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Enigmatic color centers in microdiamonds with bright, stable, and narrow-band fluorescence
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Microdiamonds with color centers have unique photophysical properties. We discover extremely narrow
spectral lines with full width at half maximum down to 0.5 nm (390 GHz at wavelength 630.15 nm) at
room temperature in photoluminescence of numerous high-pressure—high-temperature microdiamonds. Corre-
lation spectroscopy proves that these lines originate from single photon emitters. Comprehensive experimental
characterization of the emitters is performed by means of complementary scanning electron and fluorescence
microscopy that allows morphological characterization and in time monitoring of the same labeled emitters.
Study of photoluminescence and photoluminescence excitation spectra of single emitters showed negligible
phonon sideband and narrowband excitation. Temperature sensitivity, stable photoluminescence, brightness, lin-
ear polarization, and fluorescence lifetime *21.5-2.5 ns are demonstrated. The results show great potential of the
discovered “enigmatic” emitters for applications in quantum optics, fluorescence labeling, and high-resolution

thermometry.
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Diamonds with impurity centers, for instance, nitrogen
vacancy (NV) [1,2], promise a broad range of appli-
cations such as quantum information [3-9], biomarking
[10-13], all-optical sensors for highly sensitive magnetometry
[8,14,10,15], and thermometry [16—18] at nanoscale. While
NV is the most studied impurity center, there are some lim-
itations for its applicability, such as a small Debye-Waller
factor of 19% [relative intensity of zero-phonon lines (ZPLs)],
lack of brightness, and transitions between charge states, that
greatly alter the photoluminescence (PL) spectrum [19]. A list
of impurity centers is expanded by introducing other elements
of the periodic table to the diamond lattice and now includes
more than a dozen types of defects [19,20]. Photolumines-
cence spectra of known color centers cover a broad range from
blue to near infrared [21]. The most attractive impurities are
group-1V elements, such as Si [22-27], Ge [28-33], and Sn
[34-36], which form split-vacancy structure with D3, symme-
try class as opposed to C3,, class for NV centers [37]. It was
reported that group-IV impurities possess better fluorescent
properties such as higher photostability, narrower ZPL, and
higher Debye-Waller factor [38]. ZPL spectral positions of
SiV, GeV, and SnV centers are at 738, 602, and 619 nm,
respectively. Importantly, these wavelengths correspond to
biotransparency windows [21]. Common values of full width
at half maximum (FWHM) for these color centers are about 5—
7 nm at room temperature depending on the synthesis method
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[22,28,34]. The fluorescence lifetime takes values from 1 to
8 ns [39,40,31,34] for group-IV impurities and about 20 ns for
NV~ centers [39]. Besides well-described color centers there
are several emitters in diamond whose nature has not been
identified yet. Recently reported new color centers, ST1 [41]
and L1 [42], both were observed in ion implanted diamonds,
while Si-related unidentified color centers were found in
chemical vapor deposition (CVD)-made nanodiamonds [43].
ST1 color centers were later found in natural diamonds and
are believed to be oxygen related impurity-vacancy centers
[44]. As opposed to known color centers, ST1 shows optically
detected magnetic resonance and allows for spin coherent con-
trol at room temperature [41]. The nature of L1 color centers
is still unknown. L1 centers show a narrow (FWHM<1.4
nm at room temperature), highly polarized line at wavelength
582 nm with weak vibronic sideband, and fluorescence life-
time about 2 ns [42].

Here we report the comprehensive study of another set
of spectral lines in photoluminescence of high-pressure—
high-temperature (HPHT) microdiamonds. These spectral
lines are bright and narrow band with minimal FWHM of
0.52 nm. Observed lines do not correspond to the spectra of
any known defects in diamond [20], but appear to possess
similar properties to L1 centers in terms of polarization degree
and lifetime. The lines are found in multiple microcrystals
from different samples. We relate lines to photoluminescence
of yet unidentified impurity centers. Further, we will call
them LX as they have similar features like L1 in Ref. [42].
Importantly, the observed LX centers show better fluorescence

©2023 American Physical Society
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FIG. 1. (a), (b) Combination of SEM image and photoluminescence intensity map (semitransparent), excitation wavelength 590.5 nm.
Integral photoluminescence over spectral region (a) 605-640 nm and (b) 629-633 nm was collected while constructing the photoluminescence

map, showing positions of two separated light sources. (c) PL spectrum
bottom emitter in panel (b) with single line.

properties, comparing to the known color centers, and have
great potential for various applications. The aim of this Letter
is to give precise and comprehensive characterization of dis-
covered color centers to shed light on their nature and thereby
allow on demand synthesis of such color centers. To do that
we developed a method for complementary scanning electron
microscopy (SEM) and spectroscopic fluorescent microscopy
by labeling diamonds of highest interest on a matrix with
arrays of cells. This method allows performing a series of
different experiments with the same objects.

For this purpose, we designed special substrates fabricated
with electron-beam lithography, suitable for both micro-
scopes. Our approach allows us to label diamonds of highest
interest. A confocal fluorescent microscope with access to a
spectrometer and the Hanbury Brown and Twiss scheme were
used for optical properties studies. Tunable continuous wave
and pulsed lasers were used as excitation source. Visualization
of the diamonds and elemental analysis were performed with
scanning electron microscopes. See Supplemental Material
for details of experimental techniques [45]. Three consign-
ments of HPHT microdiamonds were analyzed in this Letter.
Initially we observed unidentified lines in Ge-doped mi-
crodiamonds. Then we concentrated on two consignments
of diamonds without intentional impurity implementation,
“pure” diamonds. For details of the synthesis see Supplemen-
tal Material [45] and Ref. [46] therein.

of upper emitter in panel (a) with several lines and (d) PL spectrum of

Multiple unidentified narrow and intensive spectral lines
were observed in PL spectra of HPHT microdiamonds at room
temperature. Unknown lines appeared in numerous microdi-
amonds. They are present in both clusterlike diamonds and
single monocrystals. One of them is shown in Fig. 1 with PL
maps in spectral ranges 605-640 nm [Fig. 1(a)] and 629-633
nm [Fig. 1(b)], and excitation wavelength 590.5 nm. One
can see several narrow overlapping lines [Fig. 1(c)] in the
diffraction limited area corresponding to the upper bright spot
in Fig. 1(a). We see a single line spectrum [Fig. 1(d)] collected
from the bright spot shown at the bottom of Fig. 1(b). It is not
clear though whether these spectra originate from emission of
several emitters or just one. To clarify that, we measure the
second-order correlation function for particular lines, where
it is possible. In most cases, allocated single spectral lines
demonstrate deep antibunching and therefore originate from
single color centers. However, the integral signals from sev-
eral lines correspond only to partial antibunching at best,
which evidences ensemble structure.

Note, that the lines are observed in dozens of different crys-
tals on different substrates with different sample application
techniques. The substrates were cleaned thoroughly during
sample preparation. We investigated 20 crystals with 85
unidentified intensive lines to collect statistics. The lines are
spread out over a spectral range of 600-650 nm as illustrated
in Fig. 2(a). That is not common for the color centers known in
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FIG. 2. Statistics of observed spectral lines. (a), (b) Distribution of ZPL position and FWHM respectively. (c) PL spectra of phonon
sideband of ten emitters. The x axis is constructed in energy units while ZPL energy is subtracted, intensity is normalized to the maximum of

the line, and scale is the same for all emitters.

the literature. Although ZPL positions of GeV, PbV, and NV~
color centers are 602, 619, and 637 nm, correspondently, the
variation of their spectral position is an order of magnitude
less than the spectral range of our centers and present in case
of extreme lattice stresses. It should be noted that no spectral
diffusion was observed in our experiments (see Supplemen-
tal Material [45] for more information). The characteristic
linewidths of well-known group-IV defects in diamonds are
about 5 nm for high quality diamonds [22,28,34]. In our lines
the average FWHM is about 800 GHz (1.1 nm) with minimal
value 390 GHz (0.52 nm) [see histogram in Fig. 2(b)]. In
the case of multiple lines, the spectra of different emitters
overlap and therefore it is difficult to analyze spectral structure
[Fig. 1(c)]. Hence, we are focused on analyzing objects with a
single ZPL like in Fig. 1(d). To compare spectral structure of
LX centers, scales are built in energy units with subtracted
value of ZPL energy for each emitter [Fig. 2(c)]. Clearly,
spectral structures for different single emitters are similar,
even though the spectral position of ZPL varies significantly.
As it is shown in Fig. 2(c) the spectra consist of a ZPL, a
wide small phonon sideband (PSB) with maximum at ~50
meV (PSB), and three pronounced narrow vibronic replicas at
~170-200 meV. These features are not common for vibration
spectra of pure diamonds [20] and appear due to the presence
of defect centers. The pronounced phonon sideband, while
typical for the known color centers, is almost negligible in
our case of LX centers. Note again, the L1 centers [42] have

also quite small PSB. In addition to the fact that the ZPL
energies for the different color centers vary, the structure of
the vibronic replicas is also not exactly the same. The relative
shifts and intensities of these features varied for different
LX centers, once again indicating the difference of local
conditions.

Discovered color centers demonstrate similar spectra and
properties, even though the position of ZPL is distributed over
a broad range. Recent study of GeV-center photoluminescence
in CVD bulk diamonds showed inhomogeneous broadening
of ZPL which correlates with morphological inhomogeneity
(see Ref. [47] and references therein). Similarly, the discov-
ered spectral lines could correspond to color centers of the
same type but in significantly different local conditions, which
cause a variation of ZPL positions.

In order to characterize observed LX centers, we per-
formed a series of different experiments with the same
single LX center, emitter N8 from Fig. 2(c), which was
the only emitter found in a single microdiamond, shown
in Fig. 3(d). The intensity correlation function shows well-
resolved antibunching behavior in continuous and pulsed
excitation regimes with values g?(0) = 0.2 and 0.04, respec-
tively [Fig. 3(a)]. This proves that the line is originated from
a single emitter. The measured lifetime of PL is about 1.9 ns,
which is close to the values for SiV and GeV [40,31] centers.
For other LX centers lifetime varied in the range 1.5-2.5
ns. Stable photoluminescence is observed up to excitation
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FIG. 3. Photoluminescence properties of a single LX-color center. (a) Second-order autocorrelation functions for continuous and pulsed
excitation giving values of g?(0) = 0.2 and 0.04 respectively, which proves that ZPL 635 nm corresponds to a single emitter. (b) Saturation
dependence with estimated Py, = 15.5kW/cm? and I, = 9.3 x 10°. Blue circle indicates the point when blinking begins. (c) Fluorescent
track of emitter showing stable fluorescence over 8-min range at low excitation power density 1.7 kW/cm? (blue) and pronounced blinking at
high power 450 kW/cm? with photodegradation after 500 s exposure (gray). (d) SEM image of a crystal with emitter N8.

power density 4.9 kW/cm? [Fig. 3(c) blue]. A following power
increase is accompanied by blinking. Longer off states are
observed at an intensity of about 450 kW/cm? [Fig. 3(c) gray].
Exposure of the color center for 500 s at this power led to
irreversible photodegradation of the considered emitter.

Power dependent saturation measurements were fitted with
the saturation law, defined by Eq. (1):

P
P+ Py

where I, stands for saturation intensity, and Py, stands for
saturation power density [Fig. 3(b)]. Saturation count rate and
power density obtained from fitting are I, = 9.310° counts/s
and Py, = 15.5 kW/cm?. The calculated value of the maxi-
mum count rate of the collected fluorescence, assuming that
each cycle of excitation-relaxation results in one emitted pho-
ton, is defined by Eq. (2):

I=1Iy 1

Inax = — = 5.2 x 107 counts/s 2)
where k ~ 0.1 is experimental setup collection efficiency for
the isotropically emitting point source [45], and t = 1.9 ns
is the fluorescence lifetime. We assume that difference in
experimental and calculated saturation count rates could be
the result of limited quantum yield of photoluminescence due
to presence of nonradiative relaxation channels. Existence of
a metastable level with relatively high lifetime could also
limit experimental count rate. Besides, collection efficiency

is probably overestimated, because our calculation does not

account for the direction of the emitter’s dipole moment in
relation to the surfaces of microdiamond. Indeed, because
of large contrast in refractive indices of air (n = 1) and dia-
mond (n = 2.4) the angle of total internal reflection is only
24.6° for photoluminescence of color centers, which can limit
the photon flux in the detection direction. Designing special
nanostructures or covering diamonds with solid immersion
lenses can help to improve the collection efficiency and/or
enhance spontaneous emission [19].

As we mentioned above, the PL spectra of different
LX centers have similar structures of the spectrum, which
consist of narrow ZPLs, insignificant PSB, and vibronic
replicas. The detailed PL spectrum of emitter N8 is shown
below in Fig. 4(a). The PL spectrum at excitation at wave-
length 580.5 nm is shown in black. It consists of narrow
(FWHM = 0.58 nm) and intensive ZPL at wavelength 635
nm, weak phonon sideband (Debye Waller factor ~ 70%), and
vibronic replicas. Detailed vibration spectra under excitation
at wavelength 634.7 nm (wavelength of ZPL) recorded with
higher exposure time are shown in blue in Fig. 4(a). Black and
blue graphs coincide with high accuracy if normalized, which
verifies that all the signals originate from the same single LX
center and the level of background signal is negligible. We
see three intensive narrow features with energies 180, 186.4,
and 190.6 meV, which are the first vibronic replicas. Signal
with higher (>200 meV) energy shift appears to repeat the
structure of the phonon sideband. Four distinct peaks with
energies 359.4, 365.97, 370.5, and 376 meV [Fig. 4(a)] are
likely to be the second vibronic replicas.
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FIG. 4. Spectral properties of the investigated emitter at room
temperature. (a) PL spectra of emitter N8 under excitation at wave-
length 580.5 nm (black) and 635 nm (blue). Arrows show the
wavelength of excitation. Blue graphs are multiplied by 5 and 75
to show the structure of the phonon sideband. Inset: Preliminary
structure of energy levels. (b) PLE spectra of emitter N8. While
constructing the left part of the spectra we analyzed integral intensity
of the line 635 nm in photoluminescence (red) and while constructing
the PLE spectrum of the ZPL we analyzed integral intensity of
phonon sideband photoluminescence 670-740 nm (orange). Dashed
line corresponds to the peak wavelength of photoluminescence ZPL.
(c) Combined PLE (upper panel) and PL (lower panel) spectra of
PSB. X scale is built in energy units with subtracted value of ZPL
transition 1.954 eV for PLE and 1.953 eV for PL.

The photoluminescence excitation spectra (PLE) spectrum
of LX centers is also of great interest. For emitter N8 the PLE
spectrum [Fig. 4(b)] was measured in two modes.

(1) The laser was scanned in spectral range 564.5-612.7,
while integral intensity of ZPL photoluminescence was ana-
lyzed. That mode helped us to study efficiency of nonresonant
excitation of the emitter.

(2) The laser was scanned in the range of ZPL 632.5-637
nm and an integral signal of photoluminescence in range 670—
730 was considered. That mode allowed us to understand the
profile of ZPL in excitation and to calculate ZPL Stokes shift,
which is measured to be 0.6 nm.

Clearly, the excitation spectrum is narrow band, which is
one of the important peculiarities of LX centers. In Fig. 4(c)
we show comparison of PLE and PL spectra of emitter N8
in energy units, and the energy of 0-0 transition (1.953-eV
PL, 1.954-eV PLE) is subtracted. The structures of PL and
PLE spectra look alike, but the position and intensity of the
peaks, associated with vibronic replicas, are slightly different
in cases of PL and PLE spectra. Such small deviation from
mirror symmetry of PL. and PLE spectra can be explained
by joint influence of Franc-Condon and Herzberg-Teller
interaction [48]. The most intensive peaks in excitation
correspond to energies 167.7, 176.6, and 181.3 meV, while
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FIG. 5. (a) Radiation pattern of ZPL photoluminescence. Blue
curve corresponds to PL polarization, while red represents PLE mod-
ulation. (b) Temperature-dependent measurements of position (red)
and linewidth (blue) of ZPL.

in photoluminescence the most intensive peaks are 180,
186.4, and 190.6 meV. Similar excitation spectra are observed
for other single LX centers. The characteristic value of the
vibronic states’ energy for LX centers is in the range 160-200
meV, while ZPL transition energy is in the range 1.9-2.06
eV. Thus, we see that effective excitation of LX centers is
achieved not only for 0-0 transition, but also for transitions
from the ground state to the discrete vibronic states. Narrow
linewidth of vibronic replicas allows selective excitation
of individual LX centers with large spectral shift between
selective narrow-band excitation and ZPL photoluminescence
by tuning laser wavelength, and that could be useful for real
multicolor diagnostics [49] at room temperature.

A simplified energy level system with first discrete vi-
bronic states is shown in the inset of Fig. 4(a). Red and blue
arrows correspond to vibronic replicas features in excitation
and photoluminescence, respectively. Green arrows demon-
strate nonradiative relaxation.

Polarization patterns [Fig. 5(a)] are measured for two
electron-vibrational energy transitions: in PL and in PLE.
PL polarization dependence is measured for ZPL at 635 nm,
indicated in blue in Fig. 5(a). PLE polarization dependence is
measured for transition from the ground state to the vibronic
level of the first excited state, shown in red in Fig. 5(a). For
that we rotate the polarization of laser excitation at 580.8
nm, while analyzing intensity of ZPL in PL. The polarization
contrast is given by Eq. (3):

Imax - Imin

C=r——7"7""7, 3)
Imax + Imin

where I,,x and I,i, are maximum and minimum PL intensities
at orthogonal polarizations. For the photoluminescence of the
line 635 nm contrast was only 53%. The contrast of excitation
was 98% which corresponds to a dipole transition polariza-
tion. Phase shift between the radiation patterns of emission
and excitation could be explained by difference of dipole mo-
ment directions for 0-0 transition (PL) and for transition from
the ground state to a vibronic replica state (PLE). It should be
noted that for some other single emitters we observed almost
100% contrast of 0-0 transition in photoluminescence.

The other peculiarity of LX centers is great temperature
sensitivity. For applications in all-optical thermometry re-
searchers are interested in emitters with bright, temperature
sensitive ZPL, that is an attribute of discovered emitters.
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The dependencies of ZPL’s linewidth and peak position on
temperature are shown in Fig. 5(b). The ZPL linewidth
changes approximately two times and peak position shows
~ 0.7-nm shift in temperature interval 272-342 K. As we
can see the linewidth and position of ZPL could be fit-
ted with linear temperature dependency, which is explained
with first-order electron-phonon interactions [25]. It worth
noting that phototransformation of emitter N8 took place be-
fore temperature-dependent measurements, which resulted in
slight shift of the ZPL from 635 to 633.9 nm. Therefore,
the position of ZPL may not be the best parameter for mea-
surement of absolute temperature, due to possible spectral
diffusion. That is why FWHM is a more reliable parameter in
temperature analysis. LX centers possess narrow and bright
ZPL and weak PSB, and that is why accuracy of ZPL fit-
ting could be better than for known color centers. Accuracy
of temperature estimation at 100-ms exposure time achieved
from LX-center linewidths measurements is 0.54 K near room
temperature obtained from Eq. (4):

Y
— , 4
°= i @)

where y denotes linewidth, s, = 0.0065 nm/K denotes tem-
perature susceptibility of the linewidth, / denotes count rate
~ 2.9 x 103 counts/s [excitation power density &~ 7 kW/cm?,
which is near the blinking point; see Fig. 3(b)]. Even though
the s, parameter is an order of magnitude smaller than in the
case of SiV centers [50], high accuracy is achieved due to
smaller linewidth and high count rate. Tracking a pair of ZPL
parameters such as peak position and linewidth could give
sufficient information about absolute value of temperature and
its derivative, because tracking the peak of ZPL could result in
even better accuracy. Also, it should be noted that the absolute
temperature measurement requires calibration of each emitter.
Nevertheless, this is a great result for further applications in
bio- and medical nanothermometry.

To clarify the nature of observed LX centers we carried out
annealing of some part of the diamonds in oxygen atmosphere
at 600°C. Thus, we burned the possible contamination ele-
ments on the surface, so they could not contribute to emission.
However, the lines, which correspond to LX centers, were
still observable (see Supplemental Material [45]). Thus, we
suppose that discovered spectral lines corresponded to defects
inside microdiamonds.

Elemental analysis was performed using energy dispersive
spectroscopy and time-of-flight—secondary ions mass spec-
troscopy (TOF-SIMS) for microdiamonds with relatively high
concentration of LX centers. Neither method showed any
unusual elements, that could have been contaminants during
synthesis. The best resolution was achieved with TOF-SIMS
method, <10 ppm. The list of detected elements consisted
of carbon, silicon, oxygen, and nitrogen. Nitrogen was found
in microdiamonds, even though NV-center emission was
observed only in one crystal out of several dozen, which
emphasizes the sensitivity of the method. L1 centers, which
seem to be of similar nature, were found in CVD diamond
after implantation with CN ions [43]. Hence, we suppose,
that the observed spectral lines most likely originated from

common contaminants of diamond such as nitrogen or silicon,
that formed an unusual defect structure.

To conclude, we report narrow spectral lines with FWHM
down to 0.52 nm at room temperature. These unidentified
spectral lines in photoluminescence with narrow excitation
spectra are emitted by “enigmatic” color centers in HPHT
microdiamonds. For characterization of observed emitters,
we developed a method of coordinated scanning electron
microscopy and fluorescent spectroscopic microscopy, which
allows monitoring of the objects, including single photon
sources. Observed emitters are similar to L1 centers found
in ion implanted CVD diamonds [42], but the ZPL appear in
different spectral range (600-650 nm as opposed to 577-605
nm). We prove that single ZPLs are originated from single
color centers. PL spectra of different single emitters have typi-
cal structure, namely, narrow and intensive ZPL, weak phonon
sideband, and several vibronic features well resolved at room
temperature. PLE spectra have also narrow-band structure,
unlike other known color centers. PL and PLE spectra show
small Stokes shift of ZPL of about 0.6 nm and little asym-
metry. The value of fluorescence lifetime is about 1.5-2.5 ns,
and the Debye-Waller factor is about 70%. Our color centers
possess high brightness (single photon detection count rate
2.2 x 10° counts/s with saturation rate 9.3 x 10° counts/s).
They have high photostability without blinking or bleaching
at the laser excitation power density up to 4.9 kW/cm? and
detected count rate of about 2.2 x 10° counts/s. The effect
of PL blinking was observed with higher excitation power
densities with characteristic on/off times by order of seconds
during hundreds of seconds. Most of the luminescence signal
is concentrated in narrow ZPL with pronounced polarization,
which together with the spectral stability and single photon
emission makes LX centers attractive single photon sources
for quantum optics [51,52] and quantum cryptography [53].
Elemental analysis shows no signs of any atoms other than C,
Si, O, and N in microcrystals with relatively high concentra-
tion of the discovered color centers. Narrow linewidth at room
temperature, stable photoluminescence, and short lifetime
demonstrate that discovered emitters are attractive for further
development and engineering. Narrow effective excitation
spectra open the ability to address discovered color centers
individually, which is of high interest for real multicolor
super-resolution diagnostics. High temperature sensitivity and
lack of hysteresis make LX centers promising for applications
in high resolution localization thermometry, with accuracy of
dT = 0.5 K and detection exposure time of ~100 ms for
a single color center and moderate power density. This is a
promising result for further applications in bio- and medical
nanothermometry.

The data that support the findings of this Letter are avail-
able from the corresponding author upon reasonable request.
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