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A Newtonian approach to extraordinarily strong
negative refraction
Hosang Yoon1, Kitty Y. M. Yeung1, Vladimir Umansky2 & Donhee Ham1

Metamaterials with negative refractive indices can manipulate electromagnetic waves in unusual ways, and can be used to achieve, for
example, sub-diffraction-limit focusing1, the bending of light in the
‘wrong’ direction2, and reversed Doppler and Cerenkov effects2.
These counterintuitive and technologically useful behaviours have
spurred considerable efforts to synthesize a broad array of negativeindex metamaterials with engineered electric, magnetic or optical
properties1–10. Here we demonstrate another route to negative
refraction by exploiting the inertia of electrons in semiconductor
two-dimensional electron gases, collectively accelerated by electromagnetic waves according to Newton’s second law of motion, where
this acceleration effect manifests as kinetic inductance11,12. Using
kinetic inductance to attain negative refraction was theoretically
proposed for three-dimensional metallic nanoparticles13 and seen
experimentally with surface plasmons on the surface of a threedimensional metal14. The two-dimensional electron gas that we
use at cryogenic temperatures has a larger kinetic inductance than
three-dimensional metals, leading to extraordinarily strong negative refraction at gigahertz frequencies, with an index as large as
2700. This pronounced negative refractive index and the corresponding reduction in the effective wavelength opens a path to
miniaturization in the science and technology of negative refraction.
The idea of creating negative refraction by exploiting the collective
electron acceleration (inertia) effect, or kinetic inductance, was
theoretically proposed for specific arrangements of three-dimensional
(3D) metallic nanoparticles13. Experimentally, inertia-based negative
refraction was implied in work where a particular guiding of surface
plasmon polaritons on the surface of a 3D metal led to negative refraction14; this cannot be explained without electron acceleration, because
a defining component of plasmons is the time-varying kinetic energy
of their constituent electrons, which implies their acceleration.
Semiconductor two-dimensional (2D) electron gases (2DEGs)
possess a much larger kinetic inductance than 3D bulk metals. Here
we create negative-index metamaterials by fully exploiting this large
kinetic inductance, whose impact is manifested in the extraordinarily
large negative index, which we measure to be as large as n 5 2700.
This is two orders of magnitude larger than the index of n < 25 to 21
in surface-plasmon-based negative refraction14, and indicates that inertia is a much more important factor in our 2DEG case. It is also much
larger than the theoretical expectation based on the kinetic inductance of
3D metallic nanoparticles13, which is orders of magnitude smaller than
our 2D kinetic inductance (Supplementary Information, section 1).
We choose a GaAs/AlGaAs 2DEG as a demonstration platform.
Here electrons can accelerate for ,0.2 ns at a temperature of 4 K
without scattering, with the result that their large kinetic inductance
effect is not masked by the scattering at and above gigahertz frequencies.
Specifically, our metamaterial is a periodic array of mesa-etched 2DEG
strips (Fig. 1a, b), each of which is connected to ground lines (labelled
‘G’ in Fig. 1a) at both ends via ohmic contacts. Each strip’s width and
length are respectively denoted W and l, and the centre-to-centre
distance between neighbouring strips, or periodicity, is denoted a.

This metamaterial is excited by electromagnetic waves guided by the
left signal line (labelled ‘S’ in Fig. 1a), which, flanked by the ground
lines, forms an on-chip coplanar waveguide (CPW) with a 50-V characteristic impedance. This left signal line is extended to cover a few
2DEG strips on the left-hand side of the metamaterial, with dielectric
between the signal line and the 2DEG strips. The metamaterial’s response is picked up by the right signal line (also labelled ‘S’) of another
CPW on the right-hand side of the metamaterial.
The electric fields of the excitation electromagnetic wave, oscillating
between the signal and ground lines of the left CPW, collectively
accelerate electrons in the leftmost few 2DEG strips, producing
currents along the strips. The resulting alterations of charge distribution in these strips will capacitively couple to neighbouring strips
to the right, accelerating electrons there. This process repeats to deliver
an ‘effective wave’ from left to right, perpendicular to the direction of
the strips. From the circuit point of view, each 2DEG strip—along
which electrons collectively accelerate, with the resulting current
lagging the accelerating voltage by 90u according to Newton’s second
law of motion—acts as non-magnetic inductance of kinetic origin11,12.
This 2D kinetic inductance, Lk,2D, results from Newton’s law:
Lk,2D 5 m*/(n2De2) 3 (le/W), where m*, e and n2D are respectively
the electrons’ effective mass, charge and density per unit area, and le,
which will be identified shortly, is the effective length of each strip,
within which electrons accelerate in response to the excitation. Our
metamaterial is then an array of capacitively coupled kinetic inductors
(Fig. 1c and Supplementary Information, section 2), and may be
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Figure 1 | Device description. a, Optical image of a 2DEG strip-array
metamaterial prototype. Ground–signal–ground (GSG) on-chip CPWs direct
electromagnetic waves to and from the metamaterial. The inset shows a
magnified portion of the strip array. In this specific prototype, W 5 1 mm,
l 5 112 mm and a 5 1.25 mm. b, Schematic of the metamaterial (not drawn to
scale), with the front face corresponding to a cut through the dashed symmetry
line in a. c, Circuit description of the half of the metamaterial below or above the
symmetry line along the effective wave propagation direction (Supplementary
Information, section 2).
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likened to a left-handed transmission line15–17, which is an array of
capacitively coupled magnetic inductors and is known to be negatively
refracting. However, our negative refraction originates in a different
physical phenomenon: our device uses extremely large 2DEG kinetic
inductance, whereas the left-handed transmission line relies on a much
smaller magnetic inductance.
To examine the negative refraction behaviour of our device, we represent the effective wave, in terms of the voltage at the tip of the mth
kinetic inductor (Fig. 1c), as Vm(t) / ei(vt2mka), where v is the angular
frequency and k is the effective wavenumber. The standard circuit
analysis of Fig. 1c yields a dispersion relation v(k) 5 vc/jsin(ka/2)j,
where vc ; [2!(Lk,2DC)]21 is the cut-off frequency at the boundary
of the first Brillouin zone (k 5 6p/a) and C is the capacitance between
adjacent strips over the effective length (Supplementary Information,
section 2). For v . vc, the dispersion relation (Fig. 2a) predicts negative
refraction, because the tangential slope dv/dk (the group velocity) and
the slope v/k (the phase velocity) have opposite signs10. The cut-off
behaviour results from the metamaterial’s high-pass nature, and can
also be seen from the current distributions across the metamaterial
below and above the cut-off frequency (Fig. 2b), which we simulated
using an electromagnetic field solver (Supplementary Information,
section 6). Beyond the cut-off frequency (Fig. 2b, right), the current
is concentrated at the bottom and top regions of the strips, from which
le can be estimated. We note that, whereas a single sheet of 2DEG
exhibits ordinary dispersion18, the acceleration of electrons along an
array of strips of 2DEG, perpendicular to the direction of effective wave
propagation, causes negative refraction.
The dispersion relation of our metamaterial has the same form as
that of the left-handed transmission line15–17, but with the magnetic
inductance replaced with the much larger 2DEG kinetic inductance;
the 2DEG kinetic inductance is 1.25 nH mm21 for a 1-mm wide 2DEG
strip, which is ,2,800 times larger than the same strip’s magnetic
inductance, 0.44 pH mm21 (Supplementary Information, section 1).
The effective refractive index derived from the dispersion is
n 5 22c/(av) 3 sin21(vc/v), where c is the speed of light in vacuum,
and has the maximum attainable magnitude of 2c/(avc) 5 4c/
a 3 !(Lk,2DC), which is exceedingly large owing to the large 2DEG
kinetic inductance, corresponding to the substantial slowing of the
effective wave.
Microwave scattering experiments with on-chip probing confirm
this extraordinarily strong negative refraction. The reflection of an
electromagnetic wave incident on the left on-chip CPW and its transmission to the right on-chip CPW after propagation through the
metamaterial are measured over a range of ,1–50 GHz using a vector
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Figure 2 | Theory and simulation. a, Plot of v(k) 5 [2!(Lk,2DC) | sin(ka/
2) | ]21, with Lk,2D 5 39 nH and C 5 4.6 fF estimated for the structure measured
for Fig. 3 (W 5 1 mm, a 5 1.25 mm, l 5 112 mm). The group and phase
velocities, dv/dk and v/k, have opposite signs, showing negative refraction; this
occurs for both k . 0 and k , 0, but we show only the latter, which is relevant to
our measurements. b, Simulated current distributions below (left; 5 GHz) and
above (right; 30 GHz) the cut-off frequency. Red and blue colours indicate high
and low current densities, respectively. Above the cut-off frequency, regions of
high, constant current density are observed, from which the effective strip
length le is estimated. a.u., arbitrary units.

network analyser. Propagation delays in the two on-chip CPWs and
parasitic couplings between them bypassing the metamaterial were
separately measured and de-embedded; from the resulting transmission and reflection coefficients, s21 and s11, at each measurement frequency, we extract, using a well-established method19–23, the effective
wave’s phasor change e2ikd due purely to propagation of a distance d
across the metamaterial (Supplementary Information, section 3).
Figure 3a shows the frequency–wavenumber (f–k) dispersion so
obtained at temperatures of 4.2, 10 and 20 K for a 13-strip metamaterial
with W 5 1 mm, l 5 112 mm, le 5 31 mm and a 5 1.25 mm. Because the
measured parameters s21 and s11 set the left-to-right energy propagation direction (that is, the direction of the group velocity) as the positive
reference direction, if our metamaterial is negatively refracting, the
sign of the extracted wavenumber will be negative with no ambiguity,
which is indeed seen in Fig. 3a. Negative refraction is also consistently
confirmed in Fig. 3a by the fact that dv/dk and v/k have opposite signs
above the 12-GHz cut-off frequency. This measured dispersion,
including the cut-off frequency, differs in its details from the calculation that uses lumped circuit elements, ignores losses due to electron
scattering in the 2DEG strips and ohmic contacts, and considers only
nearest capacitive couplings (Fig. 2). But it has the same underlying
features, demonstrating negative refraction. The dark area in Fig. 3a,
where the distinctively spurious behaviour of the dispersion appears, is
indicative of the cut-off region, which is irrelevant to the operation of
the device (Supplementary Information, section 3). From this f–k
dispersion, we obtain the effective refractive index using n 5 kc/v,
whose real part is as large as 2500 (Fig. 3b). This large negative index,
which is difficult, if not impossible, to achieve with magnetic inductance3–5,15–17,24,25, allows drastic device miniaturization and can facilitate
ultra-subwavelength localization. The same measurements performed
on the 2DEG strip array, but with energy propagation along the strips,
yield positive refraction, further highlighting our negative refraction
strategy (Supplementary Information, section 5).
We find that jRe(n)j decreases with frequency (Fig. 3b), because as
the frequency increases adjacent strips are coupled more capacitively,
which increasingly bypasses the electron acceleration effect within
each separated strip. Figure 3c shows the figure of merit, jRe(n)/Im(n)j,
which here reflects losses due to electron scattering in the 2DEG strips
and ohmic contacts. It takes a value of ,2 over a reasonably large part
of the negative refraction region, similarly to negative refraction
devices using metals at optical frequencies24,25. Figure 3a–c shows that
the negative refraction behaviour is essentially the same regardless of
temperature (4.2, 10 and 20 K), indicating that the degree of electron
scattering in the 2DEG strips and ohmic contacts remains largely the
same within this temperature range, not masking the inertia effect. In
Fig. 3c, the figure of merit is largest at 10 K instead of at 4.2 K, but these
variations with respect to temperature arise mostly from inconsistent
probe landings during multiple calibration steps, which are done for
measurements at each temperature. Fluctuations at high frequencies,
for example, in Fig. 3c, are also due to imperfect calibration.
At 297 K, electron scattering in each 2DEG strip becomes so severe
that the acceleration effect is completely masked. Equivalently, the strip’s
ohmic resistance becomes far larger (,100 kV) than the impedance of
its kinetic inductance. The strip array then becomes essentially an open
circuit, causing the signal to be mostly reflected. This reflection can be
seen from the value of the reflection coefficient, js11j < 1, measured at
297 K, which differs from js11j at cryogenic temperatures, where the strip
array exhibits negative refraction (Fig. 3d). The transmission coefficient,
js21j, becomes smaller at 297 K also because of the open-circuit
behaviour, but is not unappreciable (Fig. 3d). To understand this, we
fabricated exactly the same structure as the previous device, but
without the strip array, thus creating an actual open circuit between
the two on-chip CPWs. The behaviour of js21j for this open device at
4.2 K closely resembles that of js21j for the strip array at 297 K (Fig. 3d).
This demonstrates that the behaviour in the strip array at 297 K is due
largely to the parasitic coupling between the two CPWs bypassing the
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Figure 3 | Temperature-dependent measurements. a, Dispersion of the 13strip metamaterial at 4.2, 10, and 20 K. The dark region is indicative of the cutoff behaviour. b, Re(n) versus frequency. c, Figure of merit | Re(n)/Im(n) |
versus frequency. d, Parameters | s11 | and | s21 | of the metamaterial, separately

indicated by the dashed ovals, at 4.2, 10, 20 and 297 K. Also shown are | s11 | and
| s21 | of the open-circuit device at 4.2 K. Unlike the data in a, b and c, these are
‘raw’ s parameters without de-embedding, showing the parasitic coupling
between the two CPWs.

strip array, confirming the open-circuit nature of the device at 297 K
(in fact, the phases of the transmission and reflection parameters are
also much the same in the open device at 4.2 K and the strip array at
297 K; see Supplementary Information, section 4). These results provide further confirmation that the negative refraction we observe at
cryogenic temperatures is due to the kinetic inductance. Also, in most
of the dark area in Fig. 3d, the js21j value of the metamaterial even at
cryogenic temperatures is very similar to that of the open device,
confirming the cut-off nature in that region.
To examine further the impact of kinetic inductance on negative
refraction, we measure a new set of devices of various geometric parameters. Comparison of devices with different values of l (and, thus, le)
for the same values of W and a is especially instructive; changing l
scales Lk,2D, C and vc proportionally to le, affecting the index
n 5 2(2c/av) 3 sin21(vc/v) with only one parameter, vc.
Specifically, a device with longer strips, with larger values of Lk,2D
and C, and a smaller vc value, will have a negative index with a larger
maximum attainable magnitude, 2c/avc, reaching the frequency
region forbidden for a shorter-strip device. In the frequency region
accessible by both longer- and shorter-strip devices, the shorter-strip
device will have a larger negative index than the longer-strip device if
the two are compared at the same frequency (Supplementary Fig. 4).
This clear-cut property emerges in measurements of a pair of devices
both with a 5 1.25 mm but with differing values of l (112 versus 52 mm)
or le (31 versus 14 mm) (Fig. 4a). This property is confirmed again in
two additional pairs of devices (Fig. 4b), where the refractive index is as
large as 2700.
Altering the periodicity a, which in general may have to be combined with altering W, affects the index n 5 2(2c/av) 3 sin21(vc/v)

in a more complicated manner, owing to simultaneous changes in a
and vc. For l 5 112 mm, as we decrease (a, W) first from (1.5 mm, 1 mm)
to (1.25 mm, 1 mm) and then to (0.75 mm, 0.6 mm), with the first reduction increasing C by a factor of 1.2 with Lk,2D unchanged, and the
second reduction increasing Lk,2D by a factor of 1.7 with C unchanged,
vc does not vary as much as a, owing to the square-root dependence of
vc on Lk,2D and C. Thus, a smaller periodicity will yield a larger
negative index for the same frequency away from the cut-off regions,
as evident in measurements (Fig. 4c). In these a and W variations,
the characteristic impedance and, thus, the impedance mismatch is
varied. This results in imperfect de-embedding of the parasitic
couplings near cut-offs, obscuring the cut-off behaviours. The
tendency of the index to be more negative for smaller periodicities is
seen again for l 5 52 mm with the same variations of a and W (Fig. 4d).
The crossing of the respective data for the devices with a 5 1.25
and 1.5 mm is an anomaly that we suspect arises from the impedance
mismatch variation.
The exceedingly strong inertia-based negative refraction demonstrated here requires a solid-state platform with a very large kinetic
inductance and low electron scattering. To meet these requirements,
we used a GaAs/AlGaAs 2DEG at cryogenic temperature. Scaling the
2DEG metamaterial to higher frequencies by simultaneous reduction
of the strip length and periodicity (Fig. 4 and Supplementary
Information, section 2) would relax the condition on electron scattering time (and, thus, temperature); demonstration26 of terahertz
plasmonic devices at room temperature with GaAs/AlGaAs 2DEG
bodes well for high-temperature applications. Graphene, another type
of 2D conductor with high mobility at room temperature27, may also
be a platform for terahertz-frequency negative refraction based on a
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Figure 4 | Geometry-dependent measurements at 4.2 K. a, Re(n) for a pair of
13-strip metamaterials with a 5 1.25 mm and W 5 1 mm, but with different l
values. b, Re(n) for another two pairs of 13-strip metamaterials with different l
values: (a, W) 5 (0.75 mm, 0.6 mm) and (1.50 mm, 1 mm). c, Re(n) for l 5 112 mm

with different a and W values. d, Re(n) for l 5 52 mm with different a and W
values. c and d are rearrangements of the data in a and b to facilitate
comparison for the same l. Each device result is shown above its respective cutoff frequency.

similar kinetic approach. Although electrons in graphene act as
massless particles, and thus are non-Newtonian, they still possess
kinetic energy, exhibiting plasmonic behaviour with implicit kinetic
inductance. In fact, terahertz light–plasmon coupling has been
recently observed at room temperature28. Achieving strong negative
refraction based on the kinetic approach with higher isotropy and at
optical frequencies using different material systems is also open to
further investigation.

undoped GaAs substrates and designed using a Sonnet electromagnetic solver to
have a 50-V characteristic impedance, which is the characteristic impedance of the
network analyser, cables and probes.
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METHODS SUMMARY
We fabricate the devices on GaAs/AlGaAs 2DEG substrates obtained by molecular
beam epitaxy. The layer structure above the 2DEG comprises 40-nm
Al0.36Ga0.64As, 14-nm Si-doped Al0.36Ga0.64As, 10-nm Al0.36Ga0.64As and a
7-nm GaAs cap. At 4 K, the mobility of the 2DEG is 4.6 3 106 cm2 V21s21 and
the carrier density is 1.9 3 1011 cm22, both in the dark. 2DEG strips are defined by
electron beam lithography, followed by wet etching (.71-nm depth) with 150:1:1
H2O:H2O2:NH4OH. Ohmic contacts are defined by photolithography followed by
thermal evaporation of Ni (5 nm)/Au (20 nm)/Ge (25 nm)/Au (10 nm)/Ni (5 nm)/
Au (40 nm), and annealing at 420 uC for 50 s. CPWs are defined by photolithography and formed by thermal evaporation of Cr (8 nm)/Au (500 nm).
The microwave scattering analysis is performed in a Lake Shore Cryotronics
cryogenic probe station at feedback-controlled cryogenic temperatures in the dark.
Ground–signal–ground microwave probes, with a pitch of 100 mm, connected to
probe arms are attached to on-chip CPWs. Coaxial cables lead to the probes from
an Agilent E8364A network analyser, which generates excitation signals of frequencies up to 50 GHz, delivering 245 dBm power to the devices, and measures
the scattering parameters. To see the effect of the metamaterial (strip array) only,
we first calibrate the system, at each measurement temperature, up to the tips of
the probes by using the NIST-style multiline TRL technique29, and then perform
additional de-embedding to remove the on-chip CPW delays and parasitic
couplings between the CPWs, which bypass the metamaterial (Supplementary
Information, section 3). The CPWs used for this calibration30 are fabricated on
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