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Abstract: We show the possibility of controlling the optical properties of 
Nd3+ laser ions by using different configurations of metallic nanoparticles 
(NPs) deposited on a solid state gain medium. In particular, we analyze the 
effect of two different silver NP arrangements on the optical properties of 
Nd3+ ions in LiNbO3: a two-dimensional (2D) high density and disordered 
Ag NP distribution and a one-dimensional (1D) long single chain of Ag 
NPs. We demonstrate that while the 2D disordered distribution produces a 
thermal quenching of the Nd3+ luminescence, the 1D single chain leads to 
the enhancement of the fluorescence from the 4F3/2 metastable state. The 
experimental data are theoretically interpreted by taking into account the 
different character, radiative or non-radiative, of the localized surface 
plasmonic modes supported by the Ag nanoparticle distributions at the 
excitation wavelength. The results point out the capabilities of rare earth 
ions as optical tools to probe the local plasmonic fields and are relevant to 
determine the optimal configuration of metallic arrays to improve the 
performance of potential rare earth ion based sub-micrometer lasers. 
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1. Introduction 

A large variety of systems which combine different types of metallic nanostructures, optical 
emitters, and dielectric media are nowadays the subject of intense activity. In particular, the 
association of metallic nanostructures with different gain media, has recently given rise to 
successful configurations such as nanolasers [1,2] from which high energy density can be 
supplied due to sub-diffraction confinement. Organic dyes and semiconductor based media in 
association with metallic nanostructures have shown coherent radiation at the nanoscale [3–
5]. However, the reports studying the influence of localized surface plasmons (LSPs) on the 
optical response of trivalent rare earth doped solid state lasers are scarce. Recently, some of 
the authors have demonstrated the possibility of a remarkable intensification of the 
spontaneous emission of a Nd3+ based solid state laser due to the large local electric fields 
associated with the LSP from arrays of silver NPs in the proximity of the optically active ions 
[6]. As a host matrix for the Nd3+ active ions, LiNbO3 was chosen, a ferroelectric crystal in 
which laser action and self-frequency conversion processes have been demonstrated [7]. 

Due to the polar character of this crystal and taking advantage of the presence of surface 
charges, metallic silver nanoparticles were photochemically assembled on the LiNbO3 surface 
by means of ferroelectric lithography [8]. A domain selective deposition was obtained, with 
the density of the Ag NPs formed on the positive domain surface being much higher than on 
the negative domain surface. Additionally, a preferential deposition of Ag NPs forming chains 
on the surface of the antiparallel ferroelectric domain boundaries was also achieved. The LSP 
resonances supported by those chains of Ag NPs on the ferroelectric domain walls produced 
an intensification and a strong polarization dependence of the photoluminescence of Nd3+ 
emitting ions in the vicinity of the Ag NPs [6]. This result is of particular interest when the Ag 
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NP chains are distributed parallel to the ferroelectric c-axis of the crystal, on a periodically 
poled LiNbO3 (PPLN) Y-cut crystal, since the Nd3+ laser line at 1.08 µm (4F3/2 (R1)→ 
4I11/2(Y2) Stark transition) can be selectively enhanced by exciting with light polarized parallel 
to the Ag NP chains [9]. 

Here we compare the effect of two different Ag NP arrangements on the optical properties 
of Nd3+ ions: a 2D high density and disordered Ag NP distribution on positive domain 
surfaces and a 1D single, long chain of Ag NPs on domain boundaries, both deposited on the 
relevant Y-cut surface of a Nd3+ doped PPLN. While for the 1D distribution an enhancement 
of the fluorescence is achieved, for the 2D distribution a thermal quenching of the Nd3+ 
luminescence from the 4F3/2 metastable state is observed. The results are interpreted taking 
into account the plasmonic modes supported by finite linear chains of Ag NPs with different 
number of interacting Ag spheres (from 2 to 15), and considering the 2D configuration as a 
distribution of short chains randomly oriented, which, as shown later, describes well our 
experimental NP arrangement. At the visible excitation wavelength used in this work (488 
nm) the short-chain plasmonic modes (low number of Ag interacting nanospheres) are 
characterized by a much larger absorption than that corresponding to a long- chain mode (15 
nanoparticles) which, in turn, shows a stronger radiative character. The larger absorption of 
the 2D Ag NP distribution leads to the presence of heating due to ohmic losses and 
consequently to the luminescence thermal quenching of Nd3+ ion, which could prevent laser 
action. On the contrary, the lower absorption and the stronger radiative character associated 
with the 1D distribution of Ag NPs explains the intensification provided by a long single 
linear chain of Ag NPs. The results show both experimentally and theoretically how by 
spatially organizing Ag NPs from a 2D disordered configuration to a 1D chain it is possible 
not only to eliminate the thermal fluorescence quenching, but also to enhance the fluorescence 
from the Nd3+ laser ions. This work is relevant to determine the optimal configuration of 
metallic arrays to improve the performance of possible rare earth ion based sub-micrometer 
lasers. Additionally, the results show the potential of optically active ions as tools to 
investigate the effects of metallic plasmon resonances. In this sense, trivalent rare earth ions 
provide a great number of crystal field transitions with different character and spectral 
location suitable to probe the local fields of a variety of metallic configurations. 

2. Experimental 

Nd3+ doped PPLN crystals were grown by the off-centered Czochralski method along the x-
axis by adding Nd (1 mol %) in the form of Nd2O3. Details on the crystal growth procedure 
can be found elsewhere [10]. 1 mm thick plates were cut and polished with their main faces 
oriented parallel to the ferroelectric c-axis (Y-cut). 

Photochemical deposition of Ag NPs was achieved by means of ferroelectric lithography 
following the previously reported procedure [6,11,12]. The crystal surface was illuminated 
with a UV Mercury pen-lamp (main line at 253.6 nm) while the samples were immersed in a 
0,01M AgNO3 at 70 °C. By modifying the time of the process we obtained a 2D high density 
and random distribution of Ag NPs on positive domain surfaces (20 minutes) or 1D chains of 
Ag NPs located on the domain wall surfaces (2 min). 

Micro-luminescence experiments were carried out with a laser scanning confocal 
microscope provided with a two-axis XY motorized platform with 0.1μm spatial resolution. 
An Ar+ laser at 488 nm was used as excitation source. The laser beam was focused to a spot 
size less than 1μm, on the surface of the sample and the photoluminescence signal from the 
samples was collected in backscattering geometry with the same objective. The polarization 
of the excitation laser beam was parallel to the ferroelectric c-axis of the crystal. 

Extinction and absorption spectra were calculated by solving Maxwell's equations with 
use of the boundary-element method (BEM) [13,14]. Within the BEM, the different 
inhomogeneous media are described by abrupt interfaces that separate different media 
characterized by local dielectric functions. The surface charges and currents induced at the 

#237088 - $15.00 USD Received 27 Mar 2015; revised 24 May 2015; accepted 28 May 2015; published 4 Jun 2015 
(C) 2015 OSA 15 Jun 2015 | Vol. 23, No. 12 | DOI:10.1364/OE.23.015670 | OPTICS EXPRESS 15672 



interfaces are solved self consistently through a discretization of the boundaries and 
subsequent solution of the resulting matrix equations. Electromagnetic fields are then 
calculated in terms of these induced charges and currents. In our systems, full convergence of 
the results was achieved with use of 2 discretization points per nm at each interface between 
different materials. 

3. Results and discussion 

Figure 1(a) shows a SEM image of the selective domain distribution of Ag NPs on the 
alternating polarity surfaces of a Nd3+ doped PPLN-Ycut crystal deposited by the above 
described photochemical procedure. A 2D high density and disordered distribution of Ag NPs 
with average size of 50 nm was obtained on the positive polar surfaces. A higher resolution 
image (see inset) reveals a detail of the Ag NP distribution on the positive domain surfaces as 
well as the presence of a continuous Ag nanowire on the domain boundary surface. The 
variation of deposition between domain and boundary has been previously explained 
considering the polarization screening mechanism and the resultant non-uniform electric field 
on the crystal surface, which shows a strong component of the electric field in the vicinity of 
the antiparallel domain boundaries [15]. A very low density distribution of smaller Ag NPs 
(∼20 nm size) on the negative polar surfaces was also observed. 

Figure 1(b) shows the unpolarized emission spectra corresponding to the 4F3/2 → 4I11/2 
transition of Nd3+ ions under excitation at 488 nm from the PPLN-Y-cut surface shown in Fig. 
1(a). The spectra obtained from the positive domains with high density of Ag NPs and from 
the negative domains with very low Ag density are plotted in red and blue, respectively. Both 
spectra display the structure associated with the Stark splitting of the involved 4F3/2 and 4I11/2 
electronic states by the effect of the host crystal field. The number of the observed Stark 
transitions and their intensity depend on the crystal configuration and polarization, and are in 
agreement with the non-inversion C3 local symmetry site of Nd3+ ions in LiNbO3 and with the 
forced electric-dipole character of the Nd3+ Stark transitions in this crystal [16]. A comparison 
between the two emission spectra reveals intensity variations in the relative contribution of 
some of their bands. Specifically, when the emission spectrum is collected from the surfaces 
of the 2D high density distribution of Ag NPs, a systematic increase of the high energy bands 
-shaded region I in Fig. 1(b), accompanied by a decrease of the intensity of the main Nd3+ 
emission line at 1084 nm (region II) is observed. The effect is even more evident when 
comparing the micro-fluorescence spatial maps from the surface of the Ag deposited PPLN by 
integrating the Nd3+ emission intensity from 1050 to 1070 nm (spectral region I) and by 
integrating the spectra from 1082 to 1087 nm (spectral region II). These maps are depicted in 
Figs. 1(c) and 1(d), respectively, and are in agreement with the periodicity observed in the 
SEM image of the surface. A systematic and periodical increase of the high energy side of the 
spectrum (region I) arising from areas with a high density of NPs [Fig. 1(c)] is observed. 
Simultaneously, the map obtained by integrating the intensity of the Nd3+ laser transition 
centred at 1084 nm (region II) results into the negative image, i.e when the density of Ag NPs 
is high, the main line emission decreases. Furthermore, the total emission area of the 4F3/2 → 
4I11/2 transition (from 1050 nm to 1120 nm) decreases at the surfaces with high density of Ag 
NPs, giving rise to a micro-fluorescence map similar to that displayed in Fig. 1(d). 
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Fig. 1. (a). SEM image of the domain selective distribution of Ag NPs obtained on a Nd3+ 
doped PPLN-Y cut crystal after 20 minutes of UV illumination. A 2D disordered distribution 
of Ag NPs is preferentially deposited on the positive polar face. (Inset) High resolution image 
showing a detail of the Ag NP distribution on domain surfaces and the presence of an Ag 
nanowire parallel to the ferroelectric c-axis of the crystal on a domain wall. The white scale bar 
corresponds to 500 nm. (b) Unpolarized emission spectra corresponding to the 4F3/2 → 4I11/2 
laser transition of Nd3+ ions collected from regions of low (blue) and high (red) density of Ag 
NPs. The vertical red line indicates the 4F3/2 (R2) →4I11/2 (Y1) thermal transition of Nd3+ ions in 
LiNbO3. (c,d) Micro-fluorescence spatial maps of the integrated Nd3+ emission intensity from 
1050 to 1070 nm (spectral region I) and from 1082 to 1087 nm (spectral region II), 
respectively. (e) Schematics of the energy level diagram of Nd3+ ions showing the relevant 
transitions and the crystal field splitting of the 4F3/2 and the 4I11/2 states. (f) SEM image of one 
isolated Ag NP chain deposited on the domain wall surface after 2 minutes of UV illumination. 
(g) Micro-fluorescence spatial map of a single Ag NP chain integrating the 4F3/2 → 4I11/2 
emission spectrum. 

The results can be understood by taking into account that absorption losses of plasmonic 
nanostructures can efficiently generate heat in the presence of electromagnetic radiation, 
particularly under the plasmon resonance condition [17]. In fact, the intensity decrease of both 
the main Nd3+ emission line at 1084 nm and the overall 4F3/2 → 4I11/2 emission can be 
attributed to a fluorescence thermal quenching driven by the 2D high density distribution of 
Ag NPs. This is further supported by the observed increase of the emission at the high energy 
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side of the Nd3+ spectrum, which is related to thermal transitions, as explained below. To 
better illustrate the heating process, Fig. 1(e) shows the Nd3+ energy level scheme with the 
relevant transitions. In LiNbO3, the C3 crystal field symmetry splits the Nd3+ free ion energy 
states into (2J + 1)/2 Stark crystal field levels. The 4F3/2 metastable state splits into two, 
4F3/2(R1) and 4F3/2(R2), and the 4I11/2 state into six (Y1,…,Y6 in order of increasing energy). The 
relatively small energy gap between the R1 and R2 levels (180 cm−1 in LiNbO3) [16], makes 
the 4F3/2 (R2) state especially sensitive to thermal variations so that a moderate increase in 
temperature produces an increase in the population of the excited Stark component (R2) of the 
4F3/2 metastable state and the subsequent intensification of thermal bands. At room 
temperature most of the transitions from the R2 level are masked by the dominant emissions 
coming from the R1 level with the exception of the 4F3/2 (R2) →4I11/2 (Y1) which is well 
isolated at the high energy side of the spectra. The location of this transition is marked on the 
emission spectra with a vertical red line. Thus, the systematic increase in the intensity of the 
high energy side of the spectrum (region I) from the high density Ag NP distribution reveals 
the increase of the thermal population of the 4F3/2(R2) level. This confirms the presence of 
heating, which not only modifies the population distribution between the R1 and R2 levels, but 
also produces the activation of non-radiative channels responsible for the observed thermal 
fluorescence quenching of Nd3+ ions. In this respect, it should be taken into account that 
plasmonic nanostructures could promote fluorescence quenching by processes different than 
those associated with heating. However, in such a case the spectral shape of Nd3+ ions would 
not be modified. Here, the observed spectral changes in the emission shape of Nd3+ ions 
reflect the thermal origin of the luminescence quenching. 

 

Fig. 2. (a) Absorption and (b) extinction cross section spectra of straight chains of N 50 nm Ag 
NPs separated by 2 nm gaps calculated for incident light polarized along the chains. Relevant 
spectra for N = 2, 3 4 and 15 are shown in color. The different order of magnitude between the 
absorption and the extinction spectra shows the radiative character of the long-wavelength 
mode for a single long chain of 15 NPs. A scheme of the NP chains and the polarization of the 
electric field, E, is represented on top. 

By modifying the parameters which govern the photochemical deposition a 1D Ag NP 
arrangement distributed parallel to the ferroelectric c-axis on the domain wall surfaces was 
obtained [see Fig. 1(f)]. The average size of the NPs forming the chain-like structure is around 
50 nm and their separation ranges from 2 to 10 nm. The shape of the Nd3+ emission spectrum 
in the proximity of the chain (obtained under excitation with a beam polarized parallel to the 
Ag chain) is similar to that shown in Fig. 1(b) (blue). In fact, it coincides with that obtained at 
room temperature for Nd3+ doped LiNbO3 without metallic deposition, and no signs of 
thermal quenching associated with Ag nanostructures are observed. Moreover, the emitted 
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intensity shows an enhancement in the region of the Ag NP chain. Figure 1(g) shows the 
corresponding micro-luminescence spatial map illustrating the 4F3/2 → 4I11/2 integrated 
emission spectra in the proximity of the long chain of NPs where an intensification of around 
30% is observed [9], in agreement with previous results in fluorophore/Ag NP combinations 
[18]. These results point out the key role of the Ag NP assembly on the hybrid metal-
ferroelectric heterostructures to control the optical properties of laser ions. While the 2D 
disordered distribution of Ag NPs produces a thermal quenching of the Nd3+ spontaneous 
emission, the 1D distribution of Ag NPs in isolated and long chains supports the enhancement 
of the fluorescence. Additionally, an area-selectable enhancement of luminescence is also 
possible as reported for our system as well as for other emitters [6, 19]. 

To get further insight into the role of the different Ag NP configurations on the 
spectroscopic properties of Nd3+ ions we have analyzed the spectral differences of plasmonic 
modes associated with silver nanospheres distributed both in short and long linear chains. For 
that purpose the absorption and extinction cross section spectra of chains formed by different 
number, N, of Ag NPs have been calculated. Figures 2(a) and 2(b) show the results for N 
ranging from 2 up to 15. In all cases, the calculations were performed considering spherical 
Ag NPs with an average size of 50 nm and interspacing distances of 2 nm forming a perfectly 
straight chain. The polarization of the incident plane wave was chosen parallel to the chain. 
Here it is important to mention that mixing spheres of different sizes leads to modes at 
intermediate wavelengths, so that the final result is equivalent to studying a chain of spheres 
with a size corresponding to the average size of the distribution. Therefore, the deposited 
metallic structures can be well modeled by chains of spheres with a size corresponding to that 
average size, 50 nm in our case. The specific distribution size as well as the effect of the 
particle size, and the effect of mixing NPs with different sizes on the extinction cross section 
spectra of chains of Ag NPs on LiNbO3 can be found elsewhere [20]. 

On the other hand, as shown in previous works, the spectra for moderately disordered 
chains remain remarkably close to the results of the perfectly straight chains [21, 22]. For 
illustrative purposes the spectra associated with N = 2, 3, 4 and 15 nanoparticles are plotted 
with different colors in Fig. 2. The absorption spectra in Fig. 2(a) can be divided into two 
different spectral ranges: the high (λ = 325 - 400 nm) and the low energy region (λ > 400 nm). 
The high energy region is governed by the contribution of the single plasmon resonance of 50 
nm Ag NPs, and increases with N while maintaining both the spectral shape and the energy 
position. The low energy region accounts for the coupling between the Ag NPs forming the 
chains and depends strongly on the number of interacting NPs [21]. Moreover, as N increases 
there is a red shift accompanied by a broadening of the absorption bands due to the presence 
of higher order collective interactions supported by the chains. Additionally, there is also a 
significant dependence of sharp resonances (absorption bands), associated with higher-order 
modes, within the 400-500 nm spectral range. This spectral region is of particular interest in 
the context of our work since it contains the excitation wavelength (λ = 488 nm) used for the 
photoluminescence experiments. 

The extinction cross section spectra are shown in Fig. 2(b). Similarly to the absorption, the 
intensity of the single plasmon resonances at 370 nm increases with N. Additionally, the 
dimers and short-chain modes (N = 2, 3 and 4) display broad resonances centered at 432 nm, 
467 and 493 nm, respectively. For larger N values, the main mode broadens and shifts to 
longer wavelengths. A convergence of the position of the main mode at around 580 nm is 
obtained for chains of about 15 NPs. Indeed, increasing the number of interacting NPs above 
N∼10 does not substantially change the spectral shape of the extinction spectrum, but only its 
intensity. It is important to note that the extinction values for the long-wavelength mode are 
one order of magnitude larger the values obtained for the absorption at similar wavelengths 
pointing out the strong radiative nature of the long-chain mode compared to those of single 
Ag NPs or short chains, in agreement with previous works predicting the influences of 
particle number in strongly coupled metal NP chains [23]. Once the plasmonic modes 
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supported by linear chains of N Ag NPs have been analyzed, the plasmon enhanced Nd3+ 
emission related to the 1D long single chain [Fig. 1(g)], and the Nd3+ luminescence thermal 
quenching associated with the 2D distribution of Ag NPs [Fig. 1(d)] can be explained. In this 
latter case the 2D disordered configuration of Ag NPs [Fig. 3(a)] can be interpreted as a 
distribution of short linear chains randomly oriented [Fig. 3(b)], and can be compared to the 
1D system illustrated in Fig. 3(c). 

Figure 3(d) shows a SEM image with a detail of the 2D distribution of Ag NPs formed on 
the domain surfaces. For illustrative purposes, some short chains have been marked with 
colored boxes. The SEM image of the long chain of Ag NPs formed on the domain boundary 
surfaces is shown in Fig. 3(e). 

By using different high resolution SEM images we first performed a statistical analysis in 
5x5 μm2 spatial regions to determine: i) the average size of the NPs, which was found to be 
close to 50 nm, ii) the percentage of short chains among the total distribution that was 
composed by dimers (36%) and short N-chains with N = 3 (37%) and N = 4 (22%), and iii) 
their orientation with respect to the axis of polarization of the incoming light, which strongly 
governs the optical response of a given linear chain. The distribution of short chains was used 
to estimate an effective average absorption coefficient αeff (λ) by: 

 ( ) ( )1
cos  eff N N N

N N

Abs
A

α λ χ θ λ=  (1) 

where N is the number of NPs in a considered N-chain, AN its area calculated as N times the 
area of a single NP, χN is the fraction of the N-chain contributing to the optical response, <cos 
θN> accounts for the orientation of the chains (projecting the absorption on the direction of the 
polarization of the excitation beam) and AbsN (λ) the theoretically calculated absorption cross-
section spectrum of a single N-chain from Fig. 2(a). For the sake of comparison, for the 1D 
distribution (formed by 15 NPs), the cross section obtained from the calculations was divided 
by its area, considered as 15 times the area of a single sphere. The results of the effective 
absorption coefficient corresponding to each configuration are shown in Fig. 3(f). As 
observed, for the excitation wavelength used in our experiments (488 nm) the effective 
absorption of the disordered 2D configuration is around twice the absorption obtained for the 
single long chain. This results into a considerable heating effect (absorption losses) in the 
proximity of the NPs, hence limiting the final operation of the 2D hybrid metal-ferroelectric 
heterostructure. These results are consistent with scanning confocal photoluminescence 
experiments which show a thermal quenching of the luminescence from the 4F3/2 metastable 
state at the spatial regions with high density 2D distribution of Ag NPs. On the contrary, the 
lower absorption and the stronger radiative character associated with the 1D single chain 
explains the intensification provided by the long linear chains of Ag NPs. 
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Fig. 3. (a-c) Schematics of the analyzed Ag NP arrangements. As illustrated in panel (b) the 2D 
disordered distribution of Ag NPs can be interpreted as a distribution of short linear chains 
randomly oriented (colored in yellow, blue and green for N = 2, 3 and 4, respectively. (d) SEM 
image of 2D disordered distribution of Ag NPs. Silver NPs are grouped as short chains with 
colored boxes. (e) SEM image of a single 1D long chain. White bar corresponds to a 100nm 
length. (f) Effective average absorption calculated for the 2D disordered Ag Np distribution 
(black spectrum) and for the long single chain (red spectrum). The incident wavelength (488 
nm, coinciding with the 4I9/2 → 4G9/2 + 2K13/2 transition of Nd3+ ions) is marked by a green 
vertical line. 

4. Summary 

In conclusion, the possibility of controlling the properties of optically active rare earth ions by 
different arrays of metallic nanoparticles is demonstrated. By organizing silver NPs from a 2D 
disordered configuration to a 1D single chain it is possible not only to eliminate the thermal 
fluorescence quenching, a crucial feature that could prevent laser action, but also to enhance 
the fluorescence from the Nd3+ laser ions. The results are relevant to determine the optimal 
configuration of arrays of silver NPs which improve the performance of solid state gain media 
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and constitute a necessary step to study the interaction between metal nanostructures and 
optically-active ions, which is of interest in the field of solid state based sub-micrometric 
lasers or gain-enhanced metamaterials. 
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