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Nonlocality-driven switchable fast-slow light effect in hyperbolic metamaterials
in epsilon-near-zero regime
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The recent surge of optics of hyperbolic metamaterials (HMMs) has been fueled by their fascinating optical
properties, one of the most intriguing being their strong optical nonlocality. In this work we demonstrate that in
metal nanorod-based HMMs the nonlocality results in fast and slow light effects in the propagation of femtosec-
ond laser pulses in close spectral vicinity of the HMM epsilon-near-zero regime. These effects are switchable
via the angle of incidence and light wavelength. We elucidate that revealed dynamical phenomena stem from
the zero-transmission points of HMM and related phase singularities caused by the destructive interference of
the main optical wave and the additional wave mediated by the spatial dispersion of light in the HMMs.
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I. INTRODUCTION

Optics of hyperbolic metamaterials (HMMs) is on the cut-
ting edge of modern photonics due to their unusual optical
properties. Being a uniaxial birefringent media, HMMs are
characterized by strong optical anisotropy with opposite signs
of principal dielectric tensor components. This results in ex-
otic hyperbolic dispersion of light in HMMs related to the
high density of photonic states and support of high-k waves
[1]. Another exciting feature of HMMs is the epsilon-near-
zero (ENZ) regime when permittivity in a particular direction
becomes close to zero, which can be harnessed for a great
boost of electric field strength within the HMMs. These prop-
erties make HMMs a promising platform for nonlinear optics
[2], superresolution imaging [3,4] and related photolithogra-
phy [5], broadband absorption [6], control of radiation pattern
[7], and enhancement of magneto-optical effects [8], to name
a few.

A wealth of optical effects in HMMs are realized typically
in their material design consisting in subwavelength-thick
metal/dielectric multilayers or an array of metal nanorods
in a dielectric matrix [9]. As the HMMs are constructed at
the subwavelength scale, the effective medium description of
their dielectric properties can be applied [10–14]. In turn,
nanostructuring of optical media can bring about optical non-
locality and related spatial dispersion, i.e., the dependence of
the effective permittivity tensor on the wave vector ε̂(ω, k)
[15],

εi j (ω, k) = εi j (ω) + iγi jk (ω)kk + αi jkl (ω)kkkl + · · · , (1)

providing additional nonlocality-based control of light, e.g.,
by inducing chirality in highly symmetric lattices [16]. In
contrast to most natural materials, in which nonlocality is
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a gentle effect [17], in artificial hyperbolic media such as
nanorod-based and multilayered HMMs it becomes quite
strong [10,18]. It has sparked extensive research efforts for
taming the nonlocality of multilayered HMMs for the ad-
vanced manipulation of light, resulting in a spectral shift of the
enhancement of the Goos-Hänchen effect [19], nonlocality-
mediated surface waves [20], beam splitting [18,21], and
anomalous transmission in the vicinity of the total internal
reflection angle [22]. Spatial dispersion is a limiting factor for
the cutoff of hyperbolicity of the light dispersion in HMMs
[10,23] and becomes significant for light focusing by HMM
hyperlenses [24]. Recently nonlocality in multilayered HMMs
has been used for the control of light emission, providing
a nonzero Cherenkov threshold [25] in contrast to thresh-
oldless Cherenkov radiation in local HMMs [26] and tuning
(i) the spectral shift of emission of a dye layer covering
the HMM and (ii) the charge transfer dynamics in organic
semiconductors [27,28]. Nonlocality is intrinsic to optical
hyperbolic metamaterials and appears as well in other HMM
designs, e.g., in hyperbolic graphene-based metasurfaces [29]
and fishnet structures [30]. In the gigahertz frequency range
the nonlocality of response is achieved by using advanced
methods based on the corrugated wires supporting spoof plas-
mons [31].

Plenty of the abovementioned phenomena are mediated
by the appearance of the so-called additional wave driven by
HMM spatial dispersion [32]. It appears along with the main
modes associated with ordinary and extraordinary waves in
anisotropic HMM media. According to Eq. (1), in the ENZ
regime when the permittivity goes to zero, the effect of spatial
dispersion is especially strong, so this additional wave has a
dramatic effect on the light transmission [11,33]. It appears
as well in natural materials near the exciton absorption line,
which brings about strong optical nonlocality [34]. Curiously,
nonlocality in isotropic ENZ materials can be used for two-
plasmon spontaneous emission [35].
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FIG. 1. (a) Scheme of the experimental structure and (b) cross
section of the HMM. Hexagons illustrate primitive unit cells of the
nanorod array.

The ENZ regime of HMMs facilitates the enhancement
of the nonlinear optical interaction [36,37] that enables su-
perior possibilities for nonlinear steering of laser pulses, as
was predicted for multilayered structures [38] and demon-
strated experimentally in metal nanorod-based HMMs [39].
In this aspect the pulse dynamics in HMMs could be of
paramount importance. Recent years have witnessed efforts
toward exploiting hyperbolic dispersion in HMMs for laser
pulse control. The slow-down of light was predicted for the
multilayered HMM waveguides [40,41], while it was pro-
posed theoretically that the coupling between forward and
backward eigenmodes in nanorod-based HMM waveguides
can be used for fast and slow pulse propagation [42]. At the
same time, to date there have been quite a few experimental
works on the specific role of hyperbolic dispersion in optical
pulse propagation through HMMs [43–45]. Thus, slow light
appears in thin hexagonal boron nitride layers supporting hy-
perbolic dispersion of phonon polaritons [43]. Very recently
pioneering observation of the pulse advance and delay ef-
fects in metal nanorod-based HMMs due to the topological
transition from elliptic to hyperbolic dispersion was reported
[44]. To the best of our knowledge, in spite of promising
applications of HMMs for laser pulse control, the effects of
optical nonlocality and related spatial dispersion in HMMs
have not been considered in detail in the pulse propagation
except for a very recent paper [45], which, however, left the
mechanism of the specific pulse dynamics in nonlocal HMM
under veil.

In this work we experimentally and theoretically investi-
gate the effect of ENZ-assisted optical nonlocality of metal
nanorod-based HMMs on the dynamics of propagating fem-
tosecond laser pulses. We demonstrate that the destructive
interference of the main and additional modes within the
HMM is decisive in the pulse dynamics resulting in the fast
and slow light effects mediated by phase singularities of the
HMM transmittance. The effect of the pulse chirp in light
dynamics is considered.

II. EXPERIMENTAL DETAILS

A. Experimental nanostructures

Experiments were carried out for the HMMs consisting
of arrays of silver nanorods grown in the anodic aluminium
oxide (AAO) template [Fig. 1(a)]. Details of the fabrication
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(a) (b)

FIG. 2. Measured λ − θ dependencies of (a) p-polarized light
transmittance of the HMM and (b) pulse delay in the HMM. Letters
indicate the transmittance dips and related delay features. The gray
region is out of the sensitivity of the experimental setup.

procedure can be found in Ref. [46]. Nanorods with a diameter
of d = 30 nm were ordered at the short range in a hexagonal
lattice with the spacing of a = 100 nm, which corresponds to
the metal fraction in the nanocomposite of f = 8% [Fig. 1(b)].
The hexagonal package of nanorods was set by pore ordering
in the AAO template formed in the electrochemical etching
process [47]. The thickness of the HMM film was about
LHMM = 1050 ± 240 nm. The unfilled part of AAO template
with the thickness of LAAO = 50 μm served as the mechanical
support substrate [Fig. 1(a)]. Thermal annealing, proven to
reduce optical losses in electrodeposited metal [48], was not
applied here because of the good plasmonic properties of
silver and its chemical reactivity.

This metamaterial exhibits the ENZ regime in the spec-
tral vicinity of the wavelength of λENZ = 760 nm (Sec. I in
Supplemental Material [49]) that appears as a pronounced
decrease of the transmission (T ) of the p-polarized light with
increasing angle of incidence (θ ), as shown in Fig. 2(a).
It is worth noting the set of transmission dips [marked by
letters in Fig. 2(a)], which we argue are the result of op-
tical nonlocality of the considered HMM. We note that the
observed astonishing minima are well pronounced owing to
(i) the measurement of the HMM transmission using parallel
incident light beam without focusing and (ii) the large length
of the metal nanorods. The former eliminates the smearing of
the dips caused by the spatial spectrum of incident light, and
the latter provides multiple transmission minima in moderate
range of the angle of incidence.

B. Fast-slow light effect in HMM

For the HMM described above we investigated the dy-
namics of the transmission of 80 fs laser pulses generated
by a titanium-sapphire laser (Avesta) with the central wave-
length λ tunable in the range of 740–890 nm. A parallel
unfocused laser beam with the size of 3×1 mm2 molded by
the slit aperture was incident on the HMM, and the pulse
delay in the metamaterial was measured using the nonlinear
cross-correlation method; the details of this procedure can
be found elsewhere. In brief, the laser pulse was divided by
a beam splitter into signal and reference arms. The signal
pulse passed through the HMM, and the reference one was
retarded by the delay line, so the second harmonic power
appeared under the cross interaction of the signal and ref-
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erence pulses in the beta barium borate (BBO) crystal and
gave the intensity cross-correlation function. To extract the
pulse delay attributed solely to the HMM layer, we measured
the spectral-angular map of the pulse retardation in porous
AAO substrate. Then the pulse delay (τ ) in the HMM was
obtained as the difference of both retardations of maxima of
the cross-correlation functions. Figure 2(b) shows the resul-
tant wavelength-angle map of τ induced by the HMM.

We revealed the conspicuous change of τ in the spectral
vicinity of the ENZ regime of the HMM, which exhibits
both fast and slow light effects corresponding to the negative
and positive values of τ , respectively. The HMM reveals the
pulse advance up to 28 fs and the retardation of 36 fs that
correspond to the group refractive index of ng = −6 and 11,
respectively. As seen, these dynamical effects change one
another with varying θ . The enthralling point here is the
matching of the λ − θ position of the fast-slow light and the
HMM transmission dips. It should be noted that the found
astounding superluminality does not contradict the special
theory of relativity, as this effect is revealed for the advance
of the pulse maximum rather than the pulse leading front
[50]. We note that previously the fast-slow light effects were
found in various isotropic local media, e.g., in solids, gases,
and atomic vapors supporting resonant dispersion related to
the atomic transitions [51,52] or caused by the application
of sophisticated approaches based on the electromagnetically
induced absorption/transmission [53,54], coherent population
oscillations [55], stimulated Brillouin scattering [56], and
gain-assisted superluminality [57].

III. THEORY

A. Laser pulse transmission in HMM

Fast-slow light effects observed in the experiment are con-
firmed by numerical simulations of the pulse transmission
through the HMM film when taking into account the spatial
dispersion of light in the metamaterials. We consider the in-
cidence under the angle of θ of both unchirped and chirped
p-polarized laser pulses with the temporal dependence of the
electric field amplitude given by

Einc(t ) = 1√
V

exp(−[1/(2V 2)](t/σ )2 + iϕ)exp(−iωt ), (2)

where V =
√

1 + β2, chirp modulation phase is ϕ =
[β/(2V 2)](t/σ )2, and β is the dimensionless chirp param-
eter [58]. Positive β corresponds to the higher frequency
at the leading pulse edge. In simulations we assumed σ =
80 fs/(2

√
ln(2)) that corresponds to 80 fs full width at half

maximum (FWHM) intensity of unchirped pulse. We obtained
the temporal dependence of the electric field of the transmitted
laser pulse using the inverse Fourier transform

E (t ) = F−1[Einc(ω)t (ω, θ )], (3)

where Einc(ω) is the Fourier amplitude of Einc(t ) and t (ω, θ )
is the field transmission coefficient of HMM film for the p-
polarized plane wave of the frequency ω incident at the angle
θ . Details of the calculations of t (ω, θ ) are given below in
Sec. III B.

FIG. 3. Calculated λ − θ dependence of the delay of the laser
pulse in HMM for (a) unchirped (β = 0) and (b) chirped (β = 3)
cases.

The calculated dependence of the delay of the pulse maxi-
mum in the HMM, τ (λ, θ ), for unchirped laser pulse (β = 0)
are shown in Fig. 3(a). Here the retardation of pulse in the vac-
uum slab with thickness LHMM is already subtracted. We found
the peculiar change of the delay in HMM with pronounced
negative and positive values indicating the fast-slow light ef-
fect in agreement with the experimental results [Fig. 2(b)].
The pulse advance achieves the values up to 50 fs and the
retardation of 37 fs near the “A” specific spectral point in
Fig. 3(a). We note that the measured delays are smaller than
the simulated ones that is caused by smearing of transmission
dips for the experimental HMM due to the long-range devia-
tion of the periodicity intrinsic to the AAO and the variation
of silver nanorod length LHMM.

We address that for unchirped radiation, the change of the
angle of incidence results in the transition between the two
dynamical effects, paving a route towards HMM-based delay
line for ultrafast optics. Another picture of the delay tuning
appears for chirped laser pulses. Interestingly, the positive
pulse chirp (β = 3) leads to a counterclockwise rotation of the
fast-slow light transition region in the λ − θ map, shown by
an arrow, and boosts the strength of the fast-slow light effect
[Fig. 3(b)]. The latter originates from the increase in pulse
duration by

√
1 + β2 times compared to the case β = 0.

The calculated λ − θ dependence of the HMM transmis-
sion is shown in Fig. 4(a), disclosing a set of local minima
near λENZ = 760 nm, in which the transmission drops to zero.
We found that enhancement of both the pulse advance and
its delay shown in Fig. 3 are attributed to these minima,

FIG. 4. (a) Calculated λ − θ dependence of light transmission
(T) of HMM. (b) Calculated phase ϕ of the complex field transmis-
sion coefficient (t ).
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underpinning the experimental observations [Fig. 2]. We
stress that usage of the effective medium model with neglected
nonlocality to emulate optical properties of the nanocompos-
ite does not provide both an observed set of transmission
dips near the ENZ and the resonant fast-slow light effect that
demonstrates the paramount importance of the nonlocality in
observed phenomena (Sec. I in Supplemental Material [49]).

B. Dispersion of eigenmodes and optical nonlocality of HMM

In order to give a physical picture of the revealed fast-slow
light effects and their relation to HMM nonlocality we first
provide insight into the spatial dispersion of light in the sil-
ver nanorod-based HMM. To do so, using the finite element
method (FEM) through the application of COMSOL software
we calculated the eigenmodes of light in a hexagonal lattice
of infinitely long silver nanorods in AAO with the parameters
listed above [Fig. 1(b)]. In the modeling special attention was
paid to the optical properties of the constituent materials. For
AAO we assumed the refractive index of nAAO = 1.55 in ac-
cordance with Ref. [59], which is smaller as compared to that
of crystalline alumina. Additionally, this value was checked
by comparison of the measured �t = 84 fs difference of laser
pulse delays in the AAO template with the thickness LAAO and
in the air slab of the same thickness, and calculated differ-
ence given by �t = (neff − 1)LAAO/c = 83 fs. In the case of
AAO-air composite with the porosity of f the effective refrac-
tive index neff is obtained via the Maxwell-Garnett effective
medium approximation [60]. For silver nanorods we applied
the following model for their permittivity [48]:

ε(ω) = εbulk + iω2
pτ (Rb − R)

ω(ωτ + i)(ωτR + iRb)
, (4)

in which the bulk permittivity of metal εbulk suffers correction
stemming from the diminishing of the electron mean free path
R in deposited metals compared with that for bulk metal Rb.
We used Rb = 40 nm, the plasma frequency ωp = 8.9 eV/h̄,
and electron relaxation time τ = 3.1×10−14 s specific for
bulk silver [61,62]. The correction term increases predom-
inantly the optical absorption and slightly affects the real
part of metal permittivity. We assumed the mean free path
of the conduction electrons equal to R = 4 nm, which is a
typical value for electrodeposited metal nanorods [48,63] and
provides good matching of the experimental and calculated
values of the HMM light attenuation.

Carried out FEM calculations demonstrate that the struc-
ture sustains the propagation of three Bloch eigenmodes in
the considered spectral range. It is in contrast to the results
of the common approach of the local anisotropic effective
medium, e.g., the Maxwell-Garnett approximation resulting
in two optical waves, ordinary and extraordinary [48]. The
total forward propagating optical electric field in the HMM
is a superposition of three eigenmodes,

E(r) =
∑

j=1,2,3

a( j)E ( j)(x, y)exp
(
ik( j)

z z
)
exp(ikxx + ikyy), (5)

where kx, ky are the Bloch wave numbers; E ( j)(x, y) is the
spatial distribution of vectorial electric field of the eigenmode
j and a( j), k( j)

z are its amplitude and the complex propagation

FIG. 5. (a) Dispersion of three eigenmodes of light in the HMM.
Circled labels indicate serial numbers of the eigenmodes ( j). The
color saturation indicates the amplitudes of the eigenmodes excited
by incident p-polarized plane wave. Red curve shows the path of
continuous change of the eigenmode field distributions. (b) Spatial
distribution of the amplitudes of the electric field of three eigenmodes
1, 2, 3 in points α, β, γ , respectively, in the HMM primitive unit
cell. Green arrows are streamlines of the electric field vector.

constant; and the z axis is oriented along silver nanorods. For
convenience we introduce dimensionless wave numbers ηx =
kx/k0 and η

( j)
z = k( j)

z /k0, where k0 = ω/c is the vacuum wave
number. In simulations we assumed ky = 0.

The spectral-angular dependencies of Re(η( j)
z ) obtained via

FEM are shown in Fig. 5(a), where the dispersion sheets are
numbered by the index j in the descending order of Re(η( j)

z ).
Far away from the ENZ wavelength two eigenmodes are the
main waves, which correspond to the ordinary and extraordi-
nary waves in the case of a homogenized uniaxial composite.
In the near-infrared spectral region they are j = 1, 2, the for-
mer of which ( j = 1) possesses hyperbolic dispersion, while
for the short wavelengths two main eigenmodes, j = 2, 3,
demonstrate elliptic dispersion with the associated decrease
of Re(η( j)

z ) with the growth of ηx. Figure 5(b) demonstrates
the spatial distribution of the electric field of eigenmodes,
E ( j)(x, y), in the spectral-angular points α, β, and γ attributed
to the sheets j = 1, 2, 3, respectively [Fig. 5(a)]. As seen, the
main eigenmodes j = 2, 3 demonstrate the specific dipolelike
response of the metal cylinder to the transverse electric field
oriented along the y and x axes. As the result, the HMM optical
properties beyond the ENZ wavelength are described well
by local Maxwell-Garnett effective medium approximation
[11,33].

Besides the two main eigenmodes, the nanocomposite sup-
ports the propagation of the additional eigenmode ( j = 1
for λ < λENZ and j = 3 for λ > λENZ), indicating the spatial
dispersion of the metamaterial [15] and associated with the
cylindrical plasmon propagating in Ag nanorods. The specific
radial distribution of the electric field of this longitudinal
eigenmode is shown in Fig. 5(b) for the point α of Fig. 5(a).
It is important to note that at normal propagation ηx = 0 the
dispersions of eigenmodes j = 1, 3 are crossing at the ENZ
spectral point; the inclined propagation ηx �= 0 results in (i)
avoiding crossing of their dispersion sheets, i.e., relative re-
pulsion of spectra of Re(η(1)

z ), Re(η(3)
z ) [see Fig. 5(a)] and (ii)

related hybridization of main and additional modes ( j = 1, 3).
As seen, the main mode j = 2 associated with ordinary wave

165415-4



NONLOCALITY-DRIVEN SWITCHABLE FAST-SLOW LIGHT … PHYSICAL REVIEW B 106, 165415 (2022)

in a uniaxial crystal does not participate in the hybridization
[Fig. 5(a)]. The mode-mixing is illustrated in Fig. 5(a) by a
red curve indicating the continuous change of eigenmode field
distribution for two hybridized dispersion surfaces ( j = 1, 3)
“glued” near ηx = 0 at λENZ.

The described specifics of the dispersion surfaces indicate
the strong effect of nonlocality of the optical response and
related HMM spatial dispersion. Indeed, the appearance of the
additional eigenmode and avoiding crossing the dispersions of
eigenmodes shown above is reproduced well by the dispersion
equation

η2
x

εe + αη2
z

+ η2
z

εo
= 1 (6)

when considering the Maxwell-Garnett medium of the com-
posites with the effective ordinary (εo) and extraordinary (εe)
permittivities and the spatial dispersion correction of the latter
by the parameter |α| ≈ 0.13. The dispersion sheets obtained
via solution of Eq. (6) are shown in Sec. II of the Supplemental
Material [49].

C. Nonlocality effect in light transmission through HMM

In natural nonlocal media the spatial dispersion could have
a significant effect on the light transmission due to the inter-
ference of the main and additional eigenmodes [34]. The light
propagation through the HMM with the spatial dispersion
was calculated by solving the appropriate boundary problem.
Namely, for both HMM interfaces we (i) required the conti-
nuity of the tangential components of the electric 〈Ex,y〉 and
magnetic 〈Hx,y〉 fields averaged over the primitive unit cell,
and (ii) imposed additional boundary conditions necessary to
treat a nonlocal media. The latter were taken in the form of
the continuity of the Fourier components 〈Dzexp(−iGr)〉 and
〈Exexp(−iGr)〉, where G = 4π/

√
3(1, 0)T is the reciprocal

lattice vector [64]. This approach was applied to obtain the
complex field transmission coefficient t (ω, θ ) harnessed in
Eq. (3) for the calculation of the laser pulse propagation in
a HMM slab.

In Fig. 5(a) we demonstrate by color saturation the ob-
tained amplitudes a( j) [see Eq. (5)] of the eigenmodes excited
in the HMM under oblique incidence of the p-polarized plane
wave. As seen, beyond the ENZ wavelength or at normal
incidence, solely the main eigenmode associated with the
extraordinary wave is excited (see bright colors at ηx = 0),
while the excitation of the additional one is prohibited by the
difference of the symmetries of the field distributions of the
incident plane wave and the additional eigenmode [Fig. 5(b)].
Being TE polarized, the eigenmode j = 2 is not excited by
the incident p-polarized wave.

In turn, due to eigenmode hybridization the ENZ afforded
simultaneous excitation of the main and additional eigen-
modes ( j = 1, 3) in the HMM under oblique incidence of
the p-polarized plane wave [Fig. 5(a)]. We assert that near
the ENZ wavelength their amplitudes become comparable,
resulting in vivid interference features of the light transmis-
sion through the HMM shown in Fig. 4(a). As seen, besides
the decrease of the HMM transmittance specific to the ENZ
regime and mediated by hybridization of the main and addi-
tional waves, a set of pronounced minima occurs with sharp

FIG. 6. (a) Calculated spectral-angular dependence of group in-
dex of light in HMM. (b) The spectra of amplitude of electric field of
transmitted laser pulse for θ = 16.4◦ (red) and the phases of complex
transmission coefficient of HMM for incident angles θ = 15◦, 16.4◦,
and 18◦. (c) Temporal dependencies of intensity of transmitted laser
pulses for four angles of incidence.

drops of the transmittance. They correspond to the destruc-
tive interference of the main and additional waves with the
numbers j = 1, 3. The calculated λ − θ positions of the min-
ima correspond well to the experimental spectra [Fig. 2(a)],
while nonzero transmittance in the experiment is due to the
variation of length of the nanorods LHMM and interrod spac-
ing a. We stress that the intermode interference within the
HMM differs from that in thin film where the interference
fringes appear with commonly nonunit visibility. In contrast,
HMM afforded exactly zero transmittance in the spectral
points A, B, and C shown in Fig. 4(a). It appears inevitable
due to growing and diminishing of the spectral dependencies
of the eigenmode amplitudes at the output HMM interfaces
|a(1)exp(−Im(k(1)

z )LHMM)| and |a(3)exp(−Im(k(3)
z )LHMM)|.

D. Transmission phase singularities in fast-slow light effect

Zero transmittance results in the phase singularity of
t (ω, θ ), where ϕ = arg[t (ω, θ )] is undefined. Recently phase
singularities conquered the realm of photonics for the gen-
eration of optical vortex beams [65], superoscillations [66],
and perfect absorption in plasmon antenna array [67], to name
but a few. However, to the best of our knowledge, they have
not been discussed in optics of HMMs to date. We illus-
trate singularities in HMM transmittance in Fig. 4(b) where
a λ − θ map of the phase ϕ is shown. Near the zero values
of t (ω, θ ) the phase changes continuously, accumulating 2π

in the clockwise direction. The related topological charge of
the phase singularity C = 1/(2π )

∮ ∇ϕ · dl computed for the
enclosing loop takes the value of unity and is the same for
each singularity. We assert it is the 2π phase swing in the
singularity points that furnishes the fast-slow light effect. We
demonstrate this in Fig. 6(a), which shows the λ − θ map
of the group index (ng) obtained as ng = (c/LHMM)∂ϕ/∂ω.
As seen, it demonstrates both large positive and negative
values, which appear close to zero transmission points. The
first case corresponds to the slow light effect and the values
ng < 1 indicate superluminality. The revealed group index
features are in agreement with the experimental and numerical
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manifestations of these phenomena in the propagation of fem-
tosecond laser pulses through HMMs [Figs. 2(b) and 3].

We assert that the peculiar resonant change of the group
index in the λ − θ map and related fast and slow light ef-
fects originate from the rapid change of the phase ϕ near the
singularity points. It is demonstrated in Fig. 6(b) by orange
and green curves, which are the spectral dependencies of ϕ

of transmitted wave for two angles of incidence θ = 15◦ and
18◦, which are smaller and larger than the angular position
of the singularity point [see dashed lines in Fig. 4(b)]. The
first curve experiences anomalous dispersion near the ENZ
wavelength, resulting in superluminal light propagation, while
the second curve demonstrates increased normal dispersion,
yielding the slow light effect. When approaching the criti-
cal angle of singularity (θ = 16.4◦), the spectral variation of
ϕ undergoes an extremely high gradient [see blue curve in
Fig. 6(b)], giving rise to singularities in the group index that
can be seen in Fig. 6(a). We stress that the phase jump and
group index variation near the singularity point can be further
increased by stacking several identical HMM films separated
by air gaps.

Recently, phase singularities were harnessed for pulse ma-
nipulation in other physical systems. In radio frequency range
it results in superluminal and slow light effects (i) in bire-
fringent photonic crystals [68] and (ii) in the yttrium iron
garnet-microstrip cavity system due to multiple-path interfer-
ence of guided microwave, magnon, and resonator state [69].
In optics anomalously large time delay of the laser pulse in
a waveguide coupled to a ring resonator was demonstrated
under near-zero transmission [70]. The phase jump close to
the singularity points inspired the superoscillation concept for
superseding the diffraction limit in microscopy [66,71].

E. Relaxation of group index singularities

It should be noted that the finite spectral width of the inci-
dent pulse prevents infinite values of the pulse delay/advance
τ = (ng − 1)LHMM/c in the HMM when ng goes to infinity
[Fig. 6(a)]. It takes place inevitably in the close vicinity of
the singularity points when the spectral width of the phase
jump region is comparable to or less than the spectral width
of the laser pulse. As a result, the spectrum of the transmitted
pulse has a two-bell shape as shown by the red shaded area
in Fig. 6(b) that is caused by zero transmission of HMM
under the destructive interference of the main and additional
waves as described above. We address special attention to
this tricky case. Near the zero-transmission point the complex
transmission coefficient could be approximated by the linear
function t (ω, θ0) = ξ (ω − ω0), where θ0 and ω0 are the angle
of incidence and frequency of the destructive interference
point. In the time domain this Fourier factor [see Eq. (3)] is
equivalent to the temporal differentiation (d/dt ) of the pulse
envelope leading to two bell-shaped temporal dependence of
the transmitted pulse intensity, as illustrated by the blue curve
in Fig. 6(c) for θ0 = 16.4◦, i.e., point A in Fig. 4(a). In this
case the first peak of the transmitted pulse is advanced, while
the second one is delayed that mimics both fast and slow light
effects. As seen, the finite spectral width of the laser pulse

cures infinite advance/delay related to the ng divergence. The
value τ , however, could tend to rise when the duration of
the incident pulse is increasing. For other angles θ near the
zero-transmission points the pulse shape can be considered as
the result of the intrapulse interference of two distant spectral
bands [see red area in Fig. 6(b)]. Indeed, after propagation
through the HMM they acquire the phase difference �ϕ,

which depends on θ [Fig. 6(b)], and the pulse spectrum could
be described qualitatively as

Einc(ω)t (ω, θ ) ≈ Aexp(i�ϕ) exp[−(ω − ω1)2/δ2]

+ exp[−(ω − ω2)2/δ2], (7)

where ω1, ω2 are the frequencies of the maxima of the trans-
mitted pulse spectrum [red area in Fig. 6(b)]. As a result, the
interference terms appear in the temporal dependence of the
pulse intensity [see Eq. (3)],

I (t ) ≈ exp(−δ2t2/2)[1 + A2 + 2Acos(�ϕ + (ω2 − ω1)t )].
(8)

The temporal position of the maximum of this function de-
pends on �ϕ. When changing the sign of �ϕ under variation
of θ , a superluminal pulse peak advance or delay appears
for the femtosecond laser radiation as illustrated by orange
and green curves in Fig. 6(c) for θ = 15◦ and 18◦ related to
negative and positive �ϕ, respectively.

IV. CONCLUSIONS

Summing up, we revealed experimentally and theoretically
the superluminal and slow propagation of femtosecond laser
pulses in the HMM based on an array of silver nanorods in an
alumina template. It is found that these dynamical phenomena
occur in the ENZ regime of the HMM and originate from
strong optical nonlocality of the considered composite in this
spectral range. The latter gives rise to zero transmission of the
HMM driven by the destructive interference of the main and
additional eigenmodes of light in the metamaterial, resulting
in phase singularity points, which are the heart of the observed
phenomena, providing anomalous or strong normal disper-
sion of light. It is demonstrated that fast-slow light effect in
HMM can be tuned by variation of the angle of incidence of
light pulses or of the central wavelength of a chirped pulse.
The revealed dynamical phenomena provide a venue harness-
ing the nonlocality for the manipulation of ultrashort laser
pulses and can be of primary importance in applications of
all-optical switching of femtosecond pulses. We believe that
the proposed nonlocality-based approach could be extended
for other photonic systems for the control of ultrashort laser
pulses. Moreover, we assert that phase singularities of the
HMM transmittance revealed here open a simple method for
the generation of astonishing spatiotemporal optical vortices
[72–74] using thin HMM film exclusively, as will be described
in our forthcoming paper.
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