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1. INTRODUCTION 
 

1.1. Basics of single-molecule spectroscopy 

Single-quantum-system optical solid-state emitters (e.g. single impurity mole-
cules, defects, quantum dots) have lately been among the hot research topics 
due to their possible applications as optical nanoprobes or single-photon 
emitters [1–8]. Due to historical reasons, we will further refer to the 
correspondent research field as single-molecule spectroscopy (SMS). For such 
quantum-optical applications as quantum cryptography or quantum computing, 
generation of single photons on demand is of great importance [9]. 

Yet, in conventional spectroscopy experiments (measurements of absorption, 
luminescence, scattering) one is dealing with huge amounts of single molecules 
(emitters), and an averaged optical information is obtained. Upon excitation, 
every single emitter of the ensemble spontaneously emits a photon indepen-
dently in time. Thus in the case of photoluminescence we have an uncorrelated 
photon flux.  

One of the possibilities to reduce the number of emitters is to introduce a 
spatial selectivity by using a microscope to excite a small area of the sample 
and to collect the signal from a microvolume. By applying a confocal micro-
scope one can have both the depth- and the lateral selection. Usually a lateral 
spatial resolution of ~0.5 m and a depth resolution of ~1 m can be easily 
achieved. In this way a spatial structure of the sample can be revealed on the 
scale of a micrometer. To ensure that only one single-emitter center is excited 
by a focused laser beam and selected for detection by a confocal microscope, 
samples with low concentration of about 10-10 mole/liter (which means keeping 
on average only one center per volume of 16.6 m3) have to be prepared.  

A single impurity molecule can act as a nano-sensor, providing information 
on its nanoscale environment and thus helping to reveal the heterogeneity and 
dynamical processes in the host material. Ideally, a useful single emitter should 
have a large absorption cross-section and a high quantum yield, as well as a 
considerable photostability. Only few of so far examined molecules can fulfill 
all of these demands at the same time. But quite outstanding, especially at room 
temperature (RT), are the properties of several types of optical defects in 
diamonds [10, 11], such as nitrogen-vacancy (NV) [12], silica-vacancy (SiV) 
[13], nickel-nitrogen complex (NE8) [14], and xenon-vacancy (XeV) [15]. 
Important parameters estimated for some promising single-emitter centers are 
presented in Table 1. 

Specific correlation phenomena as photon bunching and anti-bunching can 
be used to recognize a single quantum emitter [16–18]. In the case of a three-
level (singlet-singlet-triplet) system the effect of bunching reflects the lifetime 
of a metastable (triplet) state or a “dark state”, where the system is temporally 
“hidden”, i.e. not available for photoexcitation on frequencies that normally can 
excite it from the (singlet) ground state to the (singlet) excited state. The effect 
of anti-bunching is related to the spontaneous lifetime of excited state τs: being 
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once excited, the system cannot absorb any photons from the same frequency 
range while staying in the excited state (this can be considered as a kind of 
light-induced transparency). It is important to operate in a nearly-linear regime 
and avoid the saturation, which can cause a dramatic drop of the signal-to-noise 
ratio (SNR) at higher excitation intensities [19]. 

Historically, the first successful SMS experiments have been performed with 
pentacene impurity molecules in a low-temperature crystalline p-terphenyl 
matrix [20]. In the case of low-temperature SMS, very narrow zero-phonon 
lines enable highly-selective spectral detection or excitation by tunable and 
extremely narrow-line single-frequency lasers. At Institute of Physics in Tartu, 
a pioneering work of this type has been published by K. Rebane, V. Palm, and 
A. Suisalu [21]. 

 
 

Table 1. Some of the most promising single-emitter centers  
 

Center Host 
Spontaneous 

lifetime τs 
Huang-Rhys 

factor 
Quantum 

yield 
Stability 

(RT) 
Ref. 

NV diamond 23 ns 3.21 ~1 stable [12, 22] 

SiV diamond 1–4 ns 0.24 0.05 stable [13, 23] 

NE8 diamond 11.5 ns 0.35 0.7 stable [14, 22] 

XeV diamond N.A. 0.69 N.A. stable [15] 

Terrylene 
molecule  

organic 
matrix 

4 ns N.A. 0.7–1 

photo-
chemical 
reaction 
with free 
oxygen 

[6, 24, a] 

 
 

1.2. Mesoscopic effect of spectral modulation in nanofibers 

It can be shown theoretically for a broadband light propagating in a multimode 
optical waveguide that an interference of a small number of photonic modes 
with finite differences of eikonals, i.e. finite optical path differences (OPD), can 
result in a high-visibility spectral modulation of the output light [25, III]. No 
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visible regular modulation is expected in the case of a large number of modes. 
In practice, mesoscopic (or even subwavelength) features are necessary to limit 
the number of transmitted modes – thus we refer to this phenomenon as 
mesoscopic spectral modulation (MSM) [III]. The MSM effect as a mani-
festation of two-mode interference has been experimentally demonstrated 
already more than a decade ago [26]: the two-mode operation of a specially 
fabricated step-index optical fiber (with ~4 m core diameter) was achieved by 
exciting it with a light of just below the cut-off wavelength.  

In our work [III] the MSM effect has been demonstrated for the light 
transmitted by an ordinary multimode optical fiber terminated by a metal-coated 
tapered tip with subwavelength aperture – a “SNOM tip” analogous to those 
used in scanning near-field optical microscopy (SNOM). In our case, the 
number of transmitted modes is limited by the mode-filtering ability of a 
SNOM tip [27]. Although in our original MSM work [III] we referred to OPD 
as “the phase shift τ”, it was soon realized that such definition can be a bit 
confusing if taking into account that actual OPD values exceed the light’s 
electromagnetic wave period by orders of magnitude, thus the corresponding 
phase shifts similarly exceed 2. [IV]  

It can be shown [25] that in the case of a two-mode optical waveguide a 
sinusoidal spectral modulation with frequency equal to OPD between the two 
modes is present at the exit. Thus the MSM effect can be used to obtain such an 
OPD value and to study the related intermodal dispersion for a certain 
waveguide sample. When using a multimode optical fiber terminated by a 
SNOM tip, one can expect that for a certain tip output aperture diameter a 
spectral interval exists, in which only two photonic modes (apparently HE11 and 
TM01 modes [27]) can be transmitted with significant and comparable 
amplitudes; this region can be identified by observation of a highly regular 
spectral modulation.  

An MSM-based experimental technique for investigation of intermodal 
dispersion features in a metal-coated SNOM tip and in its multimode fiber tail 
has been proposed and realized [III]. This technique assumes performing a 
series of spectral measurements while gradually shortening the fiber tail. A 
linear OPD dependence on the fiber tail length l is expected due to the 
presumable uniformity of the fiber inherent intermodal dispersion along the 
fiber length. By extrapolating such a linear τ(l) dependence (obtained by fitting 
the experimental points) to ݈ = 0 one can obtain a residual τ(0) value, which 
corresponds to the OPD generated by a merely ~1 mm long SNOM tip. We 
apply our MSM-based experimental technique to investigate an intermodal 
dispersion in several SNOM tips with Cr/Al coating and to test the hypothesis, 
according to which such dispersion can be affected by mode-selective coupling 
of photons to surface plasmon polaritons (SPP) of the metal coating. [III–V] 
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2. THEORETICAL BACKGROUND 
 

2.1. Properties of NV centers 

Nitrogen-vacancy centers (NV centers, see the structure in Fig. 1) are among 
the most common of the numerous types of point defects in diamonds. These 
centers are often found in nitrogen-rich type Ib diamond samples being 
subjected to irradiation damage. The center’s most explored and useful property 
is its photoluminescence, which can be easily detected even from an individual 
NV center (typical spectra are shown in Fig. 2), especially for those in the 
negative charge state (NV─). The emission consists of a broad vibronic sideband 
and of a narrow zero-phonon line (ZPL) at λ ≈ 637 nm (1.945 eV) [28, 29], 
which is visible even at RT. See also chapter 5.2. 
 

 
Figure 1: Schematic of the nitrogen vacancy (NV) center structure in diamond lattice 
[28]. 
 
 
Electron spins at NV centers, localized on atomic scale, can be manipulated at 
RT by applying magnetic field, electric field, microwave radiation, light, or a 
combination of those, resulting in sharp spectral and temporal resonances in the 
photoluminescence. These resonances can be explained in terms of electron 
spin-related phenomena such as quantum entanglement, spin-orbit interaction 
and Rabi oscillations, and analyzed using an advanced quantum optics theory. 
[28, 30] An individual NV center can be viewed as a basic unit of a quantum 
computer; it has potential applications in novel fields in electronics and 
computer science, including quantum cryptography and spintronics. 
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Figure 2: Sample fluorescence emission spectra of single NV centers at RT and at 
liquid He temperature. Excitation wavelength: λ = 514 nm. [28] 
 
 

2.2. Properties of SiV centers 

SiV centers are not found in natural diamonds. Defects with ZPL at 737 nm 
(1.68 eV) were first observed in cathodoluminescence (CL) investigations of 
homoepitaxial diamond layers and polycrystalline films grown on silicon 
substrates. [31] In 1981, a sharp 1.68-eV line in a spectrum of silicon ion-
implanted diamond was observed by CL-spectroscopy. [32] The quadratic 
dependence of this CL line intensity on the ion dose has led to a hypothesis that 
a kind of Si2 color centers is produced by Si ion implantation. However, in 
result of the ion implantation procedure other kinds of defects are produced as 
well, including the neutral vacancy with a similar wavelength of ZPL, thus 
resulting in an ambiguity. 

However, in 1995 the mentioned ZPL has been at low temperatures resolved 
to 12 separate lines, which are grouped in 3 subgroups each consisting of 4 lines 
[33]. The relative strengths of the optical absorption for these 3 subgroups are 
found to have the same ratio as the abundances of the 3 natural isotopes of 
silicon: 28Si, 29Si, and 30Si. This indicates that Si atoms are related to the 1.68-
eV ZPL. The corresponding defects were then identified as SiV centers, taking 
into account that diamonds with Si impurities do not exhibit these fluorescence 
lines unless they have been bombarded with electrons and heated to at least 
600º C, which indicates involvement of vacancies. 

Polarized luminescence measurements have shown that SiV centers have 
<110> symmetry axes [34]. Theoretical calculations predict a model with a 
single Si atom and a neighboring vacancy site [35]. It is energetically 
unfavorable for a Si atom to occupy a carbon atom lattice position, thus it has to 
lay at an interstitial lattice position. Consequently, in this configuration a Si 
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atom lays in the center of a kind of double-vacancy position, as shown 
schematically in Fig. 3. 

This model is able to explain the doublet structure of the ground and the 
excited states and also delivers a theoretical value of the transition energy, 
which is close to the experimentally observed value (an energy scheme [33] 
proposed on the basis of four different lines within a subgroup is shown in Fig. 
4). In addition, the model predicts a high stability and a 3-ns lifetime for the 
excited state, which is also in agreement with experimental results.  

 
 

 
 

Figure 3: Schematic representation of the relaxed split-vacancy geometry of the SiV 
complex. The solid circles represent C atoms, the empty circle – the relaxed Si site, and 
the dashed circles – the diamond lattice sites. [35] 
 
 
CL experiments at high temperatures have shown that SiV centers remain stable 
up to 1350º C [36]. Measurements of the center fluorescence in diamonds 
grown by chemical vapor deposition (CVD) yield lifetimes between 1 and 4 ns 
for different temperatures and diamond qualities [37]. On the ground of these 
findings, the theoretical energy scheme model (Fig. 4) describes a SiV center 
quite well. For application in single photon sources, the fluorescence spectrum 
and the radiative transition rate are of interest.  

According to the described theoretical configuration of a SiV center, a Si 
atom has no direct binding to the diamond lattice. Therefore the center couples 
only weakly to the diamond phonons. This results in an RT fluorescence 
spectrum with a sharp 10 nm wide ZPL and a very weak vibronic side band. 
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However, most of the other types of color centers in diamond have a wide-band 
fluorescence spectrum (in Fig. 5, typical SiV and NV RT emission spectra are 
shown for comparison). The 4-ns excited state lifetime is also unusually short 
(e.g. NV centers have a lifetime of 13 ns), which makes the SiV center a very 
good candidate for application in a high-repetition-rate single photon source 
[38].  

 
 

 
 

Figure 4: An energy-level diagram for a SiV center proposed on the basis of four 
different lines within a subgroup corresponding to the 28Si defect center. [33] Since the 
splittings of the ground and excited states are very small, these fine structures cannot be 
observed at RT. 
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Figure 5: Typical RT emission spectra of SiV centers (observed in CVD nano-
diamonds) and (for comparison) of NV centers. [39]  
 
 

2.3. Surface plasmon polaritons 

At certain conditions, optical photons can couple to specific excitations called 
surface plasmon polaritons (SPPs), which are able to propagate along a metal-
dielectric interface. [40] These excitations involve both the collective motion of 
charged electrons in the metal ("surface plasmons") and the electromagnetic 
waves in the air or another dielectric (“polaritons”), and can be excited by both 
electrons and photons. [41] To excite an SPP with a photon of the same 
frequency, the wave vectors of both have to match. Due to their significantly 
shorter wavelengths, SPPs have promising applications, e.g. in future photonic 
(or plasmonic) nanochips. [42, 43] 

An SPP wave propagating in x direction along a planar metal-dielectric 
interface is shown schematically in Fig. 6. The electric field of such a TM-
polarized wave can be expressed as: 

ܧ  = ݔ	[݅(݇௫	exp	଴ܧ + ݇௭	ݖ − 	,[(ݐ߱ (2.1)	
 
where k is the wave number and ω is the frequency of the wave. The wave 
vector kx of the longitudinal oscillation is tied to its frequency by a dispersion 
relation ω(kx). 
 

“ ”
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Figure 6: Schematic representation of a transverse magnetic (TM-polarized) 
electromagnetic wave propagating in x direction along a planar dielectric-metal 
interface and representing SPPs. The mixed (transversal and longitudinal) electric field 
E decreases exponentially in both positive and negative z directions perpendicular to the 
interface surface. The magnetic field H is directed along y.  
 
 
The following continuity relations can be used to derive the dispersion relation 
for SPPs [44]: 
 ቐ ௫௠ܧ = ௬௠ܪ௫ௗܧ = ௭௠ܧ௠ߝ௬ௗܪ = 	,௭ௗܧௗߝ (2.2)	
 
where E is electric field, H – magnetic field, m denotes metal, d – dielectric; 
x,y,z – three orthogonal directions as shown in Fig. 6. The continuity of the 
wave vector kx also fallows from Eqs. (2.2): kxm = kxd = kx. Application of 
Maxwell equations yields the following relation [44]:  
 ௞೥೘ఌ೘ + ௞೥೏ఌ೏ = 0	,	 (2.3)	
 
where εd is the electric permittivity of dielectric and ߝ௠ = 1 − ߱௣ଶ ߱ଶ⁄  is that of 
the metal, ωp – the bulk plasmon frequency of this metal. For any 
electromagnetic wave in medium i (i.e. m or d), we have: 
 ݇ଶ = ௜(߱/ܿ)ଶߝ = ݇௫ଶ + ݇௭௜ଶ ,	 (2.4)	
 
where c is the speed of light in vacuum. Combining Eqs. (2.3) and (2.4) yields 
the dispersion relation for SPPs [44]: 
 ݇௫ = ఠ௖ ට ఌ೘ఌ೏ఌ೘ାఌ೏.	 (2.5)	
 
An example of SPP dispersion curve is depicted in Fig. 7 along with a 
conventional photon dispersion curve. 
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Figure 7: An example of SPP dispersion curve (black line) for an air as a dielectric with 
εd ≈1. A conventional linear dispersion curve for photons is shown for comparison (gray 
line). The dotted line indicates the surface plasma frequency ωsp. Adapted from [45]. 
 
 
At low frequencies SPP behaves like a photon, but when k is increased the SPP 
frequency approaches asymptotically its highest limit ߱௦௣ = ߱௣/ඥ1 +  ,ௗߝ
which is called surface plasma frequency. The case of an air as a dielectric with 
εd ≈ 1 is displayed in Fig. 7. For the low-frequency case ߱ ≪ ߱௣, one can 
obtain: 
 ݇௫ = ఠ௡೘(ఠ)௖ ≈ ఠ௡೏௖ ൬1 + ௡೏మఠమଶఠ೛మ ൰,	 (2.6)	
 
where ni denotes the refractive index of corresponding medium i. Thus we have 
the following relation for low-frequency SPPs in the case of a planar metal-
dielectric interface:  
 ௡೘(ఠ)௡೏ − 1 ≈ ௡೏మఠమଶఠ೛మ .	 (2.7)	
 
If the metal-dielectric interface deviates from the planar configuration, the 
relation (2.7) should be considered as a coarse approximation. The ݊ௗଶ߱ଶ/2߱௣ଶ - 
type frequency dependence of the quantity ݊௠(߱)/݊ௗ − 1 is universal for 
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߱ ≪ ߱௣ and should still be present, but an additional numerical factor can 
apply, resulting in a modified relation [IV, V]: 
 ௡೘(ఠ)௡೏ − 1 ≈ ߙ ௡೏మఠమଶఠ೛మ 	 (2.8)	
 
It can be considered that the numerical factor α should not remarkably differ 
from unity if the curvature radius of the metal-dielectric interface surface 
significantly exceeds the wavelength of light λ. We use Eq. (2.8) to analyze our 
experimental results obtained with a metal-coated tapered tip of an optical fiber 
(see chapter 5.3). 
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3. EXPERIMENTAL 
 

Several experimental setups have been designed, constructed and used in our 
work. In our early experiments [a, II], a fluorescence microscope was applied. 
The design enabled wide-field excitation for fluorescence (single-molecule) 
imaging, as well as spectral measurements from a small spot. But switching 
between different measurement modes was complicated and inefficient. For our 
SiV center-related work [I], a horizontal scanning microscope was constructed. 
With this setup, it was easy to measure the emission spectra originating from a 
tiny spot, to scan over a sample (film) surface, and to use the Hanbury Brown 
and Twiss interferometry [46]. A dedicated optical setup was constructed for 
our MSM-related experiments [III, IV]. A photo in the Extras (see Fig. 30) 
illustrates some practical design principles used in our optical setups. 
 

 
3.1. Single-molecule imaging setup 

The main difference of our experimental setup built for wide-field epifluore-
scence microscopy [47] from the setup recommended in the literature [48] is the 
use of an upverted microscope (Olympus MX14). One can use a cryostat for 
low-temperature measurements or an oil objective for achieving a higher NA. 
Most of the measurements were performed at room temperature using an air 
(not immersion) microscope objective with a relatively low NA (Edmunds, 60x 
magnification, NA = 0.9). Some later measurements have been accomplished 
using an oil immersion objective (Olympus, 100x magnification, NA = 1.4). A 
Newton EMCCD (CCD with electron multiplication on the chip) camera 
(Andor, matrix area 400x1600, pixel size 16 m) was used as an imaging 
device. The EMCCD technology allows reducing the CCD readout noise in case 
of very low signals. The readout speed limits the time resolution to 0.1 s. To 
avoid an exposure during the CCD readout, an electromechanical shutter was 
installed in front of the camera. Commonly used exposure times were between 1 
and 5 s; up to 200 frame movies have been recorded. 

The frequency-doubled radiation (λ = 532 nm) of a CW Nd:YAG laser VA-
532 (Viasho) was used for excitation. The linearly polarized laser beam was 
expanded by a telescope and reflected by a dichroic mirror into the microscope 
objective. The telescope lenses were adjusted to focus the excitation beam onto 
the back-focal plane of the microscope objective, creating on the sample an 
illuminated area of about 40 m in diameter. The sample fluorescence was 
collected by the microscope objective and transmitted through the dichroic 
mirror. The backscattered laser light was blocked by a holographic Super Notch 
filter HSPF-532.0-1.0 (Kaiser) and an orange long-pass glass filer. After 
passing through the filters, the fluorescence was imaged onto the CCD camera 
by a 200-mm achromatic lens system. Eventually, a pixel of the camera image 
corresponds to a distance of 105 nm on the sample. A specific computer 
program was created to analyze the fluorescence kinetics of many individual 
molecules registered in a single movie. 
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Figure 8: Optical scheme of our experimental setup designed for scanning microscopy 
and Hanbury Brown & Twiss interferometry. Green lines designate the ~658 nm 
excitation laser radiation, red lines – the secondary emission. 3D-pos – 3D (XYZ) 
positioner, S – sample (thin film), APD – avalanche photodiodes, L – lenses, A – 
aperture, F – filters, M – mirrors, MF – flippable mirrors, BS – beam splitters. Fiber – 
an optional multimode optical fiber, used in MSM experiments.  
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3.2. Scanning microscopy and  
Hanbury Brown & Twiss interferometry 

A schematic of our related experimental setup is presented in Fig. 8. A 
homemade confocal microscope equipped with a XYZ motorized scanning 
stage (3D positioner) was used for spatial micromapping and localization of 
bright optical emitters in thin films. The emission of a laser diode operating at 
658 nm was used for optical excitation. Using this excitation wavelength was 
motivated by the need to eliminate the possible photoluminescence background 
originating from NV centers. The luminescence from the confocal volume was 
either split into two parts and detected by two avalanche photodiodes (APD) for 
correlation measurements or sent to a single-grating spectrometer (Shamrock 
i301 equipped with Newton EMCCD) to perform spectral measurements. The 
APDs were configured as a Hanbury Brown and Twiss interferometer used for 
the emission characterization needed to evaluate the number of single quantum 
emitters active in a selected nanoisland. The scattered laser radiation was 
blocked by an interference edge filter (red-pass from 664 nm, Semrock LP02-
664RS-25) while the useful fluorescence was selected by a red narrow-bandpass 
interference filter. An example of obtained second order correlation function is 
shown in the Extras (Fig. 31). 
 

 
 
Figure 9: Optical scheme of our second MSM experimental setup. HL – 150 W halogen 
lamp coupled in a high-intensity illuminator to a 3 mm output diameter optical fiber 
cable (OFC); MMF – multimode optical fiber of length l terminated at the input by an 
SMA connector and at the rear end – by a SNOM tip, positions of the both terminals 
can be adjusted by (XYZ) 3d micrometric translation stages; MO – microscope 
objectives used to couple the SNOM output light into the spectrometer SP equipped 
with a CCD camera; L – focusing lens coupling OFC output to MMF input (see Fig. 
10). 
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3.3. Fiber-related experiments 

In our first MSM experiments [III], the described optical setup was, as shown in 
Fig. 8, adapted to enable exciting of a multimode optical fiber with the 
fluorescence of SiV centers embedded in a thin film of ultra-nanocrystalline 
diamond [49] deposited on a Si substrate, while collecting the radiation from the 
fiber’s output terminal. 

In our subsequent MSM experiments [IV, V], a new optical scheme was 
used to excite the multimode optical fiber, as shown in Fig. 9. In addition to 
introducing a halogen lamp as a broadband light source, the new setup also 
enabled experiments with shorter fibers. A 150 W halogen lamp was used as a 
source of the broadband light. The lamp is installed in a high-intensity 
illuminator MI-150 (Dolen-Jenner), which couples it to a 3 mm output diameter 
optical fiber cable. After passing through an optional red-pass filter the 
radiation from the optical cable output was focused by a 13.86 mm focal length 
lens to a ~1.5 mm diameter “spot”, within which an input face of the multimode 
optical fiber was positioned. This “focused light spot” should be understood as 
the light field formed by the focusing lens in the image plane of the optical 
cable output face. 

The excitation of a multimode fiber tail is in more details schematically 
explained in Fig. 10. The position of multimode fiber input face can be laterally 
adjusted within the much broader “light spot”. This fiber of length l plays the 
role of an input tail for a SNOM tip. The light transmitted by a SNOM tip is 
collected paraxially in the far zone by a microscope objective (Zeiss Achroplan, 
32x magnification, NA = 0.4) and directed using another objective into a 
Shamrock SR-303i spectrograph coupled to a Newton CCD camera (both 
Andor). 

 

 
Figure 10: Schematic explanation of the excitation of multimode optical fiber (MMF) 
by the broadband light from optical fiber cable (OFC). The radiation is focused by a 
13.86 mm focal length lens (L) to a ~1.5 mm diameter “spot” in the transverse (image) 
plane, which contains the input face of MMF (the cladding outer diameter is 125 m) 
with laterally adjustable position within this plane. F – an optional red-pass filter. All 
dimensions are in millimeters. 
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We used Al-coated 200 nm, 150 nm and 100 nm (output aperture diameter) 
SNOM tips produced by Nanonics Imaging Ltd (Jerusalem) as bent-type 
SuperSensor™ NSOM/AFM Probes: about 0.6 mm long tapered tip of the 
multimode fiber is coated with metal layers of Cr and Al with respective 
thicknesses of ~20 and ~200 nm. A microscopic image of the 200 nm SNOM 
tip is presented in the Extras (see Fig. 32). The step-index fused silica fiber tail 
has core and cladding diameters of respectively a1  50 m and a2  125 m; 
the refractive index of the core (n1) exceeds that of the cladding (n2  1.453 for 
  800 nm) by about 1%. The fiber probe bend is located in a fiber region close 
to the tapered tip; the bending radius exceeds the light wavelength by at least an 
order of magnitude, thus the bend should not significantly affect the mode 
structure of the transmitted light. An input face of the fiber tail was formed by 
polishing (finished using 1 μm lapping film) and equipped with an SMA-type 
connector each time after reducing the tail length. Positions of the fiber 
terminals – the SMA connector at the input and the SNOM tip at the output – 
were both adjustable with 3d micrometric translation stages. 
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4. GOALS OF THE STUDY 
 
The following goals have been set for our experimental study: 
1.  Participation in finding methods for preparation of nanosized diamond 

particles containing a single or few emitting SiV centers and of diamond 
nanofilms with correspondingly low concentration of such centers. Optical 
and spectroscopic investigation of obtained samples with sub-lambda spatial 
resolution. 

2.  Spectroscopic and Raman investigation of nanosized diamonds, which 
contain emitting NV centers. 

3.  Study of light propagation in optical waveguides and in nanofibers with sub-
wavelength features. Investigating effects of a tapered metal-coated optical 
fiber terminated by a sub-wavelength aperture (a “SNOM tip”) on the 
spectrum of the transmitted light and spectral effects of intermodal 
interference. 

4.  Development of an experimental technique allowing investigation of the 
relative value of modal dispersion for a certain pair of fiber modes, 
separately in the fiber tail and in the SNOM tip.  

5.  Looking for the effects of photon-plasmon coupling in a metal-coated 
SNOM tip on spectral properties of transmitted light. 
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5. RESULTS AND DISCUSSION 
 

5.1. Preparation and spectroscopic study  
of SiV center-based emitters [I] 

From reviews concerning optical defects in diamonds [10, 11] we can conclude 
that the most stable and promising for single emitter applications are NV and 
SiV centers. SiV center is almost an example of ideal single-photon emitter. 
Indeed, even at RT the spectrum of SiV centers consists of a zero-phonon line at 
738 nm and a weak phonon sideband. The luminescence lifetime is quite short, 
~1–4 ns [37]. An ion implantation of IIa diamonds was initially used to produce 
single SiV emitters [13]. Yet, this technique is quite expensive and requires 
post-implantation annealing in vacuum at 1000º C.  

In cooperation with our colleagues from General Physics Institute (Moscow) 
we elaborated a CVD-based technique of diamond film preparation. Nano-
crystalline diamond films were grown in microwave plasma reactor on mirror-
polished Si substrate. Before the deposition the substrate was seeded with 
ultradispersed diamond (UDD) clusters of detonation synthesis using a special 
aerosol-plasma technique. The silicon doping of diamond was realized through 
the substrate chemical etching in the plasma at the first stage of the deposition 
process (when the diamond film still remains island-like): Si atoms and/or SiHx 
species are incorporated from plasma to growing crystallites. To get a thin 
diamond film containing SiV centers, the following parameters were chosen: 
substrate temperature 850º C, pressure 87 Torr, gas flow rate 500 sccm, 
microwave power 3.4 kW, and deposition time 3 min. It can be concluded from 
SEM images (an example is shown in Fig. 11) that we have an island-like 
diamond film surface.  

 
 

 
 
Figure 11: A SEM image of nanodiamond film doped with SiV defects. The film was 
produced by CVD technique in a microwave plasma reactor. 
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The Renishaw micro-Raman/luminescence spectrometer was applied for optical 
characterization of the samples using both the microluminescence and Raman 
techniques. Spatial micromapping and separation of bright optical emitters in 
the films was performed using a homemade confocal microscope equipped with 
an XYZ motorized scanning stage. In addition to the 488 nm Ar+ laser line, the 
emission of a 658 nm laser diode was also used for optical excitation, which 
enabled the elimination of probable photoluminescence (PL) background 
originating from NV centers. 

Probing of PL with a 488 nm laser beam of ≈1 µm diameter in different 
points of the island film surface revealed a micrometer-scale nonuniformity of 
the distribution of PL emission intensity from SiV centers. There were few-
micrometers-sized regions with no SiV emission at all, whereas within other 
similar-sized regions the intensity of SiV emission varied in a few times from 
point to point. Combined Raman/PL spectra of the film with the strongest signal 
from SiV centers (with excitation at 488 nm) are shown in Fig. 12. 

 
 

 
 

Figure 12: Combined Raman/PL spectra of a CVD nanodiamond film, measured at RT. 
(Excitation: 488 nm). 
 
 
We can conclude that the Raman spectrum of the nanodiamond film consists of 
three lines indicating the presence of diamond (the narrow peak at 1332 cm−1) 
and amorphous carbon (two broad bands at 1350 cm−1 (D) and 1570 cm−1 (G)). 
The PL spectrum shows only the doublet of zero-phonon line from SiV centers 
at 738 and 757 nm. Note the absence of 575 and 638 nm lines related to NV 
centers in the ≈20 nm thick nanocrystalline diamond film. To investigate in 
more detail the spatial distribution of fluorescence intensity in the spectral range 
of maximum SiV emission, the confocal PL mapping was performed with 658 
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nm laser excitation. The narrow-spectral-range fluorescence was selected by a 
red bandpass filter (Omega Optical 3RD720-760) with central wavelength at 
740 nm and 40 nm bandwidth. The mapping image is shown in Fig. 13. 
 
 

 
 

Figure 13: An image of confocal fluorescence mapping of CVD nanodiamond film 
with 658 nm laser excitation, at RT. The fluorescence is selected by a red bandpass 
filter (center wavelength 740 nm, bandwidth 40 nm). Blue–red–white is a color sequen-
ce corresponding to the increase of emission intensity. 
 
 
The distribution of emission intensity around 738 nm is similar to that observed 
with 488 nm laser excitation, as described above. The image consists of few-
micrometer-sized regions, part of which do not exhibit any emission at 738 nm, 
but others demonstrate an emission of variable intensity within a region. Note 
that besides the expected emission from SiV centers the Raman scattering from 
amorphous carbon (G line) was also contributing into the bright emission shown 
in Fig. 13. 

Typical PL spectra from two different spots recorded without any bandpass 
filter with 658 nm laser excitation are shown in Fig. 14. The 738 nm line from 
SiV centers dominates in the filter bandpass region of the upper PL spectrum, 
while the G band of amorphous carbon dominates in this region of the lower PL 
spectrum (Fig. 14). The first and the second order silicon Raman lines (520.5 
and 963 cm−1, respectively) coming from the substrate are also present in both 
spectra in Fig. 14. A substantial quantity of non-diamond carbon is a 
characteristic feature of the initial stage of CVD diamond growth [50]. Positions 
of PL image bright spots associated with a strong amorphous carbon signal (G 
band) demonstrate the high nonuniformity of the amorphous carbon distribution 
within the nanodiamond film on a micron scale. 
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Figure 14: Emission spectra taken at RT under 658 nm excitation from three different 
bright spots on a nanodiamond sample. Raman lines from silicon substrate are 
designated as Si and Si 2-nd (520.5 and 963 cm−1, respectively). Carbon Raman bands 
at 1350 and 1580 cm−1 are indicated as C Raman. Inset: the most characteristic SiV 
spectrum taken with a bandpass filter with central wavelength at 740 nm and a band-
width of 40 nm (Omega Optical 3RD720-760). Dotted lines indicate the bandpass 
region of the filter. 
 
 
We used the Hanbury Brown and Twiss interferometry to investigate the photon 
statistics of radiation from the SiV-related bright spots. It was found that this 
statistics is virtually a Poissonian one, which indicates the presence of multiple 
color centers in the laser focus. Two main factors could explain this result. The 
first one is the essential broadband structureless background observed in PL 
spectra obtained with 658 nm excitation (seen clearly in the inset of Fig. 14). 
Clarification of the origin of this background is in progress. Over the filter 
bandpass region the integral background emission intensity is about twice as 
high as the integral intensity of SiV emission. The second factor is the presence 
of several SiV defects within the laser probing volume of the film. The variable 
intensity of the emission from fluorescent regions confirms this assumption. 

In conclusion: a spatial localization of the photoluminescent SiV centers in a 
thin (ca. 20 nm) CVD nanodiamond film, which was grown at high seeding 
density and doped with Si from the silicon substrate, was studied. It was found 
that in spite of the uniform highly-dense coating of the Si substrate with 
diamond nano-islands, at micrometer level the emission from SiV centers is not 
uniformly distributed over the film surface. Further study of the reasons of such 
nonuniformity is required. In fluorescent regions, the density of emitting centers 
is higher than one per µm2. 
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5.2. Spectroscopic study of NV emitters  
in detonation nanodiamonds [II] 

The most investigated color centers in diamond are NV centers, which have 
several promising applications. Being incorporated in nanodiamonds, such 
centers can be used e.g. as nontoxic fluorescent labels in biological systems 
[51]. A single NV defect is demonstrated to perform as an efficient single-
photon source for future quantum computing applications [30]. Another fine 
application for a single NV center is found in nano-magnetometry [52].  

A careful research was performed on growing, by using the CVD technique, 
of isolated diamond nanocrystallites containing single NV color centers. [53] A 
conclusion was made that an optimal size for such crystallites, which 
incorporate single optically active NV centers, is 60–70 nm. To produce 
nanodiamonds, the so-called top-down method is often used, which assumes 
grinding of high-pressure-high-temperature (HPHT) diamonds doped with a 
small amount of nitrogen atoms. In order to produce photoluminescent 
nanodiamonds from this material, the powder has to be irradiated with electrons 
to create vacancies. Subsequent annealing at 800º C leads to the formation of 
emitting NV centers (see e.g. Ref. [54]). 

 
 

 
 

Figure 15: Size distribution (solid line) of the DND primary particles determined by 
SAXS. The main peak corresponds to grains of 6-nm diameter, and the tail of the size 
distribution spreads beyond 25 nm. The dashed curve shows the integrated size distribu-
tion, i.e. the volume fraction of DND primary particles with sizes below the certain 
diameter. 
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For our spectroscopic investigations we used differently produced, so-called 
detonation nanodiamonds. The preparation method is an alternative bottom-up 
approach for the large-scale nanodiamond synthesis. The synthesis of deto-
nation nanodiamonds is based on the carbon-containing high-energy explosives 
(so called C-H-N-O explosives). The produced nanodiamonds have average 
primary particle sizes of approximately 3–6 nm, depending on the details of the 
synthesis, and possess a spherical/polyhedral shape. A small fraction with larger 
sizes is also typically present in the obtained detonation nanodiamond (DND) 
powder [55]. The size distribution of produced nanodiamond crystallites in the 
studied DND powder was analyzed by using the technique of small-angle X-ray 
scattering (SAXS); the resulting distribution (shown in Fig. 15) was obtained by 
assuming a spherical morphology using the Tikhonov’s regularization method 
[56].  
 

 

 
 
Figure 16: PL-Raman spectrum of DND powder measured at room temperature using a 
488-nm excitation wavelength. The inset shows the Raman part of the spectrum in the 
range of 1200–1700 cm-1. The PL spectrum presents a structureless broad band with a 
maximum around 600 nm. The Raman spectrum consists of the two lines at 1326 and 
1630 cm-1 related to the vibrational modes of, respectively, diamond and sp2-bonded 
carbon. 
 
 
A PL-Raman spectrum taken from a thick (about 1mm) layer of the DND 
powder is shown in Fig. 16. The Raman part of the spectrum (shown in the 
inset) consists of two lines at 1326 and 1630 cm-1 related to the vibrational 



31 

modes of, respectively, diamond and sp2-bonded carbon. For large (micrometer-
scale and larger) crystals the diamond Raman peak is normally positioned at 
1332 cm-1, corresponding to the phonon modes from the center of the Brillouin 
zone, and has a symmetric shape. For nanoscale-sized crystals the diamond 
peak is down-shifted from the 1332 cm-1 position and asymmetrically 
broadened with decreasing the crystal size due to the phonon confinement effect 
[57]. The position of the diamond Raman line at 1326 cm-1 should correspond to 
Raman scattering from the dominant fraction of 6-nm crystallites in the DND 
powder. The PL spectrum presents a structureless broad band with a maximum 
around 570 nm. As it was demonstrated [55, 58, 59], the characteristics of nano-
diamond PL can be strongly varied by functionalizing the nanodiamond surface. 
Thus, the broad PL band is most likely related to emission from electron levels 
created in the diamond bandgap by surface defects. No essential changes in the 
PL-Raman spectrum of the thick DND layer took place after 2 MeV electron 
irradiation and 700º C annealing of this material.  

When a thick layer of DND is used, the observed Raman and luminescence 
signals are expected to be mostly attributed to the main volume fraction of the 
diamond powder, consisting of approximately 6-nm crystallites. To increase the 
probability of detecting large diamond nanocrystals and to compare their PL 
spectra with those of 6-nm particles we applied the following procedure of 
DND sample preparation. The DND powder was dispersed in dimethyl 
sulfoxide (DMSO) and a thin DND layer was prepared on a Si substrate from 
this solution. A scanning electron microscopy (SEM) image of such a DND 
layer is shown in Fig. 17. 

 
 

 
 
Figure 17: SEM image of DND crystallites dispersed on a Si substrate. 
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The estimated thickness of the produced DND island-like layer was on average 
less than 100 nm. This allows the PL measurement of large diamond crystallites 
while minimizing the interference from small crystallites. Prior to the optical 
study, the DND layer was electron-irradiated and annealed. To study the PL 
properties of the layer, a purpose-built PL-Raman spectroscopy system was 
used, working in 1) the image regime showing the integral PL intensity 
distribution within a large area of sample surface, or 2) the regime of confocal 
PL-Raman spectral measurements. Using the first regime in combination with 
an edge filter (transmitting the light with wavelengths >630 nm), an image of 
the photoemission from DND film surface illuminated with a 532 nm laser was 
obtained. This image, 53 µm × 37 µm in size, is shown in Fig. 18. 

A number of bright spots is clearly visible. A typical PL and Raman 
spectrum measured in one of the bright spots using the second regime is shown 
in Fig. 19. Two lines at 575 and 638 nm, related to electron transitions at NVº 
and NV─ defects are clearly visible in the spectrum. The diamond Raman line is 
detected in the unshifted 1332 cm-1 position, indicating that the bright emitting 
spots in Fig. 18 are related to large DND crystals. According to Ref. [60], a 
well-distinguishable down shift in the Raman position (about 2 cm-1) from 1332 
cm-1 is observable when the diamond particle size decreases below 30 nm. The 
lack of this shift in the Raman spectrum in Fig. 19 leads to the conclusion that 
the bright PL from NV centers is detected from DND crystallites with sizes 
above 30 nm. Besides the diamond Raman line, the first- and second-order 
Raman lines of sp2-bonded carbon, and also the phonon sidebands of the NVº 
and NV─ centers, are observed in the PL-Raman spectrum. 
 
 

 
 
Figure 18: An image of the integral PL intensity distribution within a ~50 µm diameter 
spot of 532-nm laser excitation of DND crystallites dispersed on a Si substrate. The 
luminescence is selected by an edge filter transmitting light with wavelengths >630 nm. 
The PL spectrum of the bright spot indicated by the white arrow is shown in Fig. 19. 
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Figure 19: PL-Raman spectrum recorded at RT in the bright spot indicated by the white 
arrow in Fig. 18. The insert shows the Raman part of the spectrum in the range of 1200–
1700 cm-1. The excitation wavelength is 532 nm. The laser beam is focused in a spot of 
1 µm diameter. 
 
 
We can conclude that the examined explosion-produced nanodiamond (DND) 
powder contains a significant fraction of over 30 nm sized nanocrystallites, 
which demonstrate at 637 nm a well-pronounced zero-phonon line of NV─ 
centers. This result suggests that the detonation technique can be used to 
manufacture optical nanodiamond markers with emitting NV centers. 
 
 

5.3. Optical nanofibers: MSM-related studies and 
plasmonic effects in SNOM tips [III–V] 

A series of nano-optics experiments has been initiated in order to investigate the 
effect of an optical fiber terminated by a SNOM tip with subwavelength output 
aperture on the transmitted light spectrum. In our first experiments we used a 
light source based on a diamond sample with SiV centers, which were excited 
by a strongly focused 532 nm or 658 nm laser radiation. [III] As shown in Fig. 
20, the SiV room-temperature fluorescence zero-phonon line is about 9 nm 
broad (FWHM), centered at λ ≈ 738 nm. The optical setup is schematically 
shown in Fig. 8. The SiV emission was collected by a confocal microscope and, 
after passing a red-pass filter, directed into a multimode optical fiber with an 
optional SNOM tip formed on its output end. We used Nanonics bent-type 
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SuperSensor™ NSOM/AFM Probes with output aperture diameters of 100 nm 
and 200 nm. The same type of multimode fiber with two identical ends (without 
any SNOM tip) has been used for comparison purposes. The light transmitted 
by the multimode fiber and an optional SNOM tip was collected by an objective 
and directed into a spectrograph (Andor Shamrock SR-303i). 
 
 

 
 

Figure 20: Room-temperature emission spectrum of silicon-vacancy (SiV) centers in 
diamond. The SiV fluorescence is excited by a strongly-focused 532 nm laser radiation, 
which is filtered out by a red-pass filter. 
 
 
It has been demonstrated that under certain conditions a remarkable spectral 
modulation can be observed in the transmitted light. [III] This effect is of 
mesoscopic origin, occurring only for a certain interval of SNOM output 
aperture diameters (see Fig. 21). The MSM effect is actually enabled here due 
to the mode-filtering ability of a SNOM tip and to the inherent intermodal 
dispersion of a multimode fiber: a noticeable modulation appears when the 
number of transmitted fiber modes is small but exceeds unity.  
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Figure 21: Spectra of SiV fluorescence transmitted by different multimode fiber 
samples. Baselines of the spectra are shifted for clarity; vertical scales are changed for 
an easier comparison. (A) An ordinary fiber (without a SNOM tip), signal collection 
time tc = 180 s; (B) fiber terminated by a 200 nm SNOM tip, tc = 900 s, vertical scale 
relative magnification ×18; (C) fiber terminated by a 100 nm SNOM tip, tc = 27000 s, 
vertical scale relative magnification ×35. 
 
 

 

 
 

Figure 22: Spectra of SiV fluorescence (excited by 658 nm diode laser) transmitted by 
a multimode fiber terminated by a 200 nm SNOM tip, where the multimode fiber length 
l is gradually reduced: (A) l = 1.075 m; (B) l = 0.920 m; (C) l = 0.765 m. The baselines 
of spectra A and B are shifted for clarity. 

 
 

We proposed and applied [III] an MSM-based experimental technique allowing, 
as already described in chapter 1.2, to separate the fiber tail and the SNOM tip 
contributions to the entire obtained OPD value. As can be seen in Fig. 22, the 
period of spectral modulation depends on the fiber tail length. However, it 
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turned out that, due to the relatively narrow emission spectrum of the light 
source used [III], the precision of the results obtained using this technique was 
insufficient to reliably evaluate the relatively small OPD value generated by a 
SNOM tip. Changes had to be introduced to the experimental configuration in 
order to resolve this issue. 

An optical scheme of our redesigned MSM experimental setup is shown in 
Fig. 9. In addition to introducing a halogen lamp as a broadband light source, 
the new setup also enables experiments with shorter fibers. The excitation of a 
multimode fiber tail is schematically explained in Fig. 10. [IV, V] The 
application of broadband excitation light allowed us to select (for every 
individual SNOM tip) a spectral region featuring highly regular spectral modu-
lation in the transmitted light, which indicates the two-mode interference.  

However, it appears that an exact spectral pattern measured depends actually 
on the lateral position of the multimode fiber input terminal (i.e. of the SMA 
connector) in the focal plane of exciting “light spot” (see Figs. 9, 10), being 
reproducibly sensitive to displacements as small as some micrometers (thus 
indicating the mesoscopic origin of such dependence). As can be seen from the 
sample spectra in Fig. 23, shapes and amplitudes of major interference maxima 
can vary, as well as distances between adjacent maxima. Weak (low visibility) 
modulation of different period can superimpose on the main modulation pattern 
at some SMA positions. We attribute these effects to variable nonzero 
contribution of other fiber modes, in addition to the two major modes.  

 
 

 
Figure 23: Three examples of spectral modulation observed with different fiber tail 
lengths l: (A, solid line) l = 769 mm; (B, dashed line) l = 479 mm; (C, dotted line) l = 
240 mm. Signal collection time 300 s. Distinct signal levels are caused by nonidentical 
fiber input terminal (SMA) positions in the exciting “light spot” [IV] 
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It turns out that even in the selected spectral region the high-visibility regular 
modulation can be registered only for some specific SMA position range(s). 
This phenomenon can be tentatively explained by considering the requirement 
of coherent excitation of the two modes in order to be able to observe their 
interference [61]. Taking into account an obviously low degree of spatial 
coherence of our broadband light source and the complicacy of the exciting 
light field structure, it seems reasonable to assume that for some SMA positions 
the two major fiber modes are excited (at least partially) coherently, while for 
other positions they are excited non-coherently. For every fiber tail length l the 
spectra were measured with different SMA position adjustments till a “proper 
adjustment” enabling application of the two-mode model was found (see sample 
spectra in Fig. 24). According to the theory of optical fibers [27, 62–64], if the 
fiber diameter is gradually reduced, the last two remaining modes are HE11 and 
TM01: in a conventional fiber without any metal coating the cutoff radius is the 
same for TM01 and TE01 modes being both referred as LP11 modes in the LP 
model [63, 64], yet in a metal-coated fiber this radius is smaller for TM01 mode 
[27]. 
 

 
 

Figure 24: Two examples of spectra observed for the same fiber tail length (l = 273 
mm) with different SMA position adjustments, which in addition to the signal level also 
affects the spectral modulation pattern. Spectra are obtained in cases of (A) “proper 
adjustment” (suitable for OPD study) and (B) “improper adjustment” of the SMA 
position – in the latter case the two-mode model cannot be properly applied. Signal 
collection time 300 s. [V] 
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According to the two-mode model [III, 25], OPD between the two major modes 
can be found as τ = 1/Δf, where Δf is the period of spectral modulation in the 
frequency scale. Fitting the spectrum with a sine function could be a proper way 
of evaluating Δf (and OPD) in the case of negligible spectral dispersion, but due 
to the possible contribution of several factors such a case could not be 
presumed. Thus our choice was to estimate the spectral position of any major 
interference maximum separately, by fitting it with a Gaussian curve; any 
interference maxima with visibility lower than a preset threshold (e.g. 0.1 in the 
case of our 200 nm SNOM tip) were ignored. It appears that the fluctuations of 
individual peak positions tend to average out over a broader spectral interval. 
Such an averaging-out indicates that perturbations caused by small contribu-
tions of several modes with different phase velocities average out due to the 
differences of corresponding modulation periods, yet the regular oscillations 
caused by the interference of two major modes remain. Interestingly, in some 
cases a good linear regression fitting of the obtained peak positions can be 
performed over the whole chosen spectral interval (see examples in Fig. 25); in 
such a case a reliable average value of Δf and quite an accurate OPD value can 
be estimated, effective over the whole chosen spectral interval.  
 
 

 
 

Figure 25: Three examples of linear regression fitting (solid lines) to estimated 
positions of sequential spectral maxima (crosses) for different fiber tail lengths l: (A) l = 
769 mm, (B) l = 479 mm, (C) l = 240 mm. To estimate the spectral position of a 
modulation maximum, a spectral region comprising about 0.8 of an interval between the 
two adjacent major minima was fitted with a Gaussian curve; the standard error of 
Gaussian peak positions found by our nonlinear least-squares fitting software did not 
generally exceed 2 cm-1 and is depicted as the thickness of horizontal lines of the 
crosses. Data are obtained with a 200 nm SNOM tip. 
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In other cases, due to the fiber’s spectral dispersion, the frequency dependence 
of peak positions is still smooth but not linear, which means that Δf and OPD 
slightly depend on the exact spectral position within the chosen spectral 
interval, and the same spectral position have to be chosen to compare OPD 
values obtained with different fiber tail lengths l. 

Multimode fibers terminated by two different bent-type SNOM tips with 
Cr/Al coating have been studied in the two-mode regime using our MSM-based 
experimental technique, which allows the evaluation of OPD generated by a 
short metal-coated tapered tip region and of corresponding intermodal 
dispersion.  
 
 

5.3.1. MSM studies of a 200 nm SNOM tip [IV, V] 

For our sample of a 200 nm SNOM tip, spectra of the transmitted broadband 
light have been measured for ten different lengths l of the fiber tail. [IV] It 
turned out that in a certain spectral interval centered at   800 nm a highly 
regular spectral modulation of substantial visibility (between 0.12 and 0.25) 
could be observed, which we interpreted as MSM corresponding to the nearly 
two-mode interference case. The modulation is less regular (becoming rather 
chaotic) at shorter wavelengths where an increasing number of photonic modes 
can pass the SNOM tip while retaining comparable amplitudes. At longer 
wavelengths the modulation visibility drops along with the transmitted light 
intensity. Thus we selected a little bit less than 2000 cm-1 broad spectral region 
around the central frequency of 12500 cm-1 to study the OPD for two major 
modes transmitted in this region. Three examples of spectral modulation 
observed for different l are shown in Fig. 23. Corresponding examples of the 
frequency dependence of spectral peak positions are shown in Fig. 25 along 
with the linear regression fittings (see the caption for more details). Quite good 
linear dependences result in uniform OPD values over the chosen spectral 
interval.  

The OPD values τ found for ten different fiber tail lengths l are shown in Fig. 
26 (see the caption for more details). The OPD value is assumed to depend 
linearly on l due to the presumable uniformity of the fiber inherent intermodal 
dispersion along the fiber length. The linear fit for the ten experimental points 
according to the expression 

 ߬(݈) = ܣ + 	݈ܦ (5.1)	
 
is shown in Fig. 26 along with its extrapolation to ݈ = 0.  
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Figure 26: Linear fit (solid line) to ten experimental ߬(݈) points (crosses) obtained for 
fiber tail lengths ݈ from 769 mm to 240 mm, extrapolated to 	݈ = 0 (dashed line). The 
thicknesses of vertical and horizontal lines forming the crosses represent respectively 
the precision of fiber tail length measurements (better than 2 mm) and the precision of 
OPD values (1.6 fs or better) derived from the tilt parameter standard error obtained by 
linear regression fitting of the estimated spectral maxima positions as shown in Fig. 25. 
 
 
The parameter ܣ = ߬(0), for which we obtain ܣ = −23(3) fs, denotes the 
residual OPD value generated in the short metal-coated tapered tip of the length ݈௧ < 1 mm. The parameter ܦ = 1 ܿଵ⁄ − 1 ܿଶ⁄ , being related to the effective 
phase velocities c1 and c2 of the two major transmitted modes, can be used as a 
measure of the fiber’s inherent intermodal dispersion. The linear fit of our 
experimental data according to Eq. (5.1) results in ܦ = 566(6) fs/m. An 
analogous dispersion parameter can be estimated for the metal-coated tapered 
SNOM tip as: ܦ௧ = ܣ ݈௧⁄ ≈ −38(15) ps/m (this value is a low-precision 
estimate because the lt value is also an estimate). The ratio of the two modal 
dispersion parameters can be estimated as: ܦ௧ ܦ ≈ −68(27)⁄ .  

The observed OPD indicates that the two major transmitted modes have 
different effective phase velocities in the fiber. It is reasonable to assume [63] 
that the lower velocity c1 corresponds to the fundamental HE11 mode (LP01 
mode according to the LP model), which has most of its energy propagating in 
the fiber core. According to our experimental results, in the fiber ܿଶ − ܿଵ ≈1.15 ∙ 10ିସܿଵ. Our rough theoretical estimation [IV] of the mean effective 
phase velocity difference for two neighboring multimode fiber modes yields ∆ܿ ≈ 3.5 ∙ 10ିସܿଵ. This theoretical Δc value is of the same order of magnitude 
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with our experimental value for ܿଶ − ܿଵ, which indicates that in our case the 
modes transmitted by the SNOM tip are probably retaining their character, thus 
supporting the assumption that our SNOM tip plays just the role of a mode filter 
cutting off most of the modes. 

For the certain pair of photonic fiber modes, the modal dispersion parameter 
found for our metal-coated SNOM tip exceeds the one found for the non-coated 
fiber by more than an order of magnitude, but has an opposite sign. This 
indicates that the TM01 mode, which has somewhat higher phase velocity in the 
non-coated fiber tail region, has due to stronger interaction with plasmons a 
lower phase velocity in the metal-coated tip region, for which the difference of 
the mean phase velocities of the two (apparently TM01 and HE11) modes can be 
evaluated as: ܿଶ − ܿଵ ≈ −0.0078(35)ܿଵ. To explain such differences of phase 
velocities one can assume that in our metal-coated tip the TM01 mode virtually 
transforms into a surface plasmon mode.  

Due to the fact that for metals the bulk plasmon frequency ߱௣ lies deep in 
UV region, in our case the low-frequency condition ߱ ≪ ߱௣ is fulfilled, which 
allows us to use the formula in Eqs. (2.7) and (2.8). If assuming a very weak 
coupling of the fundamental HE11 mode to SPPs and a virtually complete 
conversion of the TM01 mode into an SPP mode, one can obtain from Eq. (2.8):  

 ௖భ௖మ − 1 ≈ ߙ ௡೏మఠమଶఠ೛మ 	 (5.2)		
Taking ℏ߱௣ ≈ 15 eV for metallic aluminum [65, 66] and ݊ௗ ≈ 1.46 for fused 
silica, for ℏ߱ ≈ 1.55 eV (corresponding to ߣ	≈	800 nm) Eq. (5.2) yields: ܿଶ − ܿଵ ≈ -ଵ. This value is quite well compatible with our experiܿߙ0.011−
mental evaluation ܿଶ − ܿଵ ≈ −0.0078(35)ܿଵ; still the latter’s low precision 
does not allow any reliable evaluation of the α factor. Nevertheless, our 
experimental results can be considered as an indicator of a mode-selective 
coupling of photons to surface plasmons of the SNOM tip metal coating. 
 
 

5.3.2. MSM studies of a 150 nm SNOM tip [V] 

Understandably, due to reduced mode-cutoff wavelengths [27], for a 150 nm 
SNOM tip MSM effects can be expected in a blue-shifted spectral region 
compared to the case of a 200 nm SNOM tip. In course of a new series of MSM 
experiments we performed partial scanning of the SMA 2d-position range, 
focusing more attention on finding “proper” adjustments of the fiber tail input 
in relation to the exciting light field, which enabled us to apply the two-mode 
model in a broader spectral region between 640 and 760 nm. It appeared to be 
very difficult to find any certain SMA position adjustment yielding regular 
spectral modulation over this entire region at once. However, it was easier to 
find adjustments yielding such modulation in different shorter spectral intervals 
within this region.  
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We found that at least two different types of regular modulation patterns 
with visibilities varying between 0.02 and 0.4 could be obtained with different 
SMA positions. One of them (T1) exhibits shorter-period regular modulation, 
which mostly does not span for long intervals, but seems to possess nearly 
constant period in the frequency domain regardless of the spectral location 
within the broader region.  

 
 

 
 

Figure 27: Two examples of spectra observed for our 150 nm SNOM tip with different 
fiber tail lengths: (A) ݈ = 1488 mm, (B) ݈ = 1330 mm. Spectrum A exhibits T2-type 
modulation pattern in the wavelength region ߣ < 1ߣ ≈ 672.5 nm and T1-type pattern in 
the region ߣ > 2ߣ ≈ 677.5 nm; a mixed (T1+T2) “chaotic” pattern can be observed in 
the intermediate region 1ߣ < ߣ <  Spectrum B exhibits T2-type pattern over the .2ߣ
entire range displayed; the corresponding modulation period increases with ߣ. Signal 
collection time 3000 s. 
 
 
The second pattern type (T2), which was harder to obtain due to its high 
sensitivity to the SMA position (being first encountered just by chance), 
exhibits larger modulation period and can be observed spanning over longer 
spectral intervals. In spite of the modulation regularity, T2 patterns clearly 
exhibit smooth frequency dependence of the modulation period. Spectra 
containing T1 and T2 modulation patterns have been studied for nine different 
lengths l of the fiber tail, from 1905 mm to 612 mm. As can be seen in Fig. 27, 
in some cases it was even possible to observe the both pattern types in different 
parts of the same spectrum. In Fig. 28, two sample spectra exhibiting long-range 
T2 modulation for slightly different lengths l are shown. It is remarkable that in 
both spectra at ߣ ≈ 731 nm the modulation period frequency dependence seems 
to switch its sign: in both higher and lower frequency directions the modulation 
period smoothly decreases. Similar behavior was observed for other lengths l, 
although not always a modulation pattern of comparable quality and extent 
could be registered. 
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Figure 28: Two examples of spectra observed for slightly different fiber tail lengths: 
(A) ݈ = 1488 mm, (B) ݈ = 1330 mm. Both spectra exhibit T2-type modulation pattern, 
although a noticeable mixing can be observed with a weaker T1-type pattern having 
significantly shorter (nearly constant within each spectrum) modulation period. The sign 
of the (T2-type) modulation period ߣ-dependence is switched in vicinity of the special 
wavelength 0ߣ ≈ 731 nm. Signal collection time 3000 s. 
 
 
It seems reasonable to assume that the two types of regular spectral modulation 
pattern correspond to OPD of different pairs of transmitted fiber modes. One 
can e.g. hypothesize that T2-type patterns correspond to OPD for TM01 vs. 
HE11, while T1-type patterns – to OPD for TE01 vs. HE11 mode pairs, assuming 
that the fundamental HE11 mode should always be present. A deeper analysis of 
related experimental data is still to be performed, but according to our 
preliminary considerations the intriguing spectral behavior of T2 modulation 
period can be explained taking into account the spectral dispersion properties of 
specific multimode optical waveguide materials (fused silica with different 
doping for core and cladding of the fiber); the effect does not seem to be related 
to any specific process in a SNOM tip other than its mode-filtering ability.  

Due to the scope of this work we will only discuss here issues concerning 
the extraction of OPD generated in the SNOM tip and its relation to photon-
plasmon coupling. The earlier described method we used to analyze spectra 
obtained for the 200 nm SNOM tip could only be directly applied to the case of 
T1-type patterns featuring nearly constant modulation periods. A new technique 
has to be developed to analyze the frequency-dependent OPD corresponding to 
T2-type modulation patterns. 

For nine different fiber tail lengths l, spectra containing regions of T1-tipe 
regular modulation have been registered at some SMA positions. These were 
mostly shorter regions located in different parts of the entire ~120 nm broad 
region examined. In such T1-intervals, positions of corresponding spectral 
maxima have been estimated as described in chapter 5.3.1, except that the 
visibility threshold was set to 0.02. As was already explained in Fig. 25 
(caption), the estimated positions of sequential maxima were fitted with linear 
regression and corresponding OPD values found. In one case T1-type 
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modulation could be observed in a broader spectral range; in another spectrum a 
broader spectral range separated two shorter T1 regions. Analysis of OPD 
obtained for these cases allowed us to conclude that up to our precision this 
parameter performs as a constant, at least in the spectral range between 640 and 
740 nm. This allowed us to compare OPD values obtained for different l in 
different shorter spectral intervals within this range. 

The OPD values τ found for different fiber tail lengths l are shown in Fig. 29 
along with the linear fit according to Eq. (5.1). For the parameter ܣ = ߬(0) 
corresponding to OPD generated in the SNOM tip we obtain ܣ = −67(31) fs, 
which has the same sign as the one obtained for our 200 nm SNOM tip, but 
exceeds it by absolute value (though having much higher uncertainty). This 
difference could be a consequence of using slightly different spectral range, but 
involvement of a different pair of modes (e.g. TE01 and HE11) seems even more 
plausible. For the fiber dispersion parameter we find: ܦ = 1.93(3) ps/m. The 
dispersion is more than 3 times higher than it was found in our experiments 
with 200 nm SNOM tip – again, this seems much better explainable by 
involvement of the different pair of modes. If c1 and c3 are the effective phase 
velocities of these fiber modes, we have ܦ = 1 ܿଵ⁄ − 1 ܿଷ⁄ . We can readily 
estimate the SNOM tip dispersion parameter as: ܦ௧ = ܣ ݈௧⁄ ≈ −112(67) ps/m; 
the ratio of the two modal dispersion parameters can be estimated as: ܦ௧ ܦ ≈ −58(35)⁄ , which is already much closer to the value we found for our 
200 nm SNOM tip. 
 

 
 

Figure 29: Linear fit (solid line) to experimental ߬(݈) points (crosses) obtained from 
T1-type modulation patterns for fiber tail lengths l from 1905 mm to 612 mm, extra-
polated to ݈ = 0 (dashed line). The thicknesses of vertical and horizontal lines forming 
the crosses represent respectively the precision of fiber tail length measurements (2 mm 
or better) and the precision of OPD values (18 fs or better) derived from the standard 
error of the tilt parameter obtained by linear regression fitting of estimated positions of 
spectral maxima as explained in Fig. 25. 
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Taking into account that for a fused silica fiber ݊ௗ ≈ 1.54 at	ߣ ≈ 700 nm, our 
experimental results yield: ܿଷ − ܿଵ ≈ 3.72 ∙ 10ିସܿଵ, which is very close to our 
rough theoretical estimation [IV] of the mean effective phase velocity difference 
for two neighboring multimode fiber modes, ∆ܿ ≈ 3.5 ∙ 10ିସܿଵ. On the other 
hand, for the metal-coated tip region this value can be evaluated as: ܿଷ − ܿଵ ≈−0.021(13)ܿଵ. In principle the situation is analogous to the one observed for 
(probably) different pair of modes with our 200 nm SNOM tip, as described in 
chapter 5.3.1. Assuming again that in the metal-coated tip one of the two modes 
virtually transforms into a surface plasmon mode, we can once again apply Eq. 
(2.8), obtaining: 
 ௖భ௖య − 1 ≈ ߙ ௡೏మఠమଶఠ೛మ 	 (5.3)	
 
For the central wavelength of 700 nm (ℏ߱ ≈ 1.77 eV) we obtain the following 
theoretical estimation: ܿଷ − ܿଵ ≈  ଵ. We see that also in this case ourܿߙ0.016−
experimental evaluation ܿଷ − ܿଵ ≈ −0.021(13)ܿଵ is well compatible with the 
theoretical estimation, although having too high uncertainty for evaluation of 
the α factor in Eq. (5.3). 

In conclusion to section 5.3., two independent series of experiments with 
two different SNOM tips with Cr/Al coating gave us quite compatible results. 
Multimode fibers terminated by these two SNOM tips have been studied in a 
two-mode regime using our proposed MSM-based experimental technique, 
which allows the evaluation of OPD generated in a short metal-coated tapered 
tip region and of corresponding intermodal dispersion. Our experimental results 
demonstrate that this intermodal dispersion can significantly differ from such in 
the multimode fiber tails and can be attributed to the mode-selective coupling of 
photons to surface plasmon polaritons. By absolute value, the intermodal 
dispersion in a SNOM tip exceeds significantly the one in a fiber tail, yet they 
have opposite signs. This effect can be explained by assuming that one of the 
two modes, which has stronger coupling to surface plasmons and thus lower 
phase velocity in the SNOM tip, has also higher phase velocity in an ordinary 
non-coated fiber. Further research is needed to determine the possible role of 
thin 20 nm Cr layer of the metal coating in the plasmonic effects observed. 
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6. MAIN ARGUMENTS PROPOSED 
 
1. A novel nano-sized island-like diamond film with silicon vacancy (SiV) 

centers, which was grown by microwave plasma CVD on Si substrate, has 
been characterized by scanning electron microscopy, micro-Raman and 
photoluminescence spectroscopies. The spatial localization of SiV photo-
luminescent centers is found to be non-uniform, with their density in 
photoemitting regions exceeding one center per μm2. Determined are the 
interfering factors, which hinder the registration of a single SiV center 
emission in thin CVD nano-diamond films.  

2. Raman and photoluminescence studies of explosion-produced nanodiamond 
powder have revealed a significant fraction of over 30 nm sized nano-
crystallites featuring nitrogen-vacancy (NV) emission. This technique can 
be considered for production of optical nanodiamond markers with emitting 
(single) NV centers.  

3. The effect of a tapered metal-coated optical fiber terminated by a sub-
wavelength aperture (a “SNOM tip”) on the spectrum of the transmitted 
light has been investigated. Experimentally demonstrated is a mesoscopic 
effect of spectral modulation (MSM), which occurs due to the mode-
filtering ability of a SNOM tip and to the interference of two transmitted 
photonic modes. The period of the regular modulation that can be observed 
in the output spectrum is directly related to the optical path difference 
(OPD) for the two modes, depending linearly on the multimode fiber length 
due to its inherent modal dispersion.  

4. Proposed and realized has been an MSM-based experimental technique, 
which yields intermodal dispersion values separately for the fiber and for 
the SNOM tip and assumes conducting a series of spectral measurements to 
determine the detailed law of fiber length dependence of OPD.  

5. Measurement series performed for multimode fibers terminated by two 
different SNOM tips with Cr/Al coating have revealed a significant modal 
dispersion in a SNOM tip, which is of opposite sign and of higher absolute 
value compared to that of the bare fiber. This effect is attributed to a mode-
selective photon-plasmon coupling, offering a novel method for detection of 
surface plasmon polaritons generated at a metal-dielectric interface of a 
SNOM tip.   
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 SUMMARY IN ESTONIAN 
 

Eksperimentaalne nanofotoonika: üksikfootonite allikatega ja 
nanofiibritega seonduvad uuringud 

Käesoleva töö eesmärgiks oli eksperimentaalselt panustada aktuaalsetesse üksi-
kute kiirgustsentrite ja nanofiibritega seotud teadusuuringutesse. Selle eesmärgi 
teostamise nimel on autori poolt kokku pandud mitu eksperimendiseadet ja 
nende abil läbi viidud mitmed erinevad uuringud. Publitseeritud nanofotoonika-
alaste tööde põhitulemused on järgmised: 
 
1. Uudne, mikrolaine plasma abil CVD meetodil Si alusele kasvatatud, nano-

mõõdus saarekestest koosnev ja ränivakants (SiV) tsentreid sisaldav 
teemantkile on uuritud ja karakteriseeritud skaneeriva elektronmikro-
skoopia, micro-Raman ja fotoluminestsents spektroskoopia abil. On leitud 
et SiV kiirgustsentrite ruumiline jaotus on ebaühtlane, kusjuures tsentrite 
kontsentratsioon ületab kiirgavates piirkondades 1/μm2.  

2. Plahvatusliku päritolu detonatsioonilise nanoteemant-pulbri uuringud 
Raman- ja fotoluminestsentsspektroskoopia meetoditega aitasid tuvastada 
olulist fraktsiooni nanokristalliitide suurusega üle 30 nm, kust on registree-
ritud lämmastikvakants (NV) tsentrite kiirgust. See tehnoloogia võib sobida 
kiirgavate NV tsentritega optiliste nanoteemant-markerite tootmiseks.  

3. Uuritud on optilise fiibri sub-lambda väljundavaga “SNOM teraviku“ 
(külgedelt metallikihiga kaetud kooniliselt kitseneva kvartssüdamiku osa) 
mõju läbilastud valguse spektrile. On eksperimentaalselt demonstreeritud 
mesoskoopiline spektraalmodulatsiooni (MSM) efekt, mis tekib tänu 
SNOM otsiku võimele selekteerida optilises fiibris levivaid fotoonseid 
moode ja kahe läbilastud moodi interferentsile. Väljundspektris nähtava 
regulaarse modulatsiooni periood on otseselt seotud nende kahe moodi 
optiliste teepikkuste erinevusega (OTE), lineaarselt sõltudes fiibri pikkusest 
sellele omase mooddispersiooni tõttu.  

4. Eraldi fiibris ja SNOM otsikus mooddispersiooni määramiseks on välja 
pakutud ja realiseeritud MSM efektil põhinev eksperimentaalmetoodika, 
mis eeldab spektraalmõõtmiste seeria läbiviimist leidmaks OTE detailsemat 
sõltuvust fiibri pikkusest.  

5. Kahe erineva SNOM teravikuga fiibritel läbi viidud mõõtmisseeriad lubasid 
mõlemal juhul tuvastada Cr/Al metallkattega teravikus mooddispersioon, 
mis on vastupidise märgiga ja suurema absoluutväärtusega võrreldes 
katmata fiibriga. See efekt on seletatav footonite mood-selektiivse interakt-
siooniga pinnaplasmonitega, pakkudes uudset metoodikat SNOM teraviku 
metall-dielektrik piirpinnal genereeritavate pinnaplasmon-polaritonide 
detekteerimiseks. 
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 SUMMARY 
 

Experimental nanophotonics:  
single-photon sources- and nanofiber-related studies 

The aim of this work was to contribute experimentally to the basic research in 
topical fields of single emitter centers and nanofibers. For this purpose several 
experimental setups have been designed, built and used by the author to perform 
several different studies. The main published results are: 
 
1. A novel nano-sized island-like diamond film with silicon vacancy (SiV) 

centers, which was grown by microwave plasma CVD on Si substrate, has 
been characterized by scanning electron microscopy, micro-Raman and 
photoluminescence spectroscopies. The spatial localization of SiV photo-
luminescent centers is found to be non-uniform, with their density in 
photoemitting regions exceeding one center per μm2. 

2. Raman and photoluminescence studies of explosion-produced detonation 
nanodiamond (DND) powder have revealed a significant fraction of over 30 
nm sized nanocrystallites featuring well-pronounced nitrogen-vacancy (NV) 
emission. This technique can be considered for production of optical nano-
diamond markers with emitting NV centers.  

3. The effect of a tapered metal-coated optical fiber terminated by a sub-
wavelength aperture (a “SNOM tip”) on the spectrum of the transmitted 
light has been investigated. Experimentally demonstrated is a mesoscopic 
effect of spectral modulation (MSM), which occurs due to the mode-
filtering ability of a SNOM tip and to the interference of two transmitted 
photonic modes. The period of the regular modulation that can be observed 
in the output spectrum is directly related to the optical path difference 
(OPD) for the two modes, depending linearly on the multimode fiber length 
due to its inherent modal dispersion. 

4. Proposed and realized has been an MSM-based experimental technique, 
which yields intermodal dispersion values separately for the fiber and for 
the SNOM tip and assumes conducting a series of spectral measurements to 
determine the detailed law of fiber length dependence of OPD.  

5. Measurement series performed for multimode fibers terminated by two 
different SNOM tips with Cr/Al coating have revealed a significant modal 
dispersion in a SNOM tip, which is of opposite sign and of higher absolute 
value compared to that of the bare fiber. This effect is attributed to a mode-
selective photon-plasmon coupling, offering a novel method for detection of 
surface plasmon polaritons generated at a metal-dielectric interface of a 
SNOM tip. 
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EXTRAS 
 

 
 

Figure 30: A photo of our vibration-stabilized optical table with an optical setup under 
construction [67], illustrating some practical design principles used. HBTI designates a 
Hanbury Brown and Twiss interferometer assembly. 
 

 
Figure 31: An example of second order correlation function obtained for a single NV 
defect center in diamond using a setup sketched in Fig. 8. Details available in Ref. [68]. 
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Figure 32: Microscopic image of our 200 nm bent-type SNOM tip with Cr/Al coating. 
The tip is bent towards the viewer; green laser light can be observed exiting the output 
aperture. [67] 
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