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Abstract: White-light broadband chirp-compensated spectral interferometry is applied to fully probe the optical re-
sponse of strongly coupled excitons (Xs) and surface plasmon polaritons (SPPs) in J-aggregate/metal hybrid 
nanostructures at field level. Under impulsive excitation, amplitude and spectral phase of the sample reflectivity are 
measured with high precision and the time structure of the electric field emitted by the hybrid modes of the 
nanostructures is accurately reconstructed. Quantitative description of strong X-SPP coupling is precisely obtained 
by fitting both measured spectra and phases simultaneously to a Fano lineshape model. 
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1  Introduction  

Metallic nanostructures can support the strongly con-
fined interface waves: surface plasmon polaritons (SPPs) 
[1-4]. SPPs have recently been used in a variety of applica-
tions due to their ability to guide light on the scale of 
nanometer. Whereas, intrinsic weak optical nonlinearities 
and short propagation lengths of SPPs [5] hinder their 
applications in novel active plasmonic devices. One 
promising solution is to couple SPPs to nonlinear optical 
resonances, such as excitons (Xs) in molecular or semi-
conducting nanostructures. This approach has been 
widely used in various active plasmonic devices, such as 
all-optical [6-10] and plasmonic switches [11-15] single-pho-
ton transistors [16-17]. Consequently, hybrid nanostructures 
containing J-aggregate molecules and metallic nano-
structures have attracted considerable interest [1, 9, 18-24]. In 

these systems, vacuum field fluctuations lead to a coher-
ent exchange of energy between ensembles of excitons 
and plasmons and the formation of new hybrid polariton 
states. Strong coupling between Xs and SPPs enables an 
efficient transfer of the strong optical nonlinearities of 
the excitonic emitters to the passive plasmonic 
nanostructures on the ultrashort time scale of femto-
second [10, 25-27]. Their relevant coherent control applica-
tions and ultrafast nano-plasmonic signal processing are 
expected to rely on accurate manipulation of the mutual 
light- matter interactions and accessible control over the 
resulting polaritonic responses. Therefore, precise char-
acterization of the optical response of the hybrid 
nanostructures is required and of key importance for 
designing functional devices with desired tunablility. 

In this paper, we demonstrate a field-level characteri-
zation of the optical response of J-aggregate/metal hybrid 
nanostructures by white-light broadband chirp-com-
pensated spectral interferometry [26, 28-32]. We show that 
both the amplitude and spectral phase of the strongly 
coupled X-SPP system can be measured with high preci-
sion by compensating the chirp in both arms of the in-
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terferometer. By fitting the measured amplitudes and 
spectral phases simultaneously to a Fano lineshape model, 
we can obtain a quantitative description of both the 
excitonic resonance and the hybrid X-SPP polariton re-
sponse. We find that the resonance of the majority of 
J-aggregated molecules, which are not coupled to SPPs, is 
homogeneously broadened. We also demonstrate accu-
rate reconstruction of the time structure of the electric 
field emitted by the hybrid nanostructures, correspond-
ing to polarization oscillations with short damping time 
less than 100 fs. 

2  Sample fabrication 
The investigated J-aggregate/metal hybrid nanostructure, 
as schematically shown in Fig. 1(a), consists of a gold 
nanogroove array coated with a 50-nm-thick J-aggregate 
dye film. The nanogroove array used in our experiment is 
fabricated on 500 nm thick gold films, which is evapo-
rated on the surface of a thin chrome layer (5 nm) depos-
ited on top of a 1 mm thick glass plate. The chrome is 
used for fixing the gold on the glass substrate during 
cleaning in an ultrasonic bath. Nano-groove arrays with 
different periods and depths are written by focused ion 
beam (FIB) milling (FEI: Quanta3d). By using an ion 
current of 100 nA at a voltage of 30 kV, we are able to 
prepare high-quality nanogroove arrays with the size of 

150 m150 m. Here we show in Fig. 1(b) the SEM 
picture of the investigated nanogroove array with a peri-
od of 430 nm. For the J-aggregated material, we use cya-
nine dye2, 2-dimethyl-8-phenyl-5,6,5, 6-dibenzothiacar-
bocyanine chloride(Hayashibara Biochemicals Laborato-
ries, Inc.) dissolved in polyvinyl alcohol (PVA), methanol 
and water. The procedure is as follows: first, PVA is dis-
solved in water by sonication for 5 minutes. Then, we add 
methanol and sonicate for 1 minute. Finally, the dye 
powder is added and the solution is sonicated for other 5 
minutes. A typical concentration of 0.5 moles per dm3 
(5.48 mg dye, 26 mg PVA, 4 ml methanol, 1 ml water) of 
the J-aggregate in dry PVA is achieved. The groove peri-
od is chosen such that the first order polymer/metal 
plasmon mode is resonant with the J-aggregate exciton at 
1.79 eV[25-26]. The hybrid structure exhibits large coupling 
energy as a result of the high J-aggregate excitonic oscil-
lator strength and the strong local SPP field enhancement 
near the grooves.  

3  Experimental method: spectral 

interferometry 
To fully characterize the complex sample response, 
high-resolution, angle-resolved spectral interferometry 
(SI) is introduced to measure both the reflectivity spectra 

Fig. 1  (a) Schematic of the hybrid nanostructure consisting of a gold nanogroove array with groove period p0=430 nm, 

depth h0=25 nm and width w0=50 nm, coated with a 50-nm-thick J-aggregate dye film. (b) SEM picture of the uncoated 

groove array written on a gold film by focus ion beam (FIB). 
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Fig. 2  Angle-resolved spectral interferometry setup (BS: beam splitter, : variable delay, w: wedge pair).
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R0() and the spectral phase (). The SI measurements 
are based on a Mach-Zehnder interferometer, as sche-
matically shown in Fig. 2. 

Broadband laser pulses generated from an ultrafast 
coherent white-light source (Fianium SC-450-4) with 80 
MHz-repetition rate are split by the first beam splitter 
(BS1) and sent through the two arms of a Mach-Zehnder 
interferometer. One beam with inserted sample in reflec-
tion geometry is modulated by its complex response 
function, resulting in the electric field Es(). In our ex-
periments, the hybrid nanostructure is isolated in a vac-
uum chamber to prevent photo-bleaching of J-aggregated 
dyes. The other beam with electric field Er() is the un-
disturbed reference beam delayed by τ with respect to the 
sample arm. The two beams are then combined after the 
second beam splitter (BS2) and sent to the detector  
where the interfering field intensity 2

sr |)()(|  EE   is  
recorded. Then, the complex sample response, i.e., the 
reflection coefficient can be obtained: 

)(

)(
))(iexp()()(

r

s
0 


E

E
Rr  ,     (1) 

Here, R0() can be obtained by blocking the reference 
beam Er(). () can be extracted by identifying the 
fringe minima and maxima from the interferogram, 
which is governed by: 

i 2 2 2
s r r| ( ) ( )e | (1 | ( ) | ) | ( ) |tE E r E         

))(cos(|)(||)(|2 sr   tEE .        (2) 
It is noted that the phase extraction becomes challeng-

ing in our case due to the presence of additional optical 
components in the sample arm, such as, front window of 
the vacuum chamber, focusing and collimating lenses. 
This material dispersion introduces an unwanted phase 
shift, which reduces the sensitivity of the extracting the 
phase contributed only from the hybrid system. To avoid 
the unwanted phase shift, chirp compensation is per-
formed by introducing one pair of wedges with the same 
material as those of the additional optical components in 
the reference arm.  

4  Results and discussion  
With chirp-compensated Mach-Zehnder interferometer, 
we first characterized the optical response of J-aggregate 
dye at field level by performing angle-resolved reflectivity 
measurements on bare J-aggregate dye coated on a planar 
gold film. The measurement of the dye absorption in 
reflection on gold is equivalent to a double-pass trans-
mission experiment through the dye film. All reflectivity 
spectra are measured at room temperature. The reso-
nance position of the J-aggregate (693 nm, 1.789 eV) is 
only slightly changing at low temperature (77 K or 10 
K)[33].  

To obtain the normalized reflectivity spectra, the spec-
tra directly reflected from the gold film are needed. 
Therefore, we remove one part of the bare dye coating 

from the sample. The sample is then mounted in the cry-
ostat, where a vacuum environment is provided to pre-
vent the photo-bleaching of the J-aggregates. We first 
record three sets of data for each incidence of angle on 
the coated gold film: (i) the fringes (interferogram) due 
to the interference between the sample and reference arm, 
(ii) the spectrum of the reflected sample beam by block-
ing the reference arm and (iii) the spectrum of the re-
flected reference beam by blocking the sample arm. Then 
we move the cryostat such that the beam hits on the un-
coated region. By repeating the above procedure (i)(iii), 
other three sets of data are recorded. Then, we move to 
the next angle of incidence and repeat the above proce-
dure. The measured reflectivity spectra Rx(, ) of the 
J-aggregate dye coated on gold film as a function of inci-
dence angle are shown in Fig. 3(a).  

The spectra are normalized to the reflectivity of the 
planar gold film. We can clearly see that the spectra are 
dominated by an angle-independent line originated from 
the bare dye absorption around 1.8 eV. From the 
interferograms we can also extract the corresponding 
angle-resolved spectral phase x(, ), as shown in Fig. 
3(c). With the measured spectra and phase, the complex 
reflectivity coefficient of the sample can be characterized 
as: 

 )),(iexp(),(  xxx Ar  

)),(iexp(),(  xxR .        (3) 
Where the amplitude of the complex reflectivity coeffi-
cient is given as ),( xx RA  . 

To fully describe the measured optical response of the 
J-aggregate dye, a Lorentzian oscillator model in the 
framework of transfer matrix is introduced to reproduce 
the complex reflectivity coefficient rx  by fitting both Rx 
and x  simultaneously to a sum of Lorentzian oscillator 
response functions in the framework of transfer matrix. 
The simulation shows that the J-aggregate dye resonances 
can be well described by assuming a sum of pure 
Lorentzian functions for the susceptibility of the bare dye 
as the following expression: 
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Here, two Lorentzian oscillators are introduced, corre-
sponding to the indices m=1, 2 representing the main 
resonance and the additional broad resonance at higher 
energy, respectively. Am, m and m denote the amplitude, 
phase and resonance frequency of the individual reso-
nances, respectively. As the J-aggregate dye is dissolved in 
PVA solution, the dielectric function of the dye film can 
be written as  

PVAdye1 )1()(1)(   ff .   (5) 
Here, PVA represents the susceptibility of the PVA solu-
tion which is considered as a constant of 1.4. We also 
estimate a volume filling factor of the dye f=0.1  in PVA 
solution. Then the refractive index of the J-aggregate dye  
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is given as 11 n . Finally, the total complex, reflectiv-
ity coefficient can be modeled as golddye / rrrx  , which is  
related to the complex reflectivity coefficient of dye film 
rdye   and gold substrate rgold  respectively. By fitting the 
measured reflectivity spectra and spectral phase simulta-
neously to the total complex reflectivity coefficient, a 
quantitative description of the bare dye resonance can be 
obtained with high precision. The fitted angle-dependent 
reflectivity spectra and spectral phase are plotted in Figs. 
3(b) and 3(d), respectively. For reference, we also show 
the measured and fitted spectrum and phase at the inci-
dence angle of 21 in Fig. 3(e). To evaluate inhomogene-
ous broadening, we plot the spectral response in the 

complex plane, as shown in Fig. 3(f). In such a represen-
tation, the spectrum of a single, purely homogeneously 
broadened Lorentzian resonance is located on a nearly 
perfectly circular trace, provided that the susceptibility of 
the dye film is much less than unity. This is in contrast to 
an inhomogeneously broadened system, where it would 
be represented by a severely flattened, elliptical shape[34]. 
Evidently, the experimental data closely follow a circular 
trace and show a very good match with the simulated 
data given by solid line in Fig. 3(f). We conclude that the 
main resonance of the J-aggregate film is adequately de-
scribed by a single Lorentzian line shape, suggesting that 
in the present samples inhomogeneous broadening is 
apparently weak. 

Fig. 3  Angle-resolved reflectivity spectra Rx(,). (a, b) and spectral phase x(,). (c, d) of J-aggregate

dye coated on planar gold film obtained from SI measurement (a, c) and the fitting (b, d) to Lorentzian

oscillator model. The dashed lines mark the dye absorption at around 1.8 eV in (a, b) and the corre-

sponding phase jump in (c, d). (e) Observed (red circles) and fitted (solid black) reflectivity spectra Rx(),

and the corresponding observed (blue circles) and fitted (solid blue) spectral phase x(), measured at the

incidence angle of 21. (f) The corresponding observed normalized reflection coefficient plotted in complex

plane (red circles). The solid black curve is the result fitted to a circular function. 
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Then, we performed SI measurements on the hybrid 
J-aggregate/metal nanostructure to characterize the linear 
optical response of the hybrid system. The measured an-
gle-dependent reflectivity amplitude R0(, )  and phase 
spectra (, ) are shown in Figs. 4(a) and 4(c). 

In Fig. 4(a), a typical anticrossing behavior of the X 
and SPP resonances can be clearly seen and this indicates 
a strong X-SPP coupling, resulting in the formation of 
two hybrid polariton modes: an upper polariton (UP) 
with higher energy and a lower polariton (LP) with lower 
energy. As a result, the coupled system shows a normal 
mode splitting of the UP and LP resonances of R2 Ω , 
where RΩ   denotes the Rabi frequency of the system. It 
is also noted that a prominent absorption band occurs at 
J-aggregate exciton resonance around 1.79 eV. This is due 
to the fact that the main enhanced SPP field is localized 
to small volumes near the grooves. Therefore, a signifi-
cant portion of the uniformly distributed molecules re-
mains uncoupled due to the sharp variation of SPP field 
strength in space. J-aggregated molecules located in these 
regions can strongly couple to the SPP fields. Excitons 
outside these regions may not or only weakly couple to 
the SPP field. 

With the measured spectra and spectral phase shown 
in Figs. 4(a) and 4(c), we can readily obtain the complex 
reflectivity coefficient of the coupled system by following 

the formula given by equation (1). In such nanogroove 
arrays, both the narrow X and SPP resonance interfere 
with a broadband reflection from the gold interface, re-
sulting in typical Fano-like line shapes. Phenomenolog-
ically, we can describe the optical response of the coupled 
system by fitting a sum of oscillator response functions to 

)(0 R and )( according to: 
   )(i

0 e)(R   
i i2 2| | e | | e

i
i i
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m m m m m

  


     

 
 

    
 .  (6) 

Here,  and  are real-valued slowly varying back ground 
and scaling amplitudes, respectively. The indices m=14 
represent LP, UP, the uncoupled J-aggregate resonance, 
and an additional broad shoulder at ~2 eV attributed to 
higher vibrionic states or some residual dye monomer. m, 
m and m denote the effective dipole moment, phase, 
and resonance frequency of the individual resonances, 
respectively.  

The fitted angle-resolved reflectivity and spectral phase 
are shown in Figs. 4(b) and 4(d), respectively, which are 
in good agreement with the experimental data. The am-
plitude and phase-resolved data allow us to directly ex-
tract the relevant parameters for all four resonances with 
high precision. We compare the measured data with the 
fitted results in Fig. 5 (a) for angle of incidence of 31 

Fig.4  Observed (a) and modeled (b) angle-resolved reflectivity spectra, R0(, ) and corresponding ob-

served (c) and modeled (d) spectral phase, (, ). The black (white) lines mark the coupled (uncoupled) 

mode dispersions. 
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around the detuning. We note that both the amplitude 
and phase spectra are quantitatively reproduced by the 
Lorentzian oscillator model. This suggests that a possible 
inhomogeneous broadening of the ensemble of coupled 
polariton modes has only a minor influence on their op-
tical spectra. 

According to equation (6), we can extract the polariton 
response and deduce the time structure of there-emitted 
polariton field under weak impulsive excitation. The cor-
responding electric field amplitudes in the time domain 
can be written as: 





  d)iexp()(

~

π2

1
rr tEE ,       (7) 

and 

 



 d)iexp()(

~
)(~

π2

1
rs tErE  





 tttEtr d)(

~
)(~

r .               (8) 

Then, the response of the system to a fictitious δ-pulse 
excitation,  )()(r ttE    is given by the Fourier trans-

form 



  d)iexp()(~

π2

1
)( trtr . Therefore, meas-

uring )(~ r   allows us to deduce the time structure of  
the total electric field emitted by the sample under a 
δ-pulse excitation. As shown in Fig. 5(a), the experi-
mental spectra can be convincingly described by a sum of 
Lorentzian response functions, equation (6). Since both 
amplitude and phase of the phase function have been 
measured experimentally, this allows us to extract the 
response of the UP and LP polariton modes by subtract-
ing the response of all other contributions to the reflec-
tivity. 

In Fig. 5(b), we show the deduced polariton field for 
the angle of incidence of =31, where we can see that the 

field shows polarization oscillations with a beat frequency 
UP-LP within the short damping time of <100 fs. The 
variation of this beat frequency with angle shows a clear 
anticrossing, the signature of X-SPP Rabi oscillations in 
the spectral domain. 

5  Conclusions 
In summary, we use chirp-compensated Mach-Zehnder 
interferometer to fully characterize the response function 
of the J-aggregate/metal hybrid structure. Chirp com-
pensation in both arms of the interferometer enables us 
to measure both the amplitude and spectral phase of the 
strongly coupled X-SPP system with high precision. 
Moreover, a Fano lineshape model is used to simultane-
ously fit the measured amplitudes and spectral phase to 
obtain a quantitative description of both the excitonic 
resonance and the hybrid X-SPP polariton response. We 
find that the bare J-aggregated dye resonance is homoge-
neously broadened. Also, we reconstruct the time struc-
ture of the electric field emitted by the hybrid 
nanostructures, corresponding to polarization oscilla-
tions with short damping time less than 100 fs. We expect 
that, with properly-designed setup, the chirp-compen-
sated spectral interferometer can be extended to the 
field-level measurements for other functional nano- 
plasmonic structures. 
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Fig. 5  (a) Experimental (circles) and simulated (solid lines) reflectivity spectra and spectral phases at =31. (b) 

Time structure of the electric field emitted by the hybrid UP and LP modes at =31, showing distinct polarization 

beats with frequency UP-LP. 
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