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ABSTRACT: We discover an unexpected enhancement of the
absorption of near-infrared light by aromatic amine overtones
on photonic microfibers sculptured with gold nanoparticles.
The adsorbed nanoparticles make the near-infrared spectros-
copy of aromatic amines on microfibers feasible despite the
small absorption cross-section of the molecular vibration
overtones. We demonstrate that in the presence of gold
nanomediators, the absorption of light by weak overtone
transitions in N-methylaniline as a model analyte is
dramatically enhanced. We attribute this effect to the increase
of the mean trajectory of light in a microfiber due to its resonant scattering on metallic nanoparticles. The spectrally integrated
transmittance scales with the concentration of nanoparticles to the power 1/6the phenomenon of diffusive propagation of
light. Practical applications of the discovered effect will include the detection of aromatic amines for efficient treatment of
metabolic disorders resulting from the amino acids deficiency, research in biomedicine, and a number of bedside applications.

KEYWORDS: Microfibers, diffusive propagation, N-methylaniline, nanoparticles, light-matter interaction, overtone spectroscopy,
vibration spectroscopy

Aromatic amines,1,2 being the building blocks of aromatic
amino acids, can be used to quantify the concentrations of

essential proteins in natural products, functional materials, and
plants.3 The detection of these compounds is, therefore, a
prominent topic in organic chemistry, with broad biomedical
and industrial applications. One of the most straightforward
and efficient approaches for detecting aromatic amines involves
recording their fundamental vibrations in the mid-infrared
(mid-IR) spectrum.4−7 However, in practice, the cumbersome
and costly equipment required to detect fundamental
vibrations7 hampers the facile application of this approach. A
better solution lies in the near-infrared (NIR) region, since
signatures of aromatic amines can also be deduced from the
overtones (high harmonics of vibrational transitions) in NIR
spectra.8 NIR spectroscopy is a sensitive and affordable
technique that is currently finding application in healthcare
delivery, pharmaceuticals, neonatal and neurology (neuro-
vascular coupling) research, and brain−computer interfaces.
Nonetheless, the widespread implementation of NIR for the
analysis of molecules is impeded by the fact that the cross-
sections of vibrational transition overtones are orders of
magnitude smaller than those of the corresponding fundamen-

tal transitions. Although the amine moiety of aromatic amines
excited at around 1.5 μm was recently detected in a diffusive
regime on planar glass waveguides9 and on planar silicon
nanostrip waveguides,10 no attempts have been made to
understand the mechanism of vibrational transitions of
aromatic amines with broadband NIR illumination on surfaces
of miniature guided wave devices, such as glass microfibers.
This is not surprising, since the small absorption cross-section
of vibrational transition overtones limits the use of conventional
silica glass fibers. When embedded in media, with index close to
that of the silica, fibers are optically weak guides. Therefore, the
unmet need to develop a method for the surface spectroscopy
of vibrational overtone transitions in the NIR regiona long-
standing goal of molecular sciencehas attracted substantial
research attention,11,12 and to date several detection tools have
been developed. These range from spectroscopy based on the
plasmonic Fano resonances inherent in nanostructures, which
gave improved molecular detection sensitivity when combined
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with surface enhanced coherent anti-Stokes Raman scattering
(CARS),13 to spectroscopy of vibrational overtones by single-
molecule photodissociation.14 However, the unknown impact
on absorption both of the vibrational overtones from resonant
Rayleigh scattering and of the diffusion of light in disordered
media constitutes a critical obstacle to the efficient application
of these methods. Recent advances in sensing applications in
general, and particularly in spectroscopic applications, including
techniques based on surface sensing, such as enhanced
chemiluminescence,15 surface-enhanced fluorescence spectros-
copy,16−18 Raman scattering spectroscopy,13 and absorption
spectroscopy,7,19 rely on surface−medium interaction to
enhance the effect of absorption and to improve the sensitivity
beyond the standard spectroscopic limits.12 However, the
surface−medium interaction behavior of many important
molecules, such as aromatic amines, remains unclear. It was
this lack of vital knowledge, together with the strong potential
applicability of molecular vibration spectroscopies in the
detection of explosives and in the diagnostics of amine-based
psychoactive stimulants and metabolic diseases, that motivated
the present work.2,19

From the perspective of equipment miniaturization and
portability, the guided-wave optics format is ideally suited to
many applications that were traditionally based on free-space
optics technology.20 An additional advantage of this format lies
in the low propagation losses compared to plasmonics.21

Indeed, guided-wave optics as compared to the free-space
optics is characterized by low propagation losses and large
evanescent fields extending beyond the physical dimensions of
the guiding layers. Note that a substantial amount of the
transmitted power can be carried by the evanescent tail.22 It was
shown that the tapered ridge and microfiber structures exhibit
an increased evanescent field, thus allowing for a strong

interaction with the molecular layer and efficient probing of the
overtones.22 In addition, microfibers boast strong confinement,
such that if the core dimensions of a microfiber are
proportional to half the wavelength of the waveguide in it,
the propagation beam is confined to fiber smallest waist
dimensions, which gives rise to effects such as supercontinuum
lasing, and nonlinear optical switching. Finally, microfibers are
robust, with negligible surface roughness, which, in turn,
translates into superior mechanical strength.23 Guided-wave
optics, therefore, enables the design and realization of compact
surface sensors,24,25 such as photonic waveguides9,26,27 and
microfibers.23 The surface effect in these configurations is based
on the evanescent tails of the guided mode. In the design of
optical waveguides, the trade-off between miniaturization and
guidance with high efficiency is aimed at enhanced interaction
of electromagnetic radiation with the molecular medium for a
guided modes as detailed in refs 22 and 28 Taken together, the
above advantages have made guided-wave optics an important
molecular spectroscopy tool. Guided-wave optics have been
used as the basis for detecting overtone spectra in experimental
studies of weak glass waveguides,29 high refractive index
contrast chalcogenide glass waveguides,30 and high-Q factor
silicon waveguide ring resonators.31 Compared to planar
waveguides, the micro- and nanofibers in miniaturized sensors
are characterized by well-controlled evanescent fields, flexibility,
configurability, high confinement, robustness, and compact-
ness.32 Microfibers are thus an excellent research tool and well
suited to a wide range of applications, such as tele-
communications, sensing,33 optical manipulation34 and high
Q resonators, to list but a few.23,35 Despite the clear benefits of
using microfibers for molecular overtone absorption studies,
this research tool remains unexploited.

Figure 1. Experimental apparatus and sculptured microfiber architecture. (a) The experimental setup based on butt-coupled broadband illumination
of a microfiber by a supercontinuum NIR source. The transmittance spectra are collected by an optical spectrum analyzer (see Methods). (b)
Photograph of the microfiber fixed on the holder with magnets. A Teflon spacer protects the tapered region of the fiber from contamination by the
holder. It also prevents the liquid from spreading out by virtue of the high surface tension of the Teflon. The labeling microfiber is pointing on the
fiber which is transparent. (c) Schematic representation showing light guided in a glass microfiber sculptured with gold nanoparticles. (d) Schematic
representation (not to scale) of the diameters of the nanoparticles used in the study. Note: the concentrations of nanoparticles are listed in Table S1
in the Supporting Information.
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■ RESULTS AND DISCUSSION

The motivation for the work is to study the mechanism of
absorption by molecular vibrations overtones excited with
evanescent fields in the NIR. For this, we combined several
disciplines, namely, the physics of guided wave optics, the
microfibers fabrication, the propagation of light in diffusive
regime with nanoparticles, the surface chemistry, and the
molecular overtone spectroscopy.
Here, we report the engineering of a guided wave tool

utilizing microfibers sculptured with gold nanoparticles
(previously studied as nanoamplifiers in opto-chemical
reactions15) to study the absorption mechanism of molecular
overtone vibrations. We show that in our system the overtone
absorption depends primarily on the concentration of the
nanoparticles on the microfiber, which electrostatically attract
the probe molecule to the microfiber surface. We also show that
the spectrally integrated transmittance scales with the
concentration of nanoparticles to the power 1/6a character-
istic of the diffusive propagation of light, which is responsible
for the enhanced resonant absorption.
In our experimental setup, collimated broadband light was

focused onto the microfiber (Figure 1a). The light was then
guided in the microfiber and collected in the optical spectrum
analyzer. A Teflon spacer prevented contamination of the
device. The low refractive index of the Teflon (1.3) relative to
that of the silica fiber (1.43) at the NIR wavelengths of N-

methylaniline (NMA) vibrations prevented leakage of the
evanescent field. In Figure 1b, a photograph of the device
shows that the fiber holder contained two magnets to fix the
fiber in place and that a single droplet of the mixture of NMA
in hexane was applied on the tapered region L of the microfiber
above the Teflon spacer. Figure 1c is a schematic representation
of the microfiber sculptured with gold nanoparticles, and Figure
1d shows the relative dimensions (not to scale) of the spherical
nanoparticles that we used.
We found nontrivial broadband molecular overtone

absorption in the NIR spectra on glass microfibers sculptured
with gold nanoparticles. This effect allowed us to detect, for the
first time, the broadband overtone absorption of the aromatic
amine molecule NMA and to study the mechanism of overtone
absorption on optically weak microfibers. Our proof-of-concept
measurements showed that a compact NIR spectrometer based
on a reconfigurable microfiber would have sufficient sensitivity
and spectral resolution to facilitate the study of the fine
electronic structure of a probe organic molecule. Pioneered by
Akhlesh Lakhtakia, sculptured thin films have been used in
variety of fundamental studies, for instance, for those of
enhanced fluorescence with applications in biosensing.16−18

Our method is based on the sculpturing of a microfiber with
electronegative material such as gold nanoparticles. Nano-
particles (1) adsorb to the microfiber and (2) mediate the
electrostatic attraction of amine-based molecules at the

Figure 2. Numerical modeling. (a−d and i−l) Normalized electric field (EF) of microfibers, calculated according to eq 1, with various core radii
embedded in NMA:hexane ratio 1:3. (e−h and m−p) Cross-sections at y = 0 μm.
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nanoparticles, thereby contributing to disorder on the micro-
fiber surface. As a result, the propagation of light in such a
microfiber is strongly affected by the resonant Rayleigh
scattering and therefore the mean trajectory of propagating
photons becomes orders of magnitude longer in the resulting
diffusive regime, as explained in the supplementary material of
ref 9. Consequently, organic molecules are exposed to the
passage of the light for a markedly longer time-a scenario that
strongly augments the probability of absorption, which is
crucial for the sensitivity of our evanescent-field-based research
tool.
In our NMA:hexane system, diffusive propagation of the

photon in the highly scattering medium slows down the light
around the resonance of the overtone. The light-matter
interaction enhancement is, therefore, due to the increased
time τ that the photon spends in the medium, which leads to an
increased mean trajectory L. The interaction between the
photon and the analyte molecule thus continues for a longer
time, resulting in enhanced absorption. This is not a result of
the tapering routine. The tapering itself would not cause the
slowing down of light on such a scale as in our experiments.

The guided mode profile is different in the transition and
tapered regions, which is a minor factor compared to the
diffusive propagation of light due to the resonant Rayleigh
scattering.22,36 We note here that our system differs from the
“conventional” plasmonics which is widely used to enhance
light−matter interaction for sensing applications.6 This
enhancement derives from the excitation by light of free
electrons at the metal−dielectric interface in noble metals when
the momentum matching condition is fulfilled. Explicitly, the
momentum of the incident photon must be equal to the
momentum of the surface plasmon, resulting in the field effect.
Excited surface plasmons facilitate field localization and field
enhancement. Diffusive propagation of the photon in highly
scattering medium of the molecules slows down the light
around the resonance of the overtone. The enhancement here
therefore, is due to the increased time the photon spent in the
medium and resulting increased mean trajectory L as explained
in details at supplementary section of ref 9. The fundamental
reason for the NIR absorption induced by the microfiber
sculptured with gold nanoparticles is the combination of
chemical and physical effects, namely, (1) the chemical effect of

Figure 3. Numerical modeling. (a) The fraction of power in the core of the microfiber and in NMA:hexane (1:3) relative to the total power (see
Methods). (b) Fraction of the power in the analyte η vs radius of a microfiber immersed in air, water, or a NMA:hexane mixture.

Figure 4. Measurement on the microfiber. (a) Transmittance spectra recorded on microfiber. NMA spectra detected on microfibers sculptured by
different nanoparticles sizes show clear overtone absorption bands of (N−H)-bond stretching band around 1.5 μm and the aryl (C−H) overtone
stretching band around 1.65 μm in the ΔV = 2 region for NMA:hexane ratio 1:3. N−H and aryl C−H absorption bands are indicated by arrows;
measured stretching motions of atomic bonds are indicated by springs. Upper curves represent the transmittance spectra of the microfiber embedded
in the hexane, molecular mixture, and gold nanoparticles, respectively. Lower curves represent the transmittance spectra of the microfiber embedded
in the molecular mixture together with the gold nanoparticles. (b) Chemical structure and (c) skeletal molecular shape of NMA.
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electrostatic adsorption: the adsorption of the nanoparticles to
the microfiber surface results in the increased interaction
between the molecules and the evenest wave of the fiber
leading to the increased disorder in the system; (2) the physical
effect of the diffusive propagation of light in the guiding mode:
the quadrupole molecular moment induced by the evanescent
field governs the scattering of light in the spectral vicinity of the
overtone resonance absorption. The scattering causes the
diffusive propagation of light that makes light spending a longer
time in the absorbing medium.
In our system, as in other systems, the extent of the field

distribution in a microfiber depends strongly on its core
dimensions. Figure 2 shows that normalized electric field (EF)
distribution colormaps and cross-sections all varied with the
microfiber core radius, when the microfiber is embedded in
NMA:hexane (ratio of 1:3). Normalized EF distributions were
calculated using

=
+ +

+ +
E E E E E E

E E E E E E

normalized EF
conj( ) conj( ) conj( )

max[ conj( ) conj( ) conj( )]
x x y y z z

x x y y z z

(1)

Figure 3a shows the dependence of microfiber radius on the
fraction of the optical power in the core η, as defined in eq 5 in
ref 22, and in the molecular medium ηm as defined in eq 4 in
ref 22, illuminated by the evanescent field of the microfiber. A
large fraction of the power extends into the medium of higher
index, as shown in Figure 3a. For microfibers of r = 1 μm
immersed in the analyte mixture, most of the light carried
beyond the physical boundaries of the microfiber. Since more
than 90% of the total power is carried in the evanescent tail (η
> 0.9), such a system is ideal for sensing and detection. Figure
3b shows the change of the power fraction in the evanescent
tail as a function of the microfiber radii immersed in air, water
(refractive index of 1.33) or the NMA:hexane. The power starts
to build up in the evanescent field at a microfiber radius of 2
μm or less. In this study, the microfiber had a core diameter of
about 2 μm (1.8 μm), which potentially makes it favorable for
sensing applications.37 However, we found surprisingly the
opposite to be the case. On a bare microfiber that had not been
sculptured by gold nanoparticles there was no molecular
signature observed in the NIR spectrum (upper spectrum in
Figure 4a) in contrast to the spectra obtained on the

microfibers sculptured with gold nanoparticles (lower part of
Figure 4a). In the experiment reported here, a microfiber with 4
mm long tapered region, transmitted with the maximum loss of
∼25 dB around the N−H vibration band of NMA (blue curve
on Figure 4a).
In addition, our findings revealed a peculiar and unexpected

dependence of the concentration of nanoparticles N, namely,
the spectrally integrated transmittance scaled as N1/6. More-
over, the 1/6 power law was shown to be a signature of the
diffusive propagation of light in the presence of resonant
scatters.38 In our system, evidence for the diffusive propagation
regime is the observed scaling of the integrated transmittance.
Below we explain our experiments and present the correspond-
ing analysis in detail.
A good estimate of the absorption A(λ) as related to the

transmittance T(λ) may be expressed as A(λ) ∼ log T(λ),
(while neglecting a 4% Fresnel reflection) from the Beer−
Lambert law:

λ = − π κ λ−T( ) 10 log(e )L4 /
(2)

where the interaction of the molecules with the tapered region
of the microfiber occurs along the distance L, and κ(λ) is the
extinction coefficient related to all nonradiative losses such as
absorption losses A(λ); κ(λ) includes the scattering to
waveguide modes, as given by

κ λ λ
π

= λ

L
( ) log [10 ]

4
A

e
( )

(3)

According to the energy conservation law, the absorption
spectrum of light in a fiber is related to the reflectivity R and the
transmissivity T spectra as follows:

λ λ λ+ + =R T A( ) ( ) ( ) const. (4)

From the experimental data, we deduce the spectral integral I of
the absorption A(λ), which is given by I = WT(λp), where I is
the product of the full width at half-maximum (fwhm) W and
the depth of the transmission minimum at the molecular
absorption line T(λp). The fwhm is governed solely by the
damping constant Γj of a vibrational band j from the dispersion
function describing k vector dispersion of a multiple resonance
Lorenz model dielectric.29,39 The extinction coefficient
presented in eq 2 is the imaginary part of the dispersion

function: κ(k) = ε kIm{ ( ) }, with λ = 1/k. In this study, we
calculated I for measured five tapered fibers that differed in

Figure 5. Numerical analysis. (a−d) Calculated normalized EF distributions for gold nanoparticles with D = 20, 40, 60, and 250 nm and maximal
density without overlapping each other embedded in the molecular mixture. The corresponding cross-sections are shown in (e)−(h).
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terms of their respective concentrations of nanoparticles N and
exciting molecular vibrations. Vibrational molecular absorption
lines, which correspond to the changes in the vibrational state
of the molecule, are governed by the intrinsic electronic
structure of the molecule and essentially have no dependence
on N. Nonetheless, here, a peculiar sublinear dependence I ∝
Nβ, where β ≈ 1/6, was inaugurated, which is equivalent to the
reported dependence on I of the propagation of exciton-
polaritons in GaAs crystals with induced impurities.40 Our
observations indicate that light absorption was strongly
amplified in our system due to light scattering by the organic
molecules. The light remains in the fiber for a sufficiently long
time to be absorbed with a high probability by molecules. This
property will facilitate the realization of miniature spectro-
photometers based on microfibers sculptured with nano-
particles. Figure 4a shows T(λ) of the first overtone absorption
region in the NIR spectrum of NMA:hexane mixtures.
Stretching vibrational modes of the amine bond and C−H of
aryl are indicated by springs.
In this study, we investigated the transmittance of light in a

microfiber covered with gold nanoparticles in the presence of a
mixture of NMA in hexane (Figure 5 and Supporting
Information, Figures S3−S6). Our findings revealed that
although for nanoparticles with diameter larger than D = 20
nm and fully covering the tapered region of the microfiber
(Figure 5b−d vs Figure 5a) most of the light is within the
molecular mixture, the device barely guides. Therefore, we
would expect a higher signal for microfibers sculptured with
gold nanoparticles of 20 nm diameter. The normalized EFs for
different diameters of the gold nanoparticles were calculated
based on eq 1. Normalized EF distributions (Figure 5a−d) and
cross-sections (Figure 5e−h) showed marked discontinuity at
the microfiber surface. In fibers, the lack of the radial symmetry
arises from the boundary conditions for the axial and transversal
components of the EF at the silica−molecular mixture
boundary.41 The optical mode is confined if the diameter of
the nanoparticle is small, namely, D = 20 nm. However, for D >
20 nm, a large fraction of the power interacts with the
molecular mixture.
Any absorption by organics would intuitively be expected to

scale linearly with N. Therefore, the observed dependence of
the product I on N is a fascinating finding. A similar
dependence of I on N was predicted for exciton-polaritons by
Akhmediev,42 which was theoretically traced,43 and finally
proved in a recent empirical work on exciton-polaritons
propagating through thin crystal slabs.40 It should be
mentioned here that absorption by molecular overtone
vibrations is an intrinsic property of molecules that is
independent of the nanoparticle concentration N. However,
the integrated absorption of light by molecules is dependent on
the trajectory of the light and time it spends in the absorbing
medium. Therefore, in view of the strong elastic scattering of
NMA molecules, the effective trajectory of photons guided in
the microfiber will become significantly longer than that in the
ballistic regime, a scenario that indicates the “slow light”
phenomenon.9 The scattering by NMA and free carriers is
expected to induce a switch in the propagation regime from
ballistic to diffusive, as was previously demonstrated by us on
channel waveguides made of glass.9 Aromatic amines have a
negative affinity to the glass base surfaces. Therefore, without
surface treatment, detection of NMA with devices made of glass
would not be possible. The sculpturing with gold nanoparticles
is crucial as it provides the electrostatic adsorption of the

NMA:hexane mixture molecules to the surface of gold. Below
we show that the integrated absorption in the diffusive
propagation regime is, in fact, powered by the characteristic
time spent by the diffusing photons in the molecular layer and
is related nonlinearly to the nanoparticle concentration N.
To describe the diffusive propagation of light in a microfiber,

we assume that elastic scattering dominates the delay in
photonic propagation, and we neglect any inelastic scattering by
nanoparticles or acoustic phonons. The propagation of photons
in a guide with a dense diffusive species which are NMA
molecules can be characterized by the classical diffusion
equation for the concentration of photons n(λ,x,t) at
wavelength λ, coordinate x, and time t:

λ λ λ λ
τ λ

∂
∂

= ∂
∂

−n x t
t

D
n x t

x
n x t( , , )

( )
( , , ) ( , , )

( )

2

2 (5)

where wavelength-dependent D(λ) and τ(λ) are the diffusion
coefficient and nonradiative photon lifetime, which are
responsible for the absorption of light by NMA molecules,
respectively.
The delay time due to diffusive photon propagation, TD(λ),

can be found from the condition ∂n(λ,L,t)/∂t = 0 (see ref 38 for
details):

λ τ λ τ λ
λ

τ λ= + −
⎡
⎣⎢

⎤
⎦⎥T

L
D

( )
( )
4

( )
4 ( )

( )
4D

2 2

(6)

At the strong absorption limit, the photon nonradiative time is
sufficiently short for τ(λ) ≪ L2/D(λ), where the delay is
proportional to the sample thickness, as in the case of the

ballistic propagation, TD(λ) = (L/2) × τ λ λD( )/ ( ) . The
diffusion constant D(λ) = vg(λ)l(λ)/3, where vg(λ) is the group
velocity of the photon penetrating to the molecular layer
covering the guide. The group velocity does not depend on the
concentration of the nanoparticles. The photon mean free path
is proportional to the average distance between the scattering
centers, and, according to ref 40, l(λ) ∼ N−1/3. Consequently, at
the strong absorption limit, the integrated absorption is
expected to depend on the concentration of nanoparticles as

∫ ω
τ ω

∼ ∼I
T

N
( )

( )
D 1/6

(7)

Figure 6 shows the integrated absorption as a function of the
concentration of nanoparticles calculated using the diffusion

Figure 6. Integrated molecular absorption with the concentration of
nanoparticles. Each experimental point represents a separate measure-
ment on the different device. Straight line accounts for the prediction
of the diffusive model from eq 7.
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model described above. It accurately reproduces our exper-
imental observations and demonstrates the correct functional
dependence between the integrated absorption and the
concentration of the nanoparticles in a microfiber guide. This
relationship confirms the diffusive mechanism of the
amplification of the overtone absorption in a microfiber in
the presence of nanoparticles.
The NIR absorption induced by the microfiber sculptured

with gold nanoparticles may be attributed to a combination of
chemical and physical effects, as follows: (1) the chemical effect
of electrostatic adsorption of the nanoparticles on the
microfiber surface promotes the interaction between the
molecules and the evanescent wave of the fiber and increases
disorder in the system; and (2) the physical effect of near fields
is manifested in the NIR region by the evanescent field
inducing molecular quadrupole moments (second moments),
which contribute to the scattering of light around the overtone
resonance absorption.

■ CONCLUSIONS

To conclude, the first broadband demonstration of overtone
molecular signatures in the NIR spectrum was reported in a
diffusive regime induced by metallic nanoparticles on silica
tapered fibers. The mechanism of broadband NIR absorption
by NMA overtones was explained in terms of the long
nonradiative time of the photon guided in a microfiber
sculptured with electronegative gold nanoparticles. Our system
serves as a new design for reconfigurable microfiber sensors,
potentially allowing aromatic amines to be identified by
broadband NIR transmission spectroscopy. The maximum
enhancement of the absorption is scaled with the concentration
of nanospheres to the power 1/6. The reconfigurable
microfiber system allows for the broadband detection of
molecular signatures in the NIR spectral range with a high
precision. The Purcell effect triggered by metallic nanoparticles
is not observed here. If present, it would contribute with a
linear dependence of the integrated absorption on N that would
be easy to extract. However, we clearly see a much weaker
dependence that is excellently described by the N1/6 depend-
ence. The diffusive theory described in the paper as applied to
the propagation of polaritons can be directly generalized to
describe the observed Fano resonances in terms of the diffusive
propagation of plasmonic excitations. We have opted for using
the simplified ray optics model due to its utmost simplicity and
the advantage of yielding the analytical results. The description
in terms of plasmon diffusion is possible but would be
cumbersome, as we work very far from the plasmon resonances
in gold nanoparticles, and the frequencies of the plasmon
modes in our system are strongly distributed due to the size
dispersion of gold nanoparticles.
The sculptured microfiber approach, giving a disorder-

enhanced vibrational absorption effect, can also be applied for
straightforward measurements of other physical entities such as
magnetic field and ionization radiation. Overtone molecular
vibrations can be detected remotely through guided modes.

■ METHODS

We fabricated the microfibers by tapering conventional SMF-28
fibers. The core diameter of the fiber before tapering was 8.5
μm and cladding diameter was about 127 μm. We used the
tapering procedure based on the modified flame brushing
technique,22,23 in which a microheater was used to heat the

fiber locally toward its softening point. Once heated, the
microfiber was pulled longitudinally with microstages to reduce
its diameter. Eventually, the cladding replaced the original core
of the microfiber, thereby producing a tapered region of 2 μm
in diameter, which consisted solely of the cladding material.
Therefore, we used the tapered microfiber as a guided wave
analytical tool and the analyte solution became the new
cladding. We minimized the losses of microfiber material by
accurate modeling of the microfiber profile, as detailed in ref.44

We conducted the optical microfiber measurements of
transmittance spectra using the apparatus shown in Figure 1a.
NIR light was generated by a high-power supercontinuum fiber
source (Fianium SC-600-FC) operating at a central wavelength
of 1060 nm, with a spectral bandwidth spanning 450 nm to
>1750 nm and generating optical pulses of less than 10 ps in
duration. We collimated and focused the broadband light onto
the microfiber using an objective NA of 0.25 and ×10
magnification. The power transmitted through the microfiber
was collected while the microfiber was coupled directly into an
optical spectrum analyzer (OSA, Yokogawa AQ6370). Spectral
resolution was set at 0.5 nm. The acquisition time for the 300
nm spectral window was about 50 s. No polarization
dependency was observed. The refractive index of pure
aromatic amine NMA is 1.57118, which is much higher
compared to the index of silica fibers. Therefore, the refractive
index of NMA was reduced by diluting the amine with hexane,
having a refractive index of 1.37508, to a ratio of 1:3
NMA:hexane. The refractive indexes of the liquids were
measured with an RA 510 refractometer operating at 589 nm
at a room temperature of 21 ± 2 °C. The microfibers were
modeled using COMSOL Multiphysics 5 available at the Light-
on-a-Chip group (Ben-Gurion University of the Negev). Since
the effect of the doped silica core vanishes at microfiber
diameters a few times the wavelength, the cladding of the
original fiber was assumed to be the new core and the new
cladding to be air or the NMA in hexane mixture. Therefore, to
explore theoretically the modes propagating in the microfiber
waist, a two-layer system was adapted for microfibers of 2 μm in
diameter and less.37 The first layer is the silica core having a
refractive index of 1.44; this layer is surrounded by air or the
NMA:hexane mixture.
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