrast, the behavior of the Nernst coefficient strongly de-
pends on the scattering, as two larger quantities, oy, and py,,
are in the two parts of S,,. It grows rapidly with the magnetic
field, and the small distance d or the small dielectric constant
¢, could enhance its value.

The model parameter D distinguishes this coexistence
model from the two-nodal Weyl model. In the transverse case,
its effect will be revealed through the factor cos «jr, which
is illustrated in Fig. 6. We focus on the electric and ther-
moelectric conductivities for different scatterings [Gaussian
scattering in (a) and (b), and screened Coulomb scattering
in (¢) and (d)]. It is observed that the effect of parameter D
is mainly concentrated near a moderate magnetic field since
cosap nearly equals the constant O or 1 at small (large)
magnetic fields. For the Gaussian potential, the parameter D
has a limited effect on the conductivity o,,, which slightly de-
creases with increasing D, and its magnetic field trend remains
unchanged. However, the conductivity substantially decreases
with increasing D for the screened Coulomb potential, and the
trend changes slightly at the same time. Overall, the influence
of the parameter D on thermoelectric conductivity «,, is rela-
tively small, as shown in Figs. 6(b) and 6(d).

The behaviors of these thermoelectric quantities at fixed
Fermi energy are plotted in Fig. 7 (different scattering po-
tentials) and Fig. 8 (effect of the model parameter D). For
the Gaussian potential, we observe that o, increases with the
magnetic field, whereas it shows a slight decrease at fields less
than 10 T for the screened Coulomb potential, in contrast to
the case of fixed electron density. The Hall conductivity oy,
exhibits a decreasing trend as the field increases. This trend
stands in stark contrast to the one in Dirac semimetals with
linear dispersion, where the Hall conductivity maintains a
plateau value [24,53]. This phenomenon in Dirac semimetals
can be attributed to the fact that the Fermi wave vector remains
constant regardless of the magnetic field at fixed Fermi energy,
as evident from Eq. (39), rendering the Hall conductivity inde-
pendent of the magnetic field. Conversely, for this coexisting
topological semimetal, Eq. (27) reveals that the Fermi wave
vector is influenced by the magnetic field, thereby causing
the Hall conductivity to vary with the magnetic field. The
longitudinal thermoelectric conductivity o, grows with the
magnetic field for both scatterings, as shown in Figs. 7(a;)
and 7(b,). In the entire range of the magnetic field, oy, < oy

x10~7 x10~*

61(a)

ox (€¥/hnm™")

NS

6y (€2/hnm™")
[\)

(

10 15
x10~°

B

10 15
B (T)

—_
[w)
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B (T)

FIG. 8. Same as Fig. 6, but at fixed Fermi energy Er = 2M,.

235206-8



THERMOELECTRIC TRANSPORT OF A TOPOLOGICAL ...

PHYSICAL REVIEW B 109, 235206 (2024)

holds, allowing the Seebeck coefficient to be approximated
with the one of the dissipationless limit irrespective of the
scattering, proportional to the square of the magnetic field.
However, the Nernst response strongly depends on the type of
scatterings. From Fig. 8, we can see that the model parameter
D could rapidly diminish the conductivity and thermoelectric
conductivity, though it does not change the variation tendency.
For the two cases of fixed Fermi level and fixed electron den-
sity, the overall trend of these transport quantities is similar,
but there are significant differences in the specific magnetic
field-dependent behavior.

V. SUMMARY AND DISCUSSION

To conclude, we investigate the Landau bands of a coex-
isting topological system, and we discuss its thermoelectric
transport properties in the quantum limit by using the linear-
response theory. Such a system with coexisting Weyl points
and nodal rings behaves like a Weyl semimetal for its zero
Landau energy level and similarly to a nodal ring for its
greater-than-zero Landau energy band. In the presence of two
scattering potentials—a Gaussian potential and a screened
Coulomb potential—we study the thermoelectric transport
properties of the system, including both longitudinal and
transverse configurations. The longitudinal configuration is
the case when the magnetic field, temperature gradient, and
electric field are all along the z-direction, while the transverse
configuration chooses the magnetic field to remain along the
z-direction while the electric field and temperature gradient
are along the x-direction.

In the longitudinal configuration, the thermoelectric con-
ductivity shows a plateau irrespective of the magnetic field
and the Fermi energy for §-form short-ranged scattering.
For long-ranged Gaussian or screened Coulomb potentials,
the thermoelectric coefficients strongly depend on the im-
purity distance or the relative dielectric constant. However,
the Seebeck response always increases with the field for
various scatterings at fixed carrier density or Fermi energy
for longitudinal configuration. In the transverse configuration,
significant positive magnetoresistance and enhanced thermo-
electric conductance are observed for both Gaussian and
screened Coulomb scatterings. The Hall conductivity sur-
passes the longitudinal conductivity, resulting in a Seebeck
coefficient that approaches the dissipationless limit with a
quadratic increase in the magnetic field, regardless of the
nature of scattering. Conversely, the Nernst response exhibits
a strong dependence on the specific scattering mechanism.
Moreover, the thermoelectric transport properties are notably
influenced by the model parameter D.

Beyond the theoretical predictions, recent experiments
[54-56] have verified the topologically coexisting states in
real materials, such as TalrTes;, PdBiSe, and LaSb,, us-
ing angle-resolved photoemission spectroscopy and transport
measurements. It is noteworthy, however, that these sys-
tems might exhibit greater complexity than the minimum
coexistence model. In TalrTes [54], the topological coexis-
tence state comprises 12 Weyl points and a pair of node
lines protected by mirror symmetry. In PdBiSe, the coexis-
tence state is composed of four distinct types of topological
fermions, including Weyl, Rarita-Schwinger-Weyl, double

class-1I three-component, and charge-2 fourfold fermions
[55]. Additionally, LaSb, has been confirmed to possess both
nodal lines and eightfold degenerate nodal points [56]. Among
these materials, TalrTe, appears to be closest to the theo-
retical model, as its coexisting state can be modulated by
external strain, enabling the reduction of Weyl nodes to four.
Recently, Jian et al. reported resistance and thermoelectric
transport measurements in TalrTey [57]. The shift in chemical
potential can result in transport properties being dominated
by a single pocket in samples, corresponding to our single
carrier case here. Unfortunately, there were no measurements
of the thermoelectric power versus the magnetic field. We
expect experimenters to conduct magnetic-field-dependent
measurements of thermoelectric quantities in this material
and, ultimately, to synthesize Cs;MoCle-type ferromagnetic
materials to directly test our theoretical predictions. Our work
will also facilitate experimental progress in the thermoelectric
measurement of other topologically coexisting materials.
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APPENDIX: DERIVATION OF THE BERRY CURVATURE
Considering a general two-band model H = dy +d - o,
where dy andd = (d,, d,, d) are functions of the wave vector,
the energies of it are given by E,x =dy £ vdf + dy2 + d2
Here the symbols + represent the conduction and valence

bands, respectively. The Berry curvature of this general sys-
tem for the conduction band is expressed as [58]

(8k#d X 8k‘,d) -d
o 2(d2 + a2 +a2)™"*

QL =—c (A1)

Here €, is the Levi-Civita antisymmetric tensor with
w0, & =(x,y,2).
For this coexistence semimetal, we find dy =0, d, =

Dk ky, dy = Dk;ky, and d, = My. Therefore, the components
of the Berry curvature for the conduction band are

Ok, d, O, dy O, d;
Q= ——od dd, dd.
2E+ dx dy dz
D? 2 2 2
- Ekzkx[MO - M, (kx + k}' - kZ)]’ (AZ)
+
I de I dy Id;
@ = |dde dy Od:
+ dx dy dZ
D? 2 2 2
- 2E_3kzky[M0 - M, (kx thy - kz)]’ (A3)
+
1 8kA dx 8kx d)’ ak«* dz
Qi_ = —E akde akydy ak)'dz
+ dx dy dZ
D2
= K [Mo+ M (2 + K2~ 1)) (Ad)

2E3
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