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Theoretical study of the pressure-induced topological phase transition in LaSb
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By using first-principles electronic structure calculations, we find that material LaSb with extreme
magnetoresistance (XMR) undergoes a topological phase transition without breaking any symmetry under a
hydrostatic pressure applied between 3 and 4 GPa; meanwhile, the electron-hole compensation remains in its
electronic band structure. This makes LaSb an ideal platform for studying what role the topological property
plays in the XMR phenomenon, in addition to the electron-hole compensation.
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Introduction. The topological properties of realistic ma-
terials have received strong interest both theoretically and
experimentally in recent years [1,2]. With protection by
time-reversal symmetry, insulators can be classified into
conventional band insulators and topological insulators [1,2].
Compared with conventional band insulators, topological
insulators have robust conducting surface states against local
perturbations [1,2]. Conceptually, a natural generalization
from insulator to metal divides semimetals into trivial and
nontrivial semimetals topologically in electronic structure,
with the latter including Weyl, Dirac, and node-line semimetals
[3]. On the other hand, different topologies are closely related
[3]. For instance, a Dirac semimetal may be transformed into a
Weyl semimetal by breaking time-reversal or space-inversion
symmetry [3]. More interestingly, the phase transition between
a topological insulator and a conventional band insulator does
not break any symmetry, which surpasses Landau’s phase
transition theory [4,5]. This is an important breakthrough in
physics theory.

For topological insulators, the gapless surface states possess
many novel properties: their unique spin textures forbid the
electron’s backscattering under zero magnetic field [1]. For
Weyl and Dirac semimetals [6—17], their fermions result in
high carrier mobility as well as linear magnetoresistance
[18-21]; meanwhile, their chiral anomalies render negative
magnetoresistance [22-25]. Recently, the extreme magnetore-
sistance (XMR) as a quadratic function of magnetic field has
been discovered in topologically trivial material LaSb [26,27]
as well as its isostructural topologically nontrivial counterpart
LaBi [28]. Previously, both the electron-hole compensation
[29] and the backscattering-forbidden topological protection
mechanisms [30] had been proposed to explain the XMR
effect, but a consensus has not yet been achieved [31]. Through
comparative studies on LaSb and LaBi, it has been realized
that the electron-hole compensation plays an important role
in the XMR [27,32], but what role the topological property
plays is still unclear [33]. Searching for a material which
shows the XMR effect with a topological phase transition
under certain experimental conditions is thus very important
for understanding the relationship of the XMR effect and the
topological property.
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Except for the topological property, LaSb and LaBi are very
similar in both crystal structure and electronic band dispersion
[32]. These similarities lead us to consider that LaSb may
possess the same topological property as LaBi by changing lat-
tice constants or via chemical doping. Nevertheless, chemical
doping may ruin the compensation between electron-type and
hole-type carriers, which is disadvantageous to studying the
relationship of the XMR effect and the topological property.
Instead, external pressure is a clean and powerful approach
to tuning electronic structures and studying novel physical
properties [34,35].

In this Rapid Communication, we have studied the evo-
lution of the electronic structure of the XMR material LaSb
with hydrostatic pressure by using first-principles electronic
structure calculations. We find that LaSb undergoes a topolog-
ical phase transition without breaking any symmetry under a
pressure between 3 and 4 GPa. Our calculations indicate that
the band inversions at the X points in the Brillouin zone result
in the nontrivial topological properties of LaSb under pressure.

Method. To study the evolution of the electronic structure
of LaSb with pressure, we carried out first-principles elec-
tronic structure calculations with the projector augmented
wave method [36,37] as implemented in the VASP package
[38—40]. For the exchange-correlation functional, we adopted
two different levels in Jacob’s ladder [41]: the generalized
gradient approximation (GGA) and the hyper-GGA, in which
the Perdew-Burke-Ernzerhof (PBE) type of formulas [42]
and the screened hybrid functional [43] introduced by Heyd,
Scuseria, and Ernzerhof (HSE) with the HSE06 version [44]
were used, respectively. The kinetic-energy cutoff of the
plane-wave basis was set to be 300 eV. For the Brillouin-zone
(BZ) sampling, an 8 x 8 x 8 k-point mesh was adopted for
the primitive cell of the rocksalt structural crystal, which
contains one formula unit. The Fermi level was broadened
by a Gaussian smearing method with a width of 0.05 eV.
Both cell parameters and internal atomic positions were fully
relaxed. The system under hydrostatic pressures in a range
of 0-14 GPa was simulated by minimizing the enthalpy of
the system, namely, performing variable cell relaxation at
different setting pressures [45]. When the trace of stress tensor
converged to a targeting pressure, the structure relaxation
stopped. The atoms were allowed to relax until all forces
were smaller than 0.01 eV/A. After the equilibrium crystal
structures at different pressures were obtained, the electronic
structures were studied by including the spin-orbit-coupling
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FIG. 1. (a) The NaCl-type and (b) the body-centered tetragonal
crystal structures of LaSb. (c) Enthalpies of LaSb in these two forms
of structures as a function of pressure.

(SOC) effect. The topological invariants were calculated using
the parities of all filled states at eight time-reversal-invariant
points in the BZ [46].

Results and analysis. To study the evolution of the
electronic structure of LaSb with pressure, we first need to
clarify its crystal structures under different pressures. Previous
experiments found that LaSb undergoes a structural phase
transition from a NaCl-type lattice [Fig. 1(a)] to a body-
centered tetragonal lattice [Fig. 1(b)] around 11 GPa [47].
We have thus calculated the pressure-dependent enthalpies
of LaSb in these two forms of crystal structures [Fig. 1(c)].
Under pressure, it is the structure with a lower enthalpy
H = E 4 PV, where E is the total energy, P is the pressure,
and V is the volume of the unit cell, that becomes more
stable. At ambient pressure, the enthalpy of the rocksalt
structure is lower than that of the body-centered tetragonal
structure, showing that the former is more stable. With
increasing pressure, the enthalpies of both structures rise up
gradually. However, the enthalpy of the rocksalt structure
grows faster than that of the body-centered tetragonal structure,
and around 9 GPa there exists a crossover. This result
verifies that LaSb undergoes a pressure-induced structural
phase transition at ~9 GPa, which is in accord with previous
measurements [47].

Once the crystal structure is determined, the band structure
of LaSb can be studied under pressure. We first focus
on the rocksalt structure at ambient pressure. It is well known
that a La atom possesses three valence electrons, while an
Sb atom possesses five valence electrons. If an Sb atom
can completely obtain three valence electrons from a La
atom in LaSb, it should be an insulator. We have investigated
the band structure of LaSb along high-symmetry directions
in the BZ by using the PBE and HSEO6 functionals and
including the SOC effect (Fig. 2). Here, only the bands around
the Fermi level are presented. We find that there is a small
overlap between the valence and conduction bands of LaSb,
demonstrating that LaSb is a semimetal, which is in agreement
with the observation in the previous transport experiment
[26]. On the other hand, there is a band inversion around
the high-symmetry point X in the BZ for the band structure
calculated with the PBE functional at GGA level [Fig. 2(a)],
but no band inversion with the HSEO06 functional at hyper-
GGA level [Fig. 2(b)]. In addition, our previous calculations
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FIG. 2. Band structures of LaSb in NaCl-type structure along
high-symmetry directions of the Brillouin zone calculated with the
(a) PBE and (b) HSEO6 functionals including the SOC effect at
ambient pressure. The Fermi level is set to zero.

with the modified Becke-Johnson exchange potential [48,49]
at meta-GGA level also indicate no band inversion around the
X points [32]. Since the band inversion is a very important
feature for nontrivial topological electronic structure, LaSb
shows different topologies in electronic structure in calcu-
lations at different exchange-correlation functional levels.
From the experimental side, the angle-resolved photoemission
spectroscopy (ARPES) measurement clearly demonstrates that
there is no band inversion around the X points, showing that
LaSb is a topologically trivial semimetal at ambient pressure
[27]. This illustrates that the calculated band structures at
higher (meta-GGA and hyper-GGA) levels agree better with
the one obtained in the ARPES experiment.

We know that different from chemical doping, pressure
can effectively tune the electronic structures of materials
without introducing foreign atomic species. So one may
wonder whether the nontrivial topology would take place
in the electronic structure of LaSb with increasing pressure,
especially before the structural phase transition. In order to
answer this question, we have calculated the band structures
of LaSb under pressures from 1 to 8 GPa, in which the
rocksalt crystal structure and the HSE functional were used,
as suggested by the above results (Figs. 1 and 2). We find
that from 1 to 3 GPa there is no band inversion around the X
points, but from 4 to 8 GPa the band inversion takes place. For
simplicity, we just display the representative band structure at
3 GPa before the transition [Fig. 3(a)] and the one at 4 GPa
after the transition [Fig. 3(b)].
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FIG. 3. Orbital characteristics and symmetries of the two bands
around the X points near the Fermi level for LaSb in NaCl-type
structure calculated with the HSEO6 functional and including the
SOC effect at (a) 3 GPa and (b) 4 GPa. The Fermi level is set to zero.
The signs =+ indicate the parities of corresponding states, respectively.
The inset shows the enlarged region around the band crossing.

More information is needed to get in-depth insight into the
two (crossing) bands around the X points, as shown in Fig. 3.
The symmetry for the I'—X direction in the BZ of LaSb in
rocksalt structure is Cy4, double group when the SOC effect is
included. Considering the fact that LaSb has both time-reversal
and space-inversion symmetries, the band crossing around the
X points may make LaSb a Dirac semimetal. Accordingly,
we analyze the related orbital weights, symmetries, and
wave-function parities of these two crossing bands. With
orbital weight analysis of the bands near the Fermi level
along the I'—X direction, the valence (lower) band consists
mainly of Sb p orbitals, while the conduction (upper) band is
primarily contributed by La d (#,,) orbitals. Before the band
crossing, for example, at 3 GPa [Fig. 3(a)], the symmetries
of the valence band are A7 along the I'—X direction and X7
(odd parity) at the X points, respectively, while those of the
conduction band are A7 along the '—X directionand X7 (even
parity) at the X points, respectively. Since the symmetries of
the valence and conduction bands both belong to the same
irreducible representation A of the Cy4, double group along
the I'—X direction, their crossing, for example, at 4 GPa
[Fig. 3(b)], opens a gap when the SOC effect is included (see
the inset). This indicates that LaSb is not a Dirac semimetal.
Nevertheless, as there are inversed bands with opposite parities
around three equivalent X points in the BZ at 4 GPa [Fig. 3(b)],
LaSb may be a topological insulator defined on a curved Fermi
surface.

In order to verify the topological property of LaSb under
pressure, we have further calculated its Z, topological invari-
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FIG. 4. The topological invariants vy of LaSb in NaCl-type
structure as a function of pressure.

ants. Different from the two-dimensional quantum spin Hall
effect, the three-dimensional topological insulator has four Z,
topological invariants [50]. If a material has both time-reversal
and space-inversion symmetries, its Z, topological invariants
can be calculated from the parities of filled states at all
time-reversal-invariant points. The value (1 or 0) of the first
Z, topological invariant, vy, indicates whether a topological
insulator is strong or weak. Here, we have calculated this
important index vy as a function of pressure as displayed in
Fig. 4. As we see around the X points, there is no band inversion
at 3 GPa and the vg is 0, while at 4 GPa the band inversion
takes place and the vy changes to 1. All detailed parities of the
filled states at eight time-reversal-invariant points before and
after the jump of v are listed in Tables I and II, respectively.
By comparing the parities of all these filled states, we find that
the inversion of the two bands around the X points nearest to
the Fermi level, as shown in Fig. 3, leads to the emergence
of topological phase transition. These results demonstrate that
there is a topological phase transition before the structural
transition in NaCl-type LaSb with increasing pressure.
Discussion. Previous studies showed that LaSb and LaBi
possess different topological properties at ambient pressure
[27,32,51,52]. Given that LaSb and LaBi own the same
crystal structures and valence electron configurations, one may
straightforwardly think that they should give out similar band
structures. Nevertheless, the distinct difference between the
band structures of LaSb and LaBi is that LaBi takes band

TABLE 1. The parities of all filled states of LaSb in NaCl-type
structure at eight time-reversal-invariant points in the Brillouin zone
before the topological phase transition.

No. T L L L L X X X Toal
1 e
3 - - - - - - - -
5 - - - - - - - - 4
7 + - - - - 4+ + o+ 4
9 e T
1 e S
13 e e
Total + + + + + + + 4+ (P
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TABLE II. The parities of all filled states of LaSb in NaCl-type
structure at eight time-reversal-invariant points in the Brillouin zone
after the topological phase transition.

No. r L L L L X X X Total
1 — — — — — — - - +

3 — — - — — - - - +

5 — — — — — - - - +
7 + - - — - + + + +
9 - + + + + - - - +
11 — + + + + - - - +
13 — + + + + + + + —
Total  + + +  + + - - - (=)

inversions at the time-reversal-invariant X points, which makes
it topologically nontrivial, while LaSb does not have any band
inversion. Compared with the Sb atom, the Bi atom has a
stronger SOC effect and its 6p orbital electrons are more
extended. On the other hand, the pressure is an effective
approach to tune the electronic properties of materials, and
the valence electrons generally become more extended due
to the band broadening under pressure. Thus LaSb may also
have band inversions at the X points under certain pressure.
From the above calculations (Fig. 4), LaSb does undergo a
topological phase transition with the increase of pressure.
Very recently, the nontrivial Berry phase has been observed by
both Shubnikov—de Haas and de Haas—van Alphen oscillation
experiments for LaBi [53]. This is also to say, the topological
phase transition of LaSb under pressure may be verified by
observing the nontrivial Berry phase in experiment.

Another important property of LaSb is its extreme mag-
netoresistance [26]. In semimetal LaSb, there exists a small
overlap between the valence and conduction bands [Fig. 2(b)].
Supposing that an Sb atom can completely obtain three
valence electrons of a La atom, LaSb would become an
insulator. Thus if all electrons in the conduction band of
LaSb are transferred to the valence band, the latter would
be fully filled. In this sense, it is easy to understand that the
electronlike and holelike carrier concentrations are equal in
LaSb, as evidenced by our previous calculations [32] and
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related experiments [27]. Meanwhile, transport experiments
have discovered that the carrier mobilities are very high in
LaSb [26]. Accordingly, within the semiclassical band model,
the electron-hole compensation and high carrier mobilities
together can naturally explain the XMR effect [28,29,32].

In addition to the electron-hole compensation, the topo-
logical protection has also been proposed to explain the
XMR effect. Since many XMR materials are topologically
nontrivial [20,21,25,29,54], it is very important to explore the
relationship of the XMR effect and the topological property.
For LaSb, with increasing pressure, our calculations indicate
that the small overlap between the valence and conduction
bands still exists (Fig. 3), thus the charge compensation also
holds. Considering that the charge compensation accompanies
the topological phase transition in LaSb under pressure, as
shown by the calculations, if the MR of LaSb shows sharp
even discontinuous variation around the transition pressure in
magnetic transport experiments, the topological property will
have a substantial impact on the XMR, otherwise it will have no
dominating effect on the XMR. In this sense, the NaCl-type
LaSb under pressure is a promising platform to clarify this
relationship.

Summary. By using first-principles electronic structure
calculations, we find that the XMR material LaSb undergoes
a topological phase transition without breaking any symmetry
under hydrostatic pressure. Irrespective of topological phase
transition, the electron-type and hole-type carriers remain
compensated. Considering that both a charge-compensation
mechanism and a topological protection mechanism have been
proposed to explain the XMR effect, the pressed LaSb provides
an ideal playground for studying the role that the topological
property plays in the XMR phenomenon.
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