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Abstract: In a multilayered structure of absorptive optical recording media, 
continuous-wave laser operation is highly disadvantageous due to heavy 
beam extinction. For a gold nanorod based recording medium, the narrow 
surface plasmon resonance (SPR) profile of gold nanorods enables the 
variation of extinction through mulilayers by a simple detuning of the 
readout wavelength from the SPR peak. The level of signal extinction 
through the layers can then be greatly reduced, resulting more efficient 
readout at deeper layers. The scattering signal strength may be decreased at 
the detuned wavelength, but balancing these two factors results an optimal 
scattering peak wavelength that is specific to each layer. In this paper, we 
propose to use detuned SPR scattering from gold nanorods as a new 
mechanism for continuous-wave readout scheme on gold nanorod based 
multilayered optical storage. Using this detuned scattering method, readout 
using continuous-wave laser is demonstrated on a 16 layer optical recording 
medium doped with heavily distributed, randomly oriented gold nanorods. 
Compared to SPR on-resonant readout, this method reduced the required 
readout power more than one order of magnitude, with only 60 nm detuning 
from SPR peak. The proposed method will be highly beneficial to 
multilayered optical storage applications as well as applications using a 
continuous medium doped heavily with plasmonic nanoparticles. 
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1. Introduction 

Interests in plasmonic nanoparticle based optical recording and patterning is gaining 
momentum [1�18]. In this scheme, surface plasmon resonance (SPR) mediated light 
absorption facilitate efficient photothermal energy conversion that causes drastic 
morphological and spectral change [1, 2, 5�9, 13�15]. The exciting aspect of it is the ability to 
multiplex the recording. Recently five-dimensional optical storage was demonstrated, based 
on different sizes of gold nanorods (AuNRs) randomly distributed in polymer matrix for 
spectral and polarization encoding within the same volume of matrix [15]. Multilayering of 
the recording layer was achieved by sandwiching them with polymer spacers. The readout of 
the multilayered patterns was performed using two-photon luminescence (TPL) of the 



AuNRs, which provides the ability to readout deeper layers without disturbing traversing 
layers, and much narrower spectral and polarization responses than single photon readout 
scheme due to the ~I

2 nonlinear character. 
The TPL readout, however, necessitates the use of high peak power laser such as 

femtosecond pulsed lasers, of which the complex, bulky and costly instrumentation prohibits 
modular integration into a device. For a viable device application, such high peak power 
pulsed lasers should be replaced with low power continuous-wave (cw) lasers. In this case, 
the strong scattering at SPR of nanorods can be an alternative readout mechanism. However, 
the cw techniques in absorptive AuNR-based multilayered recording medium have to endure 
huge laser power extinction through traversing layers. This issue is exacerbated in readout 
scheme because the laser beam has to travel the layers twice before it reaches the detector 
(i.e., signal ~transmittance2n, while recording power ~transmittancen where n is the number of 
layers). 

An exemplifying situation for the signal loss in simple multilayer setting can be seen by 
plotting the ratio of readout signal power (reflected signal) with respect to input power, � (r, 

n) = Psignal/Pinput = 2( 1)(1 ) n
e r 

��  (r is reflectance, varied from 0.05 to 0.15 in the figure, and e 

is the extinction. Neglecting absorbance, e = r). This is shown in the Fig. 1(A), in which the 
signal strength is shown to be reduced 2 orders magnitude lower, from first to 20th layer. In 
order to secure constant signal level, the readout power has to increase exponentially. 

 

Fig. 1. (A) A schematic for a typical multilayered optical recording medium. (B) Log plot of 
reflected signal ratio with respect to layer number with layer reflectance r and extinction e 
identical throughout 20 layers. The cases r = 0.05, 0.10, 0.15 are shown. Exponential decay of 
the reflected signal power is evident, and best extinction values for readout exist for particular 
layers. (C) An extinction cross section plot for a single gold nanorod with aspect ratio 3.14, 
showing sharp SPR peak, which can be useful in varying the extinction if used in multilayered 
recording medium. 

One way to compensate the huge signal loss during beam traversing is to vary the 
reflectance of each layer, hence to �graphic equalize� the signal level originating from each 
layer. Optimum reflectance level ri at ith layer in this case can be expressed as 

2
1 1

/ (1 )
i

i jj
r r r

�
� �� , which equalizes the signal strength of all the layers to that of the first 

layer. Recently such reflectance variation method is employed in multilayered optical storage. 
Ichimura et al [19] demonstrated continuous wave readout on 8 stamped, read-only-memory 
layers and Mitsumori et al [20] extended such read-only-memory device to 20 layers. This 
method requires extremely precise control over layer reflectance and spacer layer thicknesses, 
which can be difficult for mass production. Another type of continuous wave operation is 
micro-holographic storage [21�23]. In this scheme, two counter-propagating beams are 
interfered to create micro-gratings at the overlapped focal spot, which in-turn can be readout 
by reflection from microgratings using a single beam focus. This method, although requires a 
two beam interference at a tight focus, has demonstrated the capacity to reach tens of layers. 

Here in this paper, we show that the detuned scattering readout from sharp SPR condition 
of AuNRs can provide a unique solution to this problem, reducing the extinction loss orders 
of magnitude and achieve cw recording and readout up to 16 layers. This method can provide 



a viable readout option for multilayered, multidimensional optical storage and patterning, as 
well as a characterizing method for a thick medium doped with plasmonic nanoparticles. In 
section 2.1 we start by simulating theoretically optical readout in multilayered recording 
medium based on single sized, aligned AuNRs. This is extended to the medium based on 
randomly distributed AuNRs in section 2.2, and in section 3, we experimentally demonstrate 
16-layer readout using detuned SPR scattering. 

2. Theoretical consideration on cw optical readout in AuNR based multilayered 
recording medium 

2.1. Recording medium based on single sized, aligned AuNRs 

For AuNR based optical recording medium, the unique SPR properties are the key in enabling 
the continuous wave operation in multilayered setting. For cw recording, the threshold 
photothermal melting at SPR excitation has already shown to be possible [15]. For cw 
readout, strong scattering signals from NRs, mediated by SPR can successfully replace the 
TPL. The advantage of SPR is its narrow bandwidth that enables the extinction to be varied 
drastically by a slight wavelength detuning from the peak. This has an effect that reduces the 
total layer extinction, meaning that at deeper layers lower extinction can be chosen to reduce 
the signal loss. However, at detuned wavelengths the strength of scattering signal is 
decreased. Interestingly, these two signal-strength determining factors compete with each 
other and results optimal readout wavelength that are specific to each layer � similar effect is 
illustrated in Fig. 1(B), where up to 4th layer, r = 0.15 produces strongest signal, but for 5th, r 
= 0.1 is the best option, and beyond 8th, r = 0.05 is the best option. In fact, having a variable 
extinction is highly beneficial in extracting optical information at deeper layers (or in thick 
medium) because of the less total extinction during the beam traversing. 

The optimal detuning wavelength peak for AuNRs in multilayerd film can be identified by 
plotting the ratio � of scattering power to the input beam power in 16 layered film, using the 
equation, 

 � �2( 1)
( , ) ( ) exp( 2.3 ( )) .

ns

s e

i

P
n  cl cl  

P
� � � � � �

�
� � �  (1) 

Here, �s and �e are scattering and extinction cross sections of gold nanorods, c is the 
concentration of the nanorods, l is the recording layer thickness. The term inside the square 
bracket represents the transmittance through each layer, which is assumed to be constant. The 
2(n-1) power index represents a number of layers that the readout beam traverses. The cl�s 
term in front of the square bracket represents scattering signal generated from the readout 
layer in concern. In Fig. 2, ratio � is plotted for gold nanorods of aspect ratio 3.14 and width 
14 nm with c ~40 nM and l ~1 �m. The calculation was based on assumptions that AuNRs 
have single size, shape, and orientation (Fig. 2(A)), and the impinging light has polarization 
matching the longitudinal direction of rods. The cross sections can be calculated using Mie-
Gans theory [24], with radiation, surface scattering damping corrections [25] and end cap 
geometry corrections (as cylinders rather than ellipsoids [26]). Its extinction spectrum is 
shown in the Fig. 2(C). It is clear from the figure that from 4th layer the peak scattering 
wavelength is detuned from SPR peak position (833 nm) due to reduced extinction. The peak 
is gradually detuned further to 780 nm (or 877 nm) at layer No. 16. Therefore once recording 
takes places at SPR wavelength, the readout wavelength can be tuned to match the optimal 
peak wavelength for maximum scattering signal. 

It is important to note that in the recorded region, shape transformed nanorods will have 
completely bleached their scattering peak and therefore the contrast between recorded region 
and unrecorded region is simply the scattering peak value, assuming negligible noise. 
Therefore the Fig. 2(B) can literally be taken as a contrast spectrum, upon recording. The 
recording powers at deeper layers will also be reduced due to extinction losses, and 
consequently detuning will occur. However, the equation for a recording power has a power 



index of (n-1) rather than 2(n-1) in Eq. (1), reflecting one way extinction. Therefore the loss 
and detuning will not be as significant as the readout. 

 

Fig. 2. (A) Hypothetical 16 layer sample with a single size, aligned AuNRs. (B) Log plot of 
scattering signal ratio � (�, n) with respect to wavelength and layer number, for a single size, 
aligned AuNRs with concentration ~40 n(M), aspect ratio 3.135 and fixed volume. Note the 
peak evolution at deeper layers, indicating the best readout can be achieved at detuned, off-
SPR resonant wavelengths. (C) extinction spectrum for the single size sample used in the 
simulation. (D) Readout power comparison between SPR on-resonant (833nm) readout and 
off-resonant detuned readout, assuming 1 �W for first layer power and neglecting collection 
efficiency. The power reduction reaches ~1/60 for detuned readout. (E) 16 layer sample with 
distributed, randomly oriented AuNRs. (F) Log plot of scattering signal ratio � (�, n) with 
AuNR concentration ~40 n(M), mean aspect ratio 3.135, and std. dev. 0.48. The required 
detuning is more for a distributed sample than a non-distributed sample. (G) extinction 
spectrum for the distributed AuNR sample. (H) Readout power comparison between SPR on-
resonant (833 nm) readout and off-resonant detuned readout. For distributed rods, the power 
reduction is only 1/2.4. 

The optimal peak wavelength evolution at each layer is overlaid in the Fig. 2(B). Slight 
asymmetry in the peak shape causes the 780 nm peak being stronger than the 877 nm peak. In 
Fig. 2(D), we show the required laser power for equalized scattering strength of each layer in 
the case of on-resonant wavelength and the optimized off-resonant wavelengths, assuming the 
readout power on 1st layer is 1 �W. The on-resonant power is obviously exponentially 
increased to 1000  �W at 16th layer, while the off-resonant power only increases to 17 �W, 
reducing the required readout power to 1/60. It should be noted that this difference is specific 
to a particular nanorod size, shape and concentration, and it can further be increased upon 
varying these parameters. 

2.2. Recording medium based on distributed, randomly aligned AuNRs 

The situation is more complicated for a real sample, where distribution in aspect ratio, size, 
and random orientation of nanorods exists (Fig. 2C). In this case the Eq. (1) is modified to, 

 
max max

2( 1)

1 1
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�
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where c(R) is a concentration distribution function with respect to the aspect ratio R, which 
can take a normal distribution form with a mean aspect ratio �R, and its standard deviation sdR, 



i.e., c(R) ~N(�R, sdR
2). ‰ factor at the front of concentration is required to take account the 

contribution from 2D random orientation of nanorods. If an independent relationship between 
nanorod volume and aspect ratio R, i.e., V(R) is known, the c(R) function can be extracted 
from extinction spectra of a recording sample by fitting the function, 
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1

( ) ( ) ( , )
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e
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to an experimental extinction spectra. Care must be taken in this procedure, because 
depending on V(R), the concentration function c(R) and resulting scattering spectrum can take 
completely different profiles. Examples of different V(R) functional forms, i.e. V(R) ~R 
(constant NR width), V(R) ~1/R2 (constant NR length), V(R) = constant (constant NR 
volume), and the corresponding c(R) distributions are presented in Appendix section (1), 
where all three different conditions of V(R) are shown to make large difference in the c(R) as 
well as scattering profile. 

The scattering signal spectrum of distributed NR sample in mulilayers is shown in 
Fig. 2(F), where a Gaussian distribution in aspect ratio (�R = 3.14 sdR = 0.48) with a fixed 
volume of 70000 nm3 is introduced as c(R) to the nanorods inside a recording medium. The 
total concentration of nanorods is kept at 40 nM. The effect of distribution is two-fold. Firstly, 
scattering peak is broadened for all layers as expected, which result a) increase in amount of 
detuning from SPR peak (~100 nm of peak evolution illustrated in Fig. 2(F)), and b) the 
readout signal power enhancement at off-resonant wavelengths at deeper layers being 
diminished (enhancement only to 2.4 times at 16th layer, compared to single size, aligned 
case of 60 times). This is illustrated in Fig. 2(H). Secondly, significant scattering background 
originating from the non-resonant, unmelted nanorods in the focal region can overshadow the 
benefits of detuning. For a distributed sample, a spectral hole burning effectively takes place 
during recording, i.e., NRs with matching SPR wavelengths and polarization will be shape-
transformed and their scattering peak will be reduced. However the scattering peak will not 
disappear completely because of the contribution from remaining unmelted NRs that were 
non-resonant to the recording wavelength, as well as oriented – 25° away from the 
polarization direction of recording light [15]. This will constitute as a background in the 
readout. We have calculated a spectrum of a recorded region (with �record = �SPR = 830 nm) by 
negating the spectra of AuNRs in resonant condition, and is shown together with unrecorded 
spectra in Fig. 3(A). One can expect that the difference between the recorded and unrecorded 
scattering spectra (background) will constitute a written bit, i.e. 

 ( , ) ( , ) ( , ).
unrecorded recorded

scattering n  n  n� � � � �� � �  (4) 



 

Fig. 3. (A) Spectra of recorded and unrecorded region, showing the difference between the two 
(� scattering). Constituent NR spectra show that the resonant NR spectra are reduced (but not 
completely, due to contribution from misaligned NRs). Note the maximum � scattering is at the 
recording wavelength. (B) � scattering spectrum in multilayer setting, with recording 
wavelength fixed at SPR. There is no peak detuning at all layers and consequently off-resonant 
readout provides no real benefits for readout at deeper layers. (C) � scattering spectrum in 
multilayer setting (c ~80 nM), now with recording wavelength also detuned and readout 
wavelengths being identical to recording wavelength. The graphs show clearly that, at detuned 
peaks, � scattering is much more enhanced compared to that at SPR peak wavelength in deeper 
layers. (D) Enhancement in � scattering and the amount of detuning required for the 
� scattering spectrum, with respect to AuNR concentration. Higher concentration generally 
makes the higher enhancement in � scattering, but also increases the amount of detuning. (E) 
Contrast, i.e., the ratio of � scattering (Fig. 3(C)) to the total scattering strength (Fig. 2(F)) 
reveals that as the detuning increases, the contrast decreases – an expected result, because NR 
number decreases as the detuning from SPR increase. The contrast spectrum is identical 
throughout the layers. 

If � scattering is plotted for each layer (Fig. 3(B)), one can see that the maximum change 
happens at the SPR wavelength throughout the layers and the peak is no longer detuned from 
the SPR at deeper layers. This means that detuning readout wavelength from recording 
wavelength no longer helps improve the readout power, and there is no real benefit in detuned 
readout when nanorods are distributed. The scattering contributions from non-resonant NRs 
that are not shape-transformed during laser irradiation are responsible for swamping the 
advantages of detuning that we have seen in Fig. 2. The constituent NR spectrum of recorded 
region in Fig. 3(A) show that, similar to the spectral hole-burning examples, non-resonant 
NRs having their aspect ratios larger or smaller than the resonant NRs are unaffected upon 
recording, therefore appearing as background noise in detuned readout. 

However, this can be rectified if the recording and readout wavelengths both are detuned 
together at identical wavelengths. Since the � scattering is maximized at recording 


