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Epsilon-near-zero (ENZ) materials, for which the real
part of the electric permittivity ✏0 vanishes, have at-
tracted attention in recent years because of their un-
precedented optical behaviour [1]. Recently, multiple
independent experiments in ENZ materials have ex-
hibited record nonlinear properties at the wavelength
where ✏0 = 0 [2–4]. Of note, the nonlinear contri-
bution to the index of refraction n, conventionally de-
fined as �n = n2I, where I denotes the applied optical
field intensity and n2 the nonlinear index of refraction,
has achieved a record value of 0.72 [3] and the ratio
of �n/n has attained an unprecedentedly large value
of 4.4 [4]. These large values have lead to speculation
that the perturbative expansion description of nonlin-
ear optical effects might need a reformulation in these
materials [3, 4].

In this work, we discuss the effects of these large val-
ues on commonly used equations in the field of nonlinear
optics. In particular, we present arguments for an over-
haul of the expression of the intensity-dependent index
of refraction, which is widely cited as [5]

n = n0 + n2I. (1)

As shown in Fig. 1, Eq. (1) is only an appropriate
equation to model the behaviour of highly nonlinear
ENZ materials for the very lowest intensities. However,
since optical nonlinearities are of most interest at higher
intensities, there is a need for more sophisticated models
for the intensity-dependent refractive index. Addition-
ally, using this equation for this class of materials cre-
ates a systematic underestimation of n2 and will yield
a value for n2 that varies as a function of intensity. We
develop and demonstrate a more appropriate treatment
for the refractive index that is based on the power se-
ries expansion of the nonlinear susceptibility and that
makes fewer assumptions overall (solid line in Fig. 1).

We conclude the talk by applying our treatment to
quantitatively show that, despite speculations to the
contrary, there is no evidence that the power series ex-
pansion for the nonlinear polarization in ENZ materials
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Figure 1: The intensity-dependent index of refraction
of ITO at � = 1240 nm, as reported in [3]. Equa-
tion (1) (dashed line) performs poorly at describing the
refractive index at most intensities. In contrast, the
treatment presented in our work describes the index
perfectly, including the saturation at higher intensities
(solid line).

diverges at the wavelength where ✏0 = 0. Thus, we see
no need for an alternative to the conventional pertur-
bative description of nonlinear optical effects, provided
it is applied carefully. Our work has important impli-
cations in the interpretation of nonlinear effects as well
as in the proper design and implementation of optical
devices based on ENZ materials.
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