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Abstract: Black holes are objects that have a large mass and curve space time, characterized by their
event horizon and singularity. Recently, an interesting concept of analogous black holes has emerged
in the field of condensed matter physics. In this work, the possibility of realizing analogous black
holes in topological material is Ni3In2X2 (X = S, Se) discussed. This work shows that the type-III
Dirac cones of the material can lead to the emergence of an event horizon and the formation of a
black hole-like region near the Dirac point. In addition, the possible experimental signatures of such
a system are discussed and the potential implications of an analogous black hole for the study of
black hole physics in condensed matter systems.
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1. Introduction

Black holes are extreme objects in the universe, characterized by their large gravi-
tational pull, event horizon, and singularity [1,2]. Black holes have been the subject of
intense study in physics and astrophysics due to their unique properties and their potential
implications in understanding the nature of gravity and the universe as a whole.

Recently, the concept of analogous black holes has emerged in the field of condensed
matter physics [3,4]. Analogous black holes are not actual black holes but systems that
mimic some of the properties of black holes, such as an event horizon and a Hawking-like
radiation [5,6]. The emergence of analogous black holes in condensed matter systems has
been a subject of intense research in recent years, with several proposals and experimental
realizations. The study of photon interactions has been seen to have analogous effect to a
black hole horizon [7,8]. More recently, topological systems have been proposed to have
ideal states for the study of analogous gravitational interactions in black holes [9–17], or for
analogous wormholes [18–20].

Topological materials are a class of materials characterized by their nontrivial band
topology, which gives rise to a range of exotic electronic properties [21,22]. Weyl semi-
metals are materials where the valence and conduction band touch at single points in the
band structure. Due to mirror symmetry, the touching points become split in momentum
about the mirror plane with opposite chirality. These points of opposite chirality then
become connected by Fermi arcs [23–27]. Dirac semimetals are materials which form
when a band gap opens in a material due to strong spin orbit coupling interactions and
the material is also protected by time-reversal symmetry from the formation of a surface
state [28–30] semi-metals. Dirac cones can also have 3D bulk dispersions from symmetry
protected states in a bulk band gap [31,32]. In addition, Dirac cones can become strongly
tilted, breaking Lorentz invariance [33,34]. Another type of topological material is one
with band touching points which are protected by inversion symmetry which forms nodal
line semi-metals [35–39]. It is shown that topological properties of the material can lead
to the emergence of an event horizon and the formation of a black hole-like region in the
system within the SYK model [40]. Experimental signatures of such a system can be used
to explore analogous black hole physics within the field of condensed matter physics.
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Recently, a new type of Dirac semimetal phase, called type-III, has been predicted
to exist in some materials [41,42]. In type-III Dirac semimetals, the Dirac cones are tilted,
leading to an anisotropic dispersion relation. This results in an unusual electronic structure
that exhibits a number of exotic properties, such as chiral anomaly and topological Lifshitz
transitions [43,44].

In this paper, topological materials Ni3In2S2 and Ni3In2Se2 are studied, which have
recently been found to exhibit an endless nodal-line phase near the Fermi level [45]. Using
first-principles calculations, The electronic structure of Ni3In2S2 and Ni3In2S2 are inves-
tigated and presence of a type-III Dirac semimetal phase is found in the band structure.
Experimental measurements are proposed in order to study analogous black hole physics
effects in the strongly gapped type-III Dirac semimetal Ni3In2Se2.

2. Materials and Methods

Band structure calculations were performed with the density functional theory (DFT)
program Quantum Espresso (QE) [46], accelerated with GPU support on CUDA version 11.7.
The exchange correlation functional employed was the generalized gradient approximation
(GGA) [47]. Projector augmented wave (PAW) pseudo-potentials were generated using
PSlibrary [48]. Crystal structures were obtained from the materials project and generated
for input into quantum espresso [49,50] for Ni3In2S2 and Ni3In2Se2. The relaxed crystal
parameters were used to calculate the band structures Table S1. The energy cutoff was set
to 100 Ry and charge density cutoff was set to 400 Ry for the plane wave basis. A k-mesh
of 25 × 25 × 25 was used for NSCF and wannierization. The high symmetry point K-
path parameters were selected SSSP-SEEK path generator [51,52]. The bulk band structure
Figure 1 was calculated from the SCF calculation in Quantum Espresso. Topological number
analysis was conducted using the Wilson loop algorithm provided by the WannierTools
package.

⠀䄀⤀

⠀䈀⤀ ⠀䐀⤀

⠀䌀⤀

Figure 1. Bulk Band structure: The bulk band structure of Ni3In2S2 along the Γ-Z high symmetry line;
(A) Without spin–orbit coupling, (B) with spin–orbit coupling. Ni3In2Se2; (C) Without spin–orbit
coupling, (D) with spin–orbit coupling.

Ni3In2S2 and Ni3In2S2 single crystals (SG: R3M [166]) were grown using the Indium
flux method [53,54]. Stoichiometric quantities of Ni (99.9%, Alfa Aesar) and Se (∼200 mesh,
99.9%, Alfa Aesar)/S (∼325, 99.5%, Alfa Aesar) were ground together with a mortar and
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pestle. To facilitate flux growth, a significant excess of Indium (99.99%, RotoMetals) was
added to the mix (≥50%). Subsequently, all precursor materials were carefully sealed
within a vacuum-sealed quartz tube and positioned inside a high-temperature furnace. The
temperature was gradually raised to 1000 ◦C over a duration of 1440 min and maintained at
that level for an additional 1440 min. Subsequently, a controlled cooling process gradually
decreases the temperature to 950 ◦C within 180 min, followed by a 2880-min dwell period
at 950 ◦C. Finally, the sample was slowly cooled down to 180 ◦C before being removed from
the furnace and placed centrifuge. The grown crystals were characterized using LEED (OCI
LEED 600) and powder X-ray diffraction (XRD) (Bruker D8 DISCOVER, Cobalt Source)
in order to validate their crystal structure. The XRD results and calculations in order to
compare specific features within the calculated XRD pattern [Figure S2].

3. Results and Discussion
3.1. SYK Model

The Sachdev-Ye-Kitaev (SYK) model is a quantum many-body system that is exactly
solvable. the SYK is able to accurately model 2D gravity, which is ideal for an accurately
solvable model for black holes. Where ψi are Majorana fermions, and Ji1i2i3···in are random
couplings with a Gaussian distribution. The parameter O is used to capture higher order
terms [55–57].

H = ∑
i1<i2<i3···<in

Ji1i2i3···in ψi1 ψi2 ψi3 · · ·ψin −
µ

n! ∑
i1<i2<i3···<in

ψi1 ψi2 ψi3 · · ·ψin + O (1)

In the SYK model, the µ parameter is called the “mass” term. In the context of black
holes, the parameter µ is related to the temperature and entropy of the black hole, and plays
an important role in the calculation of thermodynamic properties using the SYK model.

Contrarily, for normal interacting Dirac Fermions in 2D, the SYK model takes the
form [58]:

H = ∑
i1<i2<i3···<in

Ji1i2i3···in ψ†
i1 ψi2 ψ†

i3 · · ·ψin −
µ

n! ∑
i1<i2<i3···<in

ψ†
i1 ψi2 ψ†

i3 · · ·ψin + O (2)

where ψx are Dirac Fermions, Ji1i2 ...iq are random couplings with a Gaussian distribution q
is the order of the interaction. For the critically tilted regime, a term for the dispersion of
the Dirac Fermions is added [59–61].

H = ∑
i1<i2<i3···<in

Ji1i2i3···in c†
i1 ci2 c†

i3 · · · cin + ∑
<i,j>

tijc†
i cj −

µ

n! ∑
i1<i2<i3···<in

c†
i1 ci2 c†

i3 · · · cin + O (3)

ci are the operators for Fermions, Ji1i2i3···in are random couplings with a Gaussian distri-
bution, tij is a hopping parameter that describes the band structure of the Dirac cone and
µ is the chemical potential. Since all of these models are exactly solvable, it is possible
to measure the dispersion and interaction of Fermions (or Majorana Fermions) in these
models.

In the critically tilted Dirac cone (Type-III), the Dirac point lies at the same en-
ergy as one of the cone’s edge states. The bands in the Dirac cone follow the relation
ψ†

i (k) = ψj(−k). However, at the energy of the Dirac points, the degeneracy forces the
flat edge state to have the relation ψ†

i = ψj, for all states in the flat band, this creates the
ideal analogue for the SYK model at the Dirac point energy and is not realized in type-III
Weyl semimetals nor type-II and type-I Dirac cones. In this regime, Dirac Fermions behave
like Majorana Fermions [61]. Therefore, pseudo black hole interactions can be probed in
condensed matter systems.

3.2. Low Energy Model

In order to visualize the tilted nature of Dirac cones, a simple two band model is
constructed which simulates ∑<i,j> tijc†

i cj, the Hamiltonian consists of both off diagonal
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and diagonal elements, as oppose to the normal Dirac Hamiltonian, which only has off
diagonal elements. The diagonal term are used to tune the Dirac cone to different angles.

H(k) =
[

v f kx + v f ky vxkx − ivykx
vxkx + ivykx v f kx + v f ky

]
(4)

Solving the Hamiltonian yields the Eigenvalues for the upper and lower bands. The
SYK parameters to the total Hamiltonian are negligible in the two band model, since it only
contributes an integer to the eigenvalues [62].

E±(k) = (v f kx + v f ky)±
√
(vxkx)2 + (vyky)2 (5)

The tilt of the Dirac cone can be determined by the tuning parameter

η =
√
(v f /vx)2 + (v f /vy)2. (η < 1) corresponds to the type-I Dirac cone, (η > 1) is

the type-II phase, and (η = 1) is the type-III phase. Colormaps are for visual aid and do not
represent the density of states

The Dirac cone can have three main phases, its type-I normal phase [Figure 2A], its
critically tilted type-III phase [Figure 2C], and its over tilted phase [Figure 2B]. By changing
the interaction terms in the SYK model, it is possible to model all of these Dirac cone phases
within the toy model with n interaction terms and only 2D hoping parameters. Within this
work, only the type-III phase is of interest.

Figure 2. Tilted Dirac Cone: An illustration of the tilted Dirac cone in its (A) type-I normal phase
(B) over-tilted type-II Phase, and (C) critically tilted type-III phase.

3.3. Bulk Band Structure of Ni3In2X2(X = S, Se)

Single crystals of Ni3In2X2(X = S, Se) and analyzed with powder XRD and are found
to have good agreement with their predicted crystal structure [Figure S2 Supplementary
Materials]. The calculated crystal parameters are a = b = 5.432 , c = 13.606 for Ni3In2Se2 and
a = b = 5.432 , c = 13.482104 for Ni3In2S2. The single crystal nature of Ni3In2X2(X = S, Se)
is also analysis with LEED measurements and are found to have perfect hexagonal shape
associated with the R3M space group.

Bulk band calculations show that there is a flat band in the Γ-Z direction about
−700 meV below the Fermi level for Ni3In2S2 [Figure 1A], and two flat bands −750 meV
and −800 meV Below the Fermi level for Ni3In2Se2 [Figure 1C]. Detailed analysis shows
that these bands are perfectly flat to within 4 digits ±0.00005 eV (±0.05 meV) for the entire
high symmetry line (where 0.0001 is the limit of the accuracy). However, the region of
interest are the type-III Dirac cones that form in the gap when spin orbit coupling is applied.
Ni3In2S2 opens two type-III Dirac cones with a gap ∼10 meV which are iso-energy and
are connected by the flat bulk band [Figure 1B, dashed box]. Ni3In2S2 opens two sets of
type-III Dirac cones with a gap of ∼10 meV for the upper two cones [Figure 1D, green
dashed box], and a gap of ∼30 meV for the lower two Dirac cones [Figure 1D, black dashed
box]. It is important to note that there is also a momentum (K) gap for the Dirac cones in
the type-III case. In order to confirm the topological nature of the Dirac cones, Z2 analysis
is conducted and it is found that there is nontrivial topology near the predicted spots for
the Dirac cones. The topological number analysis shows that there are prominent areas
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which have a strong topological charge and only occur at certain planes when performing
Z2 loop analysis, leading to peaks in the loop analysis when typically smooth curves are
expected. (see supplementary for topological charge analysis).

4. Strong Anisotropic Optical Response

Magneto-transport probes of type-III Dirac semi-metals has already been discussed in
detail [43], therefore, another method of measuring an analogous black hole is provided.

Optical response can be seen as a good indicator of the electrical properties of a
material, especially under the high frequency regime where light operates. In order to
calculate the total conductivity of a metal the Kubo-Greenword formula can be utilized,
since the transverse conductivity vanishes, only the diagonal terms of the equation remain.
The total conductivity σii composes from two components σintra

ii and σinter
ii [63,64].

σintra
ii =

ge2vi

6π2h̄3vjvk

τ

iωτ − 1

∫ ∞

−∞

∂ fD(ε)

∂ε
ε2dε (6)

where g is the degeneracy vi is the respective Fermi velocity, τ is the inelastic scattering
time, ω is the frequency of the incident light, and fD(ε) is the Fermi–Dirac distribution.

σinter
ii =

ige2viω

3π2h̄2vjvk

[
i
∫ εc

0

GD(ε)− GD(h̄ω/2)
h̄2ω2 − 4ε2

εdε

]
(7)

where GD(ε) = fD(−ε) − fD(ε). By taking advantage of the fact that both of these
equations calculate the anisotropy of the same bands, the ratio can be simplified to
σyy(ω)/σxx(ω) = mx/my. Thusly, the optical response can be calculated as:

σ(θ, υ, ω) = σxx cos2(θ) sin2(υ) + σyy sin2(θ) sin2(υ) + σzzcos2(υ) (8)

in which σ shows a dependence on polarization angles υ and θ.
In order to measure the optical response of a material, there are two main candidates,

optical transmission in which an incident light is shone through a thin film of materials
and the transmitted light is measured, or to measure with spectral ellipsometry. Spectral
ellipsometry is a better choice since it is better able to measure materials which are single
crystals or have little bulk transmittance. Ellipsometry is a technique in which light is
sent at an incidence to a surface of a clean material and the reflectance is measured with a
detector. In this experimental setup, both the angle of the source light and the polarization
can be changed. If needed, the frequency of light can also be changed. With this technique,
it is possible to measure single crystals of p-doped Ni3In2AsxSe2−x, tuned so that it is
near the level of the type-III Dirac cone. The normal expected response of a metal is for
there to be an anisotropy with respect to the incidence angle θ [Figure 3A], but for there
to be no change in the optical response with the polarization angle υ [Figure 3B]. For the
type-III Dirac cone, there will be a strongly anisotropic response in both the incidence angle
[Figure 3C], and the polarization angle [Figure 3D].

Super-radiant (SR) scattering for black holes can be described by the Teukolsky Equa-
tion [65]. The Teukolsky equation is not an exactly solvable model and must be solved
via numerical methods. However, proposals have shown that SR scattering is an ideal
test for general relativity near a black hole (where it breaks down) [66]. Dirac Fermions
have been theoretically shown to also be an ideal test of SR scattering near a black hole in
Kerr spacetime [67] where Kerr spacetime provides an ideal test bed for testing particle
physics on a black hole [68,69]. It has been proposed, that an anisotropic response in the
optical conductivity which is proportional to the polarization of light is equivalent to super
radiance which is predicted to exist around black holes [70]. It can be seen that there is an
over/under reflection of light which varies with polarization angle [Figure 3C,D]. Upon
varying the frequency of light, there is expected to be a region (which corresponds to the
band gap energy) where the reflectance is far greater than other regions in the frequency
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range [70]. for the experiment alight is sent at an incidence angle of 45◦ to a single crystal of
p-doped Ni3In2AsxSe2−x (with respect to the Ĉ-axis). In order to probe only the “black-hole”
side of the type-III Dirac cone, the laser should be circularly polarized by sending a laser
that is linearly polarized through a quarter wave plate and an angle of 45◦. In order to
detect the reflected light, and analyzer (polarizer) with a photodetector can be setup on
the reflected side. When varying the wavelength of light, a strong increase in reflectance at
a certain wavelength will correspond to superradiance. Strong optical anisotropy is also
a strong indicator of superradiance in Ni3In2Se2 crystals. SR scattering should show an
incidence angle dependence and a polarization dependence which would experimentally
demonstrate the existence of an analogous black-hole in the type-III Dirac semi-metal
Ni3In2Se2.

⠀䈀⤀

⠀䌀⤀ ⠀䐀⤀

⠀䄀⤀

Figure 3. Optical response: The optical response for a material that has a isotropic band structure
(A) θ dependence, (B) υ dependence. The optical response of the strongly anisotropic type-III Dirac
material with polarization angle (A) θ and (B) υ dependence. Highly Anisotropic response with (C) θ

and (D) υ dependence. Angle dependence is set to 0, π/4, π/3, π/2, 0.9π.

5. Conclusions

In conclusion, it is found that the SYK model with modifications, can capture the
interaction of both a black hole with Majorana Fermions and Dirac Fermions. Upon
studying the critically tilted Dirac cone, it can be seen that the Dirac Fermions behave in a
similar manner to the Majorana Fermions in the SYK Black hole model. By utilizing this
correlation it is possible to study black hole physics in condensed matter systems, opening
up the possibility of studying quantum information paradoxes in a table top setting. Single
crystals of Ni3In2S2 and Ni3In2Se2 have been shown theoretically to have perfectly flat and
ideal type-III Dirac cones. Finally, an experiment is proposed to both confirm analogous
black holes in type-III Dirac semimetals and to confirm the existence on super-radiant
scattering.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13050847/s1, Figure S1: Topological Charge Analysis; Table S1:
Crystal Parameters; Figure S2: Crystal Characterization, Figure S3: Bulk Band Dispersion.
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