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Measurement of the atomic orbital composition of the near-
fermi-level electronic states in the lanthanum monopnictides

LaBi, LaSb, and LaAs

Thomas J. Nummy', Justin A. Waugh'?, Stephen P. Parham'?, Qihang Liu®, Hung-Yu Yang®, Haoxiang Li'%, Xiaoqging Zhou'?,

Nicholas C. Plumb @7, Fazel F. Tafti* and Daniel S. Dessau'?®

Recent debates in the literature over the relationship between topology and Extreme Magnetoresistance (XMR) have drawn

attention to the Lanthanum Monopnictide family of binary compounds. Angle resolved photoemission spectroscopy (ARPES) is
used to measure the electronic structure of the XMR topological semimetal candidates LaBi, LaSb, and LaAs. The orbital content of
the near-E¢ states in LaBi and LaSb are extracted using varying photon polarizations and both dominant d and p bands are
observed near X. The measured bulk bands are shifted in energy when compared to the results of Density Functional Calculations.
This disagreement is minor in LaBi, but large in LaSb and LaAs. The measured bulk band structure of LaBi shows a clear band
inversion and puts LaBi in the u =1 class of Topological Insulators (or semimetals), as predicted by calculations and consistent with
the measured Dirac-like surface states. LaSb is on the verge of a band inversion with a less-clear case for any distinctly topological
surface states and in disagreement with calculations. Lastly, these same bands in LaAs are clearly non-inverted implying its
topological triviality and demonstrating a topological phase transition in the Lanthanum monopnictides. Using a wide range of
photon energies the true bulk states are cleanly disentangled from the various types of surface states which are present. These
surface states exist due to surface projections of bulk states in LaSb and for topological reasons in LaBi.
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INTRODUCTION

The binary compounds containing a single pnictogen element
with La in a rock salt crystal structure have recently drawn
attention in the literature for both demonstrating extreme
magnetoresistance (XMR) as well as possible topological states
and surface Dirac Fermions.'™® Here magnetoresistance is defined
by the ratio R(H)/R(0), where R is the electrical resistance and H is
the applied magnetic field. In transition metal oxides, both Giant
and Colossal Magnetoresistance have been observed’® and
implemented in non-volatile magnetic memory,” as magnetic
sensors,'® as well as proposed spin valves in spintronics.'
XMR is distinct from these well-understood phenomena in that
it is exhibited in materials where R(0) is small, i.e., good metals."?
The effect also spans several classes of materials including
Dirac semimetals,'>'* Weyl semimetals,’>™'” and layered semi-
metals.'82°

The complete physical description of the mechanism respon-
sible for XMR is currently not understood. Quantum oscillation
studies in the partially electron-hole compensated LaSb and LaBi
have shown that the electrical transport at low temperature and
applied magnetic field is dominated by ellipsoidal electron
pockets.'” Due to the spin-orbit coupling in both of these
materials, electronic structure calculations predict mixing between
the La d orbital and the pnictogen p orbital bands, which compose

the pocket.”'? The mixing of these two bands, in turn, creates an
orbital composition crossover at Ef on this pocket. The existence
of this crossover is found in many of the materials which exhibit
XMR.'? Furthermore, topological surface states have been
suggested as a necessary ingredient for XMR.?'?*? Several of the
materials which demonstrate XMR have been confirmed or
predicted to be, topologically non-trivial'>™'"?" indicating, at
minimum, a correlation between the two phenomena.

Electronic structure calculations on the Lanthanum Monopnic-
tides indicate that the d and p bands will cross only once along
the ' — X direction and therefore will be inverted at X This
inversion, along with the existence of inversion and time reversal
symmetries in these systems, would result in a non-trivial Z,
invariant for the Lanthanum Monopnictides. The same calcula-
tions show the degree of band inversion in a given Lanthanum
Monopnictide compound is dependent on the pnictogen species
present. Furthermore, these results predict that the inversion
magnitude decreases with a smaller atomic number, but is present
in all compounds in the family except LaN.?

In this report, we present ARPES measurements as well as bulk
electronic structure calculations for LaSb, LaBi, and LaAs. Three-
dimensional mapping of k space is performed and shows good
but not complete agreement with the Density Functional
electronic structure calculations, with the most important
differences concerning the inversion of the bands at the X point,
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which impacts the topological order of the materials. A full
mapping of k, using ARPES over several Brillouin zones (BZ) shows
the presence of several surface effects in the spectra from both
LaBi and LaSb, including unique surface states in LaBi. We make a
comparative study of the surface states in both materials with a
discussion on the topological nature of these surface states.
Furthermore, we utilize the selection rules of the photoemission
matrix element to directly extract the orbital composition of the
electron pockets found in the bulk of these materials. We report a
clear band inversion in LaBi, while LaSb is near a band inversion,
and LaAs is clearly non-inverted.

Previous ARPES studies have been carried out on LaBi and LaSb
focusing on their surface states and corresponding topological
classification: in LaBi®?"*> and in LaSb.>*?' However, the
topological class of these materials is inferred from calculations
and the existence of “Dirac-like” dispersions in each of these
reports. The consensus reached by refs®?'?? is that LaBi is
topologically nontrivial. Ref. * claims LaSb to be topologically
trivial while ref. 2" argues that LaSb is non-trivial.

From direct measurement, we show that LaBi has a band
inversion, LaSb is on the verge of inversion, and LaAs is non-
inverted. This demonstrates a topological phase transition within
the family of Lanthanum Monopnictides. As for implications to
XMR, we note that only LaBi is topologically non-trivial. From these
facts, we conclude the possibility that topology is an essential
ingredient for XMR is unlikely.

RESULTS

Single crystals of LaBi, LaSb, and LaAs were cleaved in-situ along a
100 crystal face. The presence of a surface termination allows for
the possibility of surface states which follow the symmetries of the
surface Brillouin zone (SBZ), which are distinct from the bulk
Brillouin zone. The relationship between the two zones is shown in
black (bulk) and blue (surface) in Fig. 1c. Note that when cleaved
on the 100 surface, I and one of the three bulk X points, X3, is
located at k= 0. Therefore, when projected along the k, (k)
direction, they overlap at the same high symmetry point in the
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SBZ: T. Similarly, the bulk X, and W points both project to the
surface M point. These projections to the SBZ require an in-plane
back folding of states in the SBZ relative to bulk states, as will be
discussed in more detail later in the paper. These surface states or
surface resonances need to be distinguished from topologically
induced surface states.

Results of Density Functional calculations for LaBi and LaSb
materials are presented in Fig. 1a, showing the bulk Fermi surface
to have two hole pockets centered on the I point and ellipsoidal
electron pockets centered on the X points. These electron pockets
have been indicated to dominate the transport signal in quantum
oscillation experiments at low temperature and high magnetic
field, the same regime of phase space as XMR.'?

The experimental Fermi surfaces as captured by our ARPES
measurements are very similar to the calculations, as shown in Fig.
1b,d. Starting from the stacked three-dimensional bulk Brillouin
zones shown in Fig. Te, we may take in-plane experimental cuts
(panel B), or we may hold an in-plane value such as k, fixed, and
take a “vertical” slice in k; such as is shown in panel D. The vertical
slices in which k; is varied allow us to accurately select the high
symmetry in-plane cuts (for example, the cuts of panel B were
taken at k, = 6* (2r1/a), equivalent to k,=0). Furthermore, these
cuts allow us to distinguish between true bulk states, which
disperse in k, and states localized near the surface, which do not.
More details of this will be discussed in a later section, including in
the Supplementary Materials, which shows the conversion from
photon energies to k, values.

Visible in panel 1B are the “jack-shaped” hole pockets on the
Fermi surface, centered at the I points ((kx, ky, kz) = (0, 0, 6), (0, 2,
6),(2, 0, 6), (2, 2, 6) in units of 271/a), as well as the many in-plane
ellipsoidal electron pockets on the Fermi surface at the bulk X;
and X, points ((kx, ky, kz) = (0, 1, 6), (1, 0, 6), (1, 2, 6), etc). These are
exactly as expected from the bulk calculations. The out-of-plane
ellipsoids are visible at the X5 point, i.e.: (kx, ky, kz) =(1, 1, 6), (1,
—1, 6), etc. These in-plane momenta correspond to T in the SBZ, as
do (1,1,6) and (1, —1,6) and a superposition of spectral weight can
be seen around the circular cross-section of the ellipsoid at X3
from T, resulting in a faint jack-shape. This weight in panel 1B
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Fig. 1 Determination of the Fermi surface by k space mapping. a Calculated Fermi surface for LaBi (top) and LaSb (bottom). Both compounds
have ellipsoidal electron pockets centered on the X points and two hole pockets centered on the Gamma point. b Fermi surfaces measured in
the k,, k, plane at k,= 6.0 (/a). ¢ Schematic of the Brillouin Zone projected to the surface Brillouin Zone. d Measured Fermi surfaces from
ARPES in the k,, k, plane covering two Brillioun zones in the k, direction with k, fixed at 0. e Planes of fixed k, = 0 (yellow) and k, = 6 (r1/a)
(green) illustrate the location of the constant energy surfaces in b, ¢, which cut through the tessellated truncated octahedra
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should be considered as originating from the surface which back-
folds spectral weight to the smaller SBZ and/or projects weight to
surface states and surface resonances, as will be discussed later.

Understanding the orbital character of the bands is a powerful
method to determine the topological classification of a material
with inversion and time reversal symmetries.*** Projecting our
Density Functional calculations to an atomic orbital basis, we see
that for both LaBi and LaSb, the X-point ellipsoidal bands near the
Fermi energy are composed of both La d orbitals and pnictogen p
orbitals, as shown in Fig. 2e. The tips of the ellipsoidal electron
pockets are majority composed of d orbitals, while the midsec-
tions of the ellipsoids are of a dominant p orbital character. This is
consistent  with other calculations on the Lanthanum
Monopnictides.*'?

We employ polarization dependent ARPES to confirm the orbital
character determined by DFT. Applgling symmetry arguments to
the photoemission matrix element®>?° in conjunction with dipole
selection rules, allows us to extract the parity and atomic orbital
composition of the electronic wavefunction. This is achieved by
comparing the photoemission intensity when the perturbing
electric field is even versus odd in the plane defined by the
Poynting vector of the light and the sample normal.

Figures 2b, c show the ARPES results for different polariza-
tions and experimental geometries, focusing on the ellipsoidal
pockets at the X points. To change the relative orientation of
the electron pockets to the Poynting vector of the light, we
change the photon energy to move between different k,
planes, namely the X, point at k,=5(2n/a) (2B and 2C, left
panel) and the X; point at k, = 6(2r1/a) (2B and 2C, right panel).
This allows us to minimize tilting away from the high symmetry
plane of the crystals, keeping the symmetry analysis as pure as
possible.

For o polarized light (Fig. 2b), the central regions of the ellipses
are not visible, for either orientation. Via the dipole selection rules,
these results imply a lack of in-plane p orbitals along the
midsection of the ellipse (see Supplementary Materials for more
details). The tips of the ellipses give non zero intensity at X;, and
very faint intensity at X,. We attribute this faint intensity at X, to
be from impure o polarization due to the nearly 10° tilting of the
sample relative to the Poynting vector at this k, value. These
results for the tips of the ellipsoids require a d orbital odd under
reflection in the k,/k, plane. To determine the specific d orbital we
note that crystal symmetry requires each ellipsoidal tip to
transform into each other under rotations. The only d orbital
consistent with this constraint for an ellipsoidal pocket pointing in
the x-direction is d,, (Fig. 2d).

When using m polarized light (Fig. 2c), a higher intensity signal
from the central region of the ellipse is measured, regardless of
the relative in-plane orientation of the ellipse to the polarization
vector (i.e., both left and right plots of panel C). Using dipole
selection rules we conclude the p orbitals along the midsection of
the ellipse must be out of plane (see Supplementary Materials).
This is consistent with our previous conclusion from the o
polarization measurement. Using 7 polarization at X;, again we see
that the zero in intensity at the tip of the ellipse implies that the d
orbital there must be odd under reflection in the k,k, plane which
is consistent with the d,, orbital.

From these two measurements, subsequent symmetry argu-
ments, and our simulation we can extract the full orbital content
of the electron pockets at the X points. For the ellipsoids pointing
along the x-direction, the tips of the ellipsoids are composed of La
d,, orbitals while the equators are composed of tangential
pnictogen p orbitals as shown in Fig. 2d. A more detailed
description of this analysis is given in the Supplementary
Materials.

Figure 3 shows a detailed view of the measured dispersions
along the high symmetry directions for both materials along with
the surface (blue) and bulk (black) Brillouin zones. Panels A (B) and
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Fig. 2 Determination of atomic orbitals by linear dichroism. a
Schematic of the 3D Fermi surface relative to the constant energy in-
plane momentum cuts shown below in the polarization dependent
ARPES results from the electron pockets at X. The measurement
plane through X3 and X, on the zone edge (k, =5 (271/a)) is shown in
the left panel. The measurement plane through I" and X; (k, =6 (2r1/
a)) is shown in the right panel. b ARPES measurements of the Fermi
surface using 7 polarized light incident from the left and (c) (0)
polarized light incident from the left. m polarization produces a
strong signal from the center of the ellipse, while o polarization
gives a stronger signal from the ends. We conclude that dominant
orbital composition of the ellipsoid pocket is that of the schematic
shown in d. Tangentially ordered p orbitals compose the central
region of the prolate ellipsoid with d,, orbitals composing the ends.
e Total p vs. total d orbital contribution to the electron pocket shown
at Er. f Relative contributions from different p orbitals to the highest
energy occupied band along the X-W direction. k¢ is indicated in the
diagram to show where the ARPES measurements were performed.
The p, orbital is the dominant contributor to the wavefunction at E¢
along this k direction

C (D) shows the raw data from the '—X and X— W cuts
respectively for LaBi (LaSb). The second derivative of the data
(panels E and F) is used to highlight the dispersive features of the
raw data and is shown overlaid with a trace of the dispersions.
Blue dashed lines indicate a dominant p orbital character of the
band as determined from the polarization-dependent ARPES
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Fig. 3 ARPES dispersions. ARPES dispersions along the I' — X direction for LaBi (a) and LaSb (b) as well as the X-W direction for LaBi (c) and
LaSb (d). e, f: 2nd derivatives of the ARPES data along I'-X-W for LaBi and LaSb respectively. The dotted lines are traces of the band dispersions.
Blue (Red) denotes P (d) orbital dominated bands. Green dashed lines denote bands which arise due to the presence of the crystal surface
(SS). Yellow dashed lines indicate a topological surface state (TSS). In LaBi, projecting the bulk density of states to the 001 surface produces a
gap at M in which the surface state resides, ie. a true surface state. In LaSb, there is no gap at M when projecting to the 001 surface. Instead,
the bands marked by green are back folded along the k, direction by m/a by the surface. g, h: Comparisons between calculated band
dispersions (solid lines) and measured band dispersions (dashed lines). In LaBi (g) the band inversion at X is predicted correctly. In LaSb (h), the
calculation predicts a band inversion at X, however, the experimental results suggest LaSb is at, or very near, a critical point of band inversion. i
In-plane projection of the bulk BZ (black dashed line) and surface BZ (blue dashed line). The solid red (green) line indicates the location of the

cuts in a-d

experiments of Fig. 2, as well as from orbital-projections of our
DFT calculations. Red dashes indicate a dominant d orbital
character, green and yellow dashes indicate different electronic
states that arise due to the presence of the crystal surface and will
be described in more detail later.

Panels G and H compile the measured band dispersions
(dashed lines, reproduced from panels E and F) with calculated
dispersions from DFT (solid red and blue lines). The calculated
bands we show are nearly identical to the results from other
works,>'> and while they have many close similarities to our
experimental bulk bands, they also have some clear differences. In
particular, we see that many of the calculated p-bands from both
LaBi and LaSb are shallower in energy and have less dispersion
than the experiment, and the calculated d bands are deeper in
energy than the experiment. Most important are the energies of
the states at the X point, as these determine whether these
materials lie in the v =1 topological class or not. As shown in Fig.
3g, the actual agreement between experiment and theory for the
LaBi bands at the X point is very good, with the d band, at 0.55 eV,
underneath the p band, at 0.1 eV, (inverted) by about 450 meV.
This 450 meV inversion gap will be seen to host topological Dirac-
like states at the surface (yellow dashed), which are presumably
directly related to this band inversion.

In LaSb, the disagreements between the calculations and the
experiments become much more important, as shown in panel H.
The bulk bands from the Density Functional calculation (solid)
show the d band at 0.5 eV at X to be about 300 meV below the p
band at 0.2eV at X (inverted), the experimental result of this
inversion (dashed lines) is approximately 0 =50 meV, i.e, it is not
clear whether the bulk bands are inverted or not, therefore we
describe LaSb as being on the verge of a topological transition.
This will be discussed in more detail in Fig. 4 below.
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Fig. 4 Top Row: Band structure calculations of LaBi (left), LaSb
(center), and LaAs (right). Red (Blue) lines indicate bands with a
dominant d (p) orbital components. A band inversion is predicted in
all three materials and therefore all are predicted to be topologically
non-trivial. Bottom Row: Measured band structure of LaBi (left), LaSb
(center), and LaAs (right). LaBi is still clearly inverted at X, while LaSb
lies very near the critical point of topological triviality. The right
panel shows that the un-inverted band structure in LaAs. This
demonstrates a topological transition within the chemical family

DISCUSSION

Due to the band inversions that are present at the 3 X points, LaBi
can be classified as a 3D topological semi-metal and should host
Dirac-like surface states. However, different surface effects can
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manifest similarly in ARPES. Therefore, it is important to confirm
topologically driven origins. We start with a discussion which
shows that the type of surface states in LaSb are different from
those in LaBi. Later, we discuss the results of LaAs and show it is
topologically trivial. This progression between the two classes of
7, topology demonstrates a topological phase transition in the
Lanthanum monopnictides.

Figure 3c shows clear evidence of a Dirac-like dispersion in LaBi
centered at the X point (M point in the SBZ), which is not present
in the bulk Density Functional calculations. To prove that this state
is, in fact, a topological surface state (TSS) one must demonstrate
the correct number of band inversions exist in the bulk band
structure in addition to confirming the state in question is
localized to the surface. Projecting the bulk density of states of
LaBi along the W — X direction to M in the [001] SBZ, one can see
that there will be a 450 meV direct gap in which only a pure
surface state can reside. These states exist within the bulk band
gap and also do not disperse in k, (See Supplemental Information)
from the top of the cone down to the valence band. Therefore this
state must be localized to the surface.

This information, together with the existence of the band
inversion, produces the conclusion that this is a TSS, consistent
with previous reports.”'?> We label these by the yellow dashed
lines in Fig. 3e. The bulk conduction band near X (shown with blue
dashed lines) is still present in the ARPES data but is overlapped
with the TSS at this location in Fig. 3e,g. The superposition of bulk
and surface states is confirmed by considering the k, behavior. In
Fig. T panel D we show the Fermi surface in the k./k, plane. There
is clear periodicity at the X points, indicating bulk states (for a view
of the dispersion along the X — W — X direction in k, see the
Supplementary Fig. S2¢,d). The existence of the superimposed TSS
is made clear in Supplementary Fig. S3 which shows a Dirac cone
that is non-dispersive in k, and overlaps with the bulk X point.
Note that because the X; point will project to the T surface point
of the [001] surface, one also should expect a very low-intensity
topological surface state there at the same energy, though the
matrix element for observing this state is strongly suppressed in
our data, which emphasize the states at X;.

In LaSb the states observed in ARPES that are not present in DFT
calculations are of a separate nature. The same band inversion
found in LaBi along the I — X direction is predicted to exist in our
own DFT calculations (Shown in Fig. 4). However, there are
conflicting DFT**” and ARPES*?' studies in the literature that
claim the existence of, or lack thereof, a TSS in LaSb. Experimental
results (Fig. 3f) show that LaSb is very near the critical point of a
band inversion at X, however, we observe no obvious TSS.
Although Figs. 3b, d appear to show Dirac-like states at X, we find
that these are instead replica bands of the bulk dispersion back-
folded due to the presence of the crystal surface (which has a
smaller, and therefore back-folded Brillouin zone compared to the
bulk), which are shown as green dashed lines in Fig. 3f. These
back-folded states explain all of the “extra” observed spectral
features not predicted by bulk DFT calculations (see Supplemen-
tary Materials for a more detailed discussion of this back-folding
and k, resolution). The assignment of all bands in LaSb to either
bulk or surface-back-folded bands means there is no evidence of a
separate Dirac-like topological surface state (TSS) observed in
LaSb, in contrast to the case of LaBi which does have the
additional TSS.

Compared to LaBi and LaSb, LaAs is the lightest compound of
the three materials. Figure 5 shows the ARPES results from LaAs.
Panels (B) and (C) show the I' — X and X — W cuts respectively. The
bands of LaAs are clearly non-inverted and therefore LaAs belongs
to the topologically trivial (v=0) class of materials. In Fig. 4, we
compile the evidence for the existence of a topological transition
in the Lanthanum Monopnictides. The top row shows our density
functional calculations for (from left to right) LaBi, LaSb, and LaAs
along the I'—X direction. The calculations show a trend of

Published in partnership with Nanjing University

Measurement of the atomic orbital composition of the near
TJ Nummy et al.

np)j

/S
Binding Energy (eV)

X W

ky (21Va)

Fig. 5 ARPES dispersions in LaAs. a Location of the ARPES cuts in
panels b (red) and c (green). b I' — X cut showing the ellipsoidal
electron pocket and non-inverted band structure at X. ¢ X — W cut
across the minor axis of the ellipsoid

decreasing magnitude of the La d band inversion over the
pnictogen p band as both the lattice constant and spin-orbit
coupling decrease in the lighter pnictogen species, though the
inversion is still present in LaAs in these calculations and others.?
However, our measurements (bottom row) show that in moving
from LaBi (left) to LaAs (right) in the pnictogen family the bands
are already non-inverted.

An important consequence of the LaAs measurements is that
the bands can be non-inverted and still preserve the mass
anisotropy and orbital texture of the ellipsoidal electron pockets at
X. If the occurrence of XMR in the LaBi and LaSb were due to the
topological non-triviality of these compounds and not the orbital
crossover on the electron pockets, then LaAs is an ideal test case
for determining the role of topology in the mechanism for XMR in
the Lanthanum Monopnictides. At this time we are unaware of
any studies of ARPES or XMR in the lighter siblings LaP, or LaN.

We have presented ARPES measurements in which we
successfully extract the dispersions in LaBi, LaSb, and LaAs. In
addition to this, we determine the dominant orbital contributions
of the bands in LaBi and LaSb. From our extraction of the orbital
character of the near Fermi surface bands and the ARPES
dispersions, we show that LaBi has a clear band inversion at X
while LaSb appears to be very near a critical point between trivial
and nontrivial topological phases, but does not host an obvious
TSS. LaAs clearly lies on the other side of this phase transition in
the class of trivial topology. For LaSb and LaAs, this differs from
both our own DFT calculations and those in the literature. We
observe a topological phase transition in the Lanthanum
monopnictides which, argues against a clean role of the topology
to the XMR effect.

METHODS

The ARPES measurements were done at the Surface/Interface Spectro-
scopy (SIS) beam line at the Swiss Light Source and the ‘I-05" beamline at
Diamond Light Source. For both beam lines, a VG-Scienta R4000 electron
analyzer was used. The photon energies used were from 20 to 240 eV with
a total experimental resolution between ~20 and ~150 meV over this
range. The angular resolution of the electron lens is 0.2°, corresponding to
0.01TA™" at 120eV electron kinetic energy. Both beam lines utilize
undulators with polarization control. Preparation of the crystals for the
ARPES measurement was done in a nitrogen-purged glove box. A pristine
sample surface was obtained by cleaving the crystals in situ in a working
vacuum better than 5x10™"" mbar. Proper alignment of the electron
analyzer slit to the crystal axes was achieved to a 0.2 degree precision
using 6 axis manipulators by performing maps of the electronic dispersion
near Er.

Density functional theory (DFT) with the projector-augmented wave
pseudopotential and the generalized gradient approximation to exchange
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and correlation of Perdew, Burke and Ernzerhof as implemented in the
Vienna ab initio package (VASP) was utilized. The plane wave basis set size
reflected in energy cutoff is 500 eV, and the total energy minimization was
performed with a tolerance of 10> eV. Spin-orbit_coupling is calculated
self-consistently by a perturbation, 37, V*OL-S|l,m,i)(I,m,i| to the
pseudopotential, where |/, m, i) is the angular momentum eigenstate of i-
th atomic site, The orbital intensity was calculated by projecting the wave
functions, ¢ kS' with a plane-wave expansion on the orbital basis
(spherical harmonics) of each atomic site, as written in the following:

10 (5) = (o(8) o) ()

where n, k denote band index and crystal momentum, respectively.

Data availability
All relevant data are available from the authors upon request.
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