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ABSTRACT

Bi,Ses, a layered three-dimensional (3D) material, exhibits topological insulating properties due to the presence of surface states and a
bandgap of 0.3 eV in the bulk. We study the effect of hydrostatic pressure P and doping with rare earth elements on the topological aspect
of this material in bulk from a first principles perspective. Our study shows that under a moderate pressure of P > 7.9 GPa, the bulk
electronic properties show a transition from an insulating to a Weyl semi-metal state due to band inversion. This electronic topological tran-
sition may be correlated to a structural change from a layered van der Waals material to a 3D system observed at P = 7.9 GPa. At large P,
the density of states have a significant value at the Fermi energy. Intercalating Gd with a small doping fraction between Bi,Se; layers drives
the system to a metallic anti-ferromagnetic state, with Weyl nodes below the Fermi energy. At the Weyl nodes, time reversal symmetry is
broken due to the finite local field induced by large magnetic moments on Gd atoms. However, substituting Bi with Gd induces
anti-ferromagnetic order with an increased direct bandgap. Our study provides novel approaches to tune topological transitions, particularly ¥
in capturing the elusive Weyl semimetal states, in 3D topological materials.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0038952

I. INTRODUCTION

Topological insulators (TIs) have potential future application
in quantum computers' " and spintronics’ ™ owing to the existence
of symmetry protected edge or surface states and also provide a
fundamental bridge between high-energy and condensed-matter
physics due to the presence of exotic physical states in the system.
These materials exhibit insulating bulk and metallic surface states
and these properties lead to extensive theoretical and experimental
studies.”’"" These systems show non-trivial topological order by
conserving the particle number and time reversal symmetry.'*'?

The primary feature of the TI state is the inverted band struc-
ture, which results from the crossing of the valence and conduction
bands of different parity symmetry,'>'* and Bi, Sb,_, family of mate-
rials are a prime example of three-dimensional (3D) materials with
Z, invariant symmetry. Sb,Te;, Bi;Te; and Bi,Se; are 3D material
topological layered materials. Bi,Se; forms two-dimensional (2D)
layered structures effectively, and the theoretical studies predict that

19

BiSe; has a topologically non-trivial bulk energy gap of 0.3 eV."*~
The topological surface states are described by a single gapless Dirac

cone at the I" point.">'****" It is interesting to understand the mech-

anism that may close bulk energy gap in Bi,Ses.

Bi,Se; and its family of materials have been extensively
explored, by applying pressure,””"** doping Bi with rare earth (RE)
atoms like Gd and Sm,””™* and also with transition metal (TM)
atoms like Cr and Fe.”” ™" Incorporating impurities with large mag-
netic moment may break time reversal symmetry and lead to many
exotic phenomena like quantum anomalous Hall effect (QAHE),
which supports dissipationless charge transport. Mn-doped Bi,Ses
shows spin glass like behavior,”” whereas Fe and Cr doping leads to
a dominant ferromagnetic and dominant anti-ferromagnetic inter-
actions, respectively.”® A small (less than 0.1%) doping of Cr in this
material is reported as ferromagnetic, while Fe-doped Bi,Se; tends
to be a weakly anti-ferromagnetic system. Cr and Fe-doped Bi,Ses
are insulating, but the bandgaps are substantially reduced due to
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the strong hybridization between the d orbitals of the dopants and
the p orbitals of the neighboring Se atoms.™

Doping of Bi,Se; with TM atoms can lead to many exotic
phases; e.g., doping with Cu with doping fractions of 0.12 and 0.15
shows intermixing of both Cu-intercalation between Se-Se layers
and Cu-substitution in Bi-layer sites.”” In Cu-intercalated Bi,Ses,
superconducting transitions are observed experimentally with a T¢
of 35K and 3.6 K for doping fractions of 0.12 and 0.15, respec-
tively. However, at low temperature, Cu-doped Bi,Se; crystals
behave like a paramagnetic metal."’ Intercalation of Cu in this
material also holds the promise of topological superconductivity."'

RE atoms with 4f electrons are expected to be better candidates
for introducing magnetic order in TIs compared to 3d TM
atoms,”**” because of their larger number of possible unpaired elec-
trons, larger ionic radii compared to TM atoms, as well as the fact
that RE radii are comparable to Bi atoms of Bi,Ses;. Therefore, a
smaller structural distortion is expected due to small atomic radii
mismatch, and no disorder is envisioned.” RE atoms are better
dopants in avoiding impurity aggregation which is seen in Cr (TM)
doped (Bi, Sb),Te; and these aggregations are responsible for mag-
netic disorder.”” In addition, f orbitals can have more unpaired
spins compared to d orbitals; therefore, RE can induce larger mag-
netic moments compared to TM atoms. 4f RE electrons are more
localized with a maximum of seven unpaired electrons compared to
a maximum of five unpaired electrons in 3d TMs. In some cases, a
bulk paramagnetic behavior with a large magnetic moment from
substituted Gd’' ion is reported in Bi,Se;;” whereas a doping
induced paramagnetic to anti-ferromagnetic phase transition is
observed experimentally on substitutional doping of the system with
Gd.” Intercalating Rb atoms between the quintuple layer structure
of Bi,Se; can form a quantum-confined two-dimensional electron
gas (2DEG) state with a strong Rashba-type spin—orbit splitting.*’

Application of pressure is an important tool to enhance the
hybridization between the orbitals, and a recent study shows the
emergence of an unconventional superconducting phase in topo-
logical Bi,Se; at a critical pressure of 11 GPa on application of pres-
sure via diamond anvil cell (DAC).** Pressure induced structural
phase transitions have been experimentally observed at very high
pressures.”” The experiments indicate that a progressive structural
evolution occurs from an ambient rhombohedral phase (Space
group (SG): R3m) to monoclinic phase (SG: C2/m) at 36 GPa and
eventually to a high pressure body-centered tetragonal phase (SG:
I4/mmm) at 81 GPa on application of pressure via DAC. A pressure
induced transition to a topological phase has been found in Bi,S;
at a pressure of 5.3 GPa exerted via DAC."

In some of the topological materials like TaAs single crystals,
the valence band (VB) and the conduction band (CB) intersects at
two points at + k near the Fermi energy. If band dispersion near
the crossing point is linear due to the relativistic nature of fermions
and the system preserves the time reversal and inversion symmetry,
then the system may be characterized as a Weyl semimetal
(WSM)."”** In WSMs, non-orthogonal magnetic and electric fields
result in a novel observation of chiral anomaly. This results in the
chiral-magnetic effect, which is the observation of an unconven-
tional negative longitudinal magnetoresistance."’

In this article, we investigate the effects of hydrostatic pressure
(HP) as well as doping with a rare earth element on the bulk phase
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of Bi,Se;, a probable 3D TI, from the perspective of ab initio
density functional theory (DFT) based calculations. The material
shows an electronic topological transition from a small bulk
bandgap insulator at low HP, to a gapless dirac state at a critical
pressure of 7.9 GPa, and to a WSM beyond the critical pressure. To
the best of our knowledge, this is the first prediction of a WSM
state arising due to the application of pressure in Bi,Se; family of
materials. We note that Bi,Se; undergoes a transition from a
layered quasi-2D van der Waals crystal to 3D topological material
on applying HP P > 7.9 GPa. We also study the effect of doping of
Bi,Se; with rare earth elements. While intercalating Gd between
the quintuple layers (QLs) shows a broad bandwidth metallic
ground state, with a time reversal symmetry broken Weyl like
feature in the band structure below the Fermi energy, substituting
Bi with Gd shows an increase in bandgap and an insulating state.
Thus, we propose that a tunable topological transition to Weyl
states may be driven in bulk Bi,Se; by both application of hydro-
static pressure and intercalating with rare earth elements to attain
the exciting and elusive Weyl like states.

The paper is divided into five sections, we describe the computa-
tional method in Sec. II. The results are divided into two major sec-
tions. In Sec. 11, we describe the effect of pressure on structural and
electronic properties. The effect of doping is studied in Sec. IV. The
summary and conclusion drawn from the results are given in Sec. V.

Il. COMPUTATIONAL DETAILS

Our first-principles calculations were carried out on the plane
wave basis as implemented in the Vienna Ab-initio Simulation
Package (VASP)*” with projector-augmented wave (PAW) poten-
tial.”" The exchange-correlation functional used in the calculations
is the generalized gradient approximation (GGA) implemented fol-

lowing the Perdew-Burke-Ernzerhof™ prescription. Local correla- 3
tions are taken into account wherever necessary with the energy !

correction within the framework of GGA + U formalism primarily
for dopant Gd atoms, with values of U = 6eV, ] = 1 eV. For ionic
relaxations, internal positions of the atoms are allowed to relax
until the forces became less than 0.005eV/A°. The energy cutoff
used for calculations is 500eV, and 6 x 6 x 4 Monkhorst-Pack
k-points mesh provide a good convergence of the total energy in
self-consistent field calculations. The spin-orbit coupling (SOC) in
Bi atoms is treated as a perturbative non-self consistent correction,
which is better suited for topological materials.” In order to study
the effect of hydrostatic pressure, calculations are done by first
changing the volume of the unit cell isotropically and then relaxing
the ionic positions for each of the modified volume. The van der
Waals corrections (4 la DFT-D3 method of Grimme with Becke—
Johnson damping) were also included in our VASP simulations.
The phonon spectrum was calculated based on the density func-
tional perturbation theory (DFPT) as implemented in the VASP
package. A 2x2x 1 supercell and a T' centered 2 x2Xx1
Monkhorst-Pack k mesh were used. The phonon frequencies were
calculated using the Phonopy code.”

lll. EFFECT OF HYDROSTATIC PRESSURE P

In this section, we discuss the effects of the application of
hydrostatic pressure (HP) P on the bulk band structure of Bi,Ses.

82:2¢'C} ¥20T YdIe S0

J. Appl. Phys. 129, 085103 (2021); doi: 10.1063/5.0038952
© Author(s) 2021

129, 085103-2


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

The HP induced structural transition and changes in lattice param-
eters are analyzed in Subsection III A, and a systematic study of the
effect of structural transition on the band structure properties of
Bi,Se; are provided in Subsection III B. Generally, pressure pushes
the atoms closer to each other and leads to enhancement in effec-
tive hybridization of orbitals, which result in the reduction of
bandgap. In the large P limit, structural transition is also a possibil-
ity. In this section, we study the structural behavior of Bi,Se; first
and then analyze the effect of pressure induced structural transi-
tions on the electronic properties.

A. Change in the crystal structure

We first discuss the basic structural details of the material at
P = 0GPa, and thereafter the structural changes are analyzed at
various pressures. Bi,Se; has a hexagonal symmetry with
space group R3m and with lattice parameters a = b = 4.142 A,
c=128.637 A and lattice angles a = =90°, y = 120°. Bi,Se;
forms quintuple layers (QLs) within the hexagonal unit cell as seen
from Fig. 1(a). The crystal structure along the c-axis direction con-
sists of QLs of two Bi layers sandwiched between three Se layers,
Se;-Bi-Se,-Bi-Se;, where the subscript indicates that the two Se
atoms are in-equivalent by symmetry (as shown in Fig. 1). The
atoms within each QL are chemically bonded, but the QLs are
weakly bonded through van der Waals interaction. We show in

o

FIG. 1. The crystal structure of Bi,Ses. The violet spheres denote the Bi ions,
and the green spheres denote the Se ions. As can be seen from the structure,
Bi,Ses forms quintuple layers. The top panel (a) shows pure Bi,Ses, the middle
panel (b) shows Bi;Se; with Gd intercalated between the quintuple layers, and
the bottom panel (c) shows Bi substituted with Gd in Bi,Ses.

ARTICLE scitation.org/journalljap

Fig. 2(b) the electron localization function (ELF) at 0 Gpa. It is
seen that within the QLs there is covalent bonding by electron
sharing between Bi and Se. No such electron overlap or sharing is
seen between the layers, which are loosely connected by van der
Waals interaction, and shows a clear gap in the ELF between the
QLs. Bi,Ses slabs consist of an integer number of QLs.

To understand the structural changes with pressure P, c/a
ratio and the distance between Se-Se atoms sitting at two nearest
QL dge_sg. are studied, and we note that the ¢/a ratio decreases with
P up to P = P, = 7.9 GPa, and then it increases on increment of P
as shown in Fig. 2(a). Variation of lattice parameters a, b, and ¢
and c/a with P are provided in Table I in the Appendix. The dis-
tance between the two Se atoms from two nearest QL ds._s. contin-
uously decreases with P, and at P = P, the Se-Se distance decreases
to below 2.17 A, which is less than the bond length of diatomic
Se,.” Therefore, for P > P., Bi,Se; behaves like three-dimensional

-
~ ——

1520 25 30

05 10
Pressure (GPa)
(b) p= 0 GPa

QL

FIG. 2. The structural transition on application of hydrostatic pressure. Top
panel (a) shows the change in the c¢/a ratio and the distance between the quin-
tuple layers (dse_se With pressure. The blue dashed line marks the bond length
of diatomic Sey. A red arrow at P = 7.3 GPa marks the point of structural tran-
sition from a layered 2D structure to a 3D structure. The bottom panels (b) and
(c) show electron localization functions at two different pressures at 0 Gpa and
24.6 Gpa before and after the critical pressure for structural transition from a
layered vdW crystal like 2D structure to a 3D like structure with inter-layer
bonding.

82:2¢'C} ¥20T YdIe S0

J. Appl. Phys. 129, 085103 (2021); doi: 10.1063/5.0038952
© Author(s) 2021

129, 085103-3


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

(3D) structure rather than a layered structure, as demonstrated in
Fig. 2(c). The bond distances from Bi to Sel, dp;i_se1, and to Se2,
dpi_se2, decrease on application of pressure. The bond angles
£ Sel-Bi-Sel and £ Se2-Bi—Se2 also decrease with an increase of
P; however, due to bending of the bonds, £ Sel—Bi—Se2 increases
with an increase of P as shown in Table II in the Appendix.

The structural change from a quasi-2D layered van der Waals
crystal to a 3D crystal can be seen in the ELF plotted in Fig. 2(c),
unlike the P = 0 GPa case, there is an electron sharing or overlap
of orbitals between the QLs. Therefore, we can confirm that the
structural change leads to the electronic topological transition. We
also note that our calculation shows no significant effect of the
vdW correction (4 la DFT-D3 method of Grimme with Becke-
Johnson damping) implemented in VASP.

We studied the dynamical stability of the Bi,Se; by perform-
ing phonon calculations and analyzing the phonon spectrum. In
the absence of pressure, BiSe; has small negative frequencies
@ < —0.5 THz, which is consistent with the earlier studies.” The
negative frequencies are related to the negative stress tensor of the
optimized system. The lattice parameters being optimized using
GGA to reduce the internal force overestimate the lattice constant.
As a result, the optimized structure has a negative stress tensor that
leads to negative frequencies. The phonon modes along the z-

/A

-1.0
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direction are sensitive to stress because of the weak vdW force
along that direction. External pressure favors positive frequencies
by decreasing the lattice constant. This is shown in Fig. 8 in the
Appendix which depicts that the contribution from the negative
frequencies to the phonon density of states decreases with increas-
ing pressure and, at P = 33.4 GPa, the negative frequencies are neg-
ligibly small. Thus, higher pressure leads to greater stability in the
system, which has been predicted in the existing literature.™

B. Change in the electronic structure

We study the change in the electronic structure of Bi,Se; with
application of hydrostatic pressure as shown in Fig. 3. The band
structure at zero applied pressure has a bandgap of 0.3 eV at the I’
point and both Bi and Se have partially filled p-orbitals which par-
ticipate to form energy bands as seen from the projected DOS in
Fig. 5. The valence bands are primarily Se-p bands, whereas the
conduction bands are Bi-p bands as shown in Fig. 3. Based on the
symmetry analysis, we find that the p levels on Bi and Sel are split
by the crystal symmetry into p, and (py, py) at the " point. The
bandgap is formed between the bonding and anti-bonding states
resulting from the hybridization of p, orbitals on the Bi and Sel
sites. Considering surface calculations, the band structure of Bi,Ses

A

, N

VN INVET A

—_————

0.5

0.0
-0.5

C G CSMY

GC

G csmy G

FIG. 3. The variations in total band structures with the exertion of pressure. We observe the bands at the T" point denoted by G approaching each other and finally inter-

penetrating beyond the critical pressure to show the Weyl semimetal states.
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shows the presence of surface states at the T' point, which is a
typical signature of topological insulators at P =0 [Not shown
here. This has already been shown in several papers (Fig. 4 of
Ref. 15, Fig. 1 of Ref. 57)].

We apply HP P systematically on the system and notice that
the bandgap decreases with P and it is 0.05eV and 0.009 eV at
P=55 and 7.3GPa, respectively. The bandgap vanishes
completely at P, = 7.9 GPa, and this gapless state can be correlated
to the structural phase transition at P > 7.9 GPa. Surprisingly, the
CB and VB move toward the fermi energy with increasing P as
shown in Fig. 3 before the critical pressure P. at which VB and CB
meet each other and the bandgap vanishes. Whereas, for P > P,
these two bands cross at two points + k points around the I'" point
at the fermi energy. There is no spin-splitting at these crossing
points and these crossing points are possible signatures of WSM as
shown in Fig. 4.

(@) o
Vo
> 0.1
<P}
N’
. 0
oy
g -0.1_
= -0.2
-0.3 ;
C/9 G C/9
(b) 0.8 0.11 °
=
0.41 0.05 E}
>
< 0 . -0.00 ;‘
-0.4 -0.05 E
2
-0.8 ; ; ; -0.11
-0.8 -0.4 0.0 0.4 0.8

Ky

FIG. 4. The emergence of Weyl states in Bi;Se;. Panel (a) shows the atom
resolved band structure showing the Weyl points and the band inversion around
the Fermi energy at a pressure of 24.6 GPa. Panel (a) also shows the bands
near the band dispersion fitted to Eqgs. (1) and (2) corresponding to band disper-
sions for Weyl semimetals. The fitting is shown with bold lines corresponding to
the atom resolved band structure. Panel (b) shows the plot of Berry curvature,
which shows the distinctive case of Weyl semimetals.
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In a Weyl semimetal other than CB and VB coinciding within
some energy window, the degeneracy is expected to be robust to
small parametric perturbation. The double degeneracy may arise in
the presence of time reversal T and inversion symmetry P or their
combined PT presence in the system,” i.., for inversion symmetry
Euo(k) = Exo( — k) , for time reversal symmetry E,;(k) = E,|(k),
and in combined PT symmetry E,;(k) = E,|( — k) conditions are
satisfied. These conditions are easily fulfilled in the case of band
inversion, i.e., the two branches of a band undergo an accidental
band crossing and give rise to Weyl points, and this is applicable in
our case. However, the degeneracy of crossing point is preserved
only in the case of special symmetry in the lattice, and the symme-
try prevents the repulsion of degenerate points to keep the fourfold
degeneracy intact. Bi,Se; has R3m crystal symmetry and under
pressure the distance between the QLs reduces and gives rise to a
three-dimensional structure. For P > 7.3 GPa, the Bi-p band and
the Se-p band cross at K, = £0.045 and Ef = 0 at P = 24.6 GPa
as shown in Fig. 4(a). The crossing point shown in Fig. 4 is along
the I'-C line, but a similar crossing can be found along other I'-K
momentum axis.

In the absence of any external perturbation, the band dispersion
near the Weyl point varies as E(k) = v/m? + v?k? with momentum
k, where m and v are mass and velocity parameter. In our system,
the CB and the VB are formed from two different orbitals, which
have different chemical potential. Therefore, the dispersion relation
for VB and CB near the Weyl point can be fitted with

E+039
’;79 = \/1700(k —0.051)* + 1.4(k — 0.051) +0.149 (1)
and
E — 0435
~—~m = —1/4300(k — 0.051)* + 3.8(k — 0.051) + 0.147 (2) |

as shown in Fig. 4(a). We notice that the crossing point is symmetric
about the T point and spin up and down channel of the band is
degenerated in the absence of the SOC. Therefore, this system pre-
serves both time reversal and inversion symmetry. The crossing
points act as a source or a sink of the Berry curvature. The
Barry curvature calculated using Vaspberry”® shown in the inset of
Fig. 4(b). The Berry curvature has the highest value near one cross-
ing point, whereas it has the lowest value near the second crossing
points; the direction of curvature is shown with arrow. In Fig. 5, pro-
jected density of states (PDOS) are shown for four different pres-
sures, and the Bi and Se p bands are marked separately. The
contribution of the Bi-p band is higher near the Ef in the CB than
the Se-p band, whereas in VB the Se-p band has higher contribution.
At low pressure P < 7.3 GPa, there is no density of states at Ey, and
PDOS at E; increases with P, large PDOS can be seen at
P = 33.4GPa.

IV. EFFECT OF DOPING

In this section, we discuss the effect of doping Bi,Se; with a
rare earth element Gd. The system can be doped either by substi-
tuting Bi with Gd or intercalating Gd between the QLs of Bi,Ses.
Intercalating one Gd per unit cell gives rise to a doping fraction of
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FIG. 5. The variations in projected density of states (PDOS) with the exertion of pressure. The energy is scaled with respect to Fermi energy. The red lines represent Bi p

contribution, while the blue lines represent Se p contribution.

16.67% whereas substituting one Bi with Gd per unit cell gives rise
to a doping fraction of 20%. To our surprise, the two different
methods of doping, with similar doping fractions, resulted in two
completely different electronic ground states. The highest valence
and the lowest conduction bands are shown in Fig. 6(a) for pure,
substituted, and intercalated Gd in the Bi,Se; system. On substitut-
ing Bi with Gd, there is an increase in the split between the valence
band maxima and conduction band minima, and hence the direct
bandgap increases to 0.5eV. The intercalation of Gd shifts the
entire band structure to a lower energy in such a way that we now
have a partially occupied conduction band, and a fully occupied
VB as shown in Fig. 6(a), and therefore it is a wideband metal. The
intercalated Gd induces rearrangement of energy bands, which
leads to band inversion below Ey; however, it is different from the
pressure induced inversion. The band inversion below Ef is shown
in the circle in Fig. 6(a). In this case, the up- and down-spin band
split due to the internal magnetic field induced by Gd atoms.
Therefore, the resulting time reversal symmetry is not preserved.
The upper band is contributed from the Bi band, whereas the lower
band contributed by Se atoms. This is shown in the orbital resolved
band structure for the Gd intercalated system in Fig. 6(b). Thus, we
observe a time reversal symmetry broken Weyl state whose exis-
tence has been discussed in the literature.”

We note here that on carrying out intercalation of Gd at a
lower doping fraction of 8.33%, which is 1 Gd atom intercalated in
a 2 x 1 x 1 supercell of undoped Bi,Ses;, we find the qualitatively
same electronic structure, with very similar DOS and a similar
band inversion below the Fermi energy.

The total DOS for three different cases pure, substituted, and
intercalated Bi,Ses; are shown in Fig. 6(b), and we note that inter-
calation of Gd can lead to finite density of states at Ey, which
leads to an insulator to metal transition. The large DOS comes
from Gd f orbitals, which are half filled and have high spin split-
ting. The rest of the DOS has usual contributions from Bi and Se
p orbitals with some mixing with filled Gd d orbitals. The contri-
bution to DOS at the Fermi in the case of Gd intercalated Bi,Ses is
from the Bi p bands, which is the partially filled conduction band. It
is also to be noted that although the direct bandgap changes in the
case of substitutional doping from pure Bi,Se;, the integrated
bandgap does not undergo any substantial change as observed from
the total DOS.

The magnetic properties of the system under the influence of
the dopant atom change significantly. The substitutional doping
gives rise to a AFM ordering consistent with the earlier results.””
We find a similar AFM ordering between intercalated Gd atoms, as
shown in Fig. 7. The large magnetic moment of ~7u; on Gd,
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FIG. 6. The effect of doping Gd both substitutionally and intercalating between
the layers of Bi;Ses. The upper panel (a) shows the valence band maxima and
conduction band minima for all three cases of pure Bi,Ses (black dashed),
BiySe; intercalated with Gd between the layers (orange), and Bi substituted with
Gd (violet) in Bi;Ses. The emergence of time reversal symmetry broken Weyl
states, with the Weyl points and band inversion, in Bi,Se; intercalated with Gd,
also showing the magnetic splitting of the bands, is marked with the red dashed
circle in this panel. The panel (b) shows the orbital resolved band structure for
the case of intercalated Gd, proving the band inversion below the Fermi level.
The panel (c) shows the total DOS for the same cases. The energy is scaled
with respect to the Fermi energy.

which is consistent with the literature.”” The large magnetic
moment on Gd induces a small moment of ~0.2u; on Se. The
large magnetic moment may be because of larger exchange splitting
compared to the crystal field splitting, in this case, the f orbitals
likely to be occupied by electrons with parallel spin. The large local
magnetic moments induce Zeeman splitting in the Bi and Se p

ARTICLE scitation.org/journalljap

FIG. 7. The magnetization density in both Gd intercalated and substituted
Bi;Ses. The top panel shows the case of Gd intercalation, while the bottom
panel shows that of Gd substitution. Yellow isosurfaces represent the positive
direction of magnetic moment, while blue isosurfaces represent negative.

bands in both doping methods, although intercalation of Gd has a
much stronger splitting effect on the Bi and Se p bands than substi-
tutional doping as seen from Fig. 7. Thus, intercalation is more
effective in inducing magnetism than previously reported methods
of substitution.

To estimate the spin exchange coupling in the solid state
system, generally one considers at least two magnetic atoms per
supercell. We consider a 2 x 1 x 1 supercell for this purpose. We
consider the moments to interact via a simple nearest neighbor
Ising model E=] x §;S;, where $=7/2. We find a magnetic
exchange ] = 9.6 meV between the Gd atoms, which is mediated
by the Se p orbitals interacting anti-feromagnetically, as seen in
from the plot of magnetization density which is shown in Fig. 7.
However, the orbital structures for the two different doping are
quite different, which might be related to the different conductivity
behavior. Although in both cases majority of magnetization comes
from the f orbitals [in both cases a combination of f(3x* —
%), f(xyz), f(yz%) orbitals], there is a rather significant contribution
to the total moment of 7uy as well from d orbitals. In the case of
intercalation, d(x? — »*) has a major contribution while in the case
of substitution d(xz) has a major contribution. This shows up in
the magnetization density plotted in Fig. 7.

Thus, our study on doping not only shows a tunable topologi-
cal transition to Weyl like states depending on the method of
doping but also shows induced magnetism in the system.

V. SUMMARY AND CONCLUSION

In our ab initio DFT study, we note that bulk Bi,Se; shows a
tunable topological transition with the application of hydrostatic
pressure and by doping with rare earth elements. Bulk Bi,Ses, upon
application of hydrostatic pressure, shows an electronic topological
transition from a surface state driven topological insulator to a
Weyl semimetal for P > P, and the transition can be associated
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with structural changes from a layered quasi-2D vdW material to a
3D material. For P > P, Se-p band and Bi-p band show band
inversion and these two bands cross at two points, +k points or
Weyl points around the I" point at the Fermi energy. There is no
spin-splitting at these crossing points, and E,;(k) = E,|( — k). We
also notice that crossing points shift to higher momentum k for
larger P, whereas the DOS at the Fermi energy have a finite value
at large P.

Our DFT calculations also suggest that a topological transi-
tion may also be achieved by doping, albeit depending on the type
of doping. Intercalating a rare earth atom, Gd, between the QL
leads to a metallic state with a large bandwidth and shows the
presence of Weyl points below the Ey, while substitution leads to a
larger direct bandgap compared to undoped Bi,Se;. However,
both types of doping induce anti-ferromagnetic ordering in the
system. We also note an induced magnetism in the system
owing to the large magnetic moment on the rare earth dopant
Gd atom.

The anti-ferromagnetic metallic state is particularly important
for spintronics based application, which may be driven in this
material. This anti-ferromagnetic metallic state arises in the case of
intercalation of Gd between the QLs and could be of immense
importance in spintronics based applications.”’ Anti-ferromagnetic
metals have primarily been seen as exotic electronic structure
states. Our study opens up new application possibilities in this 3D
topological material and most importantly shows the emergence of
the Weyl semimetal state in the Bi,Se; family of materials by appli-
cation of pressure, which may be easily verified experimentally.
Similar experiments may also be carried out with other materials in
this class like Sb, Tes, Bi,Te3, and Bi,Se;.

We hope our study motivates further theoretical and
particularly experimental studies to explore the tunable topologi-
cal transitions, particularly in the search for exotic Weyl
semimetals, with associated magnetism in TIs both from the per-
spective of understanding of novel states and device applications
as well.
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APPENDIX: STRUCTURAL DETAILS AND PHONON
CALCULATION

Table T shows the change in lattice parameters with exertion
of hydrostatic pressure. Table II shows the change in bond angle
and bond length with exertion of hydrostatic pressure. Figure 8
shows the phonon DOS at different HP.

ARTICLE scitation.org/journalljap

TABLE I. Change in lattice parameters with exertion of hydrostatic pressure.

P (GPa) 0 5.5 10 16.4 24.6 334

a (A) 4.142 4.084 4.008 3913 3.810 3.658
b (A) 4.142 4.084 4.008 3913 3.810 3.658
c(A) 28.637 27.726  27.062  26.667 26365 27.067
cla 6.914 6.788 6.752 6.816 6.919 7.398

TABLE II. Change in bond angle and bond length with exertion of hydrostatic pres-
sure (Note: Set is at the edge of the QL and Se2 is inside QL for pure Bi,Ses).

P (GPa) 0 5.5 10 164 246 334
dpi_ser (A) 286 284 281 278 274 271
dpi_sex (A) 3.07 303 298 292 287 282
£Sel-Bi—Sel 9261 9191 90.82 8941 88.09 84.0
£Se2-Bi-Se2 8498 8474 846  83.89 8327 80.75
/Sel-Bi-Se2 91.13 91.6 922  93.17 9419 97.22
40
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FIG. 8. Phonon DOS at different HP. In absence of pressure, phonon DOS is
shown by the black line which has small but significant contribution from the
negative phonon frequencies. It decreases with increasing HP. At
P = 33.4GPa, the contribution becomes negligible and thus brings greater
stability to the system.
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