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Transition-metal dichalcogenides showing type-II Dirac fermions are emerging as innovative materials
for nanoelectronics. However, their excitation spectrum is mostly unexplored yet. By means of high-
resolution electron energy loss spectroscopy and density functional theory, here, we identify the collective
excitations of type-II Dirac fermions (3D Dirac plasmons) in PtTe, single crystals. The observed plasmon
energy in the long-wavelength limit is ~0.5 eV, which makes PtTe, suitable for near-infrared
optoelectronic applications. We also demonstrate that interband transitions between the two Dirac bands
in PtTe, give rise to additional excitations at ~1 and ~1.4 eV. Our results are crucial to bringing to fruition

type-II Dirac semimetals in optoelectronics.

DOI: 10.1103/PhysRevLett.121.086804

Recently, topological Dirac semimetals (DSMs) have
attracted considerable interest [1-3]. In DSM systems,
Dirac fermions are present in three-dimensional (3D) samples,
without the experimental complication of implementing a
single layer, as in the case of graphene. In DSMs, doubly
degenerate conduction and valence bands cross linearly at
Dirac points. The electronic dispersion relation of the low-
energy excitations around these points is linear and resembles
the massless Dirac equation of relativistic particle physics.

The electronic dispersion of a Dirac semimetal £y can be
expressed as Ey = Uy =Ty, with Uy and T\ being
analogous to the potential and kinetic energy components,
respectively. Uy gives a tilt to the Dirac-cone dispersion.
For a given k direction, if Uy > T}, then the Dirac cone
appears to be “tilted-over” in that direction, and the system
is called a type-II Dirac semimetal, as opposed to an
ordinary type-I Dirac semimetal. In a type-I Dirac semi-
metal, such as Na;Bi and Cd;As, [1,4-6], the Fermi
surface at the Dirac point is an isolated point. Just above
(below) the Dirac point, the Fermi surface encloses a closed
region of electrons (holes). Additionally, the two crossing
bands have the opposite sign of the Fermi velocity
throughout the Brillouin zone. Conversely, in a Lorentz-
symmetry violating type-II Dirac semimetal [7,8], the Dirac
point occurs at the intersection of an electron and a hole
pocket, on account of the tilted-over nature of the Dirac-
cone dispersion. In these systems, the crossing bands have
the same sign as the Fermi velocity in certain directions.
This enables novel physical properties, such as anisotropic
magnetotransport [7,8].

Recently, type-II Dirac fermions have been predicted for
PtX, (X =S, Se, Te) [9] and PdTe, [10] transition-metal
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dichalcogenides (TMDCs), YPd,Sn [11], VAI; [12], and
graphynelike photonic lattices [13]. Experimentally, type-II
Dirac fermions have been found in PtTe, [14,15], PtSe,
[16], and PdTe, [15,17] by angle-resolved photoemission
spectroscopy (ARPES) experiments reporting anisotropic
and tilted Dirac cones. The high electron mobility in this
class of TMDCs at room temperature also enables the
fabrication of field-effect transistors with potential appli-
cations in optoelectronics [18-20], even though their
excitation spectrum is unexplored.

In the prospect of plasmonic devices based on 3D Dirac
fermions, the possibility of using a few layers exfoliated
from a parental layered bulk crystal as active channels in
nanodevices [21] is crucial. Unfortunately, PtSe, fails to
fulfil this prerequisite (see Sec. S1 in the Supplemental
Material (SM) [22] for more details). By contrast, PtTe, can
be grown as bulk crystals with superb crystalline quality
and it can be easily exfoliated.

Here, we provide direct evidence of the existence of 3D
Dirac plasmons in the excitation spectrum of DSM PtTe,
by means of high-resolution electron energy loss spectros-
copy (HREELS) and density functional theory (DFT),
complemented by effective low-energy theory calculations.
We observe a gapped intraband Dirac plasmon at ~0.5 eV
in the long-wavelength limit, in addition to two other
excitations at ~1 and ~1.4 eV, which predominantly
originate from direct transitions between the two bands
hosting Dirac quasiparticles.

Single crystals of PtTe, were prepared by the self-flux
method. Their structure was examined by x-ray diffraction
(Fig. S1 of the SM [22]). Freshly cleaved samples were
characterized in situ via a combination of surface-science
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FIG. 1. (a) The LEED pattern of (0001)-oriented PtTe, single
crystals, acquired at a primary electron beam energy of 74 eV.
(b) Brillouin zone of PtTe,. The two Dirac points are located on
the A —T" — A’ line at £D. (c) and (d) show the side and top views
of the crystal structure, respectively. The purple and yellow balls
denote the Pt and Te atoms, respectively. (e) The band structure of
PtTe,, showing the two Dirac points tilted in opposite directions,
located on the A — I — A’ axis. The dispersion around each of the
Dirac points is isotropic in the horizontal SDT plane (parallel to
the experimental I'KM plane) and anisotropic and “tilted” along
the I" — A direction. A magnification of the band structure around
one of the Dirac points, along with the fit of the low-energy
dispersion [see Eq. (1)], is shown in panels (f) for the isotropic
SDT direction [marked by the green circle in (e)], and along the
I' — A’ direction in (g) [marked by the orange circle in (e)].

techniques (see Sec. S4 in the SM [22]). The surface
exhibited an excellent (1 x 1) hexagonal low-energy elec-
tron diffraction (LEED) pattern [see Fig. 1(a)]. X-ray
photoelectron spectroscopy (Fig. S2 in the SM [22]) and
vibrational experiments (Fig. S3 in the SM [22]) demon-
strate the absence of any surface contamination and
chemical inertness.

PtTe, crystallizes in the trigonal CdIl,-type crystal
structure (see Fig. 1), space group P3ml (No. 164).
Each Pt atom is surrounded by six Te atoms, forming
PtTeq octahedra along the basal plane. The octahedra link
at their edges to form infinite sheets. The Brillouin zone
and the crystal structure are shown in Figs. 1(b)-1(d),
respectively. The band structure, calculated using the gene-
ralized gradient approximation (GGA) for the exchange-
correlation functional in DFT, is shown in Fig. 1(e). The
two Dirac points appear on the A—T'—A’ axis at

+D = {0,0, £kP}, with kP = 0.37 x 2z/c. By virtue of
the inversion symmetry about the I" point, the electronic
dispersion around the two Dirac points at +D are tilted in
opposite directions, as also indicated by Eq. (1) below.
Both these Dirac points at D appear at an energy
Ep = —0.76 eV, below the chemical potential u. The band
structure, as well as the occurrence of two oppositely tilted
Dirac points, are validated qualitatively by comparison with
available ARPES measurements [14,15].

In the vicinity of the two Dirac points, the effective low-
energy Hamiltonian for bulk PtTe,, which describes an
anisotropic and tilted 3D Dirac cone, is given by [9]

H, = h(yvk,00 + v,k0, — vy ko, — yv.k0,). (1)

Here, y = +1 denotes the two Dirac cones centered at F+ D
with the tilt in the opposite direction, oy is the 2 x 2 identity
matrix and o;’s are the Pauli spin matrices. The corre-
sponding energy dispersion is given by &, = yhvk, +

My [0 + 03 + 0202, where the band index 2 =

+1(—1) denotes the conduction (valence) band. The
low-energy fit based on Eq. (1) to the GGA-DFT band-
structure is shown in Figs. 1(f) and 1(g) and the corre-
sponding velocities are found to be {v. vy, v, v} =
{0.65,0.65,0.35,0.51} x 10% m/s.

Dispersion of the loss peaks in HREELS, i.e., Ejy(q),
was measured by moving the analyzer, while keeping the
sample and the monochromator in a fixed position.
Specifically, the experimental setup for angle-resolved
HREELS experiments shown in Fig. 2(a) has been chosen
in order to selectively probe wave vector transfer (calcu-
lated following Ref. [56]) along the I' — K direction.

Figure 2(a) shows the excitation spectrum probed by
HREELS with primary electron beam energy E, = 6 eV
for different values of the scattering angle. These exper-
imental conditions are optimal for probing bulk excitations
(see Sec. S9 of the SM [22] for more details). We observe a
single peak, whose energy shifts with the scattering angle
from ~0.5 up to ~0.7 eV. We assign this feature to a 3D
Dirac plasmonic mode. The corresponding dispersion
relation of the plasmon frequency as a function of the
wave vector is represented by the green circles in Fig. 2(b).
The possibility that the observed mode could be a Dirac
hyperbolic polariton [57] can be unambiguously ruled out.
In fact, composite modes arising from the hybridization of
phonon modes with Dirac plasmons (previously observed
by our group in graphene [58]) should have a gap of the
order of the highest branch of optical phonons in PtTe,, i.e.,
0.02 eV (see Sec. S9 of the SM [22]), which is significantly
smaller than the observed gap.

To establish the connection of the observed plasmonic
excitation with Dirac-cone electrons, we analytically
calculate the anisotropic noninteracting (NI) density-
density response function IV (q,w) for the effective
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FIG. 2. (a) Wave-vector-resolved HREELS spectra, acquired
for £, =6¢€V as a function of the scattering angle. The
corresponding value of the wave vector along the I' — K direction
(or along g, with @ = /2 and ¢ = 0, as indicated in the inset) is
reported on the right. All HREELS experiments have been carried
out at room temperature. (b) The experimentally measured Dirac-
plasmon dispersion is indicated with green circles, along with the
theoretically calculated loss function for PtTe, [see Eq. (2)], in
the I' — K direction (with @ = z/2 and ¢ = 0). The green bars
indicate the experimental inaccuracy in determining ¢ (see
Sec. S3 in the SM [22] for its evaluation). The & . is calculated
using the low-energy tilted and anisotropic Dirac Hamiltonian in
Eq. (1). The yellow (red) region bounded by the black lines
indicates the absence (presence) of single-particle excitations in
the @ — g plane. The plasmon enters the interband single-particle
excitation regime for ¢ > 0.17 A~! and becomes increasingly
damped.

low-energy Hamiltonian in Eq. (1). Within the random-
phase approximation (RPA), the interacting density-density
response function is given by IMTRPA(q, w) = TIN!(q, w)/
R®PA(q,w), where €*PA(q.w)=1-v,I1N(q.w) is the
dynamical dielectric function. Here, v, = 4me?/kq® is
the Coulomb interaction in the Fourier space in 3D, with
k denoting the dielectric constant. Within RPA, the fre-
quency of the bulk plasmon mode is given by the zeros of
the dynamical dielectric function: e®PA(q,w) =0 [59].

Plasmons appear as peaks in the electron energy loss
function defined by

1
gloss = —-Jm <€Rw> , (2)

which is proportional to the experimental excitation spec-
trum probed by HREELS. The full analytical expression of
the anisotropic density-density response function is pre-
sented in Sec. S7 of the SM [22].

In the long-wavelength limit, the plasmon gap at ¢ = 0
(hawp — Ap) is given by the self-consistent solution of the
transcendental equation

4gafine
Ay =uf(0,¢) | ——————, 3
=M OO ey P
where ag,e = %0,/ (khv,v,) is the effective fine structure
constant. In Eq. (3), we have defined

r(e)

_ gafinefz(g’ ¢)
N 67 log'

with &, denoting the high-energy cutoff of the
Dirac bands and (6, ¢) = sin’0(cos*¢ + v2sin’¢p/v2)+
v2c0s’d/v2. Here, 6 and ¢ denote the polar and azimuthal
angle of the q vector, as shown in the inset to Fig. 2(a).
Interestingly, in 3D the anisotropy of the band structure
makes the plasmon gap direction dependent; i.e., it depends
on how the long-wavelength g — 0 limit is approached (see
Fig. S8 in the SM [22] for details). This is in contrast to 2D
systems, for which the plasmon mode is gapless and the
anisotropy of the band structure only reflects in the
anisotropic plasmon dispersion [60,61].

In the limiting case of weak Coulomb interactions
—K — 00, Of Qfpe < | limit—we have y(¢) — 0, and, to
lowest order in ay;,,., the anisotropic plasmon gap reduces to

0 4g(l ine
B = A = uf(0.9)\ 75 (5)

S . 0
which is completely independent of ¢,,,,. However, Af)l)

generally denotes the upper limit of the plasmon gap. The
actual plasmon gap A depends on the cutoff energy if
Qe > 1 and it decreases monotonically with reducing
cutoff (see Fig. S9 of the SM [22] for details). Note that, in
Eg. (3), we have A oy, and, since in 3D massless Dirac
systems u o n'/3 (where n denotes the carrier density),
Ap x n'/3 [62].

Figure 2(b) shows the loss function calculated analyti-
cally within RPA [see Eq. (2)], using the low-energy
effective Hamiltonian for the two tilted and anisotropic
Dirac cones, as specified in Eq. (1). Here, we have chosen
the chemical potential 4y = —Ep = 0.76 eV, k = 1, and the
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FIG. 3. (a) Ab initio loss function for the selected case of

q = 0.026 Al along the I' — K direction. The colored region
enclosed by the green curve shows a fit with three Gaussian line
shapes to the DFT-based loss function (in black circles).
(b) HREELS spectrum recorded for a higher value of impinging
energy (E, = 11 eV), enabling the observation of three well-
separated spectral components. In both theoretical and exper-
imental loss functions, background has been subtracted.

energy cutoff has been tuned to make the theoretical
results consistent with the experimentally measured
plasmon frequency for the lowest wave vector. Overall,
we note a good agreement of the theoretical dispersion
relation with the experimental curve (denoted by green
circles in Fig. 2) [63]. Note that the plasmon enters the
continuum of the interband single-particle excitations
for g > 0.17 A7".

Going beyond the effective low-energy theory, we
calculate the ab initio based loss function, shown in
Fig. 3(a) (see Sec. S9 of the SM [22] for details of the
calculations). In addition to the 3D Dirac-plasmon peak, we
also find additional modes at ~1 and ~1.4 eV. To check
their existence experimentally, it is mandatory to increase
E, in order to reach a sufficient cross section for their
excitation. Congruent with the predictions, the excitation
spectrum probed by HREELS at E, = 11 eV, shown in
Fig. 3(b), exhibits two peaks around ~1 and ~1.4 eV, in
addition to the 3D Dirac plasmon peak at ~0.5 eV.

To understand the origin of the two additional features
in the excitation spectrum at ~1 and ~1.4 eV, we calcu-
late the joint density of states (JDOS) between different
pairs of bands around the Fermi energy: p{P%(E) =
> kO(Ex; — Ex; — E), where i indicates an empty (or
partially empty), and j a filled (or partially filled) band
with Ey; > Ey ;. The corresponding p/P%%(E) associated
with the transitions between the two bands hosting the
Dirac quasiparticles, for y = —Ep = 0.76 eV above the
two Dirac points, as highlighted by the shaded pink region
in Fig. 4(a), is shown in Fig. 4(b). The resulting JDOS
spectrum can be resolved into two Gaussian peaks, cen-
tered in the vicinity of ~1 and ~1.5 eV, broadly in
agreement with the observed peaks in the HREELS
spectrum. Therefore, we can affirm that the excitations
at ~1 and ~1.4 eV in the loss function are predominantly
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FIG. 4. The direct transitions between the two bands hosting
Dirac Fermions, for y = —Ep = 0.76 eV above the Dirac points,
shaded by pink in panel (a), give rise to the joint density of states
(JDOS) shown in (b). The JDOS under the pink curve in (b) can
be resolved as a sum of two Gaussians of roughly equal strength,
with one of them centered around ~1 eV and the other around
~1.5 eV. The two JDOS peaks are consistent with the additional
peaks resolved in the excitation spectrum experimentally probed
by HREELS with higher impinging energies [see Fig. 3(b)].

originated by direct transitions between two 3D
Dirac bands.

Another peculiarity of 3D Dirac plasmons is their
robustness against surface modifications. As demonstrated
in Ref. [64], 3D Dirac points in DSMs are protected by
crystal symmetry and are robust against perturbations.
In PtTe,, the bulk space group P3ml has a threefold
rotation symmetry, which stabilizes the Dirac cone.
Correspondingly, 3D Dirac plasmons are also robust
against surface modifications, due to their bulk nature.
The robustness of 3D Dirac plasmons is notably beneficial
in the prospect of possible DSM-based plasmonic appli-
cations. On the contrary, the Dirac plasmons in topological
insulators and epitaxial graphene have been shown to be
impacted significantly by surface degradation, since their
origin lies in the surface states, which disappear upon
surface oxidation (see Fig. S4 in the SM [22]).

In conclusion, we provided direct evidence of the
existence of 3D Dirac plasmons in PtTe, with a gap of
~0.5 eV. Moreover, we show that direct interband tran-
sitions between the two bands hosting the Dirac quasipar-
ticles originate two additional peaks at ~1 and ~1.4 eV.
Our results offer useful insights regarding the dielectric
properties of type-II DSMs. The comprehension of their
excitation spectrum is crucial for the promising prospect of
plasmonic devices based on PtTe, single crystals, which
are also cleavable, due to the weak van der Waals interlayer
bonds, with subsequent ease for the nanofabrication proc-
ess. Accordingly, this study helps to bring to fruition this
class of materials in the semiunexplored field of DSM-
based plasmonics.
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