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We present the magnetotransport behavior of Li;BaSi using Boltzmann transport theory within relaxation
time approximation. The semimetallic nature and anisotropic band dispersion suggest a possible large
magnetoresistance. The electrical resistivities and magnetoresistance display non-saturating behavior for
low magnetic field values and get saturated at higher fields due to charge-carrier uncompensation and
are almost similar with and without spin-orbit coupling. Shifting the Fermi level by 0.10 eV results in
tunable magnetotransport features with improved transverse MR values up to 200% for 12 T at 10 K
with non-saturating behavior. Our calculations predict that this investigated compound can be deemed a
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better MR material for its transverse effects.
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1. Introduction

The change in electrical resistance that occurs when a material
is exposed to an external magnetic field is known as magnetore-
sistance (MR). MR = [p(B) - p(0)]/p(0), where p(0) and p(B) are,
respectively, electrical resistivities at zero and non-zero values of
applied magnetic field (B). The strength of the magnetic field and
the angle between the magnetic field and the direction of current
flow are both important factors in MR effects. There are two broad
classes of MR, one is positive, and the other is negative MR. Pos-
itive MR occurs in metals, semiconductors, and semimetals, typi-
cally called Ordinary magnetoresistance (OMR), whereas the mag-
netic materials have negative MR. MR effects are relatively weak
in most of the non-magnetic compounds, displaying quadratic
field dependence in low fields. Manganese-based perovskite ox-
ides composed of magnetic and non-magnetic layers have shown
other MR effects such as giant magnetoresistance (GMR) [1,2] and
colossal magnetoresistance (CMR) [3,4]. These systems show MR
effects higher by several orders in magnitude compared to the val-
ues reported in non-magnetic cases. The high MR values are being
utilized in terms of data storage in magnetic devices [5-7], which
has gained the enormous attention towards the applied research in
the magnetotransport phenomenon. The recent studies on differ-
ent materials report the topological electronic phase and distinct
features of MR with applied magnetic field in a low-temperature
regime. These effects are different from the well-known MR ef-
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fects like a giant MR with values of the order of 10% % at 0.4 K
and 32 T field [8]) and colossal MR with a range of 10 to 10°
% in oxide perovskites [9]. A very few such cases are being dis-
cussed here. The linear behavior of MR with the magnetic field was
observed in Dirac semimetals like graphene and CdsAs; [10-14]
and TaAs class of Weyl semimetals [15]. There are few other topo-
logical non-magnetic materials [16-22] that have shown quadratic
field-dependent MR values. Different mechanisms were proposed
to understand the reason behind the extremely large values of MR
in non-magnetic materials. Topological protection could be a key
player, but the classical two-band model can also be considered for
quadratic field dependence of MR in carrier compensated semimet-
als similar to WTe, [17]. The magnetic field dependent electrical
resistivities for a two-band model [23] can be written in terms of
carriers density/concentration and their mobilities as:

1 (Mefte +npptn) + (Nefhed? + Ny in n2) B2
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For a semimetal, where n, = n, and wp, = e, MR turns
out to be non-saturating as it varies quadratically with magnetic
field (B). MR effects can be observed in topologically trivial cases
too [24-35], where Fermi surface topology is used as a promi-
nent mechanism for understanding the large values of MR. The
topology in Fermi surfaces is connected to the motion of elec-
trons, which divides the metals into three distinct classes. The
first class of metals contains the closed Fermi surfaces, and the
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electrons are constrained to their orbits. These metals display the
saturation of MR for large magnetic fields. Some metals, such as
Bi, Sb, W, Mo, etc., show perfect charge carrier compensation with
equal holes and electrons, leading to non-saturating MR. Some
other metals have a combination of both open and closed Fermi
surfaces, exhibiting large MR along the axes with open Fermi sur-
faces. In contrast, it saturates in other directions, where the Fermi
surfaces are closed. Given the relevance of the Fermi surface in
magnetotransport, a plethora of models with basic geometrical
forms have been developed. The model for magneto-conductivity
in Bismuth devised by many groups is the most successful exam-
ple [36,37]. Experimentalists have reported magnetotransport in a
variety of topological materials, including Dirac, Weyl, and nodal
line semimetals [10-15,38,39]. It is observed that out of three dif-
ferent cases discussed on Fermi surface topology, the charge car-
rier compensation approach, including the two-band model, has
been used for elaborating the magnetotransport phenomena. The
discussion as mentioned above together with previous studies on
nodal line semimetals [40,41] motivate us to choose Li;BaSi class
of semimetals for their magnetotransport phenomena. V.K. Sharma
et al. extensively studied the electronic structure properties and
phonon dispersion of Li;BaSi. The detailed analysis of phonon dis-
persion displayed interesting topological phononic states, immune
to backscattering due to the non-zero Berry phase, and might be
suitable for phonon waveguide applications. Additionally, the elec-
tronic structure properties revealed it to be an inner nodal chain
semimetal in the absence of spin-orbit coupling (SOC), and it tran-
sits to a trivial topological insulator under SOC [40]. The coexis-
tence of both electron and phonon topology is rarely discussed in
the same material, enabling Li;BaSi more plausible nodal line ma-
terial than the others. The observed transport properties of LiBaSi
motivated us to opt this for our current work. We use the Boltz-
mann transport theory within the relaxation time approximation
to describe the temperature and magnetic field-dependent mag-
netotransport characteristics of Li2BaSi and notice the tunability
in magnetoresistance with carrier doping in this paper. The layout
of this paper is as follows: section 2 explains the computational
methods used in our calculations, followed by section 3 describ-
ing the electronic properties. Magnetic field and temperature de-
pendent magnetotransport calculations are given in section 4 at
ambient. The variation in MR values via Fermi energy shifting for
possible future doping effects is written in section 5, and section 6
concludes the work.

2. Methodology

The structural optimization is performed using VASP [42,43]
for different exchange-correlation functionals, GGA-PBE [44] and
LDA [45]. GGA parameters (a = 6.69 A, b = 466 A and ¢ = 6.38
A) are consistent with experiments (a = 6.74 A, b = 4.68 A and c =
6.26 A) [46]. A 9x9x9 K-mesh [47] is used with the convergence
conditions for energy and tolerance factor to be 10~8 eV and 102
eV/A, respectively. The energy cut-off is set to 900 eV. Tetrahedron
method [48] is used for Brillouin zone integration. VASP is used to
calculate electronic structural parameters like band structure and
Fermi surface. The magnetic field-dependent conductivity tensor is
computed using semi-classical Boltzmann transport theory within
the relaxation time approximation [49-52] utilizing the combina-
tion of VASP2 WANNIER90 and Wannier90 programmes [53-56].

To investigate the influence of both temperature and magnetic
field on these computations, we have employed magnetic fields
ranging from 0-12 T and temperatures ranging from 50 K to 300 K.
p =0~ is used to compute the resistivity. The crystal structure of
LipBaSi, which has a non-centrosymmetric orthorhombic symme-
try and the space group Pmmn(59), is shown in Fig. 1(a). Fig. 1(b)
depicts the irreducible Brillouin zone with high symmetry points.
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Fig. 1. (a) Crystal Structure and (b) the irreducible Brillouin zone. The light pink,
blue, and green spheres depict Li, Si, and Ba atoms, respectively. (For interpreta-
tion of the colors in the figure(s), the reader is referred to the web version of this
article.)
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Fig. 2. (a) The electronic band structure is plotted along high symmetry points, as
mentioned in IBZ Fig. 1(b). The Fermi surfaces for both bands are shown as insets.
The high-symmetry points are depicted on the Fermi surface to commensurate the
band dispersion along all the crystallographic axes. (b) The density of states along
with the partial contribution.
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Fig. 3. The electronic structure properties with spin-orbit coupling (a) The electronic
band structure plotted along high symmetry points, as mentioned in IBZ Fig. 1(b).
The Fermi surfaces for both bands are shown in Figures (b-e).

3. Electronic structure properties

We present the electronic structure properties such as band
structure and density of states of Li;BaSi in Fig. 2. We can see the
fascinating Dirac-like band crossings along the band paths I' - X,
I' - Y, and ' - Z. The hole and electron-type bands near the Fermi
level confirm the semimetallic state. The parity analysis suggests
that these bands have opposite mirror eigenvalues, B3, (electron
band) and Aig (hole band), and certifies the band inversion at I'
point. We have plotted the total and projected density of states
[Fig. 2(b)]. We can see a crossover between the electron and hole
bands which are mainly contributed by Ba - d and Si - p states. The
inclusion of spin-orbit coupling (SOC) becomes important when-
ever such features are present in the electronic band structure of
a material. Thus, we have included the same, which are shown in
Fig. 3. The SOC lifts the degeneracy and opens the gap between
crossing points. The topological features of these band crossings
are documented in the previous study [40], reporting the forma-
tion of a nodal chain state consisting of nodal loops in k; = 0 and
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Fig. 4. (a) The resistivity as a function of applied magnetic field at 10 K. (b) The
magnetoresistance as a function of magnetic field for 10 K, (c) Temperature-
dependent resistivity and magnetoresistance for a magnetic field value of 10 T are
given in (c) and (d), respectively.

ky = 0 planes when SOC is ignored. There was a non-trivial nodal
chain state transforming to a trivial insulating state with SOC.

Next, we discuss the Fermi surface, whose shapes are crucial in
superconductors. For example, the sheet-like Fermi surface leads
to Fermi-surface nesting, which further results in charge and spin
density waves [57]. The recent studies on Fermi surface topology
signified its importance in magneto-transport properties like mag-
netoresistance [58]. The Fermi surface plots for both bands are
shown in insets of Fig. 2(a). The electron-type Fermi surface is
shown on the left side as the band crosses the Fermi level from
the conduction band to the valence band. The hole-type Fermi
surface is depicted on the right side as the corresponding band
crosses the Fermi level from the valence band to the conduction
band. The shape of the electron-like Fermi surface resembles the
cuboid with an elliptical hole centered around I' point. The hole-
like Fermi surface is a combination of open and closed ends due to
the band dispersion of the corresponding band in k, = 0.5 plane.
We have plotted the Fermi surfaces under SOC which are similar
to what we discussed in the case of without SOC, and the num-
ber of Fermi surfaces is doubled due to doubly-degenerate bands
[Fig. 3(b-e)]. The close observation of band dispersion indicates its
anisotropic nature, resulting in anisotropic Fermi surfaces, which
may host large magnetoresistance here.

4. Magnetoresistance calculations

The above-discussed interesting electronic properties in Li;BaSi
motivate us to explore the effect of the magnetic field on its
electrical resistivity using Boltzmann transport theory within re-
laxation time approximation. In the present case, two bands are
crossing the Fermi level; one corresponds to hole nature and the
other to electron nature [Fig. 2]. We would like to project their
combined effect in terms of total resistivity and MR[the sum of
both the hole and electron contributions]. We have computed the
electrical resistivity both along ‘X’ and ‘z’ directions to observe
transverse and longitudinal effects of the magnetic field applied.
Total resistivity as a function of magnetic field is shown in Fig. 4(a).
Depending on the mutual direction of the current and magnetic
field, both pxx and p,; can be termed transverse and longitudinal
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Fig. 5. Magnetotransport properties with spin-orbit coupling, (a) The resistivity as a
function of applied magnetic field at 10 K. (b) The magnetoresistance as a function
of magnetic field for 10 K, (c) Temperature-dependent resistivity and magnetoresis-
tance for a magnetic field value of 10 T are given in (c) and (d), respectively.

resistivity. (B L I — transverse resistivity and for B || I — longi-
tudinal resistivity.)

One can see that the resistivity increases and reaches saturation
after the magnetic field value of 10 T. The low-field resistivities
are non-saturating, and we observe that the transverse resistivities
are higher than the longitudinal ones. This trend in the resistivity
curves is similar to ordinary magnetoresistance observed in metals
or semimetals. The magnetic field-dependent MR corresponding to
these resistivities is given in Fig. 4(b). Transverse MR values are
higher than the longitudinal MR values with saturating behavior
for high fields, as seen in the resistivity plots. The magnetic field
orientation along ‘z’ direction has given better results with MR val-
ues of nearly 75% at 12 T for a temperature around 10 K. We have
calculated both the electrical resistivities and MR for temperatures
ranging from 50 K - 300 K at a fixed value of magnetic field 10 T
[Fig. 4(c, d)] to capture the temperature effects. We have taken this
magnetic field value to project the non-saturating region here. The
resistivity and MR increase with the temperature, independent of
magnetic field orientation, and show the non-saturating behavior
with temperature. Both the longitudinal and transverse MR values
are appreciable with 60% and 50% when B is along ‘z’ and ‘X’ di-
rections, respectively at 300 K. These estimated values of MR are
in line with the values reported for other well-known nodal line
semimetals [59,60]. The noticed behavior of MR can be connected
to Fermi surface topology as it entirely depends upon the velocity
and cyclotron mass of electrons moving on these Fermi surfaces.
We can see that the Fermi surface is anisotropic for both bands
crossing the Fermi level.

The observed SOC effects in the electronic structure proper-
ties intend us to include the same in magnetotransport properties
[Fig. 5]. The plots show that the resistivity values are higher with
SOC than those without SOC, and it is non-saturating in a low-field
regime and gets saturated for higher fields. The calculated MR val-
ues are almost similar to what we observed without SOC, which
can be understood very well from the similar Fermi surfaces under
SOC. The carrier-dependent electrical resistivities analysis suggests
that the electrons are key carriers for magnetotransport behavior
in LipBaSi. It ensures the absence of charge carrier compensation
here which results in saturated MR at high fields.
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Fig. 6. The calculated Fermi surfaces at different Fermi energy values with spin-orbit
coupling. (a-d) At E = EF + 0.10 eV and (e-h) At E = Ef - 0.10 eV.
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Fig. 7. (a) The resistivity and (b) the magnetoresistance as a function of magnetic
field at a fixed temperature of 10 K, for E = EfF + 0.10 eV. Temperature dependent
resistivity, and magnetoresistance for a magnetic field value of 10 T are given in (c)
and (d), respectively for E = E¢ + 0.10 eV.

5. Tunability in magnetoresistance

It would be interesting to see how the MR values would vary
upon changing the chemical potential around the Fermi level. In
addition, it may hint us about a favorable choice of doping to tune
the magnetotransport properties. The Fermi surfaces at these Fermi
energies are shown in Fig. 6. There are four Fermi surfaces in both
case (E=Er + 010 eV & E = Ef - 0.10 eV) due to spin-orbit cou-
pling effects.

The magnetotransport properties at E = Ef + 0.10 eV are given
in Fig. 7. p;; is appreciably high as well as non-saturating than
the values calculated at the ambient case [Fig. 7(a)]. pxx shows
non-saturating nature. Fig. 7(b) shows the magnetoresistance cor-
responding to these resistivities at 10 K. We can see that transverse
MR values (MRz;) reach up to 200% when the magnetic field is
along ‘x’ direction. This change can be connected to the Fermi sur-
face topology. One can see the closed Fermi surface in this case
[Fig. 6(c & d)], which is responsible for the improvement in MR,
values when B || x. This is due to changes in both the density of
states and Fermi velocity at this Dirac-like crossing. Temperature-
dependent resistivity is shown in Fig. 7(c), which is non-saturating
and higher than the ambient values, and its effects can be seen on
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Fig. 8. (a) The resistivity and (b) the magnetoresistance as a function of magnetic
field at a fixed temperature of 10 K, for E = Ef - 0.10 eV. Temperature dependent
resistivity, and magnetoresistance for a magnetic field value of 10 T are given in (c)
and (d), respectively for E = Ef - 0.10 eV.

the MR values [Fig. 7(d)]. Temperature-dependent MR values are
much better than the ambient ones with MR, values of 65% and
80%, respectively when the magnetic field is subjected to ‘z’ and ‘X’
directions.

The magnetotransport properties at E = Eg - 0.10 eV are given
in Fig. 8. It is vivid from the plots that the transverse resistiv-
ity and MR values are non-saturating when the magnetic field is
along ‘z’ direction. The MR values approach 280% at 12 T for 10
K. Temperature-dependent p,; and MR, are also showing better
results than the ambient ones with non-saturating behavior in-
dependent of magnetic field orientation [Fig. 8(c, d)]. The larger
Fermi surface at E = Ef - 0.10 eV compared with the ambient
one for the hole-type band could be the possible reason for these
observed variations [Fig. 7(e & f)]. Hole doping (E = Ef - 0.10
eV) would be favorable for transverse magnetotransport properties
when the magnetic field is applied along the ‘X’ direction. On the
other hand, electron doping (E = Ef + 0.10 eV) would be suitable
when the field is switched to ‘z’ direction. The calculated magne-
totransport properties are quite appreciable, with improvement up
to 200% considering both hole and electron doping, which may en-
tice experimentalists to investigate further.

6. Conclusion

In summary, we have demonstrated the theoretical modeling of
electronic structure properties and the magnetotransport proper-
ties in LipBaSi. Fermi surface topology suggests that this system
may host large magnetoresistance under the external magnetic
field. Boltzmann transport theory is used to compute transport
properties within relaxation time approximation. Transverse resis-
tivity favors a high value of magnetoresistance with values of 75%
under the magnetic field of 10 T at 10 K. These values are appre-
ciable and in accord with the values of well-known semimetals.
We have also calculated magnetotransport properties at Fermi en-
ergies, (E = EF - 0.10 eV) & (E = Ef + 0.10 eV) to observe hole
and electron doping effects. We observe the enhancement in trans-
verse MR values up to 200% with non-saturating behavior at 10
K, when the field is along ‘X’ and ‘z’ directions for hole-type and
electron-type doping. Overall, the investigated system might be a



VK. Sharma and V. Kanchana

good choice for future MR applications and awaits experimental
verification.
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