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Abstract: Controlling the coherence properties of rare earth emitters in solid-state platforms
in the absence of an optical cavity is highly desirable for quantum light-matter interfaces
and photonic networks. Here, we demonstrate the possibility of generating directional and
spatially coherent light from Nd3+ ions coupled to the longitudinal plasmonic mode of a chain of
interacting Ag nanoparticles. The effect of the plasmonic chain on the Nd3+ emission is analyzed
by Fourier microscopy. The results reveal the presence of an interference pattern in which the
Nd3+ emission is enhanced at specific directions, as a distinctive signature of spatial coherence.
Numerical simulations corroborate the need of near-field coherent coupling of the emitting ions
with the plasmonic chain mode. The work provides fundamental insights for controlling the
coherence properties of quantum emitters at room temperature and opens new avenues towards
rare earth based nanoscale hybrid devices for quantum information or optical communication in
nanocircuits.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optically active rare earth (RE) ions are currently the subject of intense research activity due
to their wide-range applicability in a vast diversity of relevant technological fields. These
systems play a key role in lasers, phosphors for solid-state lighting, or optical amplifiers in
telecommunication systems [1–4]. In recent years, the areas of (bio)imaging, sensing or green
energy have been strongly boosted by the incorporation of RE ions into different types of
nanostructures [5–12]. Additionally, the present need of photon-matter interfaces for handling
solid-state qubits, and the long coherent times of the nuclear spin transitions offered by RE ions,
make RE doped crystals serious candidates as solid state platforms for quantum memories, which
are essential components for the development of useful technologies in a future quantum global
internet [13–17]. In this context, controlling the emission features of RE ions is crucial for most
of the aforementioned applications and for the development of novel devices.

Recently, the association of plasmonic structures with RE doped crystals has been revealed as
an interesting approach, offering robust solid-state platforms with emergent functionalities at
subwavelength scales. Among others, plasmon-assisted RE based solid-state nanolasers operating
at different spectral ranges [18–21] or dual wavelength operation produced by the simultaneous
activation of an electronic- and a phonon-terminated transition enabled by plasmonic structures,
have been recently demonstrated [22].
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Here, we take a step further towards the manipulation at the nanoscale of coherent properties
and angular control of the light emission of RE doped crystals by exploiting the coupling to
plasmonic structures. By means of Fourier microscopy we demonstrate the presence of an
interference pattern in the emission of Nd3+ ions located in the vicinities of a single plasmonic
chain formed by closely-spaced Ag nanoparticles (NP), making evident a selective enhancement
of the emitted light in specific directions. The results from numerical simulations verify a
near-field coherent coupling of the Nd3+ emitters with the plasmonic mode supported by the NP
chain, radiating light to the far field at specific directions. The plasmon induced coherence in
the emission is evidenced by the interference pattern, which is qualitatively reproduced by the
emission of multiple RE ions coupled to the same plasmonic mode in the NP chain.

The ability of surface plasmons to induce superradiance [23,24], spatial coherence and
directionality of the emission has been predicted and observed [25–29]. In addition to the
large spatial coherence observed in plasmon lasers [30], the transformation of the spontaneous
emission into light with a high degree of partial spatial coherence [31], or the possibility of
directional out-coupling of the emission of organic dye molecules through dipolar or multipolar
plasmonic resonances [32] have been demonstrated. However, most of the studies on the
modification of emission to create coherent light from the incoherent emission of many emitters
involves excitons or organic molecules [33–35], and little work has been devoted to the use of
plasmonic nanostructures to control the spatial coherence and directionality of the fluorescence
of RE emitters in the absence of a photonic cavity [36]. Our results open new avenues for the
manipulation of RE emission and the potential use of plasmon mediated ion-ion interaction
processes to control the spatial coherence between quantum emitters at room temperature, which
could be of interest for the development of novel solid state platforms for imaging, quantum
technologies or sensing applications.

2. Results and discussion

The system under study is described in Fig. 1(a). It consists of a ferroelectric LiNbO3 crystal
doped with optically active Nd3+ ions (Nd3+:LiNbO3) on which millimeter length chains of
Ag NPs have been formed on the ferroelectric domain boundary surfaces of the crystal by a
photochemical method. The average size of the Ag NPs forming the plasmonic chain is around
50 nm and the separation distance between consecutive NPs close to 2 nm [37]. Nd3+ ions
substitute for Li+ cations and are homogeneously distributed into the LiNbO3 crystal [38]. The
relatively low Nd3+ concentration (5.4 × 1019 cm−3) allows to disregard the presence of Nd3+

pairs in the crystal and the ion-ion interactions.
For the experiments, a 100x microscope objective (N.A=0,9) was used to focus the excitation

beam (tuned at 590 nm) onto a region of the Nd3+:LiNbO3 crystal surface containing a single
plasmonic chain. The area of the excited crystal surface was around 5 µm2 (dashed circle
on the micrography of Fig. 1(a)). The fluorescence emitted from Nd3+ ions was collected in
backscattering configuration with the same microscope objective. A simplified energy level
scheme of Nd3+ ions is shown in Fig. 1(b). It displays the inter-configurational 4f-4f optical
transitions of Nd3+ ions relevant to this work, i.e., absorption at the 4I9/2 → 4G5/2+

2G7/2
transition (green arrow indicates the excitation wavelength at 590 nm) and the 4F3/2 →

4I9/2 and
4F3/2 →

4I11/2 emission transitions centered at around 900 nm and 1080 nm, respectively (red
arrows). The grey arrow represents the non-radiative decay from the optically excited state to the
4F3/2 metastable state from which emission occurs. Figure 1(c) shows the numerically calculated
scattering spectrum of the Ag NP chain (blue line) for a plane wave polarized along the chain
axis. The spectrum has been calculated by solving the Maxwell’s equations with the use of the
boundary-element method (BEM) [39]. It shows an intense and spectrally broad longitudinal
mode centered at around λ ≈ 600 nm with a strong radiative character that mainly arises from
the dipole-dipole coupling of the Ag NPs forming the chain [40]. This plasmonic mode has
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Fig. 1. (a) Top: Schematics of the hybrid plasmonic solid state system. Bottom: optical
micrograph of the crystal surface showing the plasmonic chain and the excitation area; the
scale bar corresponds to 2 µm. (b) Simplified energy level scheme of Nd3+ ion displaying the
relevant electronic transitions employed in this work. The Nd3+ excitation at 590 nm (green
arrow) and emission transitions centered at 900 and 1080 nm (red arrows) are indicated.
(c) Calculated scattering spectrum of a Ag NP chain for light polarized along the chain
axis (blue line) together with the normalized experimental absorption (green) and emission
spectra (red) of Nd3+ ions in LiNbO3.

been shown to be useful to enhance a variety of optical processes such as Nd3+ absorption,
photoluminescence (PL) or lasing at the nanoscale, since it extends from the VIS to the NIR,
overlapping the spectral region of the most important absorption and emission transitions of
Nd3+ [37,41]. For illustrative purposes, the Nd3+ absorption band used for the excitation and
the emission spectra associated with the 4F3/2 →

4I9/2 and 4F3/2 →
4I11/2 transitions of Nd3+

have been included in Fig. 1(c). These spectra show a clear structure, which result from the
Stark splitting of the involved 4F3/2,

4I9/2 and 4I11/2 manifolds due to the effect of the host
crystal field. At this point, it should be mentioned that previous studies have revealed the forced
electric-dipole character of the optical transitions of Nd3+ ion in the LiNbO3 matrix [42]. Such
electric-dipole character will allow us to depict the Nd3+ emitters as single electric-dipole sources
when analyzing the interaction between Nd3+ ions and the plasmonic mode supported by the
linear chain in the near-field.

The effect of the plasmonic chain on the coherence properties and on the angular distribution
of the far field pattern emitted by Nd3+ doped LiNbO3 was analyzed by Fourier microscopy.
Figure 2(a) shows a schematic of the experimental setup (see Methods). The study was carried
out in two spectral regions by collecting separately the emission from the 4F3/2 → 4I9/2 and
from the 4F3/2 → 4I11/2 optical transitions of Nd3+ ions. It is important to mention that no
emission was detected outside these spectral regions. Figure 2(b) shows two optical micrographs
corresponding to the Fourier images of Nd3+ emission at 900 nm (4F3/2 → 4I9/2 transition)
obtained from the same sample in the proximities of the plasmonic chain and in a bare region
without chain. The presence of an interference fringe pattern is only detected when the emission
is collected around the plasmonic chain. Figure 2(c) displays the intensity distribution in the
k-space obtained after subtracting the Fourier images in Fig. 2(b). In this manner, the effect of
the Ag NP chain on the Nd3+ ions can be isolated from the background emission from the rest of
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Nd3+ ions, which are also excited by the laser beam. The normalized cross-section profile along
kx at ky = 0 is shown in Fig. 2(d). The effect of the metallic chain on the emission of Nd3+ ions is
clearly seen. The Fourier image plane reveals the formation of an interference pattern, which
indicates the possibility that the plasmonic chain imposes spatial coherence to the emission of
Nd3+ ions located in its proximity.

Fig. 2. (a) Schematics of the experimental setup used to collect and analyze the angular
distribution of the Nd3+ emission from the sample. (b) Optical micrographs corresponding
to the Fourier images recorded at 900 nm (4F3/2 → 4I9/2 Nd3+ transition) obtained in
the proximities of the plasmonic chain (left) and in a region without chain (right). (c)
Fourier image of the Nd3+ emission (900 nm) obtained by subtracting the images in b). The
outermost circle indicates the maximum angular collection range provided by the objective.
(d) Normalized cross-sectional profile along kx at ky = 0.

As observed from the interference patterns, the metallic chain produces a strong modification
of the angular distribution of the Nd3+ emission. Figure 3(a) shows the interference pattern
together with the corresponding angular distributions of the radiated emission at 900 nm (4F3/2
→ 4I9/2) in the presence of the plasmonic chain. Well-resolved lobes (with angular separation of
around 14° between the most intense maxima) can be distinguished when the excitation beam
is focused at the immediacy of the metallic chain. The presence of emission directionality is
also observed in the spectral region corresponding to the 4F3/2 →

4I11/2 transition of Nd3+ ions
at 1080 nm. The corresponding fringes pattern and the angular distribution for this emission
wavelength are shown in Fig. 3(b). As expected, the separation between maxima is slightly
larger than that observed for the emission at 900 nm, the angular separation between the most
intense lobes being around 18°. A sketch of the effect of the metallic chain on the Nd3+ angular
distribution emission is shown in Fig. 3(c). Finally, we have confirmed that for a given spectral
emission region, similar interference patterns with similar angular spacing are obtained for
any excitation position along the same single plasmonic chain (Fig. 3(d)). The results are also
reproducible for different chains with the same parameters.

The images of the Nd3+ emitted light in the real space in the presence and in the absence of
plasmonic chain, together with the corresponding profiles along the maximum PL intensity are
shown in Fig. 4(a) and Fig. 4(b), respectively. They clearly show the increase of the PL intensity
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Fig. 3. Fringe patterns and azimuthal polar plots for two different Nd3+ emission transitions:
(a) at 900 nm and (b) at 1080 nm. (c) Sketch of the directional emission displayed by Nd3+

emitters located in the proximities of the metallic chain. (d) Interference patterns obtained at
1080 nm for two different excitation positions along the same plasmonic chain; the dashed
lines show the similar angular spacing obtained and the reproducibility of the results.

in the vicinities of the chain, in agreement with the plasmonic enhancement of the involved field
radiation due to the strong local confinement [37]. Since the excitation region extends beyond
the plasmonic chain (see Fig. 1(a)), the emission images contain a major contribution from
Nd3+ ions not coupled to the chain. The real space image contains both the coherent and the
incoherent emission without any angular selection. Therefore, contrary to the images obtained in
the Fourier space, a uniform emission pattern is obtained in the real space, since the experimental
conditions used in our work (fluorescence microscopy) do not allow to spatially resolve the
emission produced by the minority of the excited Nd3+ ions coupled to the chain.

Fluorescence lifetime measurements were carried out to compare the Nd3+ emission dynamics
from the bare region with that from the vicinities of the plasmonic chain. Figure 4(c) shows
the Nd3+ temporal decays obtained in both cases. In the absence of plasmonic chain, a single
exponential decay time of around 100 µs was measured in agreement with the reported fluorescence
decay time of Nd3+:LiNbO3 at room temperature [43]. On the other hand, a systematic and
reproducible decay time shortening is observed in the vicinities of the plasmonic chain. This
lifetime reduction can be interpreted as an additional indication of the spatial coherence due to
the coupling between the Nd3+ ions and the plasmonic chain, which could lead to an increase of
the spontaneous emission rate. Note that the enhancement of the PL intensity in the presence
of the plasmonic chain (Fig. 4(b)) allows to disregard the decay time reduction as a result of a
fluorescence quenching. In fact, the emission decay analysis at the immediacy of the plasmonic
chain reveals the contribution of an additional faster component with a lifetime value of about half
of that obtained from the bare system. However, its precise value could not be determined, among
others, due to the presence of the above mentioned emission background from the non-coupled
ions unaffected by the plasmonic chain.

To corroborate numerically the effect of the plasmonic chain on the Nd3+ emission pattern
and understand the physical origin of the experimentally measured directional emission we have
employed a commercial-grade simulator (Lumerical Solutions Inc.) based on the finite-difference
time-domain (FDTD) method [44]. See Methods section for details on the numerical approach.
In the simulations, the plasmonic chain was placed along the x-axis on top of a semi-infinite
substrate with the refractive index of LiNbO3 (n= 2.2 @ 900 nm) [45]. Single Nd3+ ions,
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Fig. 4. (a) Nd3+ PL images in the real space at 900 nm obtained in the vicinity of the
plasmonic chain (left) and in the absence of the plasmonic chain (right). (b) Spatial intensity
profile of the Nd3+ PL in the presence (red line) and in the absence of plasmonic chain (blue
line). (c) Decay curves of Nd3+ emission in the absence of the plasmonic chain (blue) and
in the vicinities of the plasmonic chain (red). The results correspond to the de-excitation
from the 4F3/2 metastable level.

embedded into the semi-infinite substrate in the proximities of the Ag NP chain (at z= - 3 nm,
with z= 0 nm defining the interface between air and LiNbO3), were simulated by single dipole
sources oscillating at λ= 900 nm and oriented parallel to the plasmonic chain, since the antenna
effect is most prominent for this particular orientation.

As starting point, to describe the hybrid system, Fig. 5(a) shows the simulated near field of the
system in the x-z plane (cross section along the chain) obtained under the illumination of a single
dipole source (Nd3+ ion) located at x= 0 nm. The representation corresponds to the electric
field amplitude of the system in the presence of the plasmonic chain, normalized to the electric
field amplitude of the same system in the absence of the plasmonic chain, i.e., |ENP |/| EBARE |.
A plasmon mode with high intensity lobes both within the substrate and in the upper far field
emission region is clearly identified. The plasmonic mode exhibits very low losses due to the
almost negligible penetration of the electric field in the Ag NPs and in agreement with previous
results [41]. The corresponding projection to the far field is shown in Fig. 5(b) and it does not
display any specific directional pattern. To confirm the lateral field confinement produced by the
chain, Fig. 5(c) shows a detail of the field amplitude distribution produced by the dipole in the
presence of the plasmonic chain for two transverse planes located at 25 nm (mid-plane of the
chain) and 55 nm above the surface. These field distributions are compared to those obtained at
the same transverse planes for a plane wave polarized along the chain axis (see Fig. 5(d)). In both
cases (dipole or plane wave excitation) the lateral field confinement produced by the metallic
chain is clearly observed.

Next, to investigate the collective emission from several emitters in the vicinity of the chain, we
considered five quantum emitters, again oriented along the chain axis to maximize the interaction
with the plasmon mode. Due to computational limitations, we cannot consider a larger number of
dipoles, but we expect our model can capture the main physical ingredients of the problem. In the
simulations, a single dipole was located at x= 0 nm, and four additional equidistant dipoles were
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Fig. 5. (a) Calculated electric field amplitude response in the x-z plane of a horizontally
oriented electric dipole at λ= 900 nm in the LiNbO3 substrate located at x= 0 and z= - 3 nm
in the presence of a plasmonic NP chain. The representation is normalized to the electric
field amplitude in the absence of plasmonic chain, i.e., |ENP |/| EBARE |. (b) Simulated far
field 2D angular projection. Concentric grey circles indicate θ angles increasing in steps of
10°. (c) Detail of the field amplitude distribution in transversal planes at 25 nm (top) and
55 nm (bottom) above the LiNbO3 surface of (c) a horizontal oriented electric dipole in
the presence of the plasmonic chain and (d) a plane wave with the electric field oscillating
parallel to the chain axis.

placed symmetrically at x=± 500 nm and 1000 nm (Fig. 6). The selected distances correspond
to representative cases that serve us to attain qualitative physical insight into the process here
taking place. To identify the possibility of having plasmon-mediated interaction between the
emitters, we carried out simulations corresponding to two different physical scenarios. In the
first one, the dipoles oscillate coherently in the absence of the plasmonic chain (by setting their
phases equal). The second one considers the physical situation in which the interaction of the
Nd3+ emitters is plasmon-assisted. In this case, a two-step calculation was performed: in the
first place, the phase of the electric field component parallel to the chain axis in the x-z plane
of a single dipole source (φEx (x, z)) placed at x= 0 nm was computed (see Supplement 1, Fig.
S1); subsequently, the phases of each of the five quantum emitters were imposed to be those of
the plasmon mode according to their spatial position and to results in Supplement 1, Fig. S1,
i.e., φEx (x, z) values were assigned to each dipole based on their spatial location. By doing so,
the phase of the five dipole sources is enforced to match that of the plasmon mode emulating
a plasmon-mediated interaction. Figure 6(a) shows the results obtained in the first scenario,
when the five dipoles oscillate in phase in the absence of plasmonic chain. Although in the
near-field, a certain tendency of fringe formation is observed, it is very weakly discerned in the
far field projection. However, when the emitters oscillate in phase with the chain plasmon mode
(Fig. 6(b)), a stronger contrast in the near-field at the vicinities of the dipoles is obtained, and the
far field projection displays clear directional emission features and fringes qualitatively consistent
with those experimentally observed. Since the coupling strength of the emitters to the collective
mode and the out-coupling to far field radiation depends, amongst others, upon the emitters
efficiency and their location with respect to the plasmonic NP chain [46], it is expected that the
different Nd3+ ions located at different positions in the proximities of the chain will contribute
differently to the far field. Complementary results on the effect of the number of emitters and

https://doi.org/10.6084/m9.figshare.15025473
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their spatial location in the electric near field and far field projection have been analyzed. In
Supplement 1, Figs. S2 and S3 show results for three emitters and the evolution of the far field
patterns generated for different separation distances between them. Results for five dipole sources
located at not equidistant positions are displayed in Supplement 1, Fig. S4. Although in our
simulations we cannot include additional dipole sources due to computational limitations, it is
expected that the contribution of added dipole sources enlargers the number of fringes to some
extent, according to the experimental angles. A statistical estimation of the overall efficiency of
the studied process, including the quantum-emitter plasmonic mode coupling process as well as
the out-coupling to far field radiation, will require carrying out a statistically-relevant number of
FDTD simulations describing the response of the system to different locations and orientations
of the quantum emitters. Although such analysis is beyond our computational capabilities, the
good agreement found between the numerical and experimental far-field emission profiles makes
us confident that the provided description captures the main ingredients of the studied problem.

Fig. 6. Electric field amplitude in the x-z plane generated by five horizontally oriented
electric dipoles oscillating at 900 nm. The dipoles are placed into the LiNbO3 substrate at
z=−3 nm, and symmetrically placed along the chain axis at x= 0 nm, x=± 500 nm, and
x=± 1000 nm. The corresponding simulated far field 2D angular projection is shown on the
right side. Concentric grey circles indicate θ angles, increasing in steps of 10°. (a) The five
horizontally oriented electric dipoles oscillate in phase in the absence of the plasmonic chain
(φEx (x, z)= 0). (b) The five dipoles are forced to oscillate in phase with the plasmon mode
by setting their phases φEx (x, z) according to their spatial position and based on calculations
shown in Supplement 1, Fig. S1.

The results derived from the experiments and simulations show the capability of a linear chain
of interacting Ag NPs to control the emission of Nd3+ ions, inducing their oscillation with the
phase relationship imposed by the chain plasmon mode in the absence of optical cavity. The
observed directional emission is the result of the spatial coherence emerging from the coupling of
the dipole sources to the plasmon excitation along the chain, which transforms the spontaneous
emission from the incoherent Nd3+ ions into spatially coherent light. Light coupled out from
the system interferes constructively in defined directions, yielding specific directional emission.
Finally, it is worth mentioning the emission lifetime reduction of those Nd3+ ions coupled to the
chain. In this respect, superradiance mediated by nanostructures [23,47] cannot be disregarded.

3. Summary and conclusions

In conclusion, the near-field coherent coupling of the emitting RE ions with the plasmon chain
mode evidences the plasmon mediated long distance ion-ion interaction processes as responsible

https://doi.org/10.6084/m9.figshare.15025473
https://doi.org/10.6084/m9.figshare.15025473
https://doi.org/10.6084/m9.figshare.15025473
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for the spatial coherence between the RE emitters. The capability of inducing coherence and
directionality in the emission of RE ions by a single plasmonic chain could be exploited in highly
integrated systems for wavelength multiplexing and optical signal processing in nanocircuits.
Furthermore, the possibility of fabricating ultra-long linear chains (millimeter length) along
with the robustness and low dissipative losses displayed by the longitudinal mode supported by
the plasmonic chain, allows room temperature spatial coherence in solid-state platforms, which
hold promise for scalable quantum light-matter interfaces and photonic networks. The results
can be extended to the rich variety of optical transitions provided by the RE emitters, which
would expand the control to different spectral ranges with the subsequent tunability in the angular
distribution and enhancement factors in the absence of optical cavity.

4. Materials and methods

4.1. Sample preparation

Nd3+ doped periodically poled LiNbO3 was grown by off-centered Czochralski technique by
adding Nd3+ in the form of Nd2O3 in the melt [48]. Rotation and pulling rates employed (30 rpm
and 1mm/h, respectively) produced alternate domain structures with periodicity 3 µm. Z-cut
plates samples (0,1× 1×1 cm) were cut and polished to optical quality.

Chains of Ag NPs were photodeposited by illuminating the surface of the Nd3+:LiNbO3 crystal
with a UV lamp with its main line at 253.6 nm (mercury pen lamp UVP model 11SC), while the
sample was immersed in a 0.01 M AgNO3 solution at 50 °C. The emission power of the UV
lamp was 5400 µWcm−2 at a distance of 1.9 cm and the illumination time was 10 min. More
details on the sample preparation can be found elsewhere [42].

4.2. Optical measurements

Fourier microscopy experiments were carried out exciting the sample at 590 nm with a CW OPSL
laser (Coherent Genesis MX) by using a 100x (0.9NA) Olympus microscope objective, which
was also used to collect the emission in backscattering configuration. To image the back focal
plane of the objective lens a tube lens was used to form an image at the native image plane (IP).
A converging lens (f= 125 mm) placed at a focal distance from the IP transformed this native
image to its back focal plane where a sCMOS camera (Andor Zyla 4.2) was located. Band pass
filters were placed before the camera to select the different Nd3+ emission transitions.

Fluorescence decay time experiments were carried out by a confocal microscope. A 100x
objective was used to focus the excitation on the Nd3+:LiNbO3 surface. For the excitation, the
laser beam was set at 590 nm. The emission was collected in backscattered geometry with the
same objective lens and directed by an optical fiber to a Peltier cooled photomultiplier tube
connected to a digital oscilloscope.

4.3. Numerical simulations

A commercial-grade simulator based on the finite-difference time-domain (FDTD) method is
used to calculate the electromagnetic fields in the system. In the 3-dimensional (3D) simulations,
a chain of 50 spherical Ag NPs of 50 nm size with a gap distance between two particles of
2 nm is considered. The plasmonic chain of Ag NPs is placed along the x-direction, at z= 0
nm, and on top of a semi-infinite substrate with refractive index 2.2, resembling that of the
LiNbO3 bulk material [45]. The dispersion of the metal is fitted using a Drude model. Perfectly
matched layer (PML) absorbing boundary conditions (specifically, the stretched coordinate PML
type) are applied along the x, y and z directions, and a refined mesh below 1 nm is taken in a
volume spanning around the Ag NPs chain until converged results are attained. The emission of
Nd3+ ions at λ= 900 nm is represented by single dipole sources embedded into the semi-infinite
substrate 3 nm below the Ag NP chain, i.e., at z= - 3 nm. Due to computational reasons, and to
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obtain converged results, the single dipole sources illuminating the system are set at the same
time at different x positions along the chain axis.
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