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Observation of topological surface states and strong electron/hole imbalance in extreme
magnetoresistance compound LaBi
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The recent discovery of the extreme magnetoresistance (XMR) in the nonmagnetic rare-earth monopnictides
LaX (X =P, As, Sb, Bi,), a recently proposed new topological semimetal family, has inspired intensive research
effort in the exploration of the correlation between the XMR and their electronic structures. In this work, using
angle-resolved photoemission spectroscopy to investigate the three-dimensional band structure of LaBi, we
unraveled its topologically nontrivial nature with the observation of multiple topological surface Dirac fermions,
as supported by our ab initio calculations. Furthermore, we observed substantial imbalance between the volume
of electron and hole pockets, which rules out the electron-hole compensation as the primary cause of the XMR

in LaBi.
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The recent discovery of three-dimensional (3D) topological
Dirac and Weyl semimetals [ 1-6] has inspired great research in
the emergent field of topological semimetals (TSMs). Different
from topological insulators (TLs) where the topological surface
states (TSSs) form Dirac fermions in the bulk gap [7,8], TSMs
host bulk states which possess 3D Dirac or Weyl fermions with
linear dispersions [9—11]. Moreover, the TSSs in TSMs can
survive without a full global bulk gap [12], and even overlaps
with the bulk band [13].

Recently, the rare-earth monopnictide LaX (X =P, As, Sb,
Bi) [12,14] was proposed to be a new family of TSMs with
nontrivial TSSs. While the topology of its bands can be
described by a Z, invariant as in TIs, a global bulk band
gap is absent in LaX. The discovery of extremely large
anisotropic magnetoresistance (XMR) up to 10°% [15,16] in
these nonmagnetic compounds further urges an understanding
of the correlation between XMR and their electronic structures,
which will not only help reveal the mechanism of XMR, but
also be instructive for the material search and future device
applications.

Currently, the mechanism of XMR in these compounds is
still under debate between carrier compensation and topolog-
ical protection [16-20]. To further complicate the situation,
a mechanism of massive divergence between electron and
hole mobility favored by moderate carrier compensation has
also been proposed in a cousin (topologically trivial) material
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YSb [19]. Furthermore, existing angle-resolved photoelectron
spectroscopy (ARPES) studies on LaSb [20] and YSb [19]
suggest that the spin-orbit coupling (SOC) in these compounds
is too weak to induce a band inversion, which makes them topo-
logically trivial. Similar ARPES studies on related compounds
show initial evidence for surface Dirac fermions; however,
the details of these TSSs are still controversial due to the
hybridization between the rich metallic bulk bands and the
TSSs [12,21-24].

In this work, by conducting high-resolution ARPES exper-
iments, we systematically studied the electronic structure of
the heaviest lanthanum monopnictide, LaBi, which has the
strongest SOC. We clearly observed TSSs centered at T' and
M in the surface Brillouin zone (BZ), which can be well
reproduced by our ab initio calculations, thus confirming the
nontrivial topology of its electronic structures. Furthermore, by
mapping out the Fermi surfaces (FSs) of the electron and hole
pockets in the 3D BZ, we found that the volumes of the electron
and hole pockets are of substantial difference (V,/V;, = 0.3 &+
0.1), thereby challenging the perfect electron-hole compensa-
tion as the primary mechanism for the XMR in this material.

High-quality LaBi single crystals were synthesized by the
Bi flux method [16]. ARPES measurements were performed
at beamline 105 of the Diamond Light Source (DLS) and
beamline 10.0.1 of the Advanced Light Source (ALS) with
an overall energy resolution better than 20 meV and a base
pressure better than 1.5 x 10~'° Torr. Density-functional theory
as implemented in the Vienna ab initio simulation pack-
age [25,26] with hybrid functional [27] was adopted for the
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FIG. 1. (a) Crystal structure of LaBi. (b) Bulk FS with its
projection on the surface BZ. (c) FS measured with 128-eV photons,
the bulk and surface BZ are plotted in black and red, respectively.
(d) Our ab initio slab calculation projected on the surface. (e)
lustration of the three surface Dirac cones. (f) Core-level spectrum
of LaBi. (g) MR measured at 2 K up to 9 T, showing the nonsaturate
XMR behavior.

bulk electronic structure calculations. SOC was included in all
calculations. The parameters from maximally localized Wan-
nier functions [28-30] were used to interpolate the bulk FSs
and the band structures. For the calculation of the surface states
(SSs), half-infinite slabs were used with the Green’s function
method based on the parameters from Wannier functions.
LaBi crystallizes in a simple face-centered rock-salt struc-
ture (space group F,,3,,) with a lattice constant a = b = ¢ =
6.58 A, illustrated in Fig. 1(a). The BZ of LaBi together with
the bulk FS from our ab initio calculations, as well as their
projection on the (001) surface BZ, are shown in Fig. 1(b).
Theoretically, there are two hole pockets at I" and one electron
pocket at X in the bulk BZ. The projection of these pockets on
the surface BZ results in a superposition of multiple pockets,
which leads to circular and intersecting elliptical pockets at I’
and a crosslike feature at M. Due to the momentum broadening
along k,, our measured FS also shows the projections from
multiple FS pockets [Fig. 1(c)], consistent with the projection
in Fig. 1(b). In addition to the metallic bulk bands, our ab
initio calculation shows multiple SSs [Figs. 1(d) and 1(e)] at
' and M, which reflects its topologically nontrivial nature.
Figure 1(f) shows the core-level spectrum of our sample, which
displays the characteristic La 5p/5s and Bi 5d peaks. We
observed an XMR as large as 75000%, which presents a
B-square behavior without saturation at 2 K under 9 T in our
sample in Fig. 1(g), consistent with previous reports [16,18].
Figure 2 shows the band structure in the XI'X plane
[indicated in blue in Fig. 2(a)]. (For details about the k,
correspondence see the Supplemental Material, SM [31]).
The electronic structure is presented in the 3D volume
plot in Fig. 2(b), which shows the band dispersions along

high-symmetry directions. Figures 2(c) and 2(d) compare our
measured equal energy contours with our calculations at differ-
ent binding energies, which show a good agreement regarding
the detailed shape and size of the pockets around I". However,
while our calculated electron pockets agree qualitatively with
the experiment, they are slightly larger than our measurements.
The high-symmetry cuts along the XI"X and XWX directions
in our calculation are shown in Fig. 2(e). The two bands
forming the holelike pockets at I are indicated as « and §, and
the band forming the electronlike pocket around X is indicated
as 8. We emphasize that our calculation shows a projected bulk
band gap at X between § and B (0.2 eV < Ep < 0.5 eV),
which results from the band inversion between these two
bands. The band dispersion along the I'XT direction is shown
in Fig. 2(f) together with its second derivative spectra. The
measured «, B, and § bands are consistent with the calculation
shown in Fig. 2(el), and cross the Fermi energy at momenta

ke = 0.14+0.02A ", k% =026 +£0.02A, k% = 0.57 +

0.02 Aq (see SM). Remarkably, the band dispersions of B and
6 in Fig. 2(f) show an anticrossing along I'X, which indicates
the predicted band inversion in this material [ 14]. The projected
bulk band gap in Fig. 2(el) is clearly observed and highlighted
by a red dashed box in Fig. 2(f2). Furthermore, in our data
we clearly detect an in-gap state near X (highlighted with a
red arrow), which will be discussed in detail later. We also
detect a Dirac cone at I" as highlighted in Fig. 2(f2), which is
also absent in the bulk calculation and is attributed to the SS.
Another cut along the XWX direction is shown in Fig. 2(g),
which also reveals the above-mentioned SS in the projected
band gap at X.

To investigate the 3D electronic structure of LaBi in the
bulk BZ, Fig. 3 presents the band structure in the WXW
high-symmetry plane [indicated in blue in Fig. 3(a)]. The 3D
volume plot in Fig. 3(b) shows the band dispersions along
high-symmetry directions. Similar to the results in the XI"X
plane, the measured energy contours in Fig. 3(c) are in good
agreement with our calculations in Fig. 3(d), although the
electron pocket is slightly smaller in the experiment. The band
dispersion along the XWX direction and the corresponding
second derivative spectrum in Fig. 3(e) are in good agreement
with the bulk calculation in Fig. 2(e2). Moreover, the bands
show a clear discontinuity at Eg = 0.5 eV [indicated by the
black arrow in Fig. 3(el)]. This discontinuity is caused by the
band top of 8, which s located at the X pointnear £z = 0.5eV
[Fig. 2(e2)]. Above the 8 band top, we can again clearly detect
the presence of an in-gap state between Ez = 0.2 ~ 0.5 eV.
The electron pocket § corresponds to the shorter axis of the
elliptical electron pocket centered at X, which crosses the

Fermi energy (Er) at k. = 0.05 £ 0.02 AT

Having gained a comprehensive picture of the bulk band
structure of LaBi, we can determine the ratio of the electronlike
and holelike carrier densities by fitting the cross sections of the
three bulk FSs (see SM [31]). We inferred their 3D volumes
as Vo = 0.012 A7, V5 = 0.030 A, and Vs = 0.004 A,
resulting in an electron/hole concentration ratio of about 0.3 +
0.1 (see SM [31]). Our result gives the hole and electron carrier
density as n;, = 3.4x10%* cm™3 and n, = 0.97x10% cm™3,
respectively. Mass spectrometry analysis of another LaBi
sample showed ~1% lanthanum deficiency, which according
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FIG. 2. (a) Illustration of the XI"X plane in the bulk BZ highlighted in blue. (b) 3D volume plot of the bands. (c1-c3) The constant energy
contours at Eg = 0 eV, 0.5 eV, and 1.0 eV, respectively. (d1-d3) The corresponding ab initio calculation results in (c). (el) Calculated bulk
band dispersions along XI"X and (e2) XWX. (f1) Cut along the XI"X direction indicated as #1 in (c1). (f2) the corresponding second derivative
spectrum. (g1) Cut along the XWX direction indicated as #2 in (c1). (g2) The corresponding second derivative spectrum. The red dashed box

highlights the projected bulk band gap in which SSs exist.

to our ab initio calculations causes a Fermi energy shift of
~20 meV, which leads to an electron/hole density ratio of 0.8.
Assuming approximate linearity, our sample measured with
ARPES discussed here (n./n;, 2 0.3) should have a lanthanum
deficiency of ~3.5%, while another sample measured with
ARPES (n,/n, ~ 0.6, see supplementary Fig. S8 [31]) should
have a lanthanum deficiency of ~2%. This finding suggests
that the lanthanum deficiency between samples can vary in the
range of a few percent and cause a large imbalance between
electron and hole densities. However, since the XMR appears
to be ubiquitous across many samples of LaBi measured by our
group and many other groups, our result strongly challenges
the perfect carrier compensation as the main mechanism for the
observed XMR in LaBi. Notably, although previous quantum
oscillation measurements favored the calculated perfect carrier
compensation, it observed only two frequencies corresponding
to the @ and § pockets [16,18,32]. The observed sizes of the two
FSs are different from our results. (The Fermi crossing of the «

and 6 bands is 0.14 A_l and 0.05 A_l in our result, compared

with 0.13 10\_1 and 0.09 10\_] in the quantum oscillation result.)
This difference may be caused by a slight shift of the Fermi
level (hole doping due to La deficiency) between the samples
used for the two measurements, which may be caused by
a variation in the lanthanum vacancy concentration between
the samples. The electron carrier concentration deduced from
transport measurement is around 5x10%° cm™3 [16,18,32],
higher than our ARPES result of 0.97x10%° cm~3. Instead,
our ARPES measurements over the entire BZ directly map
out the complete 3D FS of LaBi, thus providing more reliable
information with regard to the FS pockets. Together with the
XMR observed in our sample, we believe that the perfect

electron-hole compensation should be excluded as the primary
cause of XMR in LaBi.

Next we examine the spatial location of the wave function of
the observed in-gap states. By scanning a large range of photon
energies (30-90 eV) we are able to reconstruct the momentum
perpendicular to the sample surface, commonly referred to as
k, (see SM for details [31]). The dispersion along k, allows us
to distinguish between states that are primarily located at the
surface (negligible dispersion along k,) and states that extend
into the bulk (dispersive along k). Figure 4(a) shows the equal
energy surfaces in the k -k, plane, which allows us to identify
one SS at I" (SS1) and two SSs at different binding energies at
M (SS2 and SS3) (details can be found in SM [31]). Figure 4(b)
shows the equal energy surfaces of the three SSs at different
binding energies. The energy dispersion of these surface states
are shown in Figs. 4(c)—4(h). The energy positions of the Dirac
points can be seen in Figs. 4(d)—4(h). The Dirac point at T’
is located at E; = 190 meV, and energy positions of the
Dirac points at M are E, = 210 meV and E; = 350 meV.
In accordance with the nontrivial Z, classification of the LaBi
bulk bands [14], we find an odd number of SSs at time-reversal
invariant momenta in the surface BZ, which is a hallmark of
its nontrivial topology [33]. We note that there is a quantitative
difference between the exact energy positions of the surface
Dirac points in our calculations and experimental results.
Such deviations are common, as the ab initio calculations we
carried out are known to have the following limitations: (1)
The exchange-correlation functional is known to show limita-
tions to describe the electron-electron interaction accurately
in density-functional theory calculations. (2) The realistic
surface boundary conditions may be different from the surface
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FIG. 3. (a) Illustration of the WXW plane in the bulk BZ high-
lighted in blue. (b) 3D volume plot of the bands. (c1—c3) The constant
energy contours at Eg =0 eV, 0.5 eV, and 1.0 eV, respectively.
(d1-d3) The corresponding ab initio calculation results in panel (c).
(el) Cut along the XWX direction, indicated as #3 in (cl). (e2)
The corresponding second derivative spectrum. The red dashed lines
indicate the f and & bands. The red arrows indicate the SS in the
projected band gap, while the black arrow indicates the discontinuity
where the surface states merge into the bulk band top of the 8 band.

termination of a slab model in calculations. This discrepancy
can sensitively tune the dispersion of the SSs, including TSSs.
However, we do not believe that these qualitative deviations
in the energy positions are undermining the central point of
our calculation, which shows that the observed odd number
of Dirac cones in the projected bulk gap are formed by states
located at the sample surface, which is a strong evidence for
the nontrivial topology of LaBi.

Finally, we want to discuss the possible mechanism for
the emergence of the XMR in LaBi. Besides perfect carrier
compensation, two other possibilities have also been proposed.
On one hand, a small difference in carrier densities may be
counterbalanced by a large difference in carrier mobilities,
as has been proposed in YSb (n./n;, = 0.81) [19]. However,
since the difference in carrier densities in LaBi is substantially
larger than that in YSb, the required difference in carrier
motilities substantially deviates from transport measurements,
which can therefore be excluded as a mechanism for the
XMR in LaBi (see SM for details [31]). On the other hand,
LaBi’s nontrivial topology, in combination with a d-p orbital
mixing of its bulk electron pockets, has recently been related to
the emergence of the XMR [32]. Our polarization-dependent
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FIG. 4. (al-a3) Photoemission intensity map along the k,-k,
plane of SS1, SS2 at Er and SS3 at Eg = 450 meV, respectively. The
red arrows indicate the SSs. (b1-b3) Photoemission intensity map
along the k.-k, plane of SS1, SS2 at E and SS3 at Ez = 400 meV,
respectively. (c) The illustrated band dispersion of the surface Dirac
cone at T'. (d) ARPES result of the band dispersion of the SS at T
measured with 54-eV photon. (e) The corresponding second derivative
spectra of panel (d). (f) The illustrated band dispersion of the surface
Dirac cone at M. (g) ARPES result of the band dispersion of the SSs
at M. (h) The corresponding momentum distribution curves in panel
(g). The three Dirac points’ positions are indicated by E1, E,, and E3;
SS1, SS2, and SS3 are indicated by the red dashed lines.

ARPES measurements, which can be found in the SM, indicate
the existence of such an orbital mixing [31]. However, to what
extent this mechanism is the true origin of the XMR, and
whether it can explain its quadratic field dependence, remains
to be explored in future studies.

In summary, our finding of TSSs confirms that LaBi
stands out as the only lanthanum monopnictide that exhibits
topologically nontrivial electronic bulk states. This finding
opens the possibility to study topological phase transitions in
the LaX family, either by doping LaBi with lighter elements,
which leads to weaker SOC, or by applying external pressure,
which recently has been shown to lead to the appearance of
superconductivity [34] or a metal-insulator transition [35].
Furthermore, the discovery of the nontrivial TSSs and the
strong electron/hole volume imbalance in LaBi not only
establishes a new family of TSMs, but also leads to the eventual
understanding of the underpinned mechanism of the intriguing
XMR effect recently found in different nonmagnetic materials
families [16,18], as our finding rules out the perfect carrier
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compensation scenario as the main origin of the XMR in
LaBi, thus putting strong constraints on future theoretical
investigations.
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