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Anisotropic optics and gravitational lensing of tilted Weyl fermions
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We show that tilted Weyl semimetals with a spatially varying tilt of the Weyl cones provide a platform for
studying analogs to problems in anisotropic optics as well as curved spacetime. Considering particular tilting
profiles, we numerically evaluate the time evolution of electronic wave packets and their current densities. We
demonstrate that electron trajectories in such systems can be obtained from Fermat’s principle in the presence
of an inhomogeneous, anisotropic effective refractive index. On the other hand, we show how the electron
dynamics reveal gravitational features and use them to simulate gravitational lensing around a synthetic black
hole. These results bridge optical and gravitational analogies in Weyl semimetals, suggesting different pathways

for experimental solid-state electron optics.
DOI: 10.1103/PhysRevB.107.L.201406

Inspiration drawn from light optics has driven important
fundamental and applied breakthroughs in electronic con-
densed matter systems. It led to the manipulation of electrons
using inhomogeneous potentials [1], negative refractive in-
dices, and Veselago lensing [2,3], tailoring the effective mass
of electrons [4], a geodesic description for random varia-
tions in surface height [5], and strain-induced pseudomagnetic
fields [6]. Even more exotic phenomena such as electron beam
collimation [7] and cloaking [8—11] have been proposed. In
the past decade, some of these advanced theoretical ideas have
been realized in experiments which brought about a new era in
the field of solid-state electron optics [12,13]. In this context,
we consider systems with a specific spatially varying hopping
profile rather than the more traditional inhomogeneous po-
tential landscape [1], which allows us to devise an electronic
version of anisotropic optics [14—16], thus opening the way to
applications using anisotropic optics effects, such as birefrin-
gence, in electronic systems. In the long-wavelength limit this
inhomogeneous hopping profile maps to a system with Weyl
cones whose tilting depends on position.

This is of particular interest as close analogies can be
drawn between electronic Weyl cones and the light cones
defined in general relativity [17-20]. Recent developments
showed behaviors analogous to gravitational horizons for a
range of phenomena in inhomogeneous systems related to
Weyl semimetals, including eternal slowdown and Unruh
radiation [21-30]. There are already several proposals for ex-
perimentally realizing the modulations in tilting as a function
of space, including the use of structural distortions, spin tex-
tures, and external position-dependent driving [31-37]. These
novel possibilities enrich the field of analog gravity that have
been proposed in a range of other types of systems [38—63].

2469-9950/2023/107(20)/L201406(7)

L201406-1

Here, we consider in particular lattice systems of tilted
Weyl cones whose tilt varies slowly compared to the lattice
spacing, and we numerically evaluate the quantum dynamics
of wave packets in such systems. Intriguingly, we show that
the propagation in these systems can be understood from
two seemingly disconnected perspectives: (a) in analogy to
anisotropic continuum optics through Fermat’s principle; and
(b) mimicking analog black holes and gravitational lensing
for electrons. These features are illustrated in Fig. 1 where
the current density is depicted both in the absence [Figs. 1(a)
and 1(c)] and presence [Figs. 1(b) and 1(d)] of tilting modula-
tions mimicking a curved spacetime with a black hole horizon
(black circle). Electrons injected from a lead attached to the
upper left side are seen to bend around the synthetic black
hole.

Systems with position-dependent tilting of Weyl cones
provide a unique platform to study phenomena which brings
anisotropic optical analogies and connections to gravitational
physics together. To showcase the different facets of the ap-
proach, we address it at different levels of theory, including
semiclassical trajectories, quantum wave packet dynamics,
and experimentally accessible electronic current densities re-
sulting from the presence of an event horizon.

Anisotropic optics of tilted Weyl cones. We consider the
motion of wave packets in inhomogeneous systems with tilted
Weyl cones. At every real space position the Hamiltonian can
be described as a tilted Weyl cone in the local momentum
space, and we allow this tilt to change as a function of po-
sition. This system is described by the real space Hamiltonian
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FIG. 1. Current density emanating from a lead in the upper left
corner, flowing through a scattering region without [(a) and (c)] and
with [(b) and (d)] a horizon (black circle). In (a) and (b) only a single
mode is shown, while in (c) and (d) all modes are present. Color
indicates the absolute value of the current density, red arrows its
direction (see SM for details).

where the tilting t depends on position, and o; are the
Pauli matrices. The last term enforces the Hermiticity of the
Hamiltonian.

In homogeneous systems, with constant t, the Schrédinger
equation can be easily solved using plane waves, but here the
Hamiltonian is spatially varying. We assume that the tilting
varies slowly with position, which allows us to use the eikonal
approximation [14]. Details of the following derivation are
available in the Supplemental Material (SM) [64]. Starting
from a plane wave ansatz with position-dependent amplitude
and phase, ®, = A, (r, t)e’*™", and assuming slow variations
of the amplitude, constant energy, and no interband mixing,
we obtain the eikonal equation

E ::I:k—thkj, )
J

where E is the fixed energy, and the wave vector is given by
k=V¢o.

This problem is analogous to solving the Schrédinger
equation of free electrons in an inhomogeneous potential [1],
or solving the wave equation of light in inhomogeneous re-
fractive media [14]. Fermat’s principle stipulates that along
the trajectories for which the variation of the optical path
length is vanishing, we get constructive interference, and these
will form the classical optical rays or trajectories. They can be
obtained from a variational problem as

8/k~dr=8/kcos(a—z9)dlES/neffdlzo, 3)

where n.s is the effective refraction index and the angles are
defined in Fig. 2. Notice that the effective refraction index
depends on the direction of the group velocity () and that the

A

1
1

FIG. 2. Definition of the vectors of importance for the variational
problem based on Fermat’s principle. v is the group velocity tangen-
tial to the trajectory (blue dashed line) with angle . k is the wave
vector with angle «. r and ¢ are the polar coordinates.

wave vector and the group velocity are not necessarily parallel
(o # ). These are major differences between the current
problem and optics or electrons subjected to an inhomoge-
neous potential. They are classic signatures of anisotropic
optics, seen also in for example crystal optics [14] or seismic
wave propagation [16].

A striking consequence of its effect in classical anisotropic
optics concerns refraction at perpendicular incidence to an
interface, where the outgoing ray may leave at a finite angle.
We calculated that our system does display an analog of this
phenomenon, where an electron does not refract at a perpen-
dicular angle upon impinging perpendicularly at an interface
(see SM for a video).

Such anisotropic effects could be used to create electronic
devices analogous to optical polarizers, which rely on bire-
fringence. Indeed, one can consider a material with two Weyl
cones, each forming a valley, with opposite tilting along the
propagation direction. A wave packet formed of a superpo-
sition of the two valleys propagating in this system would
split into two wave packets, each corresponding to a sin-
gle valley. This valley birefringence could be used to create
valley polarizers, with potential applications in the field of
valleytronics [65].

To illustrate the rich anisotropic physics we can access in
this inhomogeneously tilted Weyl system, we turn to two-
dimensional systems with circular symmetry where the tilt can
be expressed as

Xi
ti(r) = 7t(r)- 4)

Transforming to polar coordinates (see Fig. 2), we can express
the effective refraction index as [64]

E
eff = — v:\/1—tzsinz(ﬂ—q))—tcos(ﬁ—q)). 3)

with v the magnitude of the group velocity. Here, the energy
E only appears as a multiplicative factor and does not affect
the variational problem. Therefore, particles with different
energies will trace out the same trajectories in space. This is a
unique feature of the linear dispersion of the Weyl cones, and
is not valid if the dispersion includes nonlinear terms.
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FIG. 3. Geodesics of light around a black hole (gray sphere) in
the Painlevé-Gullstrand coordinates. The red lines represent light
with a different initial position and zero radial velocity. The light gets
deflected inward by the gravitational potential. The dashed black line
is the photon sphere, the stable orbit of light. The blue dots and lines
give a schematic representation of the lattice in a corresponding Weyl
semimetal implementation, with thickness indicating the strength of

hopping.

To solve the variational problem, we can take the
commonly used arc-length parametrization of the trajec-
tory [15,16] and find the Euler-Lagrange equations [64]. We
then get a system of differential equations that, given an initial
position (g, @) and an initial direction (), uniquely defines
a classical trajectory for the electron. Importantly, it does not
give any information regarding dynamics, such as the time it
takes to travel along a trajectory.

Gravitational lensing. We now turn to a specific system
with rotational symmetry, in which the anisotropic physics is
directly inherited from relativistic light propagation in curved
spacetime. Indeed, it has been shown recently that systems
featuring tilted Weyl cones can be understood as analogs to
propagation in spacetime in the proximity of a black hole
horizon [17,18,21-29,35].

The connection to general relativity can be understood by
choosing the following circularly symmetric metric in polar
coordinates [66,67],

ds* = [t2(r) — 11dT? = 2t(r)drdT + dr* + r*d¢®, (6)

where T denotes the temporal coordinate and #(r) is the ra-
dial tilt defined in Eq. (4). This metric has a horizon when
t(r) = 1. As shown in Ref. [28] the massless Dirac equation in
a curved background defined by this metric leads to Eq. (1) in
terms of tilted Weyl cones.

By choosing the specific tilting dependence

) 2M
t(r)=—, @)
r
the metric of Eq. (6) describes a Schwarzschild black hole
with radius r;, = 2M written in the Painlevé-Gullstrand coor-
dinate system [64,68].

We are interested in the deflection of lightlike trajecto-
ries evidencing gravitational lensing, and its analogs in Weyl
semimetals with inhomogeneous tilt profiles. The lightlike
trajectories given by geodesics of the metric in Eq. (6) can
be numerically calculated and are shown in Fig. 3 (for more
details, see the SM). The different lines represent light rays ap-

proaching the black hole horizon with different impact factors.
The black hole, whose horizon is represented by the black
circle, can be clearly seen to curve the light inwards. At a
distance 3r,/2 from the black hole center, we find the photon
sphere (dashed circle) defined by light having a circular orbit
around the black hole [69].

Note that the Painlevé-Gullstrand metric, which we use
here, is related to the Schwarzschild metric by a transfor-
mation of the time coordinate while leaving the position
coordinates unchanged. The spatial trajectories traced out by
the light, and in particular the lensing due to the gravitational
potential, are the same in both metrics, although the dynamics
along those trajectories may differ (see SM for details).

Schwarzschild black hole with tilted Weyl nodes. In the fol-
lowing we consider a two-dimensional lattice model that hosts
tilted Weyl cones at low energies, introduced in Ref. [28],

H = (0, — t,00)sink, + (o, — t,00) sink,

+ 0,(2 — cosk, — cosk,). ®)

where H is the local Bloch Hamiltonian. We focus on the
specific case that maps to the Schwarzschild black hole where
the radial tilting defined in Eq. (4) is t(r) = 4/rs/r. This
Hamiltonian is schematically depicted in Fig. 3: The lattice
in blue has thicker edges where the hopping proportional to
oy is larger. The tilting therefore increases when approaching
r = 0. The black line corresponds, in the electronic system, to
the transition between type-I and type-II Weyl cones. In the
gravitational system, this line corresponds to the black hole
horizon.

To establish the extent of the connection between this
tight-binding model and gravitational physics, we investigate
the relation between the propagation of the wave packets in
the tight-binding model and the geodesics of light defined
by the metric. The wave packet trajectories in the tight-
binding model for different impact parameters are shown in
Fig. 4(a). These were obtained using two different methods:
first, using Fermat’s principle [Eq. (3)] and solving the Euler-
Lagrange equation numerically [red curves in Fig. 4(a)], and
second, by simulating the full quantum wave packet dynamics
using the Chebyshev expansion method [70,71] on the tight-
binding Hamiltonian given by Eq. (8) [blue lines in Fig. 4(a)].
The trajectories calculated using the two methods are in close
agreement with each other and with the geodesics in Fig. 3.
All trajectories are deflected, and decreasing the impact factor
increases the curvature of the trajectory. If the starting position
is on the photon sphere, the trajectory becomes circular, while
smaller impact factors imply collapse towards the center of
the analog black hole.

To understand the origin of the lensing effect in the context
of tilted Weyl semimetals, we show a representation of the
Fermi surface defined by the local Bloch Hamiltonian, at the
energy of the wave packet, along five specific trajectories in
Fig. 4(b), and on the whole lattice in Fig. 4(c). This energy is
conserved and determines the dynamics of the wave packet.
Far away from r = 0, the Fermi surfaces are almost circular,
with the " point at the center. Getting closer to the horizon,
the Fermi surfaces become elliptical, with the I" point heavily
shifted towards the horizon. In particular, this causes the wave
vector and group velocity to not be parallel, similar to Eq. (3),
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FIG. 4. (a) Calculated trajectories of wave packets using the Chebyshev expansion method (blue), and trajectories obtained using Fermat’s
principle (red), in an inhomogeneously tilted Weyl system. The black solid line delineates the transition between type-I and type-1I Weyl cones,
which corresponds to the black hole horizon in the analogous gravitational system. The dotted black line corresponds to the photon sphere. The
shade of blue denotes the inverse of the width w of the wave packet relative to the initial width wy. (b) Constant energy lines in the local Bloch
Hamiltonians along five different trajectories. The black and cyan lines indicate the wave vector and group velocity, respectively. (c) Constant
energy lines for local Bloch Hamiltonians throughout the whole system. In (b) and (c) the I" point of the local Brillouin zone is represented by
the black point and the color of the energy lines denotes the sign of v, red (blue) is positive (negative). (d) Probability density of a propagating

wave packet shown at five different time steps.

as depicted in Fig. 4(b). Along the trajectory, the wave vector
must change continuously while conserving the energy. This,
together with the rotation of the ellipses along the trajectory,
leads to a rotation of the group velocity and to a bending of
the trajectories around the black hole.

Moving beyond the semiclassical description, we can con-
sider the actual wave packets and their broadening inside the
system.

To quantify this, we calculate the maximal full width at half
maximum (w) of the wave packet, represented in Fig. 4(a) by
the color scale. The ratio of the initial width to the actual width
(wo/w) goes to zero for a delocalized wave function and is
equal to one for the initial state. The wq/w ratio decreases for
all trajectories during their propagation through the system,
but the decrease is much faster for trajectories that come close
to the horizon. Snapshots of the propagation of one particular
wave packet are depicted in Fig. 4(d).

The initially well-localized wave packet gets compressed
in the direction of propagation and becomes wider in the
perpendicular direction. The semiclassical description us-
ing Fermat’s principle breaks down once the wave packet
becomes too delocalized in real space, since the pointlike
particle approximation is no longer valid. Furthermore, it also
breaks down once the wave packet gets too squeezed, making
it less localized in momentum space, and mixing in compo-
nents for which the dispersion is no longer linear.

Current density. Having characterized the wave packet
trajectories and their connection to geodesics and Fermat’s
principle, we turn to the effect of lensing on electronic
currents, which can be accessed experimentally. We con-
sider a multiterminal transport setup, where we attach leads
to all sides of a square scattering region and use the
KWANT package [72] to calculate the current density as-
sociated to the scattering states (see SM for details of
the setup and calculations). The results are summarized in
Fig. 1.

When inputting a single propagating mode with large mo-
mentum, shown in Figs. 1(a) and 1(b), the current densities
resemble the semiclassical trajectories. Indeed, without any
Weyl cone tilting, the current density is rectilinear and only
sizable in a horizontal region, while including inhomogeneous
Weyl cone tilting causes the current density to display a clear
lensing effect.

Next, to consider the total transport through the scatter-
ing region, we include all propagating modes in the lead.
Summing over these, we obtain the current density profile cor-
responding to what would be measured in a typical transport
measurement, as shown in Figs. 1(c) and 1(d). The presence of
the inhomogeneous Weyl cone tilting then bends the current
density, which results in a significantly larger current reaching
the bottom lead, although the effect is less prominent than
when inputting a single mode. In terms of multiterminal con-
ductances, increasing the radius of the overtilted region would
make the conductance to the bottom lead grow while reducing
the one to the right lead.

Conclusion. We showed that tilted Weyl semimetals with
inhomogeneous tilting can be used to connect phenomena in
distant fields including condensed matter physics, optics, and
general relativity. We extended the well-known connection
between general relativity and condensed matter physics to
anisotropic optics.

Electronic analogies with anisotropic optics provide a
promising platform to use phenomena related to exotic
anisotropic effects, but with different ranges of wave numbers
and energies. The trajectories of electrons can be obtained
using an anisotropic effective refractive index.

In connection with general relativity, we related models
of inhomogeneously tilted Weyl cones to massless particles
propagating around a Schwarzschild black hole and suggested
a setup to measure this phenomenon experimentally. We also
showed how the lensing around a black hole is related to
anisotropic optics.
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With the rapidly growing number of realizations of
tilted Weyl semimetals both in real condensed mat-
ter systems [22,73,74] and metamaterials [75,76], and
different methods to engineer inhomogeneity [31,32,34—
37] in the tilting, the effects discussed in this Let-
ter can be experimentally accessed. Using the analogy
to anisotropic optics one can devise effects and corre-
sponding experimental realizations that would otherwise be
impossible in systems of electrons in an inhomogeneous
potential.

Note added. Recently, we became aware of a related
work [77] that considers an alternative approach to grav-
itational lensing in a related system using semiclassical
dynamics discussing Berry curvature effects. Where our stud-
ies overlap, we get consistent results.

Acknowledgments. We are grateful to I. C. Fulga for helpful
discussions. We thank U. Nitzsche for technical assistance.
We also thank the Wiirzburg-Dresden Cluster of Excellence
on Complexity and Topology in Quantum Matter - ct.qmat
(EXC 2147, Project No. 390858490).

[1] H. van Houten and C. W. J. Beenakker, Principles of solid state
electron optics, in Confined Electrons and Photons: New Physics
and Applications, edited by E. Burstein and C. Weisbuch
(Springer, Boston, 1995), pp. 269-303.

[2] V. V. Cheianov, V. Fal’ko, and B. L. Altshuler, The focusing
of electron flow and a Veselago lens in graphene p-n junctions,
Science 315, 1252 (2007).

[3] J. Cserti, A. Palyi, and C. Péterfalvi, Caustics due to a Negative
Refractive Index in Circular Graphene p-n Junctions, Phys. Rev.
Lett. 99, 246801 (2007).

[4] M. G. Silveirinha and N. Engheta, Transformation electronics:
Tailoring the effective mass of electrons, Phys. Rev. B 86,
161104(R) (2012).

[5] J. P. Dahlhaus, C.-Y. Hou, A. R. Akhmerov, and C. W. J.
Beenakker, Geodesic scattering by surface deformations
of a topological insulator, Phys. Rev. B 82, 085312
(2010).

[6] E. V. Gorbar, V. A. Miransky, I. A. Shovkovy, and P. O.
Sukhachov, Pseudomagnetic lens as a valley and chirality split-
ter in Dirac and Weyl materials, Phys. Rev. B 95, 241114(R)
(2017).

[7] C.-H. Park, Y.-W. Son, L. Yang, M. L. Cohen, and S. G. Louie,
Electron beam supercollimation in graphene superlattices, Nano
Lett. 8, 2920 (2008).

[8] B. Liao, M. Zebarjadi, K. Esfarjani, and G. Chen, Cloaking
Core-Shell Nanoparticles from Conducting Electrons in Solids,
Phys. Rev. Lett. 109, 126806 (2012).

[9] B. Liao, M. Zebarjadi, K. Esfarjani, and G. Chen, Isotropic and
energy-selective electron cloaks on graphene, Phys. Rev. B 88,
155432 (2013).

[10] R. Fleury and A. Alu, Quantum cloaking based on scattering
cancellation, Phys. Rev. B 87, 045423 (2013).

[11] J. B. Pendry, D. Schurig, and D. R. Smith, Controlling electro-
magnetic fields, Science 312, 1780 (2006).

[12] M. Topinka, B. LeRoy, R. Westervelt, S. Shaw, R. Fleischmann,
E. Heller, K. Maranowski, and A. Gossard, Coherent branched
flow in a two-dimensional electron gas, Nature (London) 410,
183 (2001).

[13] G.-H. Lee, G.-H. Park, and H.-J. Lee, Observation of negative
refraction of dirac fermions in graphene, Nat. Phys. 11, 925
(2015).

[14] M. Born and E. Wolf, Principles of Optics, Tth ed. (Cambridge
University Press, Cambridge, UK 1999).

[15] A. L. Rivera, K. B. Wolf, and S. M. Chumakov, Hamiltonian
foundation of geometrical anisotropic optics, J. Opt. Soc. Am.
A 12, 1380 (1995).

[16] M. P. Rudzki, 2. On application of Fermat’s principle to
anisotropic media, in Anisotropy 2000 (Society of Exploration
Geophysicists, Houston, TX, 2001), pp. 13-20.

[17] G. E. Volovik, Black hole and Hawking radiation by type-II
Weyl fermions, JETP Lett. 104, 645 (2016).

[18] G. E. Volovik, The Universe in a Helium Droplet (Oxford
University Press, Oxford, UK, 2003), Vol. 117.

[19] Y. Kedem, E. J. Bergholtz, and F. Wilczek, Black and
white holes at material junctions, Phys. Rev. Res. 2, 043285
(2020).

[20] S. Davis and M. Foster, Geodesic geometry of 2+1-D Dirac
materials subject to artificial, quenched gravitational singulari-
ties, SciPost Phys. 12, 204 (2022).

[21] S. Guan, Z.-M. Yu, Y. Liu, G.-B. Liu, L. Dong, Y. Lu, Y.
Yao, and S. A. Yang, Artificial gravity field, astrophysical ana-
logues, and topological phase transitions in strained topological
semimetals, npj Quantum Mater. 2, 23 (2017).

[22] H. Huang, K.-H. Jin, and F. Liu, Black-hole horizon in the Dirac
semimetal Zn,In,Ss, Phys. Rev. B 98, 121110(R) (2018).

[23] L. Liang and T. Ojanen, Curved spacetime theory of inhomoge-
neous Weyl materials, Phys. Rev. Res. 1, 032006(R) (2019).

[24] C. Morice, A. G. Moghaddam, D. Chernyavsky, J. van Wezel,
and J. van den Brink, Synthetic gravitational horizons in low-
dimensional quantum matter, Phys. Rev. Res. 3, L022022
(2021).

[25] C. Morice, D. Chernyavsky, J. van Wezel, J. van den Brink, and
A. G. Moghaddam, Quantum dynamics in 1D lattice models
with synthetic horizons, SciPost Phys. Core 5, 042 (2022).

[26] A. G. Moghaddam, D. Chernyavsky, C. Morice, J. van Wezel,
and J. van den Brink, Engineering spectral properties of
non-interacting lattice Hamiltonians, SciPost Phys. 11, 109
(2021).

[27] D. Sabsovich, P. Wunderlich, V. Fleurov, D. I. Pikulin, R. Ilan,
and T. Meng, Hawking fragmentation and Hawking attenuation
in Weyl semimetals, Phys. Rev. Res. 4, 013055 (2022).

[28] V. Konye, C. Morice, D. Chernyavsky, A. G. Moghaddam, J.
van den Brink, and J. van Wezel, Horizon physics of quasi-one-
dimensional tilted Weyl cones on a lattice, Phys. Rev. Res. 4,
033237 (2022).

[29] L. Mertens, A. G. Moghaddam, D. Chernyavsky, C. Morice, J.
van den Brink, and J. van Wezel, Thermalization by a synthetic
horizon, Phys. Rev. Res. 4, 043084 (2022).

[30] S. Rostamzadeh, S. Tasdemir, M. Sarisaman, S. A. Jafari,
and M.-O. Goerbig, Tilt-induced vortical response and mixed
anomaly in inhomogeneous Weyl matter, Phys. Rev. B 107,
075155 (2023).

L201406-5


https://doi.org/10.1126/science.1138020
https://doi.org/10.1103/PhysRevLett.99.246801
https://doi.org/10.1103/PhysRevB.86.161104
https://doi.org/10.1103/PhysRevB.82.085312
https://doi.org/10.1103/PhysRevB.95.241114
https://doi.org/10.1021/nl801752r
https://doi.org/10.1103/PhysRevLett.109.126806
https://doi.org/10.1103/PhysRevB.88.155432
https://doi.org/10.1103/PhysRevB.87.045423
https://doi.org/10.1126/science.1125907
https://doi.org/10.1038/35065553
https://doi.org/10.1038/nphys3460
https://doi.org/10.1364/JOSAA.12.001380
https://doi.org/10.1134/S0021364016210050
https://doi.org/10.1103/PhysRevResearch.2.043285
https://doi.org/10.21468/SciPostPhys.12.6.204
https://doi.org/10.1038/s41535-017-0026-7
https://doi.org/10.1103/PhysRevB.98.121110
https://doi.org/10.1103/PhysRevResearch.1.032006
https://doi.org/10.1103/PhysRevResearch.3.L022022
https://doi.org/10.21468/SciPostPhysCore.5.3.042
https://doi.org/10.21468/SciPostPhys.11.6.109
https://doi.org/10.1103/PhysRevResearch.4.013055
https://doi.org/10.1103/PhysRevResearch.4.033237
https://doi.org/10.1103/PhysRevResearch.4.043084
https://doi.org/10.1103/PhysRevB.107.075155

VIKTOR KONYE et al.

PHYSICAL REVIEW B 107, L201406 (2023)

[31] V. Arjona and M. A. H. Vozmediano, Rotational strain in
Weyl semimetals: A continuum approach, Phys. Rev. B 97,
201404(R) (2018).

[32] M. P. Ghimire, J. I. Facio, J.-S. You, L. Ye, J. G. Checkelsky,
S. Fang, E. Kaxiras, M. Richter, and J. van den Brink, Creat-
ing Weyl nodes and controlling their energy by magnetization
rotation, Phys. Rev. Res. 1, 032044(R) (2019).

[33] R. Ray, B. Sadhukhan, M. Richter, J. I. Facio, and J. van den
Brink, Tunable chirality of noncentrosymmetric magnetic Weyl
semimetals in rare-earth carbides, npj Quantum Mater. 7, 19
(2022).

[34] Y. Ferreiros, Y. Kedem, E. J. Bergholtz, and J. H. Bardarson,
Mixed Axial-Torsional Anomaly in Weyl Semimetals, Phys.
Rev. Lett. 122, 056601 (2019).

[35] A. Weststrom and T. Ojanen, Designer Curved-Space Geometry
for Relativistic Fermions in Weyl Metamaterials, Phys. Rev. X
7, 041026 (2017).

[36] L. Liang and T. Ojanen, Topological magnetotorsional ef-
fect in Weyl semimetals, Phys. Rev. Res. 2, 022016(R)
(2020).

[37] C.-K. Chan, Y.-T. Oh, J. H. Han, and P. A. Lee, Type-IL
Weyl cone transitions in driven semimetals, Phys. Rev. B 94,
121106(R) (2016).

[38] C. Barceld, S. Liberati, and M. Visser, Analogue gravity from
Bose-Einstein condensates, Class. Quantum Grav. 18, 1137
(2001).

[39] T. G. Philbin, C. Kuklewicz, S. Robertson, S. Hill, F. Konig, and
U. Leonhardt, Fiber-optical analog of the event horizon, Science
319, 1367 (2008).

[40] I. Carusotto, S. Fagnocchi, A. Recati, R. Balbinot, and A.
Fabbri, Numerical observation of Hawking radiation from
acoustic black holes in atomic Bose—Einstein condensates, New
J. Phys. 10, 103001 (2008).

[41] C. Barceld, S. Liberati, and M. Visser, Analogue gravity, Living
Rev. Relativ. 14, 3 (2011).

[42] O. Boada, A. Celi, J. 1. Latorre, and M. Lewenstein, Dirac
equation for cold atoms in artificial curved spacetimes, New J.
Phys. 13, 035002 (2011).

[43] F. Caravelli, A. Hamma, F. Markopoulou, and A. Riera, Trapped
surfaces and emergent curved space in the Bose-Hubbard
model, Phys. Rev. D 85, 044046 (2012).

[44] L. Sindoni, Emergent models for gravity: An overview of mi-
croscopic models, SIGMA (Symmetry, Integr. Geom. Methods
Appl.) 8, 027 (2012).

[45] H. S. Nguyen, D. Gerace, 1. Carusotto, D. Sanvitto, E. Galopin,
A. Lemaitre, I. Sagnes, J. Bloch, and A. Amo, Acoustic Black
Hole in a Stationary Hydrodynamic Flow of Microcavity Po-
laritons, Phys. Rev. Lett. 114, 036402 (2015).

[46] J. Minaf and B. Grémaud, Mimicking dirac fields in curved
spacetime with fermions in lattices with non-unitary tun-
neling amplitudes, J. Phys. A: Math. Theor. 48, 165001
(2015).

[47] A. Celi, Different models of gravitating Dirac fermions
in optical lattices, Eur. Phys. J.: Spec. Top. 226, 2729
(2017).

[48] J. Dubail, J.-M. Stéphan, and P. Calabrese, Emergence of curved
light-cones in a class of inhomogeneous Luttinger liquids,
SciPost Phys. 3, 019 (2017).

[49] A. Rolddn-Molina, A. S. Nunez, and R. A. Duine, Magnonic
Black Holes, Phys. Rev. Lett. 118, 061301 (2017).

[50] J. Rodriguez-Laguna, L. Tarruell, M. Lewenstein, and A. Cel,
Synthetic Unruh effect in cold atoms, Phys. Rev. A 95, 013627
(2017).

[51] A. Kosior, M. Lewenstein, and A. Celi, Unruh effect for in-
teracting particles with ultracold atoms, SciPost Phys. 5, 061
(2018).

[52] A. J. Kollar, M. Fitzpatrick, and A. A. Houck, Hyperbolic
lattices in circuit quantum electrodynamics, Nature (London)
571, 45 (2019).

[53] J. Nissinen, Emergent Spacetime and Gravitational Nieh-Yan
Anomaly in Chiral p + ip Weyl Superfluids and Superconduc-
tors, Phys. Rev. Lett. 124, 117002 (2020).

[54] 1. Boettcher, P. Bienias, R. Belyansky, A. J. Kolldr, and A. V.
Gorshkov, Quantum simulation of hyperbolic space with circuit
quantum electrodynamics: From graphs to geometry, Phys. Rev.
A 102, 032208 (2020).

[55] B. Lapierre, K. Choo, C. Tauber, A. Tiwari, T. Neupert, and
R. Chitra, Emergent black hole dynamics in critical Floquet
systems, Phys. Rev. Res. 2, 023085 (2020).

[56] T. Farajollahpour, Z. Faraei, and S. A. Jafari, Solid-state plat-
form for space-time engineering: The 8 pmmn borophene sheet,
Phys. Rev. B 99, 235150 (2019).

[57] I. Boettcher, A. V. Gorshkov, A. J. Kollar, J. Maciejko, S.
Rayan, and R. Thomale, Crystallography of hyperbolic lattices,
Phys. Rev. B 105, 125118 (2022).

[58] B. Mula, S. N. Santalla, and J. Rodriguez-Laguna, Casimir
forces on deformed fermionic chains, Phys. Rev. Res. 3, 013062
(2021).

[59] C. De Beule, S. Groenendijk, T. Meng, and T. L. Schmidt, Ar-
tificial event horizons in Weyl semimetal heterostructures and
their non-equilibrium signatures, SciPost Phys. 11, 095 (2021).

[60] M. Stalhammar, J. Larana-Aragon, L. Rgdland, and F. K.
Kunst, P77 symmetry-protected exceptional cones and ana-
logue Hawking radiation, New J. Phys. 25, 043012 (2023).

[61] S. Weinfurtner, E. W. Tedford, M. C. J. Penrice, W. G. Unruh,
and G. A. Lawrence, Measurement of Stimulated Hawking
Emission in an Analogue System, Phys. Rev. Lett. 106, 021302
(2011).

[62] J. Steinhauer, Observation of quantum hawking radiation and
its entanglement in an analogue black hole, Nat. Phys. 12, 959
(2016).

[63] J. Hu, L. Feng, Z. Zhang, and C. Chin, Quantum simulation of
Unruh radiation, Nat. Phys. 15, 785 (2019).

[64] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.107.L.201406 for the derivation for the
eikonal approximation for titled Weyl cones, a comparison of
geodesics obtained in Schwarzschild and Painlevé-Gullstrand
coordinates, and details of the setup used for the current density
calculation, including videos about wave packet propagations.

[65] A. Rycerz, J. Tworzydlo, and C. W. J. Beenakker, Valley filter
and valley valve in graphene, Nat. Phys. 3, 172 (2007).

[66] R. Gautreau and B. Hoffmann, The Schwarzschild radial coor-
dinate as a measure of proper distance, Phys. Rev. D 17, 2552
(1978).

[67] P. Kraus and F. Wilczek, A simple stationary line element for
the Schwarzschild geometry, and some applications, arXiv:gr-
qc/9406042.

[68] G. E. Volovik, Macroscopic quantum tunneling: From quantum
vortices to black holes and Universe, J. Exp. Theor. Phys. 135,
388 (2022).

L201406-6


https://doi.org/10.1103/PhysRevB.97.201404
https://doi.org/10.1103/PhysRevResearch.1.032044
https://doi.org/10.1038/s41535-022-00423-z
https://doi.org/10.1103/PhysRevLett.122.056601
https://doi.org/10.1103/PhysRevX.7.041026
https://doi.org/10.1103/PhysRevResearch.2.022016
https://doi.org/10.1103/PhysRevB.94.121106
https://doi.org/10.1088/0264-9381/18/6/312
https://doi.org/10.1126/science.1153625
https://doi.org/10.1088/1367-2630/10/10/103001
https://doi.org/10.12942/lrr-2011-3
https://doi.org/10.1088/1367-2630/13/3/035002
https://doi.org/10.1103/PhysRevD.85.044046
https://doi.org/10.3842/sigma.2012.027
https://doi.org/10.1103/PhysRevLett.114.036402
https://doi.org/10.1088/1751-8113/48/16/165001
https://doi.org/10.1140/epjst/e2016-60390-y
https://doi.org/10.21468/SciPostPhys.3.3.019
https://doi.org/10.1103/PhysRevLett.118.061301
https://doi.org/10.1103/PhysRevA.95.013627
https://doi.org/10.21468/SciPostPhys.5.6.061
https://doi.org/10.1038/s41586-019-1348-3
https://doi.org/10.1103/PhysRevLett.124.117002
https://doi.org/10.1103/PhysRevA.102.032208
https://doi.org/10.1103/PhysRevResearch.2.023085
https://doi.org/10.1103/PhysRevB.99.235150
https://doi.org/10.1103/PhysRevB.105.125118
https://doi.org/10.1103/PhysRevResearch.3.013062
https://doi.org/10.21468/SciPostPhys.11.5.095
https://doi.org/10.1088/1367-2630/acc6e5
https://doi.org/10.1103/PhysRevLett.106.021302
https://doi.org/10.1038/nphys3863
https://doi.org/10.1038/s41567-019-0537-1
http://link.aps.org/supplemental/10.1103/PhysRevB.107.L201406
https://doi.org/10.1038/nphys547
https://doi.org/10.1103/PhysRevD.17.2552
http://arxiv.org/abs/arXiv:gr-qc/9406042
https://doi.org/10.1134/S1063776122100120

ANISOTROPIC OPTICS AND GRAVITATIONAL LENSING ...

PHYSICAL REVIEW B 107, L201406 (2023)

[69] C. M. Claudel, K. S. Virbhadra, and G. F. Ellis, The geometry
of photon surfaces, J. Math. Phys. 42, 818 (2001).

[70] R. Kosloff, Propagation methods for quantum molecular dy-
namics, Annu. Rev. Phys. Chem. 45, 145 (1994).

[71] A. WeiBe, G. Wellein, A. Alvermann, and H. Fehske, The kernel
polynomial method, Rev. Mod. Phys. 78, 275 (2006).

[72] C. W. Groth, M. Wimmer, A. R. Akhmerov, and X. Waintal,
Kwant: a software package for quantum transport, New J. Phys.
16, 063065 (2014).

[73] A. A. Soluyanov, D. Gresch, Z. Wang, Q. Wu, M. Troyer,
X. Dai, and B. A. Bernevig, Type-1I Weyl semimetals, Nature
(London) 527, 495 (2015).

[74] Y. Sun, S.-C. Wu, M. N. Ali, C. Felser, and B. Yan, Prediction
of Weyl semimetal in orthorhombic MoTe,, Phys. Rev. B 92,
161107(R) (2015).

[75] F. Zangeneh-Nejad and R. Fleury, Zero-Index Weyl Metamate-
rials, Phys. Rev. Lett. 125, 054301 (2020).

[76] M. Li, J. Song, and Y. Jiang, Coexistence of topological type-II
Weyl and triply degenerate points in a chiral photonic metama-
terial, Phys. Rev. B 105, 085304 (2022).

[77] A. Haller, S. Hegde, C. Xu, C. De Beule, T. L. Schmidt, and T.
Meng, Black hole mirages: electron lensing and Berry curvature
effects in inhomogeneously tilted Weyl semimetals, SciPost
Phys. 14, 119 (2023).

L201406-7


https://doi.org/10.1063/1.1308507
https://doi.org/10.1146/annurev.pc.45.100194.001045
https://doi.org/10.1103/RevModPhys.78.275
https://doi.org/10.1088/1367-2630/16/6/063065
https://doi.org/10.1038/nature15768
https://doi.org/10.1103/PhysRevB.92.161107
https://doi.org/10.1103/PhysRevLett.125.054301
https://doi.org/10.1103/PhysRevB.105.085304
https://doi.org/10.21468/SciPostPhys.14.5.119

