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Three-dimensional Dirac semimetals are an exotic state of matter that continue to attract increasing
attention due to the unique properties of their low-energy excitations. Here, by performing angle-resolved
photoemission spectroscopy, we investigate the electronic structure of Au,Pb across a wide temperature
range. Our experimental studies on the (111)-cleaved surface unambiguously demonstrate that Au,Pb is a
three-dimensional Dirac semimetal characterized by the presence of a bulk Dirac cone projected off-center
of the bulk Brillouin zone (BZ), in agreement with our theoretical calculations. Unusually, we observe that
the bulk Dirac cone is significantly shifted by more than 0.4 eV to higher binding energies with reducing
temperature, eventually going through a Lifshitz transition. The pronounced downward shift is qualitatively
reproduced by our calculations indicating that an enhanced orbital overlap upon compression of the lattice,
which preserves C, rotational symmetry, is the main driving mechanism for the Lifshitz transition. These
findings not only broaden the range of currently known materials exhibiting three-dimensional Dirac
phases, but also show a viable mechanism by which it could be possible to switch on and off the

contribution of the degeneracy point to electron transport without external doping.
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Three-dimensional Dirac semimetals host fourfold
degenerate gapless crossing points, or “bulk Dirac cones”
(BDCs), within their electronic structures [1]. These Dirac
cones are three-dimensional analogs to those found in
graphene. Accordingly, the material properties bestowed by
BDCs when they cross the Fermi energy are unusual, from
extremely high carrier mobility and larger transversal
magnetoresistance to negative longitudinal magnetoresist-
ance [2-8], all of which are highly desirable for next-
generation spin and electronic applications [9].

In the case of twofold degenerate two-dimensional Dirac
cones such as those found in graphene, any perturbation
proportional to the third Pauli matrix, o,, such as spin-orbit
coupling (SOC) or sublattice symmetry breaking, will
always contribute a band gap to the Dirac cone [10-12].
In contrast, in stable three-dimensional Dirac cones, the
addition or alteration of, e.g., SOC can always be compen-
sated for by a crystal momentum, and therefore the crossing
point simply moves along the momentum axis instead
of becoming gapped [13]. Prominent examples of three-
dimensional Dirac semimetals include Cd,As; and Na;Bi,
which host symmetry-protected bulk Dirac points along
their C, and C3 symmetric k, axes, respectively [3-8,14,15].

A continuously increasing number of materials hosting
these lattice-symmetry protected crossing points are
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predicted theoretically, several of which have been exper-
imentally confirmed [16-27]. However, in order to truly
exploit the unique electronic properties of this type of
material in real applications, one must find an instance of a
system hosting bulk Dirac points in conjunction with an in-
built mechanism by which their energetics can be tuned, or
by which the crossing points can be switched on and off
entirely by lifting the protective C,, symmetry. Among the
different potential realizations of three-dimensional Dirac
semimetals, Au,Pb [28] is thought to be one candidate
material suited to this purpose.

The cubic Laves compound Au,Pb has been theoreti-
cally predicted to host a BDC with a fourfold degenerate
crossing point that gaps upon cooling through several
structural phase transitions below 100 K [28]. A subset of
these low temperature phases are expected to break the Cy
rotational lattice symmetry that protects the three-dimen-
sional Dirac crossing against opening a gap [28,29].
Intriguingly, the resulting band gap is predicted to be
inverted with a topologically nontrivial Z, index of —I
that persists as the system enters a superconducting phase
below 1.2 K. Therefore, it has been suggested that Au,Pb
could be a potential material in which to realize the much
sought after topological superconductivity [30], although
as demonstrated in other systems, the mere coexistence

© 2023 American Physical Society
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of the two phenomena is not necessarily a sufficient
criterion [31,32].

Experimentally, however, very little is known about the
electronic properties of Au,Pb even in the intermediate
temperature regime. From a photoemission perspective,
previous angle-resolved photoemission (ARPES) experi-
ments [33] performed at a fixed temperature (110 K) and
photon energy using a helium discharge lamp, could not
unambiguously confirm the existence of a BDC with a
linear dispersion along all momentum directions in the high
temperature phase. The lower temperature phases were left
entirely unexplored. Here, we present a photon-energy and
temperature dependent ARPES study on the (111)-cleaved
surface of Au,Pb. We explicitly verify the three-dimen-
sional dispersion of the BDC in the high temperature cubic
phase, and explore its evolution upon cooling into the
intermediate temperature regime. Below 100 K, we find
that the three-dimensional Dirac point does not open a gap
indicating the continued presence of the protective Cy
rotational lattice symmetry. Rather, we find that the intact
BDC significantly shifts to higher binding energies with
reducing temperature, eventually undergoing a Lifshitz
transition consistent with a compression of the Ilattice.
Our present findings therefore provide direct evidence for
both the unambiguous classification of Au,Pb as a three-
dimensional Dirac semimetal across a wide temperature
range, and the presence of an intrinsic mechanism by which
it is possible to tune highly conductive band features to the
Fermi energy without external doping.

We performed photoemission experiments at temper-
atures between 38 and 300 K using linearly polarized
undulator radiation at the UI25-PGM beam line of
BESSY-II. Photoelectrons were detected with a Scienta
R4000 analyzer and the base pressure of the experimental
setup was better than 1 x 10~'% mbar. Au,Pb single crystals
were grown out of Pb flux [28], and cleaved in situ. The high
quality of the pristine Au,Pb (111) surface was confirmed by
scanning tunneling microscopy (STM) and low-energy
electron diffraction (LEED), as seen in Figs. 1(a)-1(d).
STM measurements were performed with an Omicron VT
STM using polycrystalline tungsten tips prepared as
described elsewhere [34]. Density functional theory
(DFT) calculations including SOC were carried out within
the full-potential linearized augmented-plane-wave formal-
ism as implemented in the WIEN2k code [35].

Figures 1(a)-1(c) outline the structural quality of the
pristine Au,Pb (111) surface seen by STM. A perfectly
periodic hexagonal lattice can be clearly observed in the
STM images of Figs. 1(a) and 1(b). The hexagonal sym-
metry characteristic of the (111) surface can also be
recognized in the distribution of well-defined diffraction
spots seen in the LEED patterns of Fig. 1(d). From the STM
images, as shown in the line profile of Fig. 1(c), we estimate
a lateral periodicity [~ (5.70 + 0.05) A which is in good
agreement with the value of 5.63 A found for the high
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FIG. 1. (a)~(c) STM characterization of the pristine Au,Pb
(111) surface. (a) Atomically resolved /-channel STM image of
the surface at room temperature (acquisition parameters: 0.3 V,
2 nA). Inset: Z-channel topography image (0.3 V, 0.5 nA).
(b) Close view of the topography, I channel (0.3 V, 0.5 nA). A
structural model is displayed as an overlay [yellow (gray) spheres
represent Au (Pb) atoms]. (c) Line profile extracted along the
white dashed line in (a). (d) Corresponding LEED patterns of the
pristine Au,Pb (111) surface acquired at different energies.
(e) Sketch of the bulk and surface BZs of Au,Pb (111). The
red solid line indicates one of the six equivalent directions along
which bulk Dirac points are predicted. (f) DFT band structure
calculation over all high-symmetry directions of cubic Au,Pb.
The BDC is labeled, and band colors indicate different irreducible
representations.

temperature phase at 298 K [36]. This correspondence is
highlighted by a structural model, superimposed on the STM
images of Figs. 1(a) and 1(b), that is also consistent with the
measured average corrugation amplitude of (0.37£0.06) A
in Fig. 1(c). The observed lateral periodicity yields an
estimate of the lattice parameter a=[v/2~(8.06+0.07) A
which is in close agreement with the value of a = 7.9603 A
determined by x-ray diffraction in the cubic phase [36].
The corresponding hexagonal surface BZ is depicted in
Fig. 1(e) alongside that of the bulk, showing one of the six
equivalent I'-X directions projecting onto I'-M along which
fourfold degenerate, three-dimensional Dirac crossings are
predicted [28]. There is considerable Pb p-derived orbital
mixing over the entire energy range covered by our DFT
calculations [Fig. 1(f)], but the necessary ingredients for the
crossing itself stem from within the Au p-orbital manifold.
A holelike p, -derived band disperses linearly from low
energy to high to cross through the oppositely dispersing
p.-derived band. The corresponding point group symmetry,
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C4,, in conjunction with SOC, results in a crossing between
two bands of different irreducible representations, indicated
by the band colors in Fig. 1(f), and thus, in the formation of
a bulk Dirac point which is protected by C, crystalline
symmetry. This can be seen in the DFT band structure
calculation of Fig. 1(f), where the BDC, formed approx-
imately one quarter of the way between I" and X, is labeled.
While the Dirac cones along I'-X are the only bulk
crossings connecting the valence and conduction bands
across the otherwise continuous global band gap
(Z, = —1), we note that there are other electron and hole
pockets which are energy degenerate with the Dirac points
along the lower-symmetry I'-K direction [28].

Unlike cases where the surface termination is along one of
the cubic axes, where a pair of bulk Dirac crossings will
always project onto the same position on the surface in
momentum space, all the Dirac crossings on the (111)
surface are well separated in momenta, and threefold rota-
tionally symmetric along two distinct low-symmetry planes
through the bulk BZ. In Fig. 2, we selectively probe one
of these six equivalent BDCs, and measure its energy-
momentum dispersion at 300 K along each of the orthogonal
ky, ky, and k; momentum directions indicated in Fig. 1(e).
By performing ARPES measurements in a range of photon
energies between 60 and 110 eV, we first explore the
dispersion of the Dirac cone as a function of k, [37].
Figures 2(a)-2(e) show representative band dispersions
acquired along the projection onto the I'-M direction
(k, = 0 plane) at select k,. The corresponding momen-
tum-distribution curves are shown in Figs. 2(f)-2(j). The k,
dispersion of the BDC is clearly visible, proving its three-
dimensional nature. The band dispersions in Figs. 2(c)
and 2(h), where the largest momentum separation between
the Dirac bands is seen, correspond to the location of the
bulk Dirac point at k, = 0.13 I'L for 90 eV photons. For
simplicity, the electron wave vectors are given relative to
the absolute momentum positions of the bulk Dirac point,
which resides at k, =0 and k, =0.2 I'M in this low-
symmetry plane. Figures 2(k)-2(m) show analogous k,
dispersions of the Dirac cone acquired at k, = 0.13 I'L
along different k, planes perpendicular to the projection
onto the ['-M direction. A constant-energy contour of the
BDC projected into k -k, space (k, = 0) ata binding energy
of 0.38 eV is shown in Fig. 2(n). The linear band dispersions
extracted from the experimental peak positions along all
three momentum directions are summarized in Fig. 2(0),
where an extrapolation of the Dirac dispersions gives a
binding energy of the bulk Dirac point of (80 & 31) meV
above the Fermi level. A slight anisotropy is visible
along the k, direction due to a reduced group velocity v, ~
(2.43 4 0.15) eVA compared with the group velocities v, ~
(3.53£0.06) and v, ~ (3.57 £ 0.06) eVA along the k, and
k, directions, respectively. The anisotropy is substantially
smaller than that reported in the other three-dimensional
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FIG. 2. (a)-(e) Band dispersions of the Dirac cone and
(f)-() corresponding momentum-distribution curves (MDCs)
acquired at 300 K along the k, direction (k, =0 plane) at
selected k,. Black solid lines in (f)—(j) are guides to the eye, and
electron wave vectors are given relative to the position of the bulk
Dirac point. The MDCs shown span an energy range equivalent
to that shown in (a)—(e). (k)-(m) Band dispersions acquired along
different k, planes parallel to the k, direction, and at the k, value
corresponding to panels (c) and (h). (n) Constant-energy contour
of the Dirac cone projected into k. -k, space (k, = 0). (0) Linear
dispersions of the Dirac bands along all three momentum
directions.

Dirac semimetals such as Na;Bi [4] and Cd;As, [6],
consistent with a cubic structure with a nearly spherical
dispersion of the BDC in the vicinity of the I point.
Having demonstrated linear dispersion along different
momentum directions and the three-dimensional nature
of the Dirac cone, we next explore the evolution of the
Dirac cone as a function of lattice temperature. In Figs. 3(a)
and 3(b), we perform temperature dependent ARPES
measurements along the projection onto the I'-M direction
with the orthogonal electron wave vectors centered at the
position of the bulk Dirac point in three-dimensional
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FIG. 3. (a) Band dispersions and (b) corresponding second
derivative of the photoemission intensities of the Dirac cone at
indicated temperatures. Red dashed lines in (a) are fits to the band
dispersions tracing the temperature evolution of the Dirac cone
and intersect at the bulk Dirac point, which shifts in energy with
decreasing lattice temperature as emphasized by the horizontal
arrows in (b). (c) Energy-distribution curves (open circles) and
corresponding fits (solid lines) across the position of the bulk
Dirac point at several temperatures. (d) Dependence of the Dirac
point energy and lattice parameter (inset, derived from the data
shown in [28]) with temperature. Solid lines are fits to the
experimental data.

momentum space. We observe that the BDC is significantly
shifted to higher binding energies with reducing temper-
ature, eventually going through a Lifshitz transition [38].
Unusually, the large energy shift can also be seen in the
energy-distribution curves of Fig. 3(c) despite the steep
linear dispersion near the Dirac crossing and the relative
intensity contributions from Au d-like bulk states at higher
binding energies.

In order to determine the origin of the observed Lifshitz
transition, we consider the structural evolution of the lattice
with reducing temperature. The band crossings of interest
in Au,Pb, driven by the crossing of orthogonal Au p_- and
Pxy-derived wave functions along the C, rotational sym-
metric axes, are analogous to those formed across the Cj
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FIG. 4. (a)-(d) DFT band structure calculations showing a
significant energy shift of the BDC upon compression of the
lattice. Horizontal green lines mark the energy positions of the
bulk Dirac point, and the lattice compressions Ae are (a) 0%,
(b) 0.8%, (c) 1.2%, and (d) 2.6%. Band colors indicate different
irreducible representations. (e) Calculated dependence of the
Dirac point energy with lattice compression.

symmetric transition metal dichalcogenides [39—43] and in
other metallic and semimetallic C; and C, symmetric
systems [26,44]. In those systems, due to the localization
of the band crossings to within a single-orbital manifold,
the application of large C,, preserving perturbations to the
lattice is not sufficient to unwind the band crossings,
instead simply acting to move the bulk Dirac points in
energy and momentum. Only by lifting the protective C,,
symmetry can a Dirac point be removed [26,40,45,46].
The perseverance of the bulk Dirac point in Au,Pb
over such a large temperature range, as shown in Figs. 3(a)
and 3(b), is therefore indicative of a C,-symmetry preserv-
ing structural evolution with reducing temperature. Indeed,
inducing a spin-orbit mediated hybridization gap by lifting
C,, rotational symmetry would be expected to transform the
dispersion of the Dirac cone in the vicinity of the bulk Dirac
point from a hyperbolic (i.e., Dirac) dispersion to a more
parabolic dispersion [6]. This does not occur in the present
case, as evidenced by the near-rigid shift of the full band
dispersion in Figs. 3(a) and 3(b), rather than an evolution of
the bands themselves. Furthermore, the energy scales of
the band shifts are much larger than those found in other
semimetallic systems that undergo Lifshitz transitions
with temperature, such as WTe, [47] and ZrTes [48]. In
Figs. 3(c) and 3(d), we quantify this shift by extracting the
energy of the bulk Dirac point as a function of temperature
from both the energy-distribution curves in Fig. 3(c), and
through an extrapolation of the linear band dispersions
extracted from momentum-distribution curves similar to
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those shown in Figs. 2(f)-2(j). The result of this analysis is
shown in Fig. 3(d), evidencing a shift on the order of
~450 meV when cooling from 300 to 38 K. From Fermi-
Dirac statistics and taking into account the calculated
density of states, we estimate that the temperature-induced
shift of chemical potential over this temperature range is at
most ~10 meV, consistent with the energy scale of the
band shifts observed in WTe, and ZrTes. The shift of
the Dirac point shown in Fig. 3(d) is an order of magni-
tude larger than this, suggesting a distinct origin for the
Lifshitz transition in Au,Pb compared to those driven by a
temperature-induced shift of chemical potential in other
semimetals [47-53].

Instead, the Lifshitz transition is driven by a Cy-pre-
serving evolution of the lattice with reducing temperature,
resulting in enhanced orbital overlap, and hence a change
in the crystal field strengths and hopping parameters that
underpin the energetics of a band structure. To further
demonstrate this, inset in Fig. 3(d), we show how the
experimental lattice parameter [28] behaves in tandem with
the energetics of bulk Dirac point with changing temper-
ature, establishing a direct proportionality between the
compression of the lattice and the shift of the bulk Dirac
point to higher binding energy. In Fig. 4, we perform DFT
band structure calculations as a function of lattice com-
pression. The Fermi level is pinned to the Dirac point in the
equilibrium structure [Fig. 4(a)]. With continued compres-
sion, the Dirac point remains entirely ungapped, but its
position clearly shifts to higher binding energy in excellent
qualitative agreement with the experiment. We note that, in
order to match the experimental shift of the Dirac point, a
compression on the order of 2.5% is required, more than the
~1% confirmed experimentally. We attribute this discrep-
ancy to be largely due to an increasing bonding-antibond-
ing splitting due to the proximity of the observed phase
transitions and the insufficient consideration of correlation
effects (Coulomb interaction) in conventional DFT [54].
Nevertheless, these calculations fully support a compres-
sion-induced Lifshitz transition of the bulk Dirac points
in Au,Pb.

In conclusion, the direct experimental observation of bulk
Dirac fermions unambiguously establishes cubic Au,Pb as a
stable three-dimensional Dirac semimetal with fourfold
degenerate Dirac crossings protected by rotational lattice
symmetry. With cooling into the intermediate temperature
regime, the linear dispersion forming the BDC undergoes a
continuous energetic shift to higher binding energy, driving
a Lifshitz transition consistent with a compression of the
lattice. Despite the numerous structural phase transitions
previously observed to exist in this intermediate temperature
regime, this experimental observation evidences both that
there is an intact C, symmetry component throughout this
regime, and that the large compressive perturbation of the
lattice is unable to unwind the band crossing altogether, in
line with the single-orbital manifold origin of the Dirac

cone. The energy scale of the band shifts is an order of
magnitude larger than those reported in other semimetals,
driven here by an enhanced orbital overlap due to the
shrinking of the cubic lattice parameter with reducing
temperature. Further structure-preserving modifications,
such as partial Pb substitution, may reduce the signal from
bulk Fermi crossings away from the Dirac cone while
preserving the functionality shown here for Au,Pb. The
present findings underpin new avenues towards in situ
tuning of Dirac node contributions to transport, both for
the fundamental study of Dirac and Weyl fermions, and for
applications in next-generation electronic and spintronic
devices.
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