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Few Photons Probe Third-Order Nonlinear Properties of
Nanomaterials in a Plasmonic Nanocavity

Anupa Kumari, MohammadReza Aghdaee, Mathis Van de Voorde,

and Oluwafemi Stephen Ojambati*

Quantification of nonlinear optical properties is important for nano-optical
devices, yet such measurements remain challenging at the single-particle
level. Here, enhanced optical fields are harnessed inside a plasmonic
nanocavity to mediate efficient nonlinear interactions with an individual
particle. Reflection Z-scan technique was performed on individual
nanocavities, reaching down to two photons per pulse, thus demonstrating a
significantly higher efficiency beyond conventional methods. The few photons
are sufficient to extract the nonlinear refractive index and nonlinear
absorption coefficient of different nanomaterials, including perovskite and Au
nano-objects and a molecular monolayer. This work is of great interest for

However, there is still a knowledge gap in
determining the nonlinear optical prop-
erties from a single nanomaterial.%”]
This knowledge gap is due to the ab-
sence of a straightforward experimental
method that efficiently focuses optical
fields on the nanomaterial. There are
various demonstrations of nonlinear op-
tical effects on nanomaterials including
four-wave mixing, high harmonic gen-
eration, two-photon absorption, optical
Kerr effect, nonlinear spectroscopy and
supercontinuum generation.”"'2 Despite

investigating nonlinear optical interactions on the nanoscale and
characterizing nanomaterials, including fragile biomolecules.

1. Introduction

Nonlinear optical materials are essential in advanced photonics,
serving as building blocks for devices such as optical limiters,
saturable absorbers, and optical switches.!'3] Moreover, on the
nanoscale, there is also a growing demand for the exploitation of
nonlinear optical devices in photonic circuits and chips.[*3] An ac-
curate determination of the nonlinear optical properties is, there-
fore, valuable. Particularly, these applications require a quantifi-
cation of nonlinear susceptibilities y™, N = 3, 5, ..., with real
and imaginary parts related to the nonlinear refractive index and
nonlinear absorption coefficient, respectively.
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the popularity of these observations, non-
linear optical properties are often inferred
indirectly, making data interpretation
complex and less straight forward.']

Z-scan method is a popular experimental
technique to directly determine the third-order nonlinear refrac-
tive index (n,) and nonlinear absorption coefficient (f) of various
materials.['*!°] In the Z-scan experiment, as a sample translates
through an optical focus, changes in transmitted or reflected in-
tensities are compared with a theoretical model. The fitting pa-
rameters of the model are n, and f. The Z-scan technique has
two main limitations: First, it is not yet suitable for character-
izing single-particle nanomaterials because the incident field is
focused on an area of about tens of pm?. Thus, the intensity is
inefficiently distributed on a single nanoparticle. Second, the ex-
isting Z-scan measurements still require high intensities of the
order of GW cm™ (e.g. ref. [16]). Such high intensities pose a
significant risk of damaging nanomaterials, particularly delicate
structures like biomaterials.

Plasmonic nanostructures are a possible solution to overcome
the challenges of measuring the nonlinear optical properties
of individual nanomaterials. The nanostructures localize opti-
cal fields in a sub-diffraction-limited spot, due to induced col-
lective oscillations of free electrons.['”] The localized fields can
efficiently concentrate the intensity on a single nanomaterial as
well as enhance nonlinear optical interactions due to substan-
tial field enhancements.l®23] Various configurations of metal-
lic nanostructures have been experimentally investigated, includ-
ing point-point, point-plane, and plane-plane configurations.!*!]
These configurations exploit the strong near-field interactions
with molecules, resulting in modifications of electronic states,
albeit in the linear regime. The plasmonic effect enabled ear-
lier studies to perform Z-scan experiments at low intensities
(in the range of kW cm™ to MW cm™2), but using a large fo-
cused laser beam on an area of 20-40 um?.[2>2° Therefore, the
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measurements encompass multiple nanoparticles, resulting in
a signal that is an ensembled response from multiple nanopar-
ticles rather than a single nanoparticle. However, a method
that efficiently harnesses the localized optical field to probe the
nonlinear optical properties of individual nanomaterials is still
lacking.

In this paper, we measure the third-order nonlinear opti-
cal properties, namely n, and f, of nanoscale materials in-
side a plasmonic nanocavity. The plasmonic nanocavity is
made of Au nanoparticle that is separated by the material
to be characterized from a Au film. Optical fields are en-
hanced inside the nanocavity,??%! thus providing a suitable
environment for efficient nonlinear optical light-matter inter-
actions. We demonstrate that the highly efficient nanocav-
ity enables low-intensity illumination down to a few photon
levels.

2. Experimental Section

2.1. Measurement Principle and Setup

To determine the third-order nonlinear properties, the reflection
Z-scan (RZ-scan) technique was used. The measurement princi-
ple was as follows: The reflected light was measured in two con-
figurations, open aperture (OA) and closed aperture (CA), as the
sample moves through the profile of a focused laser beam. In the
OA configuration, the reflected light was collected by a lens and
measured by a detector. The OA configuration provides informa-
tion about n, due to the nonlinear photo-induced modification
of the reflection coefficient of the surface. Whereas for CA, only
a part of the beam passing through an aperture was collected by
the detector. The CA captures the nonlinear phase change of the
reflected beam due to the nonlinear absorption. No nonlinear ef-
fects appear when the sample was positioned far from the focal
plane, and therefore, the reflected laser beam in this region was
constant. To provide insight into the beam spatial profile within
the nanocavity, numerical simulations were performed using the
boundary element method (BEM) for a gap size of 0.9 nm, cor-
responding to the thickness of the methylene blue layer. The
enhanced electric field is strongly confined within the nanocav-
ity and extends over the entire area under the nanocavity (Inset
Figure 1).

In the experiment, a combined RZ-scan setup and a dark-
field microscopy-spectroscopy setup (Figure 1) (for more details,
see the Supporting Information) was employed. A femtosecond
pulsed laser delivers 120 fs optical pulses with a tunable wave-
length in the near-infrared region. The pulses have a repeti-
tion rate of 76 MHz and an average output power of 1 W. A
combination of variable and fixed neutral density filters con-
trol the intensity that illuminates the sample. The laser pulse
was focused onto the sample using a brightfield/dark-field mi-
croscope objective with a numerical aperture of 0.9. The micro-
scope objective translates in the Z-direction, bringing the sample
through the optical focus. The sample was mounted on an XY
translation stage to measure multiple nanocavities. The darkfield
microscopy-spectroscopy setup images the nanoparticles on the
Au film and measures their extinction spectra to reveal the reso-
nance of the individual plasmonic cavity.
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Figure 1. Schematic of reflection Z-scan experimental setup. L1, L2, L3,
L4: lens; M1, M2: mirror; PM: perforated mirror; ND: neutral density filter;
BS1, BS2, BS3: beam splitter; FM: flipping mirror; WLS: white light source;
BB: beam blocker. Inset: Numerical calculation results of the electric field
enhancement (EF) at different cross sectional planes. The dashed curves
show the boundary of the nanoparticle and the Au film.

Camera2

2.2. Sample

Three nanomaterials were investigated inside the plasmonic
nanocavity: 1) a 10 nm Au nano-object, 2) a 6.5 nm Yb? +:CsPbCl,
perovskite nano-object, and 3) a monolayer of methylene blue
molecule, that is 0.9-nm thick. (For details about the sample fab-
rication and characterization, see Supporting Information). The
samples enable a comparison of the nonlinear effects inside the
nanocavity at different gap sizes and nonlinear optical properties.
The samples were chosen as a proof of concept to demonstrate
the versatility of the technique that was applicable to different
types of nanoparticles or molecular layers. These nanomaterials
have significant applications in various nonlinear optical fields.
Methylene blue, a fluorescent dye, is widely used in biomedical
imaging and therapy, particularly in multiphoton excitation fluo-
rescence microscopy, and as a saturable absorber in ultrafast laser
systems. Gold nanoparticles have applications that range from
bioimaging and sensors and optical limiting to optical switches in
integrated photonics. In addition, perovskites are well-known for
their exceptional optoelectronic properties, making them highly
valuable in the application of solar cells. A bare Au film without a
nanomaterial serves as a reference sample. For all the samples, an
atomically flat Au film was used with a thickness of 40 nm instead
of a thicker film (>100 nm). The thin Au film allows for a consid-
erable scattered intensity from the nanocavity and reduces reflec-
tion from the Au film (For experimental data, see Figure S1, Sup-
porting Information). Gold nanoparticles (80 nm diameter) were
drop-casted on the materials on the Au film to form the nanocav-

ity.

3. Results and Discussion

We probe the Au nano-objects in the nanocavity at two laser pow-
ers of 48 pW and 700 pW, corresponding to 2 and 34 photons per
pulse on average, respectively, at 750 nm. The OA Z-scan trace
shows that the reflectance peaks around the focus (Figure 2a).
On the other hand, the CA Z-scan trace shows a peak-to-valley
signature, meaning that the reflectance increases in the prefocal

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85UB017 SUOWIWOD BA1ER1D 8 cedt[dde au Ad peusenob 8 saole YO ‘sh JO se|nl 1oy Akeid18UljuQ AB|IM UO (SUOHIPUOD-PUe-SULBI WD A8 1M AReiq | pul|uo//:Sciy) SUONIPUOD pue swis | 8y} 88S *[G202/70/2] Uo ARiqiauliuo A8|im ‘91Bojouyos | in4 nisu| Bynsied Aq y8yE0rz0z Wope/ZooT 0T/I0p/W0d" A8 |1mAkeiq pul|uo’peoueApe;/:sdny wouy pspeojumoq ‘0 ‘TZ0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

Power: 48 pW (2 photons per pulse)

13
v
¢ @ A gL @
g 12 g/ 8 74
3 g ] ‘;' b
= .:I % 1 e 1
&J, 11 .7 = 1
= ",' " g 0.9} ®Aufilm /
§ 1= 22: = -NanocaVIty
0.06 i o« 0.02
[ oo - . ...-.- od
<4 0ls * pete® ® * 4_0 Og ‘J

2000 0 2000 ’ 2000 O 2000
Z-distance (hm) Z-distance (hm)

Power: 700 pW (34 photons per pulse)

@ w
O (c) x 9 (d) Au film
g 15 f » ,% 15 .7.“ o Nanocavity
tu’ ‘ r 9] Y 2 1
= 10 Y W < of 4
k3 ’,7 ) e L.-2 %
cs SN 5 [T e
2 1 2 o5 ¥
4 ) o P,
Cg Ol o @ o’ Nem—sss % 0'; - ° .-." e
-4

-2000 0 2000 -2000 0 2000
Z-distance (nm) Z-distance (hm)

Figure 2. Normalized reflectances vs Z-distance for open a,c) and closed
aperture b,d) measurements on the nanocavity (purple) and on the gold
film (yellow) at 48 pW and 700 pW. The dotted lines represent the theo-
retical fit. Insets: Differential reflectance obtained by subtracting the re-
flectance from the Au film from that of the nanocavity.

region and decreases in the postfocal region. Conventionally, the
Z-scan traces are normalized to the reflected intensity at large Z-
distances away from the focus, which is the linear regime.!*>%"]
When the sample approaches the focal plane, the laser intensity
increases, and the nonlinear effects start occurring. The experi-
mental results of both configurations agree with the expected the-
oretical results, as we explain below. For the OA, the reflectance
peak is attributed to positive values of the nonlinear refractive in-
dex (n, > 0) due to changes in the reflection coefficient.**! The CA
Z-scan trace follows a peak-to-valley signature, indicating a posi-
tive change in the nonlinear phase that results in positive values
for the absorption coefficient (5 > 0).

An interesting point to note here is the possibility of perform-
ing these measurements at extremely low photon count levels,
down to an average of 2 photons per pulse. This result highlights
the sensitivity of our experimental set-up to the optical excitation,
which is ~#10° more efficient than typical Z-scan techniques that
use the intensity of the order of GW cm=2.31321 Compared to the
reflection from a bare Au film, there is an observable difference
in reflectivity from the nanocavity. We quantify this contribution
by the difference in the reflectance (AR) between gold film and
nanocavity (insets in Figure 2). The significance of AR is that it
is relatively low at the two-photon level but non-zero, and it be-
comes more pronounced at higher power (34 photons). This re-
sult thus demonstrates the efficiency of the nanocavity at these
ranges of number of photons. Both the OA and CA measure-
ments show that AR increases by almost 10 times between the
two powers.

We performed power-dependent RZ-scan measurement on 25
nanocavities, on average, for the three different samples. We ex-
tract the maximum reflectance and the peak-to-valley reflectance
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Figure 3. a,b) Maximum reflectance and the peak-to-valley (P2V) re-
flectance vs average pulse power, extracted from the open aperture and
closed aperture measurements. The dotted line represents the intensity
saturation fitting curve c,d) Extracted nonlinear refractive index n, and the
nonlinear absorption coefficient f vs intensity. e,f) Nonlinear refractive in-
dex difference (An,) and nonlinear absorption coefficient difference (Ap)
between the nanocavity and the Au film. The error bar is the standard de-
viation of the distribution for an average of 25 nanocavities per sample.

from the Z-scan traces. Generally, for both OA and CA, the maxi-
mum reflectance and the peak-to-valley reflectance increase with
the average pulse power (Figure 3a,b). In addition, both measure-
ments show saturation behaviors, albeit at different saturation
powers of 1 nW and 0.1 nW on average for OA and CA, respec-
tively. For the OA measurements, the methylene blue layer has
the highest reflectance than the Au and perovskite nano-objects,
and implying that there is a higher n,. On the other hand, the
peak-to-valley reflectance of the methylene blue layer is the low-
est in CA. As CA is attributed to the nonlinear absorption hap-
pening in the material, one can say that the Au and perovskite
nano-objects result in a higher nonlinear absorption than when
the methylene blue layer is inside the gap. In CA, the reflectance
values are generally lower than OA measurements because only
a part of the beam (20%) passes through the aperture.

For the quantitative estimation of the n,, we fit the OA Z-scan
traces with a theoretical model®***] that describes the normalized
reflectance R (see Supporting Information)

rlyn,

R =1+ e+ 9)

O(k)) 1)

ris the relative change in the reflection coefficient due to the non-
linear optical effects, I, is the laser intensity on the sample and
X =2/z,, 2, is the Rayleigh length. A higher-order correction term
is included as O(k}), where k), is a small factor that accounts for
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Figure 4. a) Electric field resonance as a function of wavelength and gap size. The field resonance occurs at a specific wavelength and the resonance
wavelength shifts to lower wavelength as the gap size increases. b) Simulation results of electric field enhancement inside the nanocavity as a function

of gap size at incident wavelength of 750 nm.

nonlinear absorption. Similarly, we model the measured CA Z-
scan traces with the equation

27272
r I, k5

(2 + 1)(x* +9)

4rl,xk, N
(2 +1)(x*+9)

Rx)=1- + (9(n’2) (2)

that also includes higher-order correction terms that include a
small contribution from nonlinear refraction, accounted for by
n,. We extract n, and k, by fitting the Equations (2) and (3) re-
spectively to the Z-scan traces and calculate g = 2xk,/A, where
4 is the wavelength, for all input intensities and the materials.
The extracted f for the Au film is comparable to the result (2 x
1073 cm W1 at 110 MW cm™2) in the literature,3] after account-
ing for the differences in the intensity and sample thickness. This
agreement shows the efficacy of our extraction procedure. The n,
for Au film displays a downward linear trend with increasing in-
tensity. The nanocavity samples show slightly oscillatory behav-
ior with a noticeable dip ~ 17kWem 2. Similar to the Au film, the
nano-objects also exhibit a downward trend, suggesting an influ-
ence from the Au film.

To obtain the n, values specific to the materials inside the
nanocavity, we calculate the differential nonlinear refractive in-
dex An, by subtracting the n, values of the Au film from those
of the materials.?®] We also calculated the An, of empty cavi-
ties i.e. without the methylene blue in the gap, albeit the gap
size remains the same due to cucurbit!”! uril spacer. The contri-
bution of the empty cavity differs from the result of the “filled”
cavity that shows an increasing trend followed by the saturation
(Figure 3e). The methylene blue layer is about four times higher
An, than the nano-objects. The values of the An, of the Au and
perovskite nano-objects match quite well. We attribute the n, val-
ues to the different optical fields confined on the nanomaterials
by the nanocavity. Simulation results reveal that electric field en-
hancement decreases significantly as the gap size varies from 0.9
nm to 10 nm (Figure 4). At the excitation wavelength of 750 nm,
the enhancement drops from 296 at 0.9 nm (corresponding to the
size of a methylene blue layer) to 13.8 at 6.5 nm (corresponding to
the size of the perovskite nano-object) and further down to 9.08 at
10 nm (Au nano-object). We observe a similar trend in our mea-
surements: the An, is higher for methylene blue and comparable
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Figure 5. Excitation wavelength scan for a) OA and b) CA at an average power of 900 pW. The grey solid curve is the extinction spectrum. c,d) The
extracted values of n, and f at different wavelengths, respectively. e) Calculated electric field enhancement and the scattering cross section as a function
of wavelength (nm) fora 0.9 nm gap size. Inset: Wavelength (A1) of the maximum peak wavelengths for field enhancement and scattering cross-section as
a function of gap size (g).
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for nano-objects. These findings qualitatively indicate that optical
fields in the gap result in different n, values due to modification
of the reflection coefficients in the gap.

In the closed aperture measurements, f decreases with inten-
sity for all the materials (Figure 3d). We also calculated the differ-
ential nonlinear refractive index (Ap) by subtracting the g values
of the Au film from those of the materials along with the empty
cavity. The data reveal that the methylene blue layer has negative
Ap values (Figure 3f), indicating saturable absorption or popu-
lation inversion, which is consistent with a previous observation
of lasing of methylene blue in the nanocavity.’”! In contrast,
is positive for both the nano-objects, and their values overlap at
higher intensities. The positive g implies that there is nonlinear
absorption (e.g. two-photon absorption), which can occur due to
broad electronic states at shorter wavelengths (Figure S4, Sup-
porting Information) for both the perovskite and Au nano-object.

Furthermore, we investigate the effect of the cavity resonance
on the nonlinear interaction using the methylene blue layer in
the cavity. We scanned the pulsed laser wavelength from 680 nm
to 800 nm at an average power of 900 pW. Indeed, the nonlinear
response of the nanocavity is dependent on wavelength, as ex-
pected (Figure 5). In the OA measurements, the peak response
occurs ~720 nm, while in the CA measurements, the peak is
blue-shifted by ~#20 nm. The darkfield extinction spectrum has a
more redshifted peak at ~740 nm. The spectral difference is due
to a phase shift of the confined field in the gap out-coupled to
farfield.®®] To further investigate the spectral shift, we perform
numerical simulations (in linear regime) of the wavelength de-
pendence of field enhancement and scattering cross section for
nanocavity with methylene blue in the gap. The results show that
the electric field enhancement is maximum at ~730 nm, while
the scattering spectrum is at 737.5 nm (Figure 5e). This result is
consistent with our observation that there is a redshift of the scat-
tering spectrum relative to the maximum of the nonlinear param-
eters. However, the observed shift of 20 nm is more pronounced
than the shift from the simulation of 7.5 nm. We attribute the ad-
ditional spectral shift in the experiment to the phase shift due to
the change in the nonlinear refractive index, i.e. (An,) from the
nonlinear effect that we measured. Both OA and CA experiments
indicate that the nanocavity response is maximized at a specific
wavelength and decreases as the wavelength moves away from
this peak. These dependencies of the nonlinear parameters on
wavelength show that the nanocavity resonance strongly deter-
mines the nonlinear interaction.

4, Conclusion

We use a few photons to extract the third-order nonlinear pa-
rameters (1, and f) of nanomaterials inside plasmonic nanocav-
ities. The few photons are sufficient to retrieve these parameters
for a single nanoparticle of different nanomaterials inside the
nanocavity, namely Au and perovskite nano-objects and methy-
lene blue monolayer. Notably, the n, values are much higher for
a nanocavity with a high field enhancement, indicating a sub-
stantial modification of the reflection coefficient in the gap. More-
over, the # indicates two-photon absorption and saturable absorp-
tion for the nanoparticles and the molecular layer, respectively.
Beyond the nanomaterials examined here, our approach is ap-
plicable to studying the nonlinear optical properties of delicate
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biomolecules and nanomaterials that can be easily damaged by
high laser intensities. Moreover, a characterization of the non-
linear optical properties of nanomaterials can enable their appli-
cations in nonlinear optical devices such as optical switches, sat-
urable absorbers, and optical limiters. These nonlinear effects are
also exciting for quantum experiments at a few photon levels.
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the author.
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