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O P T I C S

Negative reflection of nanoscale-confined polaritons 
in a low-loss natural medium
Gonzalo Álvarez-Pérez1,2†, Jiahua Duan1,2*†, Javier Taboada-Gutiérrez1,2, Qingdong Ou3, 
Elizaveta Nikulina4, Song Liu5, James H. Edgar5, Qiaoliang Bao3,6, Vincenzo Giannini7,8,9, 
Rainer Hillenbrand4,10, Javier Martín-Sánchez1,2, Alexey Yu Nikitin10,11*, Pablo Alonso-González1,2*

Negative reflection occurs when light is reflected toward the same side of the normal to the boundary from which 
it is incident. This exotic optical phenomenon is not only yet to be visualized in real space but also remains 
unexplored, both at the nanoscale and in natural media. Here, we directly visualize nanoscale-confined polaritons 
negatively reflecting on subwavelength mirrors fabricated in a low-loss van der Waals crystal. Our near-field 
nanoimaging results unveil an unconventional and broad tunability of both the polaritonic wavelength and direction 
of propagation upon negative reflection. On the basis of these findings, we introduce a device in nano- optics: a 
hyperbolic nanoresonator, in which hyperbolic polaritons with different momenta reflect back to a common point 
source, enhancing the intensity. These results pave way to realize nanophotonics in low-loss natural media, pro-
viding an efficient route to control nanolight, a key for future on-chip optical nanotechnologies.

INTRODUCTION
The control and manipulation of light and light-matter interactions 
at the nanoscale, the main aim of the field of nano-optics (1), is central 
to the development of next-generation nano-optical devices. In this 
regard, extensive efforts have been directed toward the understand-
ing of fundamental optical phenomena at the nanoscale, such as 
reflection and refraction, even more so in their most exotic and coun-
terintuitive versions: anomalous and negative reflection and refrac-
tion. For instance, planar lenses have been developed on the basis of 
anomalous refraction, and nanolight has been proved to reflect anom-
alously in nanocones made of hexagonal boron nitride (hBN) (2) 
and to be edge steerable along counterintuitive directions in micro-
slits made of molybdenum trioxide (3), enabling novel avenues in 
nanophotonics. By contrast, negative reflection, which may provide 
another path toward manipulating light-matter excitations at the 
nanoscale, remains explored to a lesser extent. To date, this exotic 
phenomenon has only been observed for free-space light reflecting 
off artificially engineered interfaces (metasurfaces) (4–8) and chiral 
mirrors (9). A key disadvantage of these platforms is that they pre-
clude the direct, real-space visualization of the phenomenon, which 
has been exceptionally difficult to accomplish experimentally, as not 
only low optical losses are required to guarantee a clear real-space 
visualization but also an adequate material platform. This real-space 

visualization can provide crucial insights into a comprehensive 
understanding of such a fundamental optical phenomenon as re-
flection, opening so far the unexplored possibilities in nano-optics.

The recent findings of hyperbolic phonon polaritons (HPhPs) in 
low-dimensional van der Waals (vdW) crystals (10–18) have pro-
vided low-loss natural media to explore exotic optical phenomena 
at the nanoscale (19–29). In particular, HPhPs in -MoO3 are ideal 
candidates for these optical studies, since they guarantee a direct 
experimental visualization along the surface due to their in-plane 
hyperbolic dispersion, as recently demonstrated in planar refraction 
and focusing studies (27–30). Here, we demonstrate real-space vi-
sualization of negative reflection of polaritons at the nanoscale and in 
a low-loss vdW crystal (-MoO3), unveiling a nonintuitive, uncon-
ventional, and broad tunability of the polaritonic wavelength and di-
rection of propagation, providing fundamental insights into reflection 
of nanolight. To do this, we introduce an optical scheme that com-
bines near-field interferometry measurements of HPhPs in -MoO3 
[using scattering- type near-field optical microscopy (s-SNOM); see 
Materials and Methods] with the design and fabrication of tilted 
edges with subwavelength dimensions acting as mirrors.

RESULTS
Our finding relies on the exotic properties of HPhPs, which stem 
from the anisotropic crystal structure of the host medium, giving 
rise to different optical responses along different crystal directions 
(31). The anisotropy of HPhPs is captured by their hyperbolic 
isofrequency curve (IFC; Fig. 1A), a slice of the dispersion surface 
in wave vector–frequency (k) space—where k = (kx, ky) is the 
polaritonic in-plane wave vector—by a plane of a constant frequency 
. The Poynting vector S, which determines the direction of the 
polaritonic energy flux, and thus its propagation direction, is 
normal to the IFC. Hence, k and S are generally noncollinear in 
hyperbolic media, which has marked consequences in reflection 
phenomena. Specifically, upon momentum conservation at the 
boundary (the projection of the incident and reflected wave vectors 
on the boundary,   k ∥  i,r  , must be conserved, i.e.,   k  ∥   =  k ∥  r   −  k ∥  i   = 0 ), 
HPhPs can reflect at angles that are different to that of incidence, 
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and the angle of reflection (r; calculated as the angle that the 
reflected energy flux S forms with the normal to the boundary) can 
be even negative, i.e., Si and Sr can be on the same side of the normal 
to the boundary (Fig. 1B). This is in stark contrast with the behavior 
in isotropic media, where the angle of reflection is positive and 
equal to that of incidence r = i (specular reflection). In addition, 
the wave vector of the outcoming wave, kr, can be much greater in 
modulus than that of incidence ki, implying that the reflected wave 
can exhibit a much smaller wavelength, thereby providing a means 
to squeeze nanolight well beyond the diffraction limit by reflection. 
The phenomenon of negative reflection can be clearly pictured under 
the condition of back reflection. When the incident and reflected 
wave vectors are both normal to the reflecting boundary, i.e.,   k ∥  r   =  
k ∥  i   = 0  (Fig. 1C), the energy is reflected back to the source, i.e., Sr = −Si 
and r = −i < 0 (Fig. 1D). Hence, the incident and reflected beams 
propagate along the same direction, thereby interfering and giving 
rise to a neat picture of negative reflection, with only a single inter-
ference beam off the normal.

Crucially, back reflection is the optical scheme used in s-SNOM 
polariton interferometry (Materials and Methods) (32, 33), where 
near-field images are obtained by raster scanning a metallic tip 
that acts both as source and detector of polaritonic fields (Fig. 2A). 
Therefore, to experimentally demonstrate negative reflection at the 
nanoscale and in a natural medium, we performed s-SNOM polari-
ton interferometry in -MoO3, which supports nanoscale-confined, 
low-loss in-plane HPhPs in the mid-infrared range (34). Specifically, 
we study HPhPs back-reflecting at edges fabricated in thin slabs of 

-MoO3 by focused ion beam (Materials and Methods). By carefully 
selecting the angle φ that the edges form with respect to the [100] 
crystal axis of -MoO3 and by fabricating them with subwavelength 
dimensions, we can unambiguously probe negative back reflection 
of HPhPs along specific directions, avoiding the interference with 
HPhPs propagating along other directions (the use of large edges 
acting as mirrors would hinder the identification of the reflection 
direction due to interference effects; see fig. S4). In addition, the 
subwavelength edges are slightly rounded at their terminations to 
avoid the strong launching of HPhPs, which would also produce 
interferences that would distort our real-space visualization of 
negative reflection.

As a representative example, we fabricate edges tilted at an angle 
φ = 38°, thereby probing polaritonic states close to the asymptote of 
the hyperbolic IFC, where the noncollinearity between k and S is 
maximal (fig. 2A). By s-SNOM imaging, we observe interferometric 
fringes revealing that HPhPs anomalously back-reflect at counter-
intuitive directions (Fig. 2B). In particular, the Poynting vector of 
the back-reflected wave (indicated by the direction of the maxima 
of the near-field amplitude) (3, 10) is along the same side of the 
normal to the boundary as the incident one, unambiguously demon-
strating negative reflection of HPhPs at an angle r = −76°. In addi-
tion, the back-reflected wave fronts appear tilted with respect to the 
direction of propagation and almost parallel to it (see sections S1 
and S2), which is explained by k and S being almost perpendicular 
at some points of the hyperbolic IFC (Fig. 2A). To corroborate our 
experimental images and whether they demonstrate the negative 
reflection of PhPs, we perform full-wave simulations mimicking the 
experiment (see Materials and Methods). Figure 2C represents 
the absolute value of the z component of the electric field distri-
bution, |Ez|, created by a vertical point dipole (representing the ex-
perimental tip; see Materials and Methods) at a fixed lateral position 
(chosen along the expected direction of negatively reflected PhPs 
according to Fig. 2A). We can clearly recognize similar tilted in-
terference fringes as those observed in the near-field image, thus 
unambiguously demonstrating the back reflection of PhPs at the 
mirror. For comparison, we also visualize in-plane isotropic po-
laritons back-reflecting on mirrors fabricated in isotopically en-
riched h10BN (Fig. 2D) (17). As expected, we observe interference 
fringes parallel to all the mirrors (Fig. 2E) and thus along all in-plane 
directions, in excellent agreement with our simulations (Fig. 2F).

To gain further insights into the negative reflection at the 
nanoscale, we study the dependence of the polaritonic wavelength 
p and the angle of reflection r as a function of the angle of the 
mirror φ and incident frequency 0. To do so, we fabricate mirrors 
in -MoO3 at different angles of φ = 38°, 60°, and 90° and perform 
s-SNOM polariton interferometry of back-reflected HPhPs. Since, 
in anisotropic media, the wave vector is direction dependent, p 
changes depending on the direction along which we map back 
reflection and hence on φ. By selecting φ, we probe the behavior of 
HPhPs upon negative reflection for different k and S, i.e., differ-
ent angles of incidence. This is illustrated in Fig. 3 (A and B) for 
0 = 889 cm−1.

Clearly, p and r change as a function of φ. Specifically, as a 
result of the hyperbolic-like shape of the IFC, when φ decreases 
(from 90° to 20°), ki and kr approach the asymptote (see black and 
cyan arrows in Fig. 3, A  to C), and p can be markedly squeezed 
(from 2.5 to 0 m; Fig. 3D, top), while, on the other hand, r takes 
values in a very broad angular sector (from 0° to −80°; Fig. 3D, 
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Fig. 1. Schematics of negative reflection of HPhPs. (A) Negative reflection 
of HPhPs upon momentum conservation at the boundary (  k  ∥   =  k ∥  r   −  k ∥  i   = 0 ). The 
black solid line represents the IFC of HPhPs. ki,r and Si,r, generally noncollinear, 
indicate the wavefronts and Poynting vectors of the incident/reflected HPhPs, 
respectively. (B) Real-space illustration of negative reflection of HPhPs. The angle 
of reflection r is negative, and Si and Sr are on the same side of the normal to the 
boundary. (C) Negative back-reflection of HPhPs (  k ∥  r   =  k ∥  i   = 0 ), yielding ki = −kr 
noncollinear with Si = −Sr. (D) Real-space illustration of negative back reflection of 
HPhPs, yielding only a single beam off the normal.
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bottom). Note that φ values smaller than 20° are forbidden, since 
the corresponding wave vectors are not allowed by the hyperbolic 
IFC (gray shaded area). The continuous lines show calculations 
based on the analytical IFC and momentum conservation at the 
mirror, in excellent agreement with the experiment. Note that the 
reasonable deviation in the top panel of Fig. 3D may be caused by 
the focused ion beam process involved in the fabrication of the 
reflectors, which may induce a gradient thickness in the -MoO3 
slab. Together, these results show that both p and r exhibit an 
unconventional and broad tunability as a function of φ, in stark 

contrast to back-reflected polaritons in isotropic media, where the 
same p and r is obtained for all φ. We note that polariton inter-
ferometry of back-reflected polaritons is the technique that allows 
us to probe these exotic aspects of negative reflection, yet the con-
clusions are broader and apply beyond the case of back reflection 
and even of negative reflection, providing a strategy to squeeze and 
steer nanolight.

Given the strong dispersive nature of the back-reflected polaritons, 
we further study their dependence upon     0   . The top and bottom panels 
in Fig. 3E represent     p    and     r    as a function of     0   , respectively, 
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together with analytical calculations (green continuous lines), show-
ing an excellent agreement. The spectral dependence demonstrates 
that     p    and     r     can be tuned between 0.6 and 1.1 m and −76° 
and −65°, respectively, when     0    varies from 881 to 893 cm−1. Note 
that this dependence does not hold in isotropic media, where     r    is 
always equal to zero under back reflection regardless of     0   

Following our findings and basic understanding on negative 
back reflection, we further derive the analytical shape of a polari-
tonic mirror capable of reflecting all the incident HPhPs back to 
their source, i.e., a hyperbolic retroreflector. This curve must be 
such that every incident wave vector is perpendicular to it. In iso-
tropic media, this condition is satisfied by a circumference (inset 
in Fig. 4A). However, in hyperbolic media, because of the noncol-
linearity of k and S, the condition yields the following hyperbola 
(section S6)

  y(x ) = ±  √ 

_____________

   
 x   2 ∣   y  ∣ ─ ∣   x  ∣   −  a   2       (1)

where x and y are the directions along the main and conjugate axes 
of the hyperbola, x and y are the dielectric permittivities along 
x and y, and a is the distance between the center and the vertex of 
the hyperbola (see the Supplementary Materials). Figure 4A shows 
numerical simulations of the electric field Re[Ez(x, y)] on a -MoO3 
slab using a retroreflector whose shape is given in Eq. 1 for HPhPs in 
-MoO3 at an incident frequency of 0 = 920 cm−1 and a distance a 
equal to p = 1.7 m, where p is the analytical polariton wavelength 
along the x direction ([100] crystal direction) (35). Polaritons are 
launched by a point dipole to study just the reflection phenomena. 
Focusing of hyperbolic polaritons with far-field illumination beams 
has been studied in prior works (see also section S7) (28–30). All 
the incident waves reflect to the location of the source, yielding a 

standing wave pattern (see the Supplementary Materials) and an 
enhancement of the intensity at the source of approximately +35%. 
Figure 4B shows a comparison with a standard reflector, such as a 
straight edge, in which HPhPs propagate far away from the source 
(red arrows in Fig. 4B). By mirroring the hyperbolic retroreflector 
structure with respect to the location of the source, we design an 
optical nanoresonator for in-plane HPhPs (Fig. 4C), in which all the 
hyperbolic waves launched by a dipole located at its center continu-
ously reflect back between its boundaries (the absolute value of the 
field is shown in the Supplementary Materials). In this case, the 
intensity at the source is enhanced approximately +64%. We note 
that this value is very robust to displacements of the dipole of up to 
1 m inside the cavity, both along the x and y directions, which is vital 
for practical purposes. While this value could be further improved 
by making the cavity dimensions smaller, here, we introduce a first 
proof-of-concept hyperbolic nanoresonator that exploits both the 
strong directionality of in-plane HPhPs and their high momenta 
to enhance light-matter interactions and hence with outstanding 
prospects for nanophotonics (36).

DISCUSSION
In conclusion, we have demonstrated the negative reflection of 
nanoscale-confined HPhPs in a low-loss natural medium (-MoO3). 
Our study unveils an unconventional tunability of the direction of 
propagation and wavelength of the negatively reflected HPhPs as a 
function of the incident frequency 0 and the angle of the mirror φ, 
opening a plethora of possibilities to control nanolight by reflection 
in hyperbolic media. These fundamental insights allowed us to 
develop an optical nanodevice: a hyperbolic nanoresonator. Be-
cause of the high density of optical states in hyperbolic media, these 
cavities hold promises for controlling the decay rates of emitters. 
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In addition, open cavities as our hyperbolic nanoresonator are 
more accessible from the outside and thus experimentally preferred 
to design a photonic circuit. Together, our findings provide a route 
for controlling and manipulating the flow of energy at the nanoscale 
by using hyperbolic waves and for squeezing light to nano- or sub-
wavelength scales, thereby enabling to compress and enhance light- 
matter interactions to unprecedentedly small volumes, the general 
premise of nanophotonics. Our results thus hold promises for the 
development of applications in optoelectronics, biosensing, nano-
imaging, and chemistry.

MATERIALS AND METHODS
Sample fabrication
High-quality -MoO3 flakes on the SiO2 (300 nm)/Si substrate were 
prepared via mechanical exfoliation of bulk crystals. The sub-
wavelength mirrors in -MoO3 were then fabricated by focused ion 
beam etching, followed by a thermal annealing process; see (3, 20) here.

Selected hBN flakes on Si/SiO2 substrates were milled into a 
desired shape by using focused Ga-ion beam in a FEI Helios 450S 
Dual Beam System. The structures were fabricated under the fol-
lowing Ga-ion beam conditions: accelerating voltage of 30 kV, 
beam current of 33 pA, and dose of 333.54 pc/m2. To minimize 
an ion beam damage of the hBN flakes, solely the contours of the 
structures were milled away.

The thicknesses of the -MoO3 flakes shown in Figs. 2 and 3 
here is 250 nm. The thickness of the h10BN flake shown in Fig. 2 
is 120 nm.

Scattering-type scanning near-field optical microscopy
Infrared nanoimaging was performed using a commercially available 
s-SNOM from Neaspec, where a metallized (Pt-coated) cantilevered 
atomic force microscope tip is used as a scattering near-field probe. 
The tip oscillates vertically at the mechanical resonant frequency 
(around 270 kHz) of the cantilever, with an amplitude of about 
50 nm. The sample is illuminated with infrared light at frequency 0 
(from tunable CO2 and quantum cascade lasers). The nanoscale 
hotspot at the tip apex acts as a local source of polaritons, which are 
recorded by the same tip upon back reflection, i.e., the tip-launched 
polaritons reflect at the flake edges and return to the tip, meeting 
the condition   k ∥  r   =  k ∥  i   = 0  (Sr = −Si), producing polariton inter-
ference, and yielding fringes in the near-field images separated by 
half the polariton wavelength along the studied direction (polariton 
interferometry). The tip-scattered field is recorded with a pseudo- 
heterodyne Michelson interferometer. Demodulation of the inter-
ferometric detector signal at the nth harmonics of the tip oscillation 
frequency yields the complex-valued near-field signals n = snein, 
with sn being the near-field amplitude and n being the near-field 
phase. By recording the near-field signals as a function of the lateral 
tip position, we obtain near-field images.

The error bars in Fig. 3 are obtained as follows: In p, they are the 
result of averaging five line profiles in the near-field images, while 
for r, we take a conservative error of ±10°.

Analytical calculations of the IFC
To theoretically analyze the angle of reflection and the angle between 
the wave vector and the Poynting vector, we use the dispersion 
relation of polaritons in a biaxial slab embedded between two 
semi-infinite isotropic media (35)

   k( ) =    ─ d   [ arctan (        1    ─    z     )   + arctan (        3    ─    z     )   + l ] , l = 0, 1, 2…   

where d is the thickness of the biaxial slab, k is the in-plane momen-
tum (  k   2  =  k x  2  +  k y  2  ),  is the angle between the x axis and k,   = i  

√ 
____________

       z   ___________  
   x    cos   2   +    y    sin   2  

    , and l is the mode index. Solving this dispersion 
relation for  between 0° and 360°, we calculate the IFC for HPhPs 
in slabs of -MoO3 on top of SiO2 (with the air as superstrate) at 
several incident frequencies.

Full-wave numerical simulations
In s-SNOM experiments, the tip acts as an optical antenna convert-
ing the incident light into a strongly confined near field below the 
tip apex, providing the necessary momentum to excite PhPs. How-
ever, because of the complex near-field interaction between the tip 
and the sample, numerical quantitative studies of s-SNOM experi-
ments meet substantial difficulties in simulating near-field images 
(37). To overcome these difficulties, we approximate the tip by a 
dipole source (with a constant dipole moment) (38), in contrast to 
the usual dipole model, in which the effective dipole moment is given 
by the product of the exciting electric field and the polarizability of 
a sphere (39). We assume that the polarizability of the dipole is 
weakly affected by the PhPs excited in the polaritonic slabs (see 
Fig.  2), and their back action onto the tip can be thus neglected. 
Calculating the amplitude of the near field, |Ez|, we simulate near-
field images (we use COMSOL Multiphysics). The experimental 
s-SNOM images agree well with our simulated images, which lets us 
conclude that the calculated field between the dipole and the slabs, 
Ez, provides a valid numerical description of the signals measured 
by s-SNOM.

The thicknesses of the -MoO3 flakes shown in Figs. 2 and 3 here 
is 250 nm. The thickness of the h10BN flake shown in Fig. 2 is 120 nm. 
The thickness of the -MoO3 flakes shown in Fig. 4 is 200 nm.

Intensity enhancement under the dipole source
The intensity enhancement Iz produced by the total hyperbolic 
reflector is calculated as Iz = (Ez)2, where Ez is the electric field 
enhancement

    E  z   =   
 E z  

R 
 ─ 

 E z  
0 
   − 1  

with   E z  
R   and   E z  

0   as the z components of the electric field created by a 
dipole source placed on top of the system, with and without reflec-
tor, respectively. Both   E z  

R   and   E z  
0   are probed at the location of the 

source, thereby providing a simple means to cancel the contribu-
tion from the dipole to the field enhancement. Pulling out the 
enhancement factor with further confidence with the strong di-
pole source is nontrivial and falls beyond the scope of this work.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abp8486
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