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Extremely high magnetoresistance (XMR) in the lanthanum monopnictides LaX (X = Sb, Bi) has recently
attracted interest in these compounds as candidate topological materials. However, their perfect electron-hole
compensation provides an alternative explanation, so the possible role of topological surface states requires
verification through direct observation. Our angle-resolved photoemission spectroscopy data reveal multiple
Dirac-like surface states near the Fermi level in both materials. Intriguingly, we have observed circular dichroism
in both surface and near-surface bulk bands. Thus the spin-orbit-coupling-induced orbital and spin angular
momentum textures may provide a mechanism to forbid backscattering in zero field, suggesting that surface and
near-surface bulk bands may contribute strongly to XMR in LaX. The extremely simple rocksalt structure of
these materials and the ease with which high-quality crystals can be prepared suggest that they may be an ideal
platform for further investigation of topological matter.
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I. INTRODUCTION

The discovery of topologically nontrivial quantum states
in condensed-matter systems, such as in topological insulators
[1–8], Dirac semimetals [9–12], and Weyl semimetals [13–21],
provides a platform for investigating particles with Dirac-like
linear dispersions. This allows testing of particle-physics pre-
dictions in crystalline solids, while the topologically protected
nature of the states may prove useful for spintronics. Many of
these materials also exhibit extremely high magnetoresistance
(XMR), with potential applications in reading out magnetically
stored data. Recently, the lanthanum monopnictides LaX (X
= P, As, Sb, and Bi) were predicted to be topological insulators
[22]. This inspired an explosion of mainly transport work on
LaSb [23–25], LaBi [23,26–29], and YSb [30–32], all of which
crystallize in the well-known NaCl structure. All show a large
unsaturated magnetoresistance, which is often attributed to the
quantum limit of the Dirac fermions [33] but may also arise
from complicated factors such as electron-hole compensation
[34,35]. A recent angle-resolved photoemission spectroscopy
(ARPES) study on WTe2 suggested that its anomalously large
magnetoresistance may be attributable to spin and orbital angu-
lar momentum textures which would suppress backscattering
of the quasiparticles [36]. Similar to the case of Cd3As2 [37],
such a mechanism would be progressively invalidated under
a magnetic field, thus causing large magnetoresistance. First-
principles calculations of LaBi and LaSb based on the two-
band model, however, claimed that these materials are topolog-
ically trivial and their extremely high magnetoresistance could
be attributed to perfect electron-hole compensation, without
recourse to topologically nontrivial states [38].
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Recent ARPES experiments indicate that LaSb is topo-
logically trivial and its properties are well explained by
electron-hole compensation [25]. On the other hand, ARPES
experiments on LaBi show linear band dispersion [28] and
indicate that LaBi may host an odd number of surface Dirac
cones [39], making it topologically nontrivial. One Dirac
cone is located at the surface Brillouin zone (SBZ) center,
while the other two are found at the SBZ corner [39]. In
YSb, meanwhile, the negative Hall coefficient indicates that
electrons are the dominant carriers, calling into question the
perfect compensation of electrons and holes [31].

Unfortunately, the Dirac cones in LaBi were not very
clearly resolved [39], necessitating a closer investigation of
its band structure and suggesting that a reexamination of
LaSb would also be desirable. In this paper, we report the
surface and bulk electronic structures of LaBi and LaSb by
ARPES. We identify a clear band anticrossing along the Γ̄ -X̄
direction of LaBi, which perfectly matches the calculated
results [39]. We show clear evidence that LaBi hosts one
Dirac cone at the SBZ center and two Dirac-cone-like surface
bands at the zone corner. The results on LaSb differ from
the previous ARPES data [25]: we do find evidence of
Dirac-cone-like surface bands. Moreover, both surface and
near-surface bulk bands exhibit circular dichroism (CD). Our
results unveil the exotic surface states in LaBi and LaSb,
which might be topologically nontrivial in nature. In addition
to electron-hole compensation, forbidden backscattering in
surface and near-surface bulk bands likely contributes to the
low zero-field resistivity, which would give rise to anomalous
XMR when applying magnetic field in LaBi and LaSb.

II. EXPERIMENT

Black blocky crystals of typical dimension 5 × 5 × 5 mm
were grown from metal fluxes, closely following established
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techniques for this family of materials [40]. To grow LaSb, La
metal powder (Alfa Aesar, 99.9%), Sb spheres (Alfa Aesar,
99.999%), and Sn pieces (Aladdin, 99.999%) were sealed
under vacuum in a quartz tube, with the atomic ratio 1.5:1:20.
The small La excess was used to compensate for loss by
reaction to the quartz. To grow LaBi, La powder, Bi powder
(Alfa, 99.5%), and In pieces (Alfa, 99.99%) were sealed under
vacuum in a quartz tube, with the atomic ratio 1:1:20. The
mixtures were heated to 1050 ◦C, held for 2 h, cooled over
the course of 5–7 days to 750 ◦C, and then cooled freely to
room temperature. A small temperature gradient was applied,
with the bottom end of the quartz tube cooler, to encourage
crystallization. The resulting solidified ingot was then remelted
at 350 ◦C and the tin or indium flux was centrifuged off,
revealing the crystals. In both cases, the first crystals obtained
were large and of excellent quality, so no further attempts to
optimize the growth process were made.

Resistivity measurements were performed between 1.8 and
300 K in fields up to 9 T in a Quantum Design Physical
Property Measurement System by a standard four-probe
technique, with a drive current of 8 mA; for each compound,
several pieces of the same crystal were measured. Quantum
oscillations were isolated by subtracting a quartic polynomial
fit from the field-dependent resistivity data before a Fourier
transform was performed. Since both Sn and In superconduct
within the measurement window, the resistivity also provides
a test for remnant metal flux.

High-resolution ARPES measurements were performed
at beamline 5-4 of the Stanford Synchrotron Radiation
Lightsource (SSRL), using Scienta R4000 electron analyzers.
The experimental geometry is depicted below in Fig. 2(c).
The overall energy resolution was 10 meV, and the angular
resolution was 0.3◦. All samples were cleaved in situ under
ultrahigh-vacuum conditions and measured at temperatures
less than 15 K. During measurements, the spectroscopy quali-
ties were carefully monitored to avoid degradation of the data
due to sample aging.

III. RESULTS

The resistivity ρ of both LaSb and LaBi, shown in Fig. 1,
was measured to verify that our samples behaved as in other
reports. The residual resistivity ratio (RRR) ρ(300 K)/ρ(T →
0 K), which often serves as a measure of sample quality, varied
significantly between different pieces of the same crystal, but
in all cases was high. At 1.8 K, Shubnikov–de Haas oscillations
were clearly visible at least as low as 3 T, indicative of
the remarkably high crystal quality readily obtained in these
materials. The highest-RRR crystal of each material showed a
possible drop in resistivity at low temperatures, suggestive
of remnant flux; however, the quantum oscillations were
strongest in these samples, indicating that the RRR reflects the
intrinsic sample quality. The suspect low-temperature points
were neglected in all analyses. The lowest quantum oscillation
frequencies in LaSb of 210.4 and 430.8 T correspond to
extremal areas perpendicular to the cubic (001) axis of 2.008
and 4.112 nm2, respectively. Quantum oscillations were not
investigated in detail since comprehensive angle-dependent
studies are already available for both LaBi [41–43] and LaSb
[42–45] and our frequencies are fully consistent with previous
reports. Higher magnetoresistance was generally obtained for
samples with smaller cross sections, as would be expected if
the surface and bulk provided separate transport channels, but
the number of samples measured does not allow for a reliable
conclusion in this regard. In such a scenario, the contribution
from topologically protected surface states would make the
residual resistivity ratio less useful for characterizing sample
quality. As can be seen in Figs. 1(c) and 1(d), the highest slope
in the low-temperature upturn remains at constant temperature.
The transport results presented here are consistent with those
of other groups [23–29,42–44] and serve to demonstrate that
the crystals for which we report ARPES behave exactly as
expected.

Having verified that our crystals exhibit the same mag-
netoresistance upturn that recently piqued interest in these
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FIG. 1. Transport results for LaSb and LaBi. Resistivity of (a) LaSb and (b) LaBi under various fields parallel to (001). These samples
had residual resistivity ratios (RRRs) of 334 and 100, respectively. The insets compare the field dependence of selected samples at 1.8 K and
demonstrate clear Shubnikov–de Haas oscillations. (c) and (d) The temperature derivatives of the data in (a) and (b), respectively. (e) Quantum
oscillations were clearly visible in LaSb down to low fields at 1.8 K and (f) implied at least two distinct frequencies [colors as in the inset
in (a)].
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FIG. 2. (a) Crystal structure of LaBi and LaSb. (b) Brillouin zone of bulk LaSb/LaBi and the (001)-projected surface Brillouin zone. (c)
The ARPES experimental setup. The analyzer slit is vertical to the mirror plane. The emission plane is defined by the analyzer slit and the
sample surface normal. The angle between the direction of the beam and the emission plane is 5.83◦. In the emission plane, the angle between
the projection of the beam direction and the sample normal direction is 55◦. (d) and (f) False-color plots of the photoemission intensity at the
Fermi energy EF of LaBi and LaSb, respectively, integrated over the energy window (EF − 15 meV, EF + 15 meV). These Fermi surface maps
have been fourfold symmetrized. The intensity around X̄ of LaSb has been enhanced to compensate for the weak signal. (e) and (g) Schematic
representations of the Fermi surfaces in (d) and (f), respectively; pocket sizes have been exaggerated for clarity. Data in (d) and (f) were taken
with 30 eV linearly polarized and 24 eV circularly polarized photons, respectively.

materials, we now turn to ARPES. We note that ARPES
probes the electronic structure near the surface, where the
atoms have different coordination than in the bulk, and that
electron density in surface states must come at the expense of
bulk bands; we use “bulk bands” to refer to the near-surface
bulklike bands.

At ambient pressure, LaBi and LaSb crystallize in the
simple rocksalt structure, as illustrated in Fig. 2(a). The
corresponding Brillouin zone (BZ) and the (001)-projected
SBZ are depicted in Fig. 2(b). The Fermi surfaces of LaBi
and LaSb in the kx-ky plane are shown in Figs. 2(c) and 2(e),
respectively, and their corresponding schematic representa-
tions are depicted in Figs. 2(d) and 2(f), respectively. The Fermi
surface topologies are basically consistent with calculations
[38,43], including one electron pocket at the BZ corner (the
δ band) and two hole pockets at the BZ center (the α and β

bands). The perpendicular δ and ε pockets in Figs. 2(c)–2(f) are
from two inequivalent X points (X2 and X1, in blue) and appear
together due to the poor kz resolution of our experiments using
vacuum ultraviolet photons (VUV-ARPES): the bands from a
specific kz plane may have a projection over a wide range of
kz [46,47]. Meanwhile, the X3 point (beige) is projected to the
Γ̄ point for the same reason.

The band dispersions of LaBi and LaSb are shown in Fig. 3.
Besides the calculated bulk bands [38,48], we observe several
surface bands. Figures 3(a) and 3(b) show the photoemission
intensity of LaBi along cuts 1 and 2, respectively, together with
the corresponding two-dimensional (2D) curvature-intensity
plots. Around the Γ̄ point in Fig. 3(a), we are able to resolve
two holelike bands (α and β), one electronlike band (γ ), and
a surface s1 band which has linear band dispersion and an
apparent Dirac point at a binding energy of −0.24 eV. The α

and β bands are consistent with band structure calculations
[38], while the paraboliclike γ band is the projection of the
electron pocket at the X3 point. The bottom of the γ band and
the Dirac point (DP1) of the surface s1 band can be clearly
distinguished. In Fig. 3(b), there is a clear anticrossing of the
β and ε bands along the Γ̄ -X̄ direction, which is predicted
by band structure calculations [22] but was not observed in
the previous ARPES data [28,39,48]. Interestingly, there are
two apparent Dirac points at the X̄ point: DP2 and DP3 occur
at binding energies of −0.16 and −0.35 eV, respectively. The
bulk band δ is too weak to be observed at X̄, possibly due to
the strong signal from the surface s2 band. At cut 3 near the X̄

point [Fig. 3(c)], we can clearly see both the parabolic δ band
and the surface s2 band.
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FIG. 3. Band structures of LaBi and LaSb. (a)–(c) Photoemission intensity I (k,ω) of LaBi and its corresponding 2D curvature-intensity
plot along the Γ̄ -X̄ direction [cuts 1–3, respectively, in Fig. 2(e)]. (d)–(f) Photoemission intensity I (k,ω) of LaSb and its corresponding 2D
curvature-intensity plot along cuts 1–3, respectively, in Fig. 2(g). The Greek letters indicate bulk bands, while s1 through s3 label surface bands.
Data in (a)–(c) and (d)–(f) were taken with 22 and 26 eV photons, respectively.

For LaSb, around Γ̄ in Fig. 3(d), there are two holelike
bands (α and β) and a linear surface band s1 with its Dirac
point DP1 located at −0.27 eV. The black dashed line below
−0.4 eV indicates the parabolic bulk ω band. Above the ω

band, there is a second apparent Dirac cone DP3′, with its
apex at −0.37 eV. The γ band is not clearly resolved in cut 1.
The bands near EF around X̄ are much weaker in Fig. 3(e),
preventing observation of the band anticrossing along the Γ̄ -X̄
direction. However, similar to the surface states in LaBi, the
linearly dispersing s2 and s3 surface states and the two Dirac
cones (DP2 at −0.29 eV and DP3 at −0.37 eV) still exist
at X̄ in LaSb. However, only halves of the Dirac-cone-like
bands can be seen in cuts 1 and 2. Figure 3(f) is the band
structure on cut 3 along the Γ̄ -M̄ direction. Here we can see
the paraboliclike bulk γ band more clearly than in Fig. 3(d),
demonstrating the close similarity to LaBi. An additional
holelike band ζ is observed which can be found in the bulk
band calculations [48].

To verify the two-dimensional nature of the surface states,
we performed photon-energy-dependent measurements from
10 to 40 eV to scan kz. Figures 4(a) and 4(b) show the kz-ky-
plane maps of LaBi at EF and selected higher binding energies
around the BZ center and corner, respectively. The s1 and s2

bands show two-dimensional character. The kz-ky-plane maps
of DP1, DP2, and DP3 demonstrate that these states do not
disperse along the kz direction, identifying them as surface
states. Some of the intensity in the kz-ky-plane maps derives
from the bulk bands. The kz dispersions of the Fermi crossings

of s1 and s2 in Fig. 4(c) demonstrate that these are two totally
distinct, kz-nondispersive surface bands, while the three Dirac
points occur at different energies. Thus the s1 band cannot
be a projection from the X3 point. Figures 4(d) and 4(e) show
similar kz-ky-plane maps for LaSb. The s1 and s2 bands and the
Dirac points show two-dimensional behavior as in LaBi. The
kz dispersions of the Fermi crossings of s1 and s2 in Fig. 4(f)
also demonstrate that the s1 band cannot be a projection of
the s2 band from the X3 point. However, a similar comparison
is difficult for the s ′

3 and s3 bands in LaSb because of their
proximity to bulk bands. Dirac points DP3′ and DP3 occur at
the same energy (−0.37 eV), suggesting that the s ′

3 band is the
projection of the s3 band from the X3 point, but this remains
to be confirmed. If the s ′

3 band is indeed the projection of the
s3 band, the total number of Dirac points below EF in both
compounds would be three, which would suggest that they are
both topologically nontrivial.

The differential coupling of right-circularly (RCP) versus
left-circularly (LCP) polarized light can reveal the orbital
angular momentum (OAM) of an electronic state [49]. The
difference between transition matrix elements of photoelectron
final states results in circular dichroism (CD) proportional to
the inner product of the OAM direction and the incoming
photon direction [50]. In strong spin-orbit-coupled materials,
both the spin and orbital angular momenta of a state would
exhibit conjugate textures around the Fermi surface. Therefore,
to further explore the spin texture of the surface states, we
performed CD-ARPES experiments.
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Figure 5 shows the CD of the ARPES band structures
and momentum distribution curves (MDCs) at illustrative
binding energies under RCP and LCP light. The photoemission
intensity exhibits strong intensity inversion between RCP and
LCP data. Interestingly, from the detailed MDCs, we can
see clear CD of both the surface and bulk bands. Circular
dichroism is natural and expected for topological surface states
and supports the “forbidden-backscattering” mechanism for
magnetoresistance of the surface state. However, bulk LaX
materials are believed to be both inversion and time reversal
symmetric. In such a case, one can strictly prove the spin must
be degenerate [5,51], regardless of SOC effects; therefore,
the forbidden-backscattering mechanism should not apply to
the bulk bands. However, ARPES probes the near-surface
electronic structure where inversion is explicitly broken by
the presence of a surface. The near-surface bulk band structure

detected at the surface can vary from the actual bulk band
structure. Thus the CD observed for the near-surface bulk
bands may suggest that these bands are strongly influenced by
the surface, and forbidden backscattering may play a role in
the magnetoresistance for all states near the surface, not just
the Dirac cones. This may be similar to the cases of WTe2 [36]
and Cd3As2 [37].

IV. DISCUSSION

Although the near-surface bulk bands observed by ARPES
may vary from the actual bulk bands, it is worth comparing
the ARPES-derived Fermi surfaces with those found by
quantum oscillations [42,44]. The two-dimensional projected
Fermi surfaces in Figs. 2(d) and 2(f) allow us to estimate
the Fermi pocket volumes by also considering the calculated
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Fermi pockets’ topology and noting the cubic symmetry. We
regard the two-dimensional Fermi surfaces as the maximum
section of the three-dimensional Fermi pockets. The electron
and hole Fermi pocket volumes from ARPES are roughly half
those from dHvA. Since our quantum oscillation data on the
same crystals are consistent with dHvA, the discrepancy is
presumably due to the influence of the surface on the ARPES
spectra. Our bulklike Fermi surfaces and band structures do
contain the essential features found in the calculations, even
if the bands are shifted. In Table I, we also calculated the
carrier densities from our ARPES data. The ratio of the
populations of the holes and electrons is about 1.05 and 1.21
for LaBi and LaSb, respectively; that is, electrons and holes
are compensated within our experimental error bar. Although
the surface carrier is just a small fraction of the bulk, because
of the back scattering, its conductivity can be much higher than
the bulk, so its contribution to MR should be noted. Thus our
findings suggest that the XMR may result from the carrier
compensation in addition to the forbidden-backscattering
mechanism of surface and near-surface bulk states.

The surface band structure in LaBi includes three clear,
fully resolved Dirac points, although DP2 and DP3 are set off

by only a few tens of meV from the bulk bands between
them. LaSb, however, shows three or possibly four Dirac
cones seemingly terminating at Dirac points, likely due to
broadening from proximity to the bulk bands. This situation
is summarized schematically in Fig. 6, with further detail
provided in Figs. 7(a)–7(d). Band structure calculations with
spin-orbit coupling indicate band inversion at the X point
between the La d states and the pnictogen p states, with
an anticrossing along the Γ -X direction [25]. The gap we
observe at the anticrossing in LaBi is 20 meV [see Fig. 3(b)],
which is smaller than the calculated 35 meV [22]. The reduced
spin-orbit coupling in lighter Sb is most likely responsible
for the reduced separation of the Dirac states from the bulk
bands compared with the Bi material. The bulk band structure
observed in LaBi fits well with the calculations, while the
intervening bulk band is not observed in LaSb. However, the
authors are not aware of a slab calculation relevant to (001)
surfaces in these materials. To fully interpret the data, further
band calculations are required beyond those in Refs. [22,29].

It is worth comparing the present results with recent ARPES
measurements on LaBi and LaSb. In the case of LaBi, Ref. [28]
reports both surface and bulk bands at Γ̄ ; however, the s ′

3 band

TABLE I. ARPES Fermi surface volumes and carrier densities compared with those from de Haas–van Alphen (dHvA). Labeling of Fermi
surface sheets refers to Fig. 2(e); dHvA values were extracted from Ref. [43] based on data in Ref. [42].

Volume (nm−3) Carrier density (cm−3)

Sheet Type ARPES dHvA ARPES dHvA

LaBi α hole, Γ 9.6 11.1 7.75 × 1019 8.98 × 1019

β hole, Γ 22.2 38.2 1.79 × 1020 3.09 × 1020

δ/ε electron, X 30.3 46.9 2.45 × 1020 3.79 × 1020

LaSb α hole, Γ 3.4 7.6 2.72 × 1019 6.01 × 1019

β hole, Γ 14.8 20.8 1.19 × 1020 1.68 × 1020

δ/ε electron, X 15.0 26.4 1.21 × 1020 2.14 × 1020
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(a) (b)LaBi LaSb

Γ X Γ XXXXX
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FIG. 6. Illustrations of the Dirac cones in the surface Brillouin
zones of LaBi and LaSb. LaBi has one Dirac cone at Γ̄ and two Dirac
cones at X̄. LaSb has two Dirac cones at X̄ and one or two Dirac
cones at Γ̄ . The light brown Dirac cone may be a projection from the
X3 point.
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FIG. 7. The EDCs for the photoemission intensity in (a) and (b)
Figs. 3(a) and 3(b) and (c) and (d) Figs. 3(d) and 3(e), respectively.
The orange curves identify the EDCs at the Γ̄ and X̄ points.

was not resolved, and data at X̄ are not reported. Reference [39]
presents linear surface bands at both Γ̄ and X̄, similar to the
present work, but the two distinct Dirac cones at the X̄ point
are not clearly resolved. Furthermore, the band anticrossing
shown in Fig. 3(b) is not visible in Refs. [28,39]. A consistent
picture emerges for this material, with higher-resolution data
and circular dichroism providing crucial additional detail. Our
data on LaSb are similar to those in Ref. [25], the primary
difference being that Zeng et al. did not identify the surface
bands. Hints of the Dirac cones are indeed visible in their
X̄-point data, but the proximity to faint bulk bands makes these
features more difficult to discern. While circular dichroism
makes a strong case for the existence of spin-polarized surface
states and it would be unlikely that the reduction in spin-orbit
coupling from Bi to Sb would eliminate these features entirely,
the different interpretations possible based on these data would
be best resolved through detailed slab calculations.

Finally, it is worth commenting further on the quantum
oscillations: Shubnikov–de Haas oscillations were readily
observed to remarkably low fields at 1.8 K without the use of
specialized apparatus in all samples measured and without any
optimization of the crystal growth beyond its initial success.
This implies that these systems are not just crystallographically
simple but also extremely clean and easy to prepare and
suggests that they may be an excellent system for future
in-depth study.

V. CONCLUSION

In summary, we have observed the surface bands and
near-surface bulk electronic states on the (001) surface of
LaBi and LaSb using ARPES and have identified an obvious
band anticrossing along the Γ̄ -X̄ direction in LaBi. An odd
number of Dirac cones is clearly present below the Fermi level
in LaBi. Dirac surface states are also observed in LaSb, but
the Dirac points are much closer to the bulk bands, and we
cannot be certain whether an odd or even number lie below
EF . Furthermore, strong circular dichroism indicates spin-
orbit-coupling-induced spin and orbital angular momentum
textures in both the surface and near-surface bulk bands, which
likely contribute to the large magnetoresistance in addition
to the electron-hole compensation. Our high-resolution elec-
tronic structures of LaBi and LaSb lay the foundation for
further investigations. Since preparing excellent crystals of
both materials is relatively straightforward and the crystal
structure is extremely simple, the lanthanum pnictide family
may provide a uniquely accessible experimental platform for
investigating topological surface states and their evolution as
spin-orbit coupling increases down the periodic table.
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