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ABSTRACT: Several bulk transition-metal dichalcogenides exhibit a strong optical anisotropy, high refractive index, and even a
natural hyperbolic response, which are enabling ingredients in a variety of nanophotonic scenarios of great interest. Here, we
investigate the electromagnetic response of NiTe,, a type-II Dirac semimetal, whose infrared/optical properties have been hitherto
largely unexplored. Through density-functional-theory-based ab initio modeling, along with electron energy loss spectroscopy
experiments, we show that NiTe, exhibits a varied, extremely anisotropic response within the infrared and visible ranges. We also
demonstrate the high tunability of its optical properties and illustrate the key role played by Dirac fermions. Our results pave the way
for realizing nanophotonic devices for efficient light manipulation at subwavelength scales.

KEYWORDS: Dirac semimetals, NiTe,, anisotropy, nanophotonics, density functional theory, electron energy loss spectroscopy,
hyperbolic metamaterials

1. INTRODUCTION

In recent years, transition-metal dichalcogenides (TMDs)
TMX, (TM = Mo, W, Pd, Pt; X = S, Se, Te) have stimulated
considerable research efforts in view of their peculiar electronic
and photonic properties.’” Bulk TMDs are van der Waals
crystals (i.e., stacks of atomically thin layers) and, in their two-
dimensional (2D) version, they have been harnessed for a
variety of photonic effects and applications, such as efficient
optical sensors, high refractive index,” nonreciprocal photonic
devices,” modulation of second-harmonic generation,4 and
THz photodetectors.” Owing to the underlying van der Waals
structural properties, bulk TMDs may exhibit a strong optical
anisotropy,” possibly with hyperbolic character (i.e., oppositely
signed in-plane and out-of-plane components). Therefore, they
hold great promise as natural alternatives to hyperbolic
metamaterials,” which exhibit peculiar optical properties such
as negative refraction, strong enhancement of spontaneous
emission, and spatial filtering.” "'

Furthermore, several bulk TMDs belong to the class of
topological semimetals exhibiting topologically protected
crossing points (termed Weyl or Dirac nodes) between
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linear-dispersion energy bands in their three-dimensional
(3D) electronic band structure. Remarkably, topological
semimetals offer novel opportunities for nanophotonics
applications."”™" In addition, TMDs have been found to
host type-II Dirac fermions violating the Lorentz symme-
try,'>"” for which the Dirac cone (associated with the crossing
point) is tilted in the momentum space."®

In most TMDs, the Dirac crossing point is located well
below the Fermi level'®'”'%?° and, as a result, the effects of
topological quasiparticles on the Fermi-surface-dependent
physical properties are smeared out.”' However, there are
some cases, such as NiTe,, for which the Dirac point lies close
to the Fermi level, and this has elicited considerable interest in
the topical literature.”> " For example, NiTe, has been
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Figure 1. (a, b) Side and top views, respectively, of the CdI,-type trigonal atomic structure of NiTe,. (c) LEED pattern with a primary electron
beam energy of 84 eV; the hexagonal surface symmetry can be clearly observed. (d) Band structure of NiTe, and density of states (DOS) in
arbitrary units. Orange circles highlight the pair of type-II Dirac points along the I'—A axis. (e) Bulk Brillouin zone of NiTe,, with high-symmetry
points marked; D identifies the type-II Dirac point.
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Figure 2. (a, b) Numerically computed real and imaginary parts, respectively, of in-plane (&); black) and out-of-plane (&; red) dielectric functions
of NiTe,, as a function of energy (/w, bottom axis) and the corresponding wavelength (top axis). (¢) Comparison between the experimental
electron energy loss spectroscopy (EELS) spectrum for a primary electron beam energy of E, = 200 eV (red) and the corresponding theoretical

energy loss function (black). Light blue, green, and yellow shaded areas correspond to the three regions (I, II, and IIT) discussed in the text. Color

bars indicate the visible spectral range.

exploited for engineering long-wavelength photodetectors,
such as large-area ultrafast THz imaging systems,” and
microwave receivers.”> However, its optical properties within
the infrared/visible range remain largely unexplored.

Here, we study, numerically and experimentally, the unusual
optical response of NiTe, arising from its extreme anisotropy,
driven by the presence of Lorentz-violating Dirac fermions.
NiTe, is a uniaxial crystal and, consequently, its optical
response is characterized by the dielectric functions &)(®) and
¢, (w), which are the in-plane/out-of-plane components of the
relative permittivity tensor, respectively, with @ denoting the
angular frequency. We show that NiTe, exhibits an extreme
optical anisotropy, a key ingredient in several photonic and
nanophotonic applications (such as, e.g., polarizers, wave-
plates, phase-matching elements, plasmonic devices). Further-

18532

more, we prove that, in the infrared/optical range, NiTe,
supports three different photonic regimes, namely:

e Type I, with Re(g)) < 0, Re(e,) > 0;

e Type II, with Re(g)) < 0, Re(e;) < 0;

e Type III, with Re(g)) > 0, Re(e,) > 0.
Finally, by artificially varying the Fermi level to control the
contribution of Dirac fermions, we also demonstrate that these

fermions are strongly involved in generating the NiTe,
anisotropic response.

2. RESULTS AND DISCUSSION

Bulk NiTe, crystallizes in the Cdl,-type trigonal (1T) structure
with space group P3m1 (no. 164), as illustrated in Figure la,b.
Details on the growth and experimental characterization of
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single crystals via X-ray diffraction and Raman spectroscopy
are provided in the Supporting Information. The as-cleaved
(001) surface displays a hexagonal surface symmetry, as can be
observed in the low-energy electron diffraction (LEED) results
shown in Figure lc. Figure 1d shows instead the numerically
computed band structure (see the Supporting Information for
details), which, as expected, displays the presence of a pair of
type-II Dirac cones in the vicinity of the Fermi energy, along
the ['—A axis. Also, the electronic density of states (DOS) has
been shown in Figure 1d, whereas Figure le represents the
hexagonal Brillouin zone with high-symmetry points.

Next, we compute the frequency-dependent dynamical
dielectric functions 8L||(a)), within the random phase
approximation (RPA).”'** Specifically, starting from the
generalized-gradient-approximation-based ab initio electronic
band structure (with spin—orbit coupling), we calculate
€1)(w) from an accurate Wannier tight-binding model of
NiTe, (see the Supporting Information for details). Figure 2a,b
shows the in-plane and out-of-plane responses (real and
imaginary parts, respectively) as a function of the energy hw
(bottom axis, with 7 denoting the reduced Planck constant)
and corresponding wavelength (top axis) within the infrared
and visible ranges of interest. We identify three distinct regions
characterized by different regimes of interest, marked by green
(1), blue (1), and yellow (III) shades. Within the three blue
regions (0.79 < Aiw < 1.64 eV, 2.22 < hw < 2.88 eV, and hw >
2.98 V), we observe Re(e;) > 0 and Re(g)) < 0. Conversely,
within the two green regions (Aw < 0.79 €V, and 1.64 < Aw <
2.22 V), we have Re(e,) < 0 and Re(g)) < 0. Finally, within
the relatively narrow yellow spectral range 2.88 < Aiw < 2.98
eV, NiTe, exhibits Re(e; ) > 0. These results highlight the
unusual optical response of NiTe,, with three different regimes
and multiple epsilon-near-zero (ENZ) crossing points (i.e.,
where the real part of one of the dielectric tensor components
is zero).

From Figure 2b, it is also apparent that both permittivity
components exhibit large imaginary parts that can strongly
affect the overall electromagnetic response. However, broad-
band loss-anisotropic metamaterials can be exploited in several
applications such as diffraction-free propagation,® perfect
absorption,®® and thermoplasmonic effects.’’

To confirm the extreme optical anisotropy of NiTe,, we
carry out electron energy loss spectroscopy (EELS) experi-
ments in the reflection geometry;’”*®”” details on the
experimental methods are provided in the Supporting
Information. Considering the nonretarded approximation and
a semi-infinite uniaxial crystal, the reflection EELS spectrum
can be theoretically modeled in terms of the surface loss
function™’

[4
P (w) =
bt () 4reghv, @

1 Im[ £(w) - 1
{(w) + 1 (1)

Here, e and v, denote the electron charge and velocity
component along the optical z-axis, respectively;

{(w) = Jg(w)e (w) [with Im(£) > 0] is the geometrical

average of the dielectric tensor components; and ¢, is the
vacuum dielectric permittivity."” We evaluate the surface loss
function for NiTe, from eq 1 using the dielectric functions
calculated from first principles (cf. Figure 2ab). As can be
observed from Figure 2¢, the experimental results are in good
agreement with the theoretical predictions within the range
0.5—2.88 eV. Conversely, within the range 2.88—3.5 eV,

discrepancies are observed between the experimental and
theoretical spectra. In the range 2.88—3.5 eV, the electro-
magnetic response can be critical to estimate. In fact, since the
real part of the predicted in-plane dielectric approaches very
low values, any effect not accounted for in our approach (e.g.,
volume excitations, dielectric spatial dispersion, electronics
correlations beyond RPA) can become important.

To understand the impact of Dirac fermions on the NiTe,
optical properties, we consider the bulk dielectric function and
investigate its connection with the electronic bands. The
imaginary part of the band- and momentum-resolved dielectric
function in the long-wavelength limit can be expressed as

Im[e, ()] = Z Im[el(f’ﬁ)(w, q)]
q,m (2)
with m being the band index and ¢’ a momentum point in the

BZ (see the Supporting Information for further details). Figure
3 shows the relative strength of the expression in eq 2,
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Figure 3. (a, b) Weights of different bands participating in the vertical
interband transitions involved in the dielectric function imaginary part
in eq 2 (in-plane and out-of-plane components, respectively)
evaluated at the ENZ crossing points. Different colors refer to the
different energy levels (blue: 0.79 eV, green: 1.64 eV, red: 2.22 eV);
the circle size is proportional to the weight of the associated transition
in the dielectric function.

projected along the high-symmetry directions in the BZ for the
ENZ crossing points at 2.22, 1.64, and 0.79 eV. In addition to
the contributions from higher conduction bands, the dielectric
response at 2.22 eV (red circles) is characterized by spectral
contributions from interband correlations involving the lowest
conduction band that hosts the Dirac fermions. The dielectric
response at 1.64 eV (green circles) predominantly involves
electronic correlations from the lowest and highest valence
bands, which include the Dirac bands, to higher conduction
bands. At 0.79 eV, the dielectric response (blue circles) shows
a significant contribution from the interband electronic
correlations involving the tilted type-II Dirac bands near the
Fermi energy. This analysis highlights the role played by the
tilted type-II Dirac cone in giving rise to the electronic
anisotropy, which in turn results in the strong optical
anisotropy of NiTe,.

To further illustrate the effects of Dirac fermions in the
optical properties of NiTe,, we study its optical response by
artificially varying the Fermi level Ef, as a knob for controlling
the contribution of type-II Dirac states near the Fermi energy.
This, in turn, allows us to tune the optical anisotropy and the
ENZ crossing points. Figure 4a,b shows the real part of the in-
plane and out-of-plane dielectric function, respectively, as a
function of energy/wavelength, for Ep = —0.15, 0, and 0.15 eV.
By changing the Fermi level, a significant variation of the out-
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Figure 4. Real part of the (a) in-plane and (b) out-of-plane dielectric
functions as a function of energy (and wavelength), for E; = —0.15, 0,
and 0.15 eV.

of-plane dielectric component is clearly observed. For example,
as Ep goes from —0.15 to 0.15 eV, the low-frequency ENZ
crossing point shifts from 0.66 to 0.91 eV. These results
confirm the role of Lorentz-violating Dirac fermions in
establishing the optical properties of NiTe,. Furthermore,
considering that the Fermi level can be controlled by an
external parameter (e.g.,, gate voltage, electric field, magnetic
field, chemical doping), our results highlight the extreme
optical tunability of NiTe,, which is a key ingredient in several
nanophotonic devices.

Finally, regarding the practical use of NiTe, for techno-
logical applications, we have carried out a systematic
investigation of aging effects on our EELS spectrum and via
atomic force microscopy (AFM) experiments, showing that it
does not undergo notable changes upon exposure to air (see
the Supporting Information for details). Unlike other
promising materials, NiTe, does exhibit a robust optical
response.

3. CONCLUSIONS

In conclusion, we have studied the insofar largely unexplored
optical properties of NiTe,, a type-II Dirac semimetal of great
current interest. Our theoretical results, in qualitative agree-
ment with EELS experiments, demonstrate that this material
exhibits an unusual optical response in the near-infrared and
visible ranges, as a consequence of its strong intrinsic
anisotropy and the presence of Lorentz-violating Dirac
fermions. Overall, NiTe, can behave as an anisotropic material
with extreme dielectric parameters, with stable and robust
properties. These results provide the groundwork for an
efficient harnessing of topological semimetals in nanophotonic
applications. Of particular interest for future studies will be
NiTe,-based refractive index sensors,” perfect absorbers*® for
bio/chemical sensing, photodetection, solar energy harvesting,
and even photothermal membrane distillation.*'
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