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Uncovering surface states of the Dirac semimetal BaMg,Bi,
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BaMg,Bi, is a Dirac semimetal characterized by a simple Dirac cone crossing the Fermi level at the center
of the Brillouin zone, protected by C; rotational symmetry. Together with its Sr-based analog SrMg,Bi,, it
has been proposed as a promising candidate for a chemically driven topological switch: while StMg,Bi, is an
insulator, BaMg,Bi, exhibits nontrivial topological features. A detailed understanding of its electronic structure
is essential to elucidate its electronic and transport properties. Previous photoemission studies confirmed the
Dirac nature of BaMg,Bi,, but were limited to high photon energies, which hindered direct comparison with
density functional theory calculations (DFT), due to reduced resolution and higher-frequency matrix-element
modulation in that regime. In this work, we combine high-resolution angle-resolved photoemission spectroscopy
and DFT calculations to get full insight into the valence band states, providing a comprehensive picture of
the low-energy electronic structure. Our measurements reveal the presence of previously unobserved surface
states. We found that they are topologically trivial, but they unlock a more comprehensive understanding of the
material’s behavior, reconciling previous discrepancies between experiment and theory.

DOI: 10.1103/ps93-rfk3

I. INTRODUCTION

The interplay between crystalline symmetry and band
inversion—often facilitated by spin-orbit coupling—plays a
central role in the emergence of novel topological phases
of matter [1-4]. Among these, topological Dirac semimet-
als (TDSs) represent a distinct class, differing fundamentally
from conventional topological insulators. TDS materials have
garnered significant interest due to their exceptionally high
carrier mobility [5,6]; the presence of surface Fermi arcs that
give rise to unconventional transport phenomena [7-9]; and
their typically large, nonsaturating magnetoresistance [10,11].
From a band structure perspective, a TDS is characterized by
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massless Dirac fermions, manifested as linear band crossings
(Dirac nodes) at or near the Fermi level. Importantly, un-
der external perturbations such as strain or applied magnetic
fields, topologically trivial Dirac nodes can split into Weyl
nodes with opposite nontrivial chiralities, thereby realizing a
topological transition. These tunable responses make TDSs
highly promising for applications in next-generation elec-
tronic and spintronic devices.

BaMg,Bi; crystallizes in the CaAl,Si,-type structure,
corresponding to space group P3ml (No. 164). This crys-
tallographic configuration enforces a C; rotational symmetry,
which plays a pivotal role in stabilizing the system’s only
Dirac cone-located at the center of the Brillouin zone and
linearly dispersing across the Fermi level (see Fig. 1) [12].
Crucially, despite hosting a symmetry-protected Dirac node,
BaMg,Bi, is topologically trivial, thus providing a clean
model platform for investigating textbook Dirac fermions in
the absence of additional topological features [13]. Moreover,
this structure exhibits considerable chemical flexibility; for
instance, substituting Ba with other alkaline earth or rare-earth
elements [14—16] can effectively modulate the spin-orbit cou-
pling strength by altering the local atomic environment. Such
tunability is particularly valuable for exploring topological
phase transitions in this material family.

Published by the American Physical Society
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FIG. 1. (a) Side and top views of the structure and unit cell of
BaMg,Bi, crystal, showing the typical CaAl,Si, structure. (b) Re-
sulting Brillouin zone with high-symmetry directions indicated. The
surface Brillouin zone is also indicated. (c) Bulk electronic structure
along the in-plane high-symmetry directions. (d) Same as (c) but
along the out of plane direction.

Previous experimental studies have explored the electronic
structure of BaMg,Bi, using angle-resolved photoemission
spectroscopy (ARPES), confirming the Dirac nature of this
compound through the observation of dispersing massless
fermions, and directly probing the Dirac point via K depo-
sition [13]. However, measurements conducted at relatively
high photon energies suffer from limited resolution, which
hinders a clear visualization of other electronic states. In par-
ticular, due to the increased bulk sensitivity at high photon
energies, it is challenging to detect surface states. More-
over, electronic doping via alkali deposition modifies the
surface potential and suppresses intrinsic surface states. Here,
by combining high-resolution angle-resolved photoemission
spectroscopy (ARPES) with variable light polarization and
photon energy [17,18], together with density functional theory
(DFT) calculations, we complete the picture of the electronic
structure. Our study reveals the presence of additional states—
some arising from k, broadening artifacts, and others which
we attribute to the surface-state manifold. Our polarization-
dependent measurements in the low-energy regime shed light
on additional features of the electronic structure which can be
important or relevant for transport in BaMg,Bi,.

II. RESULTS AND DISCUSSION

High-quality single crystals of BaMg,Bi, were grown via
a self-flux method using the constituent elements in a 1.5:5:9
molar ratio (Ba:Mg:Bi). The mixture was loaded into an alu-
mina crucible, sealed in an evacuated quartz tube, and heated
to 900 °C for 12 h. It was then slowly cooled to 650 °C at
a rate of 1°C/h. The crystals were separated from the flux
by centrifugation. The resulting crystals exhibited smooth
surfaces and a pronounced metallic lustre. ARPES measure-
ments were carried out at the CASSIOPEE beamline of the

synchrotron radiation facility SOLEIL (Paris), using both
linear vertical (LV, s-polarized) and linear horizontal (LH, p-
polarized) polarizations. In the geometry of this experimental
setup, LV-polarized photons have their electric field vector
entirely confined within the sample plane, while LH polariza-
tion introduces both in-plane and out of plane components of
equal magnitude. The resolution of the beamline is better than
10meV. ARPES was performed under ultrahigh-vacuum con-
ditions (UHV) at 20K base temperature. The samples were
prepared in a glovebox environment by affixing them to the
sample plate using two-component silver epoxy. They were
subsequently top posted and cleaved under UHV conditions
at 20 K. This procedure ensures that the surface properties are
not destroyed by low vacuum and adsorption of impurities, a
situation that can often occur if samples are cleaved at a higher
temperature and then cooled down.

In addition, first-principles calculations were performed
using the QUANTUMESPRESSO DFT package. The self-
consistent calculations were carried out on a 8 x 8 x 8k-point
grid with a 80 Ry energy cutoff, employing fully relativis-
tic projector augmented wave (PAW) pseudopotentials. It is
important to note that, due to the lack of sixfold rotational
symmetry in the crystal, there are two inequivalent M points
and two inequivalent K points, which are related by a 60°
rotation of M and K around the (001) axis. For the (001)-slab
model, where the (001) surface is truncated by vacuum, the
system retains only one spatial symmetry, as the truncation
breaks inversion symmetry. The remaining symmetry opera-
tion is a 180° rotation about the (110) axis combined with
inversion. This breaking of inversion symmetry could permit
the existence of spin-split surface states. Time-reversal sym-
metry is preserved in both the bulk and slab geometries.

Leading from our combined experimental and theoretical
data, in Fig. 2 we present the bulk-calculated electronic struc-
ture alongside ARPES spectra acquired at variable photon
energies and polarizations. A change in photon energy results
in a variation of the probed k, (going with the square root
of the photon energy), thus allowing one to probe different
areas of the three-dimensional (3D) Brillouin zone. Overall,
and consistently with Ref. [13], there is general agreement
between the ARPES data and the DFT calculations: we re-
veal the main features of the valence band in BaMg,Bi,.
The outermost and rapidly dispersing band crossing Er and
forming the Dirac point in the conduction band, as shown by
Takane et al. [13], is often saddled by unfavorable matrix el-
ements, and is therefore partially visible only at some photon
energies. The overlap between experimental and calculated
bands displays some discrepancies in terms of energy position
of the main features, but overall the calculations follow the
experimentally revealed dispersion. We also note the relevant
broadening of most of the measured electronic states. This
may be attributed to intrinsic disorder effects at the cleaved
surface of BaMg,Bi,: surface relaxation and vacancy forma-
tion are likely to alter the on-site energies and the degree of
electronic correlation at the surface, resulting in energy shifts
and spectral broadening observed experimentally. The pro-
nounced surface sensitivity in the 75 — 95eV photon energy
range makes our measurements relatively prone to revealing
such effects. Nevertheless, as indicated by the red and blue
arrows in Fig. 2, the major and striking difference is that
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FIG. 2. (a) ARPES (E, k) dispersions of BaMg,Bi, along the I'-K (top) and I'-M (bottom) directions for both LH and LV polarizations.
Spectra were acquired with 75 eV photons, corresponding to a bulk I" point. (b) Same dispersions acquired with 85 eV photons, corresponding
to the A point. (c) Spectra obtained with 95eV photons, corresponding to the next bulk I" point. Red and blue arrows highlight additional

features not previously reported.

several bands at each k, value are neither captured by DFT
nor reported in earlier experiments. The measurements span
a photon-energy range that covers multiple Brillouin zones;
for brevity, we show one repetition in the main text, while
additional energies are provided in the Supplemental Material,
Figs. S1 and S2 [19]. Because the unidentified features persist
across the entire k, range and for both light polarizations,
they cannot be attributed to photoemission matrix-element
effects; instead, they point to an intrinsic characteristic of the
electronic structure of BaMg,Bi,. These features are evident
along both the I'-K and I'-M high-symmetry directions.

Mapped in Fig. 2, the calculated dispersions along I'-K
directions, as well as the '-M and the symmetry-inequivalent
'-M’ directions (due to the intrinsic C; symmetry of
BaMg,Bi,) are shown in red and green, respectively. Given
the photon beam’s lateral size of approximately 100 um, do-
mains rotated by 180° are likely probed simultaneously. The
resulting superposition of '-M and I'-M’ contributions ren-
ders the experimental spectra more symmetric and partially
broadens the linewidths, although differences—especially in
the intensity of some bands—are clearly visible between the
two symmetry-inequivalent spectra. To account for this, we
overlay both inequivalent cuts in the theoretical plot. How-
ever, domain averaging alone cannot reproduce the additional
spectral weight highlighted above, indicating that further
mechanisms must be considered.

Examining the data presented in Fig. 2, we note that the
photon energy spans a full &, period, covering the path from I
to the next I' point. The bands reach their minimum binding
energy at the center of the Brillouin zone and their maximum
at the A point. Therefore, the features marked by the red
arrows in Fig. 2 are unexpected, as they appear above the
calculated bands in Figs. 2(a) and 2(c). In contrast, additional
features appearing at lower binding energies—still previously
unobserved—could be more straightforwardly explained. We

now focus on these latter bands, highlighted by the blue ar-
TOWS.

Remarkably, despite an overall modulation and redistribu-
tion of intensity, all bands remain mostly visible across the
entire photon energy range. Although this may initially seem
inconsistent with previous studies, the observed phenomenol-
ogy can be reconciled by considering the strong k, broadening
in both the ARPES spectra and the bulk-projected simulations.
Experimentally, k, broadening manifests as a general filling
of spectral intensity over the entire k,-dependent dispersion
range. This effect arises because, despite tuning to a specific
photon energy, multiple k, values are effectively probed si-
multaneously. Such a condition is common in materials with
strongly three-dimensional electronic structures and large c-
axis lattice constant [20,21], and it is therefore not surprising
that it occurs in BaMg,Bi, [22].

Driven by this interpretation, our bulk-projected DFT
calculations successfully reproduce the spectral broadening
observed in the ARPES data. This comparison is shown
in Fig. 3 for the bulk I' point, along both the '-K and
I'-M directions. As clearly illustrated, the filling of the
electronic states seen in the ARPES measurements finds a
simple yet compelling explanation: several of the states that
appeared experimentally—previously unreported—are now
accounted for. However, the features highlighted in red remain
unexplained within the framework of bulk-projected DFT,
suggesting a nonbulk origin.

As a means of verification, we performed surface-state
calculations using a slab geometry that is infinite in the x and
y directions but truncated along z [the (001) axis]. The slab
consisted of 24 atomic layers with a 12 A vacuum separating
the two surfaces. In Fig. 4, the projected bulk continuum is
shown in light blue [obtained by projecting the bulk band
structure onto the (001) plane], while the surface states ex-
tracted from the slab calculation are highlighted in green
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FIG. 3. (a) ARPES (E, k) dispersions of BaMg,Bi, along the
I'-K and (b) I'-M directions for both light polarizations indicated
in the figure. The projected bulk continuum from DFT calculations
(in blue) has been overlaid to the experimental spectra.

(identified based on their probability density). We confirm the
localization at the surface of these bands by projecting their
probability density onto the BaMg,Bi, slab; one example for
the lowest-energy surface state is shown in the Supplemental
Material, Fig. S3 [19]. Polarization-dependent ARPES spectra
show that these states are visible under both LH and LV
light, implying contributions from orbitals with both in-plane
and out of plane symmetry. This behavior is consistent with
hybridization between Bi-p, and Bi-p. ) orbitals, slightly
modified by the broken inversion symmetry at the surface.

Since the I and M points are time-reversal invariant mo-
menta, the surface states remain degenerate at these points,
meaning that their spin splitting vanishes. However, this does
not hold at K, as time-reversal symmetry alone does not
enforce degeneracy there due to the crystal symmetry. The
presence of spin splitting, as shown, e.g., for the x and y
components of the spin (the z component is zero, enforced by
crystal symmetry) in the Supplemental Material, Fig. S4 [19],
is therefore not unexpected. Examining the number of Fermi-
level crossings of the surface states between high-symmetry
points, we find that it is always even. This indicates that
the surface states are topologically trivial [23]. If they were
nontrivial, we would expect them to exhibit an odd number
of Fermi-level crossings and ultimately connect the bulk con-
duction and valence bands, whereas in the case of BaMg,Bi,
they touch at the I point.

The observed surface states arise from the intrinsic poten-
tial discontinuity at the interface between the crystal and the
vacuum. The cleavage along the (001) plane breaks inversion
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FIG. 4. (a) ARPES (E, k) dispersions of BaMg,Bi, along the
I'-K and (b) I'-M (bottom) directions for both light polarizations
indicated in the figure. The projected bulk continuum from DFT
calculations (in blue) has been overlaid to the experimental spectra.
The green color indicates the surface states, calculated as described
in the text.

symmetry and modifies the local coordination of the surface
Bi atoms, leading to a redistribution of charge and a rehy-
bridization of Bi-p and Mg-s orbitals. This creates localized,
topologically trivial states confined to the outermost layers of
the slab. Their existence is therefore a natural consequence
of the surface termination rather than of a bulk topological
mechanism manifesting at the surface, yet they represent a key
ingredient in fully understanding the electronic properties of
BaMg,Bij.

III. CONCLUSIONS

In summary, we have conducted a comprehensive in-
vestigation of the electronic structure of BaMg,Bi, using
high-resolution ARPES, combined with polarization and pho-
ton energy dependent measurements, supported by both bulk-
and slab-based DFT calculations. Our results confirm that
BaMg,Bi, hosts a symmetry-protected Dirac node at the
I' point, stabilized by the underlying threefold rotational
symmetry of the CaAl, Si,-type structure. While the Dirac dis-
persion has been previously reported, our experiments reveal
additional features in the spectral function—some attributable
to strong out of plane momentum (k,) broadening and oth-
ers not accounted for by calculations of the bulk electronic
structure.

Through bulk-projected simulations, we demonstrate that
the observed intensity filling in the photoemission spectra
is a natural consequence of momentum broadening along
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the out of plane direction in a material with significant
three-dimensional electronic character. However, distinct fea-
tures that remain unexplained within the bulk framework are
successfully captured by calculations performed on a finite
slab geometry. These slab-derived bands, while topologically
trivial, constitute an essential part of the low-energy elec-
tronic structure of BaMg,Bi,. Possibly, surface scattering and
magnetoresistance may be influenced by the presence of
surface states. Moreover, Liu et al. [12] have revealed
two-dimensional (2D) superconductivity below ~5K in this
material. The presence of surface states results in a depth-
dependent density of states near Ep, which is likely to
contribute at least partly to the stabilization of the 2D super-
conducting state. Subtle structural modifications at the surface
of BaMg,Bi,, such as atomic substitution or hybridization
engineering of the outermost Bi atoms, may thus represent
a promising pathway to tune the superconducting state via
surface states manipulation.

Altogether, our work not only reinforces BaMg,Bi, as a
model Dirac semimetal with topologically trivial character,
but also uncovers additional electronic states—originating
from both bulk and surface effects—that have gone undetected
in previous studies. These findings highlight the importance
of combining energy-, momentum-, and polarization-resolved

spectroscopy with carefully constructed theoretical models in
order to fully capture the complexity of the electronic land-
scape in candidate Dirac materials.
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