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A few years ago single molecule Fluorescence Resonance Energy Transfer Scanning 

Near-Field Optical Microscope (FRET SNOM) images were demonstrated using 

CdSe semiconductor nanocrystal – dye molecule as donor-acceptor pair. 

Corresponding experiments reveal the necessity to exploit much more photostable 

fluorescent centers for such imaging technique could become a practically used tool. 

Here we report the results of our experiments attempted to use for FRET SNOM 

nitrogen vacancy (NV) color centers in nanodiamond (ND) crystals which are 

claimed to be extremely photostable. All attempts were unsuccessful, and as a 

plausible explanation we propose the absence (instability) of NV centers lying close 

enough to the ND border. We also report improvements in SNOM construction that 

are necessary for single molecule FRET SNOM imaging. In particular, we present 

the first topographical images of single strand DNA molecules obtained with fiber-

based SNOM. Prospects of the use of rare earth ions in crystals, which are known to 

be extremely photostable, for single molecule FRET SNOM at room temperature 

and quantum informatics at liquid helium temperatures, where FRET is a coherent 

process, are also discussed.   
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1. Introduction 
Fluorescence Resonance Energy Transfer Scanning Near-field Optical 

Microscopy (FRET SNOM), which idea is illustrated in Fig. 1, consists in a 

division of a donor – acceptor FRET pair between a SNOM tip and a sample
1,2

. If 

donor fluorescent centers of the imaging tip are excited and the fluorescence of the 

acceptor centers of the sample is monitored (or vice versa) when the tip is scanning 

along the sample surface, the spatial resolution is governed not by the aperture size 

of the microscope but by the value of a characteristic FRET (Förster) radius R0. The 

latter for typical donor – acceptor pairs ranges 3 – 7 nm
3-5

 and thus the spatial 

resolution of SNOM can be ten times improved without the loss of sensitivity: the 

resolution of a “standard” aperture SNOM is governed by an aperture size which 

can not be made essentially smaller than 50 nm due to the very rapid decrease of 

the light transmission through the tip when aperture is decreasing
6-8

. 

To achieve the subtip spatial resolution with this method, we do not need to 

work with its single molecule version: only a (partly filled) cylinder with the radius  

02RRr =  contributes to the signal
2
, see Fig. 1, left. Here R is a radius of the 

curvature of a SNOM probe apex which is typically equal to 50-100 nm, and 

usually exactly this radius determines the spatial resolution. It is easy to see that 

r<<R.  

Immediately after an idea of the method has been proposed
1
, the 

corresponding experiments started and nanolocal FRET SNOM measurements and 

FRET SNOM images have been reported by a number of research groups using 

such fluorescent centers as dye molecules
9-12

, semiconductor nanocrystals
13-15

 and 

F-aggregated color centers in LiF crystals
16
. Finally, in 2008 these efforts lead to 

observation of single molecule FRET SNOM images in an experiment where 4.8-

4.9 nm CdSe nanocrystals (this is a core diameter; the core was covered with a 

protective 1-2 nm thick ZnS layer) deposited onto a glass slide surface were used as 

donors and Alexa Fluor 594 dye molecules (Molecular Probes, Oregon, USA) 

contained inside thin PMMA coating over SNOM tip apex were used as acceptors
17
.   

However, the results reported in Ref.
17
 remain isolated and did not lead to the 

real appearance of single molecule FRET SNOM imaging method. We still prefer 

to characterize the current situation as “towards single molecule FRET SNOM”, and 

the reason for this is the limiting photostability of dye molecules and semiconductor 

nanocrystals used for imaging. (Our FRET SNOM researches involving CdSe 

nanocrystals do not confirm that their photostability is much larger than that of 

rhodamine dyes contrary to what is often stated). For typical optical absorption 

cross section of a single fluorescent centre 21610 cm−≅σ , photon energy 

Jh 19103 −⋅≅ν  and near-field illumination intensity 23 /10 cmWI ≅ , the photostability 

(a good one) of 710≅phstN cycles determines the time of life of a center equal to 

s
I

hN
t

phst
30≅=

σ

ν
. In practice, this means that a special construction of microscope 

enabling quite fast scanning should be exploited, and extreme precautions to avoid 
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the premature killing of acting single FRET centre by light (such as opening of light 

source only after the scanning already started, etc.) should be taken to observe 

single molecule FRET SNOM images; and despite all this, such an observation still 

requires certain luck. 

                              

                                                          

                 

                                                 
 

 

Fig. 1. Left (reproduced from Ref.
22
, with permission) (a) Illustrating an idea of 

FRET SNOM approach, single fluorescent centre case. Preparation of non-

local entangled Greenberger-Horn-Zeilinger three-particle state (b; distances 

between donor and acceptor centres are changed in a controllable fashion to 

ensure desirable partial excitation transfer from donor to acceptor, we name 

this π/3 and π/2-pulses) and CCCNOT operator (c; donor is initially excited 

and remains excited if and only if the acceptors were initially excited by 

resonant light π-pulses) for the case of coherent FRET is shown. Right: 

Illustrating the spatial resolution of FRET SNOM working at many molecules 

level (up); single molecule FRET SNOM image obtained for CdSe nanocrystal 

– dye molecule donor acceptor pair (below, reproduced from Ref.
17
, with 

permission). 

 

 

 

 

 _______ 

   50 nm 

_______

   50 nm
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The situation would change dramatically provided much (say, two orders of 

magnitude) more photostable fluorescent centres are used. Naturally, this suggests 

to attempt famous nitrogen vacancy (NV) defect centres in nanodiamond (ND) 

crystals, claimed to be extremely photostable
18-21

, in FRET SNOM imaging, and 

such researches do started not only in our group but also elsewhere. Still, to the best 

of our knowledge, this activity did not result in obtaining of single molecule FRET 

SNOM images. The apparent reasons for this and possible further steps are 

discussed in our paper together with necessary improvements of scanning near-field 

microscope made specially to achieve this aim. In particular, we present what we 

believe is the first and still unique observation of topographical images of single 

strand DNA molecules with an optical fibre-based SNOM device. 

Other extremely photostable fluorescent centres are rare-earth ions in crystals, 

and they naturally should be considered as perspective for FRET SNOM as well. 

Exploitation of rare earth ions in crystals looks interesting also from the viewpoint 

of quantum computing applications of FRET SNOM
22
. In the case of liquid helium 

temperatures, for numerous optical transitions of rare-earth ions in crystals 

decoherence (dephasing) time becomes quite comparable with the radiative decay 

time
23-26

. In some cases it can attain the value of a few milliseconds while 

microsecond decoherence times are a widespread phenomenon. At such conditions, 

FRET is a coherent process and the quantum dynamics of the system is well 

approximated by a standard dynamics of a two-level quantum system: the excitation 

energy flows back and forth between donor and acceptor, and for typical cases the 

period of this energy exchange is equal to the radiative decay time when the donor – 

acceptor distance is around 20 nm. Hence all the parameters required (a few 

nanometers precision of the tip – sample motion at the time scale of a few 

microseconds, liquid helium temperatures) are quite feasible with modern Scanning 

Probe Microscopy (SPM) technique
22
, and different protocols how to perform basic 

quantum computing operations (some of them are illustrated in Fig. 1) can be 

proposed.  

The prospects of use of rare-earth ions in crystals for both incoherent and 

coherent FRET SNOM will be briefly discussed in the last section of the paper. 

 

2. SNOM device: fast scanning and ultralow acting forces 

The Scanning Near Field Optical Microscope used in our researches has been 

discussed earlier
27
 so here we only rather briefly characterize its peculiarities 

important for single molecule FRET SNOM imaging. This microscope is capable of 

fast scanning necessary to (partly) overcome the severe photostability problem. The 

main tool to achieve this is the use of an original “double resonance principle”: 

working frequency of the tuning fork (which is close to 32 756 Hz) coincides with 

the second resonant frequency of lateral dithering of a free-standing part of the fiber 

beam
28
. The use of proprietary low noise, precise and fast electronics measuring the 

resonance frequency fres and Q-factor of a tuning fork
27
, earlier designed to be 
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exploited essentially with the sensors “tuning fork and AFM cantilever glued upon 

it”
29
 is also important. The double resonant montage, which requires careful control 

of the length of the free standing part of the fiber beam and of the position of a thin 

(40 micron-thick) glass rod connecting the fiber probe with one of the tuning fork’s 

prongs, as well as careful assembling (gluing) of all parts, enables to routinely 

achieve the quality factor of the sensor ranging 3500 – 5500, and its exploitation 

results in the force sensitivity as small as 30 pN in a bandwidth of 300 Hz. This 

large force sensitivity enabled to image double strand DNA molecules using both 

glass and plastic
30
 fiber-made SNOM probes.  

Even better performance of the microscope was achieved using electronics of 

Nanonis GmbH, Zürich, Switzerland, specially jointly adapted by our Laboratory 

and the Company to work with SNOM exploiting high Q-factor probes. Probes 

were oscillated at (or close to) the resonance frequency with a 1-5 mVrms sinusoidal 

voltage applied to the tuning fork's electrodes which caused a current of the order of 

20 nArms. The current is amplified by a current-voltage preamplifier (Nanonis 

TFPA-3) with a gain of 1 V/µA corresponding to a trans-impedance of 1 MΩ. The 

bandpass ranges from DC to 150 kHz, and the noise level in the 10 Hz to 1 MHz 

window was smaller than 0.27 mV. Different glass fiber-made SNOM probes, 

including those commercially available from KDP company, Moscow, Russia, 

aperture probes modified in Scanning Electron Microscope vacuum chamber to 

grow ultrasharp whiskers onto their apex
31
, or home-etched in HF solution 

following the tube-etching approach
32,33

 probes,  were used.  

In Fig. 2 we present what we believe are the first and unique topographical 

images of single strand DNA molecules obtained using fiber-based SNOM 

technique. DNA sample preparation was the same as discussed earlier
34
. Very 

briefly, double strand linear DNA sample (Fermentas, Lambda Mix Marker 19) was 

diluted to the concentration of 1 µg/ml in a 1 mM TRIS buffer solution at pH=7.8. 

The single-strand DNA was prepared by heating up the linear DNA solution at 

60°C for 1 minute, after what the 10 µl aliquot of the DNA solution was deposited 

onto mica modified by 3-aminopropyltriethoxysilane (APTES; AP-mica), 

incubated for 60 seconds, rinsed with 500 µl of nanopure water and gently dried. 

AP-mica was prepared by treating a freshly cleaved mica surface with a solution of 

0.05% APTES in water for 1 minute, rinsed thoroughly with nanopure UHQ water 

(USF Elga, High Wycombe, England) and dried with dry air. 

Another important for the applications at question characteristic of the 

Microscope is its capability of time-gated detection of the optical signal using 

either an external TTL pulse triggering a light source (laser) and then, with an 

appropriate delay regulated by SNOM electronics, also the photon detector. 

Alternatively, SNOM electronics itself generates a TTL pulse to trigger an external 

laser source and (again, with an appropriate delay) photon detector. In both cases, 

delay times can be regulated in a broad range with a quantum of 25 ns. This option 

was proved to be useful for imaging fluorescent nanospheres using 10 – 100 µs-
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duration light pulses obtained exploiting an acousto-optical modulator with cw 

Nd:YAG laser at 532 nm
27
, and afterwards also with a nanosecond (<2 ns duration) 

pulsed Nd:YAG laser at 532 nm.  

 

 

Fig. 2. Topographical images of DNA molecules deposited onto APTES-

modified mica surface (see text for details) obtained with SNOM. Single strand 

parts of DNA are highlighted with red circles. 

 

The following consideration is at place here. This is known and broadly accepted 

in the area of near field optics (and fully corresponds to our own experience) that, 

when working with cw laser, light intensity at the subwavelength-size aperture of 

SNOM probe cannot exceed the value around 23 /10 cmWI ≅ , and this corresponds 

to the laser power of ca. 0.5 – 3 mW at the entrance of the probe made of single-

mode glass fiber. For larger values, the probe can be easily damaged and burned by 

light. Correspondingly, when measuring the signal caused by single fluorescent 

center, we can have around  

43 10103 −⋅≅=
ν
σ

η
h

I
n                                                       (1) 

photocounts per second. Here η  is an overall efficiency coefficient which includes 

all factors such as fluorescence quantum yield, photon collection- and detector 

efficiencies; above it is taken ranging 0.01-0.03 (a good value indeed) while all 

other parameters are the same as were used in Introduction. This value is one-two 

orders of magnitude larger than a typical dark noise level of single photon detector, 

but experimentally it is quite difficult to diminish the parasitic noise signal, caused 

essentially by unavoidable stray light, already to this value, not to mention to 

sufficiently lower one.  

      Let us see what changes if pulsed laser excitation is used instead of a 

continuous one. For such case, one still should use the same average value of the 
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total laser energy passing through the fibre during 1 second, and consequently the 

same average value of intensity I, to avoid fibre damage: this damage is essentially 

a thermal effect (we have checked up this circumstance with microsecond
27
 and 

afterwards also nanosecond laser pulses; the damage threshold do depends only on 

the total power introduced into the SNOM probe). However, now the gated 

detection drastically decreases both dark detector- and (a part of) stray light-related 

noise levels. Earlier
27
 we have considered the situation when the laser pulse 

duration tp is much larger than the single fluorescent center radiative decay time tfl. 

Then for the laser pulse repetition rate F and gate duration T this decrease is equal 

to (FT)
-1
 while the overall signal level is unchanged, and this has been 

demonstrated experimentally. If, however, as it takes place now, flp tt < , the total 

effect is smaller because the decrease of noise level is partly “compensated” by the 

decrease of the signal. The number of optical absorption events per second is 

ν
σ

τ
h

I
N == /1 , and it is clear that using pulsed laser with the same average intensity 

I and pulse repetition rate F, if F<N, one saturates an optical absorption of the 

fluorescence center during a single pulse. However, for single emitting centre the 

signal level now is just Fη hence the increase of signal to noise ratio is given by 

pt/τ . For T=25 ns and other parameters given above we still have an improvement 

of two orders of magnitude.  

Of course, this gating cannot diminish the noise coming from “not fully 

suppressed laser light itself” and caused by it very fast parasitic fluorescence “of 

everything”, but note that now we need not any more so strong light intensity: this 

is useless to oversaturate the transition during single pulse, it just needs to be 

saturated. This decrease of laser power leads to the corresponding decrease of the 

noise directly caused by excitation light. Certainly, a decrease of the signal level 

paid for the improvement of signal to noise ratio necessitates slower scanning 

during the imaging. 

    

3. Single Molecule FRET SNOM: room temperature case 
3.1. From CdSe nanocrystals to colour centres in nanodiamond crystals 

In Introductory Section we have already briefly discussed the first single 

molecule FRET SNOM images, their limitations and motivation to use 

ultraphotostable NV color centers in nanodiamond crystals. Indeed, these same 

color centers were considered as prospective from the very beginning of FRET 

SNOM research
1
, while their first use in SNOM area (as local fluorescence source) 

goes back to 2000
35
. The same motivation promotes the use (or attempts to use) of 

diamond NV fluorescent centers in many other areas. As an example, let us only 

underline their rather successful application in Stimulation Emission Depletion 

Microscopy field
36,37

 where exactly this same photostability problem defines the 

ultimate spatial resolution achievable.  

Photophysics of NV color centers is still not fully understood and remains 
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debated. Especially, this is valid when details concerning the charge states NV
0
 and 

NV
-
 of nitrogen vacancy and their inter-transformations (either spontaneous or 

specially induced) are considered. Nowadays, this is almost exclusively NV
-
 state 

which is exploited, but it is worthwhile to note that NV
0
 state also was discussed as 

a very prospective candidate for quantum informatics – related applications
38
. 

However, FRET SNOM imaging at room temperature does not involve any 

coherent and spin properties of the emitting center, hence from the very beginning 

we decided not to target certain particular charge state but to search for imaging 

caused by either NV
0
 (luminescence band essentially in 570-700 nm spectral range) 

or NV
-
 (620 – 750 nm) states. Indeed, detailed time-resolved  experiments with 

single NV centers show the photo-switching from neutral to negatively charged 

state of NV as well as reverse photochromic transformation with the time constant 

ranging 0.3 – 3.6 microseconds (2.1 µs in average) under dark conditions
39
; earlier, 

photochromism has been shown for bulk samples
40
. There are no two different 

types of defects but “both fluorescence bands originate from the same defect” and 

“continuous switching between two charge states exists”
39
. The laser ionization of 

nitrogen donors present in the vicinity of the NV defect is a plausible mechanism of 

NV
0
 to NV

-
 conversion, and this means that such a process should be strongly 

dependent on the concrete properties of colored ND and laser illumination 

conditions. In a sense, NV
0
 state should be considered as a “main” one which is 

initially present (and consequently, its luminescence should be “always” observed) 

while NV
-
 state should first be created by the irradiation itself so that its 

observation may be not guaranteed at all.  

Following this paradigm, different laser dye molecules (oxazine 1, oxazine 750, 

Rhodamine 800)
41
 were systematically tried in our experiments as potential 

acceptors for either NV
0
 or NV

-
 donors. This circumstance makes mostly irrelevant 

still much debated question to what extent the neutral charge state is preferable at 

small (a few nanometers) distances from the ND particle surface and to what extent 

(if any) the NV
-
/NV

0
 concentration ratio can be influenced by surface modification 

or other means
42-46

.  

Two different sources of bright colored nanodiamond crystals were used in our 

experiments. The first were solutions (for simplicity, here and below we use the 

word “solution” to describe ND particles water-based suspensions) and powders of 

nanodiamond crystals purchased from Microdiamant AG, Lengwill, Switzerland, 

with the average size of 25 nm or 50 nm and the communicated concentration of the 

nitrogen vacancies around 25 - 100 p. p. m.  

To color them, the powder of these diamonds (25 nm-size) has been introduced 

into specially prepared “flat” envelopes made from thin 50 micron-thick Al foil and 

irradiated by 2.4 MeV-energy electron beam in the accelerator ILU-6 (average 

current 2 – 3 mA) of the Institute of Nuclear Physics Siberian Branch of Russian 

Academy of Sciences, Novosibirsk, Russia. The total dose of the irradiation was set 

to be equal to 218 /101 cme−⋅  (for one half of the sample) and 218 /102 cme−⋅  (another 
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half). Afterwards, the irradiated diamond dust has been thermally annealed in 

technical vacuum (around 1 mTor) at the temperature of 750 – 800 
0
C during two 

hours. No further treatment aiming to remove graphite layers possibly covering the 

as-irradiated nanodiamonds
37,47

 was undertaken. This procedure is more or less 

similar to those suggested in many other papers starting from the classic Davis and 

Hamer paper
48
. It was reported that for 217 /103 cme−⋅  and 1.5 MeV dose and energy 

of electron beam, roughly 1 NV center in a 30 nm - diameter sphere has been 

created
49,50

 thus we anticipated somewhat similar results for our case. 

Second sample of fluorescent nanodiamonds were commercially available 

coloured nanodiamonds in solution obtained from L. M. Van Moppes & Sons SA, 

Geneva, Switzerland, (average size of 65 nm, concentration of NV colour centres 

was not communicated), and Adamas Nanotechnologies, Inc., Raleigh, NC, USA, 

Companies. For the latter, the content of in average 1 - 4 NV fluorescent centres in 

one 40 nm-size nanodiamond particle has been indicated. 

In Fig. 3 we present fluorescent spectra of water solution of 40 nm-diameter 

nanodiamonds obtained for different excitation wavelengths (results for other 

solutions of fluorescent ND were similar with appropriate scaling). The first 

conclusion from these data is the very strong presence of all possible types of light 

“scattering” in the recorded signal. (We use this word as a generic term to describe 

any type of observed signal which is not NV fluorescence band(s); we did not 

perform detailed studies to trace out its origin deeming this irrelevant for our 

purposes to construct FRET SNOM. Unfortunately, existence and importance of 

this type of optical signal are almost never reported in the literature). The second 

conclusion is the strong dependence of the efficiency of the excitation of NV 

fluorescence band, lying in the region of 580 – 700 nm, on the excitation 

wavelength.  

Direct comparison of the fluorescent signal obtained from a solution of colored 

40 nm-diameter ND with that of Sulphorhodamine B water solution
41
 excited in the 

spectral range 530 – 570 nm, accepting for both the same quantum yield and optical 

absorption cross-section of 217103 cm−⋅  at maximum for NV centers
51
 (the latter is 

equal to 217106 cm−⋅  for dye molecules at the wavelength of 532 nm
41
), leads to the 

estimation of the average number of NV centers in one ND particle as 0.4-0.8 thus 

being indeed not too far from the data communicated by the producer. Similar 

estimations give for 25 nm-diameter ND colored in Novosibirsk the value around 

0.2 – 0.4.  

From the recorded graphs, the very appearance of NV fluorescence band 

(apparently, this is NV
0
 band) was unambiguously attested only in the spectral 

range of excitation from roughly 540 to roughly 610 nm; for shorter wavelengths 

the excitation is much less effective, and it is strongly obscured by “light scattering 

signal”. Still NV luminescence is definitely excited by nanosecond pulsed 532 nm 

laser, as was attested by observation of fluorescence kinetics with the time of life 

equal to ca. 12 ns thus quite comparable with the literature data
18-21

 (Time 

Correlated Single Photon Counting module PicoHarp 300, PicoQuant, Berlin, 
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Germany, was used); similar kinetics have been observed for ND samples in 

solution, in thin polymer films and in thin layers of polymer deposited onto an 

aperture SNOM tip apex; see below. The efficiency of excitation of NV-centers 

fluorescence by pulsed ns 532 nm laser (as well as by cw 514 nm laser) is difficult 

to estimate. Our data suggest for the corresponding cross section the value 

something like one order of magnitude smaller than at maximum, i.e. around 
218103 cm−⋅ . (Note the value 217101 cm−⋅  reported for optical excitation cross section 

at this wavelength in Ref.
48
). 

 

 
Fig. 3. Optical signal recorded at different excitation wavelengths for 5 µg/ml 

water-based suspensions of colored 40 nm-size nanodiamond particles. Known NV
0
 

luminescence band (590 – 700 nm) is seen when excited in the spectral range 540 – 

630 nm and not seen when excited at shorter wavelengths, see the insert. Spectra are 

recorded by Jasco FP-8500 spectrofluorimeter (Easton, MD, USA) with a detector 

sensitive in 200 – 750 nm spectral range which may obscure observation of the red 

part of NV centers fluorescence. 

 

For FRET SNOM experiments, the distance between donor and acceptor should 

be smaller than the Förster radius R0. This adds one more constrain which from the 

first glance does not look too restrictive: for a spherical particle of radius R, only 

those color centers which lie at the distances larger than R-r with r<R0 from the 

center, can contribute. For R=12.5 nm and r=3 nm this signifies that more than one 

half of all NV centers, provided they are evenly distributed inside a nanocrystal, 
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can deliver. 

In brief, the numbers given above show that the task to realize single molecule 

FRET SNOM with NV color centers in nanodiamonds available for us is certainly 

demanding but could be realizable if one will work hard enough. During last five 

years, we regularly prepared FRET-active SNOM probes containing colored 

nanodiamond particles by dipping a sharp aperture SNOM fiber probe into a 

solution (acetone, chloroform, ethanol, DMSO) containing certain polymer 

(PMMA, chitosan, PDMS) at different concentrations and fluorescent ND with 

different sizes and NV centers concentrations, and extracting them (using different 

fashions to do so) from these solutions. After solvent evaporation, one has at hand 

an aperture SNOM probe which is covered by thin polymer layer with ND particles; 

the presence of the latter has been confirmed by fluorescent and kinetic 

measurements as well as by Scanning Electron Microscopy images. Examples of 

such FRET active probes are presented in Fig. 4. Earlier we prepared similar probes 

with dye molecules
12
 and CdSe semiconductor nanocrystals

13
 (we coined a name 

“self-sharpening pencil probe” for them), and this is exactly their exploitation 

which finally leads to obtaining of single molecule FRET SNOM images
17
, while 

recording of such images at the level of tens and hundreds of molecules involved 

was almost routine.  

 

      
 

Fig. 4. Scanning Electron Microscopy images of SNOM probe surface 

covered with thin chitosan layer with fluorescent 40 nm-size nanodiamonds. In the 

right image, the obtaining of isolated individual ND particles with this approach is 

illustrated. 

 

Nevertheless, despite all these efforts, we were unable to see FRET SNOM 

images with such probes and differently deposited layers of Oxazine 1, Oxazine 750 

and Rhodamine 800 dyes
41
 (calculated Förster radii range 4 – 6 nm) even at the 

aforementioned “many molecules” level. These experiments were performed 

exploiting excitation by nanosecond pulsed 532 nm laser and cw argon ion laser 

line at 514 nm; in all cases the necessary Kaiser Optical Systems (Ann Arbor, MI, 

USA) notch filter and appropriate set of long pass optical filters were exploited. 
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These probes were successfully used as local fluorescent probes, cf. Ref.
52
. What 

can be an explanation for this failure? Of course, due to the quite demanding 

character of the task, we cannot exclude that we simply did not work hard enough 

or were unlucky: it might happen that indeed no one probe prepared by us contains 

NV centers “correctly oriented” (close to that part of ND which touches the sample 

rather than an opposite part), or like. However, this does not seem too plausible for 

us, and as of today we are inclined to suggest the following explanation. 

Recently, certain evidences appeared that nitrogen vacancies may be unstable if 

too close to the nanodiamond crystal surface. In particular, there is a theoretical 

prediction that NV centers are thermodynamically unstable in nanodiamonds less 

than 2 nm in size
53
. Further, strong blinking was detected for ND particles 5 nm in 

diameter
54
, permanent bleaching of a material fraction of NV centers engineered 2-5 

nm beneath the F-terminated diamond surface was reported
44
, and so forth. In our 

opinion, this might be quite possible that for the distances of the order of 3 or so 

nanometers from the surface, NV centers might be unstable, or, more probable, 

have quite limiting time of life, possibly dependent on irradiation conditions (i.e. 

they might be subject to strong enough photobleaching). This suggestion would 

explain all our experimental observations; however, let us repeat again, at present 

we are not ready to claim that this is the only one possible explanation so that it is 

impossible to realize single FRET SNOM  with NV centers in nanodiamonds. 

To conclude this Section of the paper, we would like to make the following 

remarks. FRET observation between single approximately 20-nm size ND and 

infrared IRdye-800CW (the calculated Förster radius is equal to 5.6 nm) has been 

reported
55
. An analysis of this paper shows that here the fluorescent center is 

located somewhere close to the nanocrystal center, and large number of dye 

molecules, attached to the surface of this particle, are responsible for an observed 

FRET. Thus this is more a confirmation rather than rebuttal of our suggestion.  

In this research, the authors used ND colored by 40 keV He
+
 ion irradiation

56
. It 

is, of course, clear that much more bright particles can be obtained in such a way, 

and we not once attempted to produce such bright sources. For this, we started from 

liquid solution of 50 nm diamond particles in water with initial concentration of 
1012 107107 ⋅−⋅  particles/ml prepared by dissolving initial water (with some additives 

to prevent coagulation) solutions obtained from Microdiamant AG, Lengwill, 

Switzerland. 10 µl droplet of a solution was deposited onto a thin quartz plate, 

spread over the surface around 0.5 cm
2
 and dried in air, afterwards these plates were 

immediately irradiated with He
+
 ion beam, either of energy 1 MeV and dose 

215 /103 cmion⋅  in van der Graaf generator of Sevchenko Institute of Applied Physics 

Problems Belorussian State University, Minsk, Belarus; or of energy 130 keV, 500 

keV or 1.7 MeV and typical dose 10
15
 ions/cm

2
 in tandetrone accelerator of Indira 

Gandhi Center for Atomic Research, Kalpakkam, India. (Proton irradiation with 

energy of 1 MeV and similar doses also was attempted in India). After a few days 

these quartz plates were annealed in technical vacuum at 800
0 
C during two hours. 

Based on data reported in Ref.
56
 and other available data concerning defect 
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production in dielectrics by high energy ions, we estimated that in these conditions 

we should be close to the saturation, i.e. the most part of nitrogen vacancies could 

be transformed into fluorescent centers. These samples were indeed very bright, and 

single fluorescent nanodiamond crystals and/or clusters of ND particles “glued” 

together were easily seen in our SNOM when excited by 514 nm line of cw argon 

ion laser in transmission mode, see Fig. 5. Appropriate Kaiser Optical Systems 

(Ann Arbor, MI, USA) notch filter and a set of color filters cutting fluorescence 

shorter that 590 nm have been used during signal detection. Unfortunately, all 

attempts to “lift off” bright nanocrystal(s) from the quartz sample by “approach – 

(gentle) pressure – contraction” cycle
52,57

 using bare or modified (for example, 

coated with thin poly-l-lysine layer) SNOM tip to prepare an active FRET SNOM 

tip grafted with ND crystal, failed. Attempts to observe FRET SNOM images with 

these samples using “self-sharpening pencil” aperture SNOM probes coated with 

thin layers of the aforementioned appropriate dyes
12
 also were unsuccessful.  

Second, besides NV centers in ND, other types of defects are now considered to 

be used in quantum informatics and could be prospective for FRET SNOM. 

Diamond contains more than 500 types of defect centers, and some of them look 

quite suitable, probably even more suitable than NV centres, for the task at hand. 

Analysis of the literature shows that, for example, chromium-related color centers, 

which possess narrow fluorescent line around 750 nm and for which the very large 

quantum efficiency was reported
58
 look quite interesting. Similarly, Si-related color 

centers (narrow fluorescence line around 740 nm) look interesting as well. 

Recently, precisely the circumstance that the SiV centers, contrary to the NV 

centers, are stable and bright emitters in particles as small as 1.6 nm in size, became 

the main topic of research
59
; note also that these centers are theoretically predicted 

to be stable in such small crystals
60
. Similarly, Xe-related vacancies

61
 can be 

considered, and so on. However, the questions of their thermodynamic stability 

when close to the nanoparticle surface, as well as detailed studies of photostability 

of all these color centers (which is usually claimed to be quite large but we failed to 

find exact data) and their quantum efficiency must be undertaken before further 

steps in this direction will become possible.   

 

3.2. On the possibilities of FRET SNOM with rare earth ions in 

(nano)crystals 

The efficiency of FRET or, better to say, the value of Förster radius, is 

independent on the donor dipole moment
3-5

. This is a prerequisite for the use of 

much more weak than dye molecules, semiconductor nanocrystals or colour centres, 

donors for single molecule FRET SNOM. If one is willing to use rare earth ions in 

crystals for this purpose (for many of optical transitions in them the quantum 

efficiency is close to 100% even at room temperatures
23-26

), due to the circumstance 

that their optical absorption/emission cross sections (dipole forbidden intraband f-f 

transitions) typically are roughly three orders of magnitude smaller than those 

pertinent for dyes
23-26

, instead of thousands counts/s he or she will have a signal 
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only of the order of 10 counts/s (see eq. 1). Knowing that for relatively strong 

transitions of rare earth ions in crystals the fluorescence time ranges tens – two 

hundreds of microseconds, the exploitation of µs-duration laser pulses with the 

repetition rate around 100 Hz, i.e. something similar to what we actually used in our 

experiments with acousto-optical modulator
27
, looks desirable and can lead to signal 

– noise ratio improvement overcoming the dark noise detector limit (see above; 

again, the total laser power at the SNOM fiber probe entrance should not exceed a 

few mW). But, of course, in any case such a low level of the signal presupposes 

slow scanning, and it is hard to say either such an approach is realizable and might 

be useful in practice.  

 

                
 

           
 

Fig. 5. Topographical (a) and near-field fluorescent (b) images of 50 nm-size 

diamond nanoparticles colored by 1.7 MeV He
+
 ion irradiation in Kalpakkam, 

India; scan size: 150 x 150 nm. Near-field optical fluorescent image (c) and its 3D 

reconstruction (d) of the same particles colored by 130 keV He
+
 ion irradiation in 

Kalpakkam, India; scan size 3.5 µm x 2 µm.   

 

Certainly, optical excitation cross section of rare earth ion can be a few orders of 

magnitude larger than the corresponding optical absorption/emission cross section if 

the energy transfer from organic ligands or nanoparticle surrounding this ion is 

involved
23
. When can their use help? Due to the very nature of FRET, if a donor-

acceptor distance is equal to the Förster distance R0, the rate of energy transfer is 
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equal to that of the radiative decay hence the process of imaging at such distances 

remains slow. Interesting possibilities might appear if we are able to work at donor-

acceptor distances, say, twice smaller than the R0 value. This will lead to roughly 2
6
 

= 64 times increase of the FRET rate: consequently, one may observe a sufficiently 

strong FRET signal when the active ion of the SNOM probe is very close to an 

acceptor, and see nothing when there is no appropriate acceptor in its vicinity. 

Besides, the scanning rate also might be essentially increased, and all this certainly 

looks promising for FRET SNOM.  

At present, we would not like to speculate more on this topic and will limit 

ourselves just with an indication of some optical transitions in rare earth ions in 

crystals which seem interesting for future work in this direction. The list might be 

not exhaustive and we did not search for optimal host matrices for the rare earth 

ions and optical transitions at question (being fully aware of the large importance of 

this question). Analysis of the literature enables to propose the following three 

transitions, each of which possesses optical emission cross section more than 
21910 cm−  and fluorescence time not exceeding 200 µs. First, this is the famous 

2/11

4

2/3

4 IF −  transition centred around 1.06 µm in Nd
3+

 ion; in some cases, transitions 

to the level neighbouring to 2/11

4I  might be used which gives rise to fluorescence 

wavelength around 880 nm. Then this is 4

3

2

1 HD −  transition in Pr
3+

 ion centred 

around 600 – 606 nm, and, finally, 6

3

4

3 HH −  transition in trivalent thulium ion 

centred around 795 nm. Famous and extremely important for telecommunication ca. 

1.5 microns 2/9

4

2/13

4 FF −  transition in erbium ion is strong but, besides being 

probably “too IR” for FRET SNOM purposes, also possesses quite long 

fluorescence times, ms2≥ .   

In this section we also would like to indicate one more interesting possibility. 

This is not f-f intraband transitions, but electric dipole allowed f-d transitions in 

some rare earth ions in crystals.  Indeed, this is quite known that single (bivalent) 

samarium ion has been detected in CaF2 crystal already in 1988
62
 by observing f-d 

transition at 708 nm, but this was done at 77 K while at room temperature the 

quantum yield of the transition at question is prohibitively small. Situation is very 

different for three-valent Pr and Ce ions in different crystals, where even at room 

temperatures the quantum efficiency of f-d transition is close to unity
63
 which, in 

particular, enabled recently to observe single praseodymium ion in YAG
64
 and 

YSO
65
 crystals. Different nanocrystals or nanoparticles containing these ions should 

be seriously considered as candidates for single molecule FRET SNOM in UV and 

violet-blue spectral regions. Indeed, the reported parameters of e.g. LiCaAlF6:Ce
3+

 

lasing medium, viz. optical emission cross section 218108.6 cm−⋅=σ  and fluorescence 

time 50 ns (band 280 – 315 nm)
58
, show that the corresponding systems should be 

quite comparable with FRET SNOM probes exploiting dye molecules (but we hope 

much more photostable). Of course, a lot of things still should be clarified 

(including an influence of nanoparticle surface on FRET and details of UV SNOM 
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construction), but actually the research aiming the use of LaF3:Pr
3+

 and LaF3:Ce
3+

 

nanoparticles (lasing in LaF3:Ce
3+

 crystals also has been reported
66
) made by 

microwave-hydrothermal technique
67
 as FRET SNOM probes has already started.  

 

4. Single Molecule coherent FRET SNOM at liquid helium 

temperature 

In the Introduction, we have already mentioned that for many rare-earth ions 

in crystals at liquid helium temperature, inter-ion FRET is a coherent process and 

electronic excitation energy flows back and forth between donor and acceptor, 

having dipole moments dD and dA respectively and located at a distance r from each 

other, with the characteristic time
22
 

                                     
AD

FRET
dd

r
T

ακ
π 3
h

=                                                  (2). 

Here α and κ are respectively geometrical and spectral factors (of the order of 1) 

which take into account the mutual orientation of two dipoles and their spectral 

overlapping. Accepting dD=dA we obtain the following estimation of the coherent 

FRET Förster radius where the FRET rate is equal to that of radiative decay: 

                                               λ
π

ακη
3/1

58

3







=r                                                (3). 

Here λ is the wavelength and η takes into account the ratio between the radiation 

decay time T1 and transverse relaxation time T2, 12 TT η= . We argued that in typical 

cases this radius is around 20 nm
22
 (afterwards this simple calculation has been 

confirmed by rigorous quantum electrodynamics treatment
68
) so that, given also the 

characteristic microsecond-range decoherence times, the process can be controlled 

by modern Scanning Probe Microscope working at liquid helium temperature. 

Using a pseudospin ½ model (excited state of an ion corresponds to the state with 

the pseudospin z-projection equal to +1/2, unexcited to -1/2) and its generalizations 

for systems involving many interacting dipoles
69,70

, protocols how to create qubits 

in well-defined quantum states and how to realize CC…CNOT operators were 

proposed
22
. Later on, we reported first experiments in the field (photon echo 

researches in M-pair centers of Nd
3+

 ions in calcium fluoride; interion interaction in 

this system is exactly the coherent dipole-dipole interaction we are interested in)
69
 

and proposed their continuation
70
. Quite recently, the possibility of coherent 

cooperative FRET process in rare earth ions has been predicted
71
.  

      Certainly, experiments in this field require sophisticated SNOM arrangement. 

The appropriate device should not only simply work at liquid helium temperature, 

but it should be capable to fast and precise scanning necessary e.g. for addressing 

certain pre-selected (groups of) rare-ion ions or like, cf. Refs.
22,69,70

. Analysis of the 

literature shows that this problem, albeit difficult indeed, still can be solved and a 

few earlier discussed low temperature SNOM devices
72-74

 look suitable for the task. 

In our case, we plan to use the recently constructed and available for joint work 
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SNOM
75,76

 which construction is rather similar to our SNOM
27,28

. It also exploits 

proprietary double-resonance optical fiber probe montage onto quartz tuning fork 

(thus proven to work at low helium temperature) so that this microscope has the 

same advantages including the fast scanning which makes it especially suitable for 

the realization of the aforementioned quantum informatics-related experiments.  

        As a first application, we are considering an experiment demonstrating the 

possibility of entanglement of two spatially separated macroscopic bodies, viz. 

small microcrystals containing rare-earth ions. SNOM tip and sample which are 

presented in the Figure 1, left, can be used for illustration, but now we suppose that 

the sample is, say, LiYF4:Er single crystal with the concentration of Er ions ca. 0.1 

at% while other similar LiYF4:Er single crystal having a few microns size is 

attached onto a SNOM tip; all setup has a liquid helium temperature. (This 

particular crystal is selected because it is characterized by especially small ratio of 

inhomogeneous to homogeneous spectral line broadening
77
). With suitable laser 

excitation, numerous pairs of ions (donors and acceptors) divided between these 

two microcrystals are subject to coherent dipole-dipole interactions (FRET). It can 

be shown that starting from two microcrystals at contact and disengaging after the 

end of laser pulse irradiation (by applying an appropriate HV electric pulse onto a z-

piezo carrying SNOM probe), one is able to entangle up to millions of rare-earth 

ions belonging to two different macrobodies (microcrystals).  

        For above estimation, we supposed an application of time-varying electric 

potential onto the SNOM tip to make, exploiting Stark shift of erbium ion optical 

transition frequency
78
, different donor – acceptor pairs resonant with each other.       

It is worthwhile to note that the possibility to exploit local Stark-induced resonance 

dipole-dipole interactions for coherent optical dipole coupling of two perrylene 

molecules has been demonstrated earlier
79
. 

At the current state of researches, it would be premature to discuss in details 

also other planned combinations of FRET SNOM with such Quantum Information 

Processing approaches as the nanolocally-controlled frequency schifts
80,24

 and 

Coherent Reversible Inhomogeneous Broadening of dopant ion spectral line
81,24

. 

Still we believe that this very short account well demonstrates interesting and 

exciting perspectives of coherent FRET SNOM approach for quantum computing 

and related topics. 

 

Conclusion 

First, we have discussed the current state of single molecule FRET SNOM for 

room temperature case. Despite the circumstance that our hopes to profit from 

ultrahigh photostability of NV color centers in nanodiamond crystals still did not 

result in the preparation of FRET-active SNOM probes containg single fluorescent 

center at the apex suitable for everyday use, there are many indications that this task 

can be solved with (may be other than NV) color centers in nanodiamonds and rare-

earth ions in crystals. Importance of the practical realization of the proposed 
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method, in our opinion, is evident and needs not to be discussed at length.  

We have also discussed novel possibilities concerning quantum informatics 

applications of coherent FRET SNOM at liquid helium temperature. Here we profit 

a lot from the circumstance that, in comparison with 2003 when our proposal has 

been put forward
22
, the number of papers discussing possible quantum computing 

applications of rare earth ions in crystals virtually exploded, and it became much 

easier to search for appropriate crystals and optical transitions to be used. In 

particular, this enabled to elaborate sufficiently detailed scheme of an experiment 

aiming the demonstration of entanglement of two macroscopic bodies, very briefly 

presented in the paper, as well as some other ideas.  

The authors would like to thank M. Petrova and K. Keevend for help with 

FRET SNOM experiments, and I. Sildos for useful discussions of color centers in 

ND properties. We are grateful to Swiss National Science Foundation for financial 

support of these researches during a number of years including the latest grant N 

200020-149424.     
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