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P H Y S I C S

Demonstration of negative refraction induced  
by synthetic gauge fields
Yihao Yang1,2,3†, Yong Ge4†, Rujiang Li2,3†, Xiao Lin1, Ding Jia4, Yi-jun Guan4,  
Shou-qi Yuan4, Hong-xiang Sun4*, Yidong Chong2,3*, Baile Zhang2,3*

Negative refraction is a counterintuitive wave phenomenon that has inspired the development of metamaterials 
and metasurfaces with negative refractive indices and surface phase discontinuities, respectively. Recent theories 
have proposed an alternative mechanism for negative refraction: Synthetic gauge fields, induced by either 
dynamical modulation or motion, can shift a material’s dispersion in momentum space, forcing a positive refractive 
index medium to exhibit negative refraction above a certain threshold. However, this phenomenon has 
not previously been observed. Here, we report on the experimental demonstration of gauge field–induced negative 
refraction in a twisted bilayer acoustic metamaterial. The synthetic gauge fields arise in a projected two-dimensional 
geometry and can be continuously tuned by varying the wave number along the third dimension. Gauge field–
induced waveguiding with backward-propagating modes is also demonstrated in a trilayer configuration. These 
results introduce a mechanism for performing wave manipulation in artificially engineered materials.

INTRODUCTION
Light, sound, and other waves can change direction when crossing 
the interface between two media with different refractive indices—
the well-known phenomenon of refraction. Typically, the incident 
and refracted waves lie on opposite sides of the interface normal, a 
situation referred to as “positive” refraction. The past few decades, 
however, have witnessed the rise of artificially engineered materials 
(i.e., metamaterials and metasurfaces) with many capabilities, one 
of which is the manifestation of “negative” refraction, whereby the 
refracted wave lies on the same side of the interface normal as the 
incident wave (1–6). Negative refraction in metamaterials and 
metasurface arises from two distinct mechanisms, namely, negative 
bulk effective refractive indices (for metamaterials) and surface 
phase discontinuities (for metasurfaces).

The relation between the incident angle and refraction angle can 
be determined by applying momentum conservation across the 
interface and analyzing the wave dispersion relations in the media 
on each side of the interface. Without loss of generality, consider a 
beam incident from left to right (Fig. 1). A negative refractive index 
(Fig. 1A) introduces negative dispersion, which reverses the refrac-
tion direction from positive to negative, as originally proposed by 
Veselago (1) and subsequently confirmed through numerous ex-
perimental and theoretical works (2–5, 7, 8). On the other hand, a 
surface phase discontinuity (Fig. 1B), which can be accomplished 
with a metasurface lens, can provide a momentum change k along 
the interface to compensate for the momentum mismatch, hence 

allowing for negative refraction between two positive refractive 
index media (6, 9, 10).

There is a third distinct approach to negative refraction that has 
recently been proposed (11, 12), which is to shift the dispersion of 
one of the media laterally in momentum space (Fig. 1C). Such a 
shift is analogous to introducing a gauge field and is therefore referred 
to as a synthetic gauge field. According to theoretical predictions 
(11), when the strength of the synthetic gauge field increases above 
a certain threshold, refraction can transit from positive to negative. 
However, this phenomenon has not been observed yet.

Initially started by the research advances in cold atom physics 
(13), synthetic gauge fields have been extensively used to implement 
topological phases in classical wave systems, including in the emerg-
ing fields of topological photonics (14–16) and topological acoustics 
(17). Previous studies have shown how a synthetic gauge field, A, 
can generate an effective magnetic field B = ∇ × A and hence induce 
various phenomena associated with nontrivial band topology. Such 
phenomena can be regarded as originating from the presence of the 
effective B fields, rather than the underlying A fields (18–32). 
However, recent studies have shown that synthetic gauge fields can 
themselves be a powerful tool for wave manipulation even if the 
associated magnetic field vanishes (∇ × A = 0), such as in the case 
where A is spatially uniform (11, 12, 33, 34). Here, we shall experi-
mentally demonstrate the use of curl-free and uniform synthetic 
gauge fields to implement negative refraction.

There are two approaches to constructing uniform synthetic 
gauge fields. The first is through dynamical modulation on a 
photonic lattice or metamaterial (11, 12, 20, 35). In particular, it is 
known that modulated two-dimensional (2D) lattices can be effec-
tively realized, without resorting to actual time-dependent modu-
lation, by using 3D waveguide arrays in which the axial spatial 
direction plays the role of time (21, 33). The second approach is to 
use media that are moving relative to each other; the light-dragging 
effect, or relativistic Fresnel drag effect, can shift isofrequency 
dispersion contours in momentum space (36–38). So far, neither 
approach has been used to demonstrate negative refraction.

Here, we adopt an alternative approach to implement the dispersion-
shifting effect of a synthetic gauge field and thereby achieve gauge 
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field–induced negative refraction. We then exploit this to demon-
strate the phenomenon of waveguiding via backward-propagating 
modes. Our experiments are carried out in twisted bilayer and 
trilayer acoustic metamaterials, whose gauge fields in the xy plane 
are effectively parameterized by the choice of wave number along 
the third spatial axis. This design provides a way to construct 
synthetic gauge fields without relying on dynamical modulation or 
relative motion.

RESULTS
The design of the twisted bilayer acoustic metamaterial is shown in 
Fig. 2A. The bottom and top layers are 3D structures consisting of 
alternating hard solid plates of thickness w = 3 mm separated by air 
gaps of thickness wb = 4.1 mm. Because of the deeply subwavelength 
features, the two layers can be treated as a continuous effective 
medium. The top layer is rotated around the x axis by an angle of φ. 
By selecting a fixed kz, the 3D geometry can be reduced to a 2D 
geometry in the xy plane. The isofrequency contour for the bottom 
layer is a 2D circle of radius k0 (where k0 is the wave vector in the air) 

centered at the origin of momentum space, as shown in Fig. 2B. The 
corresponding effective refractive index is n1 = 1. The isofrequency 
contour for the top layer is an ellipse with major axis k0/sin(φ) and 
minor axis k0, meaning that the x (y) component of the correspond-
ing effective refractive index is nx = 1 [ny = 1/sin(φ)]. When adjust-
ing the value of kz, the isofrequency contour for the bottom layer 
stays intact, but the isofrequency contour for the top layer, although 
maintaining its shape, is shifted by Ay = tan(φ)kz in the ky direction. 
By selecting the value of kz, we can obtain an effective gauge poten-
tial ​A = ​ A​ y​​​   y ​​ in the reduced 2D system. Because the third dimension 
(z axis) is reserved for the construction of synthetic gauge fields, 
we will look at the wave dynamics only in the projected xy plane. 
More details of the metamaterial design can be found in the 
Supplementary Materials.

In the reduced 2D system, when an acoustic wave is incident 
from the bottom layer (henceforth called the “normal medium”) to 
the top layer (henceforth called the “gauge-field medium” due to 
the nonzero effective gauge potential at a fixed kz), as shown in 
Fig. 2B, refraction is governed by a modified Snell’s law involving 
the gauge field
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Fig. 1. Mechanisms of negative refraction. A beam is incident from left to right onto the interface between two media. Solid and dashed lines represent the isofrequency 
dispersion contours at the operating frequency and at a slightly higher frequency, respectively. O and O′ are the origins in momentum space. (A) Negative refraction 
induced by a bulk negative refractive index in the right medium. (B) Negative refraction induced by phase discontinuities in a metasurface, where ∆k represents the 
additional momentum provided along the interface. (C) Negative refraction induced by a synthetic gauge field in (A) that shifts the dispersion contours in the right 
medium laterally.
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Fig. 2. Implementation of effective gauge field in a twisted bilayer acoustic metamaterial. (A) Perspective and top views of the acoustic metamaterial. The bottom 
(blue) and top (orange) layers are stacked with hard solid plates in the air (the background medium). The top layer is twisted around the x axis by φ, forming a Moiré 
pattern interface with the bottom layer. (B) Synthetic gauge fields and negative refraction in the twisted bilayer acoustic metamaterial. For a fixed kz, the gauge fields for 
the bottom and top layers are 0 and A = tan(φ)kz​​ ̂ y ​​, respectively. The blue dashed (solid) arrow denotes the wave vector (group velocity) of the incident beam. The orange 
dashed (solid) arrow denotes the wave vector (group velocity) of the refracted beam. 1, a, and 2 are the incidence angle, the angle of the local wave vector in the gauge-field 
medium, and the refraction angle, respectively. The red and green arrows represent the gauge field and the local wave vector of the refracted beam, respectively.
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	​ sin(​​ 1​​ ) ​n​ 1​​ =  sin(​​ a​​ ) ​n​ 2​​ + ​A​ y​​ / ​k​ 0​​​	 (1)

	​​​ ​ 2​​ =  arctan​[​​tan(​​ a​​ ) ​n​x​ 
2​ / ​n​y​ 2​​]​​​​	 (2)

with

	​​ n​ 2​​  = ​ n​ x​​ ​n​ y​​ / ​√ 
______________________

   ​[​n​ y​​ cos(​​ a​​ ) ]​​ 2​ + ​[​n​ x​​ sin(​​ a​​ ) ]​​ 2​ ​​	 (3)

Here, 1 and 2 are the angles of incidence and refraction, 
respectively; n2 is an effective refractive index in the gauge-field 
medium; and a is the angle of the local wave vector in the gauge-
field medium (the green arrow in Fig. 2B). Note that the gauge-field 
medium is slightly anisotropic, but anisotropy alone does not cause 
negative refraction. Equation 1 is obtained from the continuity 
boundary condition, whereas Eq. 2 describes the relationship be-
tween the local wave vector and the group velocity in the anisotropic 
gauge-field medium. Equation 3 indicates that the effective refractive 
index n2 varies with a, owing to the anisotropy of the gauge-field 

medium. One can see that a and 2 have the same sign and a = 2, 
when nx = ny (i.e., the gauge-field medium becomes isotropic).

We now proceed to demonstrate gauge field–induced negative 
refraction. The fabricated sample with φ = 45° is shown in Fig. 3A.  
Acoustic waves are coupled into the sample via a rectangular wave-
guide with a narrow width in the z direction, as shown in Fig. 3B 
and fig. S3. The width along z is so narrow that the input can be 
treated as a delta function in z, whose Fourier transform covers 
almost all kz components. In the xy plane, the waveguide launches 
an acoustic beam into the normal medium with incidence angle 
i = 15°. We set the coordinate system such that the origin lies at the 
crossing point between the waveguide axis and the Moiré pattern 
interface. We then map the output field pattern along the right 
surface (see fig. S2). By locating the center of the output beam, we 
determine the angle of refraction. By extracting different kz compo-
nents, we obtain results for different gauge fields, as shown in 
Fig. 3C. As the gauge-field strength varies, the angle of refraction 
evolves from positive (Ay = 0 m−1; see Fig. 3E) to zero (Ay = 33 m−1; 
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Fig. 3. Transition between positive and negative refraction with varying gauge-field strength. (A) Photograph of the fabricated sample. (B) Top view of the experimental 
setup. The width of the gauge-field medium is 140 mm. The acoustic field distributions are measured on the sample’s right surface at 7 kHz. The acoustic wave is coupled 
into the sample via a rectangular waveguide. The incidence angle of the acoustic beam from the waveguide is a = 15°. (C and D) Measured and simulated acoustic energy 
distributions at the right surface of the sample for different gauge-field strengths. The green line represents the analytical solution for the beam center in the measured 
plane. The color bar indicates the energy intensity. (E to H) Simulated acoustic field distributions under different gauge field potentials A. The plotted range for each 
figure is [−200 mm, 200 mm]2. The color bar indicates the acoustic pressure. The bottom panels show momentum-space diagrams with dashed (solid) arrows denoting 
the wave vector (group velocity).
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see Fig. 3F) and then to negative values (Ay = 150 m−1; see Fig. 3G). 
The threshold value of Ay (at which the refraction angle is zero) 
corresponds to the ky value of the incident wave. Beyond the threshold, 
the incident wave couples to the lower branch of the isofrequency 
contour of the gauge-field medium, resulting in negative refraction. 
On the basis of Eqs. 1 to 3, we obtain the analytical solutions of the 
beam center positions at the measured plane, as shown by the green 
lines in Fig. 3 (C and D). The measured, simulated, and analytical 
results are in excellent agreement.

The gauge fields effectively break time-reversal (T) symmetry, 
rendering the in-plane beam propagation nonreciprocal (11). It 
should be noted that the 3D acoustic metamaterial as a whole is 
T-symmetric, but in the reduced 2D system, for each specified nonzero 
kz, T can be effectively broken. This is similar to how a T-symmetric 
Weyl semimetal can be projected into 2D by taking a fixed wave 
vector, whereupon it is described by a 2D Chern insulator with 
broken T (26, 39, 40).

To explicitly demonstrate this effective T-breaking, we set up the 
experiment shown in Fig. 4. An acoustic beam is incident from the 
gauge-field medium to the normal medium, with incidence angle 
i = 6.6°. The field pattern on the left surface at frequency 8 kHz is 
measured. Extracting the component with Ay = 137 m−1 (left column 
of Fig. 4D), we find that the refracted beam center lies at around 
0.1 m, indicating negative refraction. This measurement result is 

consistent with the simulated field pattern (right panel of Fig. 4D). 
Next, we reverse the refraction beam and measure the field pattern 
along the right surface, as shown in Fig. 4B. Extracting the compo-
nent with Ay = 137 m−1, we observe total internal reflection, as 
shown in Fig.  4E. Hence, the interface between the normal and 
gauge-field media effectively acts as a one-way mirror. Both the 
negative refraction and one-way mirror can be explained from 
momentum-space analysis, as shown in Fig. 4C.

The existence of total internal reflection can be further exploited 
to perform waveguiding, as demonstrated recently in the context of 
a photonic lattice (33). However, the synthetic gauge field can pro-
duce richer physics than what has previously been explored. For 
example, similar to the transition from positive to negative refrac-
tion, we can force the waveguide modes to undergo a transition 
between forward propagation (i.e., phase and energy propagating in 
the same direction) and backward propagation (i.e., phase and 
energy propagating in opposite directions) (12).

To accomplish this, we fabricated the twisted trilayer structure 
shown in Fig. 5A. At a fixed kz, the cladding and core layers have 
gauge fields of 0 and A = tan(45°) kz​​   y ​​, respectively, as shown in 
Fig. 5B. A broadband loudspeaker is placed at the center of the core 
layer to excite the guided modes. The field distributions in the yz plane 
close to the Moiré pattern interface are mapped out (see the Supple-
mentary Materials for details). Applying the Fourier transform to 
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Fig. 4. Observation of nonreciprocal negative refraction and one-way mirror. (A and B) Top views of the experimental setup for different incident beams. The widths 
of the gauge-field medium (orange) and the normal medium (blue) are 120 mm. The field distributions at 8 kHz are measured along the sample’s left (right) surface for 
incidence from the right (left) side. The incident angle i is 6.6°. (C) Momentum-space analysis. k1 (k2) and v1 (v2) are the incident (refracted) momentum and group velocity 
of the beam. k3 and v3 are the time-reversed counterparts of the refracted beam associated with k2. k4 and v4 are the reflected momentum and group velocity corresponding 
to the incident beam with k3. (D and E) Left: Normalized measured energy with Ay = 137 m−1 along the measurement plane indicated in (A) and (B). The red curve in 
the left inset of (D) is the fitted Gaussian profile of the measured energy distribution. Right: Simulated field distributions, with colors representing the acoustic 
pressure amplitude.
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the measured field distributions, we obtain the dispersion curves in 
the ky-kz momentum space over a range of frequencies. For a fixed 
gauge-field strength (corresponding to a fixed kz), the dispersion 
can be plotted as a function of ky and frequency. Thus, we experi-
mentally characterize a class of acoustic gauge-field waveguides 
with different gauge-field strengths, as shown in Fig. 5 (C to I). For 
comparison, numerically simulated dispersions of the guided modes 
are plotted as white lines. The corresponding analytical calcula-
tions, based on the continuum theory, are shown in fig. S3.

As shown in Fig. 5C, in the absence of gauge fields, the guided 
modes emerging from the light cone are symmetric around ky = 0 
(these guided modes can exist because the light cone in the core is 
slightly larger than that in cladding layers). In the presence of gauge 
fields, as shown in Fig. 5 (D to I), we observe the following four 
notable features of gauge field–induced waveguiding (12): (i) The 
dispersion curves of the guided modes are asymmetric around 
ky = 0, indicating effective nonreciprocity. (ii) The fundamental 
mode acquires a nonzero cutoff frequency. This is unlike conventional 
waveguides, where the fundamental dispersion curves generally 
start from zero frequency (12), as in Fig. 5C. (iii) In certain frequency 

ranges, only a single unidirectional mode exists, for example, in the 
blue-highlighted regions in Fig. 5 (E and F). Single-mode one-way 
waveguiding is known to arise from the bulk band topology of 
Chern insulators (or their classical wave analogs) (17–19), but in 
this case, the phenomenon arises in the context of a simple gauge-
field configuration without complicated band structure effects. 
(iv) Backward-propagating modes with negative group velocities 
(∂f/∂ky < 0), as shown in Fig. 5 (G to I). From the momentum-space 
diagrams of Fig. 5 (B and J), we can see that these backward-
propagating modes emerge once the gauge-field strength crosses a 
certain threshold value.

DISCUSSION
We have thus experimentally demonstrated negative refraction 
induced by synthetic gauge fields. The designed twisted bilayer 
acoustic metamaterial is ideal for this demonstration owing to having 
a straightforward continuum description and continuous tunability 
of the synthetic gauge fields via the choice of out-of-plane wave 
number. Synthetic gauge fields are a promising way to produce a 
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Fig. 5. Experimental demonstration of acoustic gauge-field waveguides with backward-propagating modes. (A) Photograph of the experimental sample, consisting 
of a twisted trilayer structure. The blue and orange regions denote the layers without rotation and with rotation φ = 45°, respectively. The thickness of the middle layer is 
d = 50 mm. (B) Momentum-space analysis for small gauge fields, for which only guided modes with vg > 0 exist. (C to I) Measured dispersion of the gauge-field waveguides 
for different effective gauge-field strengths. The color map represents the measured dispersion relation. The color bar at the right of (E) represents the energy intensity. 
The white lines are the numerically calculated dispersion curves. The green dashed lines and the gray regions represent the light cones for the core and cladding, respec-
tively. The blue highlights indicate the region of single-mode one-way waveguiding. (J) Momentum-space analysis for large gauge fields, corresponding to the cases 
(G to I) for which there exist guided modes with vg > 0 and vg < 0.
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range of interesting wave phenomena, distinct from previous ap-
proaches based on negative bulk refractive indices or surface phase 
discontinuities. We have demonstrated the use of gauge fields to 
create waveguides in which backward propagation characteristics 
emerge beyond a certain threshold gauge-field strength. With the 
introduction of nonuniform gauge fields, we envision that many 
other novel concepts of devices including the flat lens can be 
achieved. Similar design principles should be applicable to achieve 
gauge field–induced manipulation of light and elastic waves.

MATERIALS AND METHODS
Experiment method
All samples are fabricated using the additive manufacturing technique. 
The material is a photosensitive resin with a density of 1.10 g cm−3 
and a modulus of 2880 MPa. The acoustic signals are recorded 
with the Brüel & Kjær 3160-A-022 module and analyzed with a 
commercial software PULSE. In the measurement of the triple-layer 
twisted structure, the sound signal is launched by a balanced arma-
ture speaker (radius of 1 mm) that is driven by a power amplifier. 
The sound is then guided to the sample center via a narrow tube 
(radius of 1.5 mm and length of 200 mm). The probe and reference 
microphones (radius of 3.2 mm; Brüel & Kjær Type 4961) are 
separately placed in a sealed sleeve with a long tube (radius of 1 mm 
and length of 100 mm). The tube connecting to a probe microphone 
is inserted into the sample to detect the acoustic wave at the Moiré 
pattern interface point by point. The position of the reference micro-
phone is fixed around the sound source to detect the reference signal. 
The scanning region takes up an area of about 400 mm by 400 mm, 
and the resolution is around 7.07 mm by 7.07 mm. The experimental 
setup of the bilayer twisted structure is similar to that of the triple-layer 
structure, except that the acoustic signal is guided to the sample via 
a rectangular waveguide with a width of 10 cm and a height of 1 cm. 
The measured planes are marked in Figs. 3B and 4 (A and B).

Simulation method
We use the acoustic module of commercial software COMSOL 
Multiphysics 5.0 to calculate the dispersions of the guided modes 
and acoustic field patterns. In our simulations, the surfaces of the 
photosensitive resin are set as hard boundaries. The background 
fluid is air with a density of 1.18 kg m−3, and the speed of airborne 
sound is 343 m s−1. To calculate the dispersions of the acoustic 
gauge-field waveguides, periodic boundary conditions are applied 
to the y and z directions. To simulate the field patterns in Figs. 2 and 
3, periodic boundaries are applied to the z direction and scattering 
boundaries are applied to the x and y directions.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj2062
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