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Abstract

Silicon vacancy (SiV) centers in diamonds have attracted much attention because of their stability
and narrow emission linewidth, and are promising for applications in quantum information
technology. SiV-center-encapsulated nanodiamonds have also attracted much attention because of
their potential to be coupled to various photonic devices. One efficient way to fabricate
nanodiamonds that contain SiV centers is Si ion implantation into nanodiamonds. However, the
evaluation of a single SiV center in a nanodiamond produced by this method at low temperatures
has not been performed. In this study, we report on the optical properties of a single SiV center in a
nanodiamond produced by ion implantation at cryogenic temperatures. The emission spectrum
from a single SiV center (¢?(0) = 0.19) was observed with four distinct fine splittings of the
zero-phonon line (ZPL) at 4 K. At an excitation power of 50 W, the full width at half maximum of
the ZPL reached the spectrometer resolution limit (0.09 nm). The temperature dependence of the
emission peak is consistent with that of the emission coming from an SiV center under high strain.
The results obtained in this work suggest that nanodiamonds containing single SiV centers formed
using this method will be an important building block for the realization of quantum information
applications.

1. Introduction

Silicon vacancy centers (SiV centers) in diamonds have attracted attention for quantum information
processing applications due to their high brightness, high photostability, and narrow zero-phonon line (ZPL)
[1]. They exhibit a lifetime-limited linewidth [2] and indistinguishable photon emission [3]. In addition,
they have all-optical accessible electronic spin [4, 5], which makes them promising candidates for quantum
spin memory [6]. The electronic state of SiV centers exhibits high susceptibility to environmental strain,
which leads to a longer spin coherence time [7, 8].

Nanodiamonds that contain single SiV centers are attractive in terms of coupling with various types of
nanophotonics devices, such as photonic crystal cavities [9, 10], optical nanofibers [11-13], and nanofiber
Bragg cavities [14—18], using bottom-up approaches. One method for the production of nanodiamonds that
contain SiV centers is milling polycrystalline diamonds synthesized by chemical vapor deposition [19, 20].
Samples produced in this way exhibited narrow ZPL emission peaks (0.1 nm at 30 K) [19]. However, this
method requires complex post-processing, such as acid treatment cleaning and centrifugation for size
selection, after the milling process, such as bead-assisted sonic disintegration [19] and wet milling [20]. An
alternative method to directly produce nanodiamonds with SiV centers is the synthesis of high-pressure
high-temperature (HPHT) [21, 22].
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Recently, another alternative method to efficiently create nanodiamonds containing SiV centers has been
reported. In this method, SiV centers were formed by Si ion implantation into nanodiamonds followed by
subsequent annealing in a vacuum at high temperature [23, 24]. SiV centers produced using this method
have been reported to exhibit an emission linewidth as narrow as 6 nm at room temperature [23]. The
formation of a single SiV center using this method has also been recently reported [24]. This method will
make it possible to efficiently create SiV centers in small nanodiamonds, which is important for the low-loss
coupling with nanophotonics devices. However, the optical properties of SiV centers in nanodiamonds
created by this efficient method have not yet been reported at cryogenic temperatures. Investigating these
properties is crucial for photonic quantum applications using a hybrid system between single SiV centers and
nanophotonics devices.

In this work, we report a spectrometer-resolution-limited linewidth emission for a single SiV center
produced by Si ion implantation of a commercial HPHT nanodiamond with an ion fluence of
5 x 10! ijonscm 2 and annealing at high temperature(up to 1100°C) in a vacuum. Emission was observed
from a single SiV center (g>(0) = 0.19) with four distinct fine splittings of the ZPL at 4 K. The full width at
half maximum (FWHM) of the ZPL reached the spectrometer resolution limit (0.09 nm) at an excitation
power of 50 uW. To confirm that the emission comes from a single SiV center, we evaluated the temperature
dependence and polarization dependence. As a result, the polarization dependence and temperature
dependence of the emission peak are consistent with that of the emission coming from an SiV center under
high strain. The results obtained in this work suggest that nanodiamonds containing single SiV centers
formed using this method will be an important building block for the realization of quantum information
applications.

2. Sample preparation

An HPHT nanodiamond suspension (Microdiamant, Pureon; MSY 0-0.1 (median size of 50 nm)) was
purified by centrifugation (14 000 rpm for 30 min) to remove contaminants and small amounts of the
suspension were spin-coated on silicon substrates. Si ions were then implanted into the nanodiamond
samples with an acceleration energy and ion fluence of 30 keV and 5 x 10''ionscm ™2, respectively. The
specific ion fluence was chosen based on the observation that emission from ensemble SiV centers was only
observed at an ion fluence of 1 x 10**ionscm ™2 in our previous study [23].

After ion implantation, the samples were annealed in vacuum to form SiV centers in the nanodiamonds
[23, 25]. The following annealing step was used: (1) 4 h at 400 °C under vacuum (< 10~* Pa); (2) 8 h at
800°C under vacuum (<107 Pa); (3) 1 h at 520°C in air; (4) 4 h at 400 °C under vacuum (< 10~* Pa); (5)
2 h at 1100°C under vacuum (<10~* Pa). Slow temperature ramping (>35°C per hour) was used during
steps (2) and (5). After annealing the sample, the samples were again heated at 520 °C for approximately 2 h
in air to remove sp? carbon and surface contaminants.

After annealing, the nanodiamonds on the silicon substrate were dispersed in Milli-Q water by
sonication. Small amounts of the suspension were drop-cast onto an Ir-coated substrate, upon which bright
emission from SiV centers has been reported [26].

3. Experimental setup

An in-house-built cryogenic confocal microscope was used to measure the optical properties of SiV centers at
cryogenic temperatures. Figure 1 shows the setup of the confocal microscope. The SiV centers were excited
using a 685 nm continuous wave laser. The laser beam was filtered using a 685 nm bandpass filter and a

715 nm short-pass filter. It was focused on the sample in a liquid helium flow cryostat (Oxford) by an
objective lens with numerical aperture (N.A.) of 0.7 (Olympus, LCPlanFL N, 50x ). The sample was scanned
by a galvano mirror and a 4f-lens system. The fluorescence from the sample was collected by the same
objective lens and coupled to multimode fiber after being separated from the excitation laser by a dichroic
mirror and a long-pass filter. After passing through an optical fiber, the fluorescence was measured by a
single photon counting module (SPCM) and a spectrometer to acquire confocal images and emission
spectra, respectively. To measure the second-order correlation function g?(7), the light path was able to be
changed from the spectrometer to SPCM by the flip mirror. Regarding polarization dependence
measurement, to change the polarization of the excitation laser, the half-wave plate was inserted in front of
the dichroic mirror and to change the detection polarization, the polarizer was inserted in front of the fiber
coupler. In the excitation power and polarization dependence measurement, photon counts were measured
by one SPCM for about 5 s at 10 ms integration.
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Figure 1. Schematic diagram of confocal microscope. PBS: polarized beam splitter. BPF: bandpass filter. HWP: half-wave plate.
SPF: short-pass filter. DM: dichroic mirror. CL: concave lens. OBJ: objective lens. M: mirror. FC: fiber coupler. BS: beam splitter.
SPCM: single photon counting module.

4. Experimental results

4.1. Emission spectrum from single SiV center in nanodiamond at 4 K

Figure 2(a) shows a confocal image of the sample at 4 K. There are several bright spots with various photon
counts. From a second-order autocorrelation measurement, the brightest spot at the left bottom contained
multiple emitters. We selected a relatively dim spot at the top right indicated by the blue circle.

Figure 2(b) shows a second-order autocorrelation function (g*(7)) of the bright spot in the blue circle
shown in figure 2(a). Slight bunching effect was observed in the data indicated by blue dots, which can be
attributed to the shelving state [26]. Therefore, for analysis, we used a background-corrected three-level
model of () = 1+ pf(—(1 +a) exp(—7/71) +aexp(—7/72)) [27]. Here, pyindicates the ratio of the
photon counts from the SiV center to total counts, 7,7, corresponds to the lifetime of the antibunching and
bunching, and a describes the amplitude of the bunching. From the fitting, ¢*(0) = 0.19 < 0.5 was acquired,
which indicates that the emission is from a single SiV center. The non-zero g*(0) value was caused by
background emission from the nanodiamond and the timing jitter of the measurement equipment. The
fitting with the parameters py, 71, 72, and a of 0.90, 1.3 ns, 9.8 ns, and 0.10, respectively, is in good agreement
with the data as shown in figure 2(b). From the fitting parameters, the lifetime of the excited state is
estimated to be 1.3 ns, which is consistent with the lifetime of the excited state of single SiV centers in
nanodiamonds produced by HPHT synthesis at cryogenic temperature [21]. Please note that this value
includes the effect of jitter, therefore the actual lifetime can be smaller than this value.

Figure 2(c) shows the emission spectrum with the excitation power of 10 mW from the bright spot in the
blue circle shown in figure 2(a). A sharp peak is observed at around 736.7 nm, and 2nd peak is observed at
around 735.8 nm. In addition, the peaks with small intensity are observed at around 738.7 nm and 733.8 nm,
which are shown in figure 2(c) at 50x (red line) and 100x (purple line) magnification, respectively, for ease
of viewing.

To show that the spectral splitting is consistent with the electronic structure shown in figure 2(d), we
calculated the splitting of the ground state and excitation state from the peak positions. The peak positions
were deduced to be 733.79 & 0.01 nm (A), 735.78 = 0.01 nm (B), 736.65 +0.01 nm (C), and 738.68 £ 0.01
nm (D) by Gaussian fitting. The ZPL position, which is defined as the average of the four peak wavelengths
was calculated to be 736.22 nm. The peaks A to D correspond to the transitions A to D, which are attributed
to splitting in the excited state and the ground state by spin-orbit interaction, as shown in figure 2(d). The
splittings of the ground (Ags) and excited states (Agg) calculated from the emission spectrum were ~1.12
THz (ws —wp = 1.124+0.02 THz, wc — wp = 1.11 £ 0.02 THz) and ~1.59 THz (w4 — wc = 1.59 £ 0.02
THz, wp — wp = 1.58 +0.02 THz), respectively. These splittings are almost similar to those for SiV centers
formed by Si ion implantation in a diamond-cavity with Agg > 1 THz [8]. The splittings of the ground and
excited state are highly susceptible to local strain (~1 PHz/strain) [7, 28]. The origin of this high strain could
be damage due to ion implantation or the stress caused by crushing. Therefore, it can be concluded that these
4 peaks in figure 2(c) can be explained by the electronic structure shown in figure 2(d), which is consistent
with the emission from SiV center under high strain.

4.2. Excitation power dependence of SiV center emission at 4 K
In order to investigate the intrinsic linewidth of peak C, we measured the spectra with changing the
excitation laser power.
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Figure 2. (a) Confocal image of sample at 4 K. (b) Second-order autocorrelation function g?(7). g(0) = 0.19 indicates that the
bright spots contain a single SiV center. (c) Emission spectrum from bright spot in blue circle shown in (a). For clarity, the purple
and red lines show the intensities around peaks A and D multiplied by a factor of 100 and 50, respectively. (d) Schematic image of
electronic structure of SiV center. The splitting was caused by spin-orbit interaction. The transitions A to D correspond to the
peaks A to D shown in (c).

Figure 3(a) shows the emission spectrum in the wavelength range between 735 nm and 738 nm, which
includes peaks B and C, when the excitation power is 10 mW (blue), 1 mW (orange), and 50 uW (green). For
clarity, the emission spectra measured with excitation powers of 1 mW and 50 4W are multiplied by 4 and
80, respectively. The excitation power was measured in front of the objective lens. When the excitation power
decreased, the linewidth of the peaks became narrower. The FWHM:s of peak C were 0.27 nm, 0.14 nm, and
0.09 nm when the excitation power was 10 mW, 1 mW, and 50 uW, respectively. The FWHM of 0.09 nm is
the resolution limit of the spectrometer determined by measurement of the emission spectrum of an argon
lamp. Therefore, we believe the actual linewidth at an excitation power of 50 pW is much smaller than
0.09 nm. Also, as the excitation power decreased, the peak position blue-shifted. The decrease in linewidth
and blue-shift of the peak with decreasing excitation power are considered to be due to the decrease in local
heating by the excitation laser [29], which is also consistent with the temperature dependence in section 4.4.

Figure 3(b) shows the photon counts as a function of excitation power. As the excitation power increased,
the photon counts increased, however, the photon count rate approached saturation at around an excitation
power of 15 mW. We fitted an equation given by I = I, X P/(P + Py) to the data, as shown in the red line of
figure 3(b), where I is the photon count, P is the excitation power in front of the objective lens, and I
(maximum count) and Py, (saturation power) are fitting parameters [30]. The data are in good agreement in
the fitting. The I, and P, obtained from the fitting were 85 kcps and 29 mW, respectively.

4.3. Polarization dependence of SiV center emission at 4 K
The polarization dependence of SiV center emission at 4 K was measured to confirm that the emission shown
in figures 2 and 3 was from a single SiV center.

Orange dots in figure 4(a) show the photon counts for the SiV center shown in figure 2 as a function of
the excitation polarization. The 0° is the polarization angle at which the data in figures 2 and 3 were
measured. We fitted the equation acos? (b6 + c) + d to the data as indicated by the black line in figure 4(a),
where 0 is the polarization angle of the excitation laser, and a, b, ¢, and d are fitting parameters. From the

4
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Figure 3. (a) Excitation power dependence of emission spectra in range of 735 nm to 738 nm. The excitation power is 50
1W(green), 1 mW (orange), and 10 mW (blue) in front of the objective lens. (b) Photon count for bright spot in blue circle
shown in figure 2(a) as function of excitation power. Error bars indicate the standard deviation. The red line shows the fitting.

fitting, the angle at which the photon counts are maximized is 22° and visibility is 37%. This low visibility
might be due to the dipole orientation and non-resonant excitation.

Blue dots in figure 4(a) show the photon counts from the bright spot in the blue circle in figure 2(a) as a
function of the detection polarization. Please note that the excitation polarization was set to 22°. We fitted
the same function mentioned in the previous paragraph to the data as indicated by the red line in figure 4(a).
From the fitting, the angle at which the photon counts are maximal is 22° and visibility is 83%. The
excitation polarization angle at which the photon counts are maximized is the same as the detection
polarization angle, which is consistent with the previous study [31].

The upper panel and lower panel in figure 4(b) show emission spectra of the SiV center shown in figure 2
when the detection polarization was set to 22° and 112° at which the photon counts are maximized and
minimized, respectively. For clarity, the spectra are shown with the intensity offset of 0.2 and multiplied by
50 in the 733 nm to 734.5 nm range and by 100 in the 738 nm to 740 nm range. In the upper panel of
figure 4(b), peaks B and C are clearly observed and in the lower panel, the intensity of the peaks is greatly
decreased. On the other hand, the intensity of the peaks A and D remained almost unchanged. The dipoles of
transitions A and D have been reported to be perpendicular to B and C [22, 32, 33] and the polarization
contrast for each peak is reported to be highly dependent on the orientation of the nanodiamonds [21].
These results suggest that the dipoles of transitions B and C are in a plane perpendicular to the excitation
laser beam, whereas the dipoles of transitions A and D are almost parallel to the beam. This assumption is
consistent with the intensities of peaks A and D being one to two orders of magnitude smaller than those of
peaks B and C, as shown in figure 2(c).

Therefore, it can be concluded that the direction of the excitation polarization coincides with the
excitation polarization that maximizes the emission intensity and transitions A and D possess a different
orientation dipole to transitions B and C, which is consistent with the polarization dependence of the
emission from a single SiV center.

4.4. Temperature dependence of SiV center emission

The temperature dependence of the SiV center emission was measured to confirm that the 4 peaks in

figure 2(c) come from a single SiV center. In this measurement, the excitation laser power was set to 5 mW to
suppress the broadening of the FWHM by the high excitation laser power and to acquire a sufficient photon
count to measure the emission spectra.

Figure 5(a) shows emission spectra for the SiV center shown in figure 2(c) at 4, 40, 100, and 250 K. For
ease of viewing, the 100 K and 250 K spectra are multiplied by factors of 5 and 20, respectively. The ZPL
position showed a red-shift and the linewidth increased with increasing temperature.

Figure 5(b) shows the temperature dependence of the FWHM of peak C in the spectrum shown in
figure 2(c) from 4 K to 270 K. Below 100 K, the FWHM was calculated using two Gaussians to distinguish
between peaks B and C. On the other hand, above 150 K, they merged into one, therefore a single Gaussian
was used to calculate the FWHM. The range of change in the FWHM is from ~ 100 GHz to ~ 3.0 THz. The
data below 80 K were fitted using o) exp(—hAgs/ksT) (red line) and the data above 100 K were fitted using
oy exp(—hAgs/kpT) + i, T? (green line), where h is the Planck constant, kg is the Boltzmann constant, T is

5
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Figure 5. (a) Emission spectra at 4 K (blue), 40 K (yellow), 100 K (green), and 250 K (red) with an excitation power of 5 mW. (b)
Temperature dependence of FWHM of peak C. The green and red lines are the fits using o exp(—hAgs /kgT) and

o exp(—hAgs/ksT) + i T2, respectively. (c) Temperature dependence of ZPL position (center of peaks A to D). The blue and
red lines are fits using 81 72 and 3, T°, respectively.

the temperature, and «; and «; are fitting parameters. The temperature variation of the linewidth is
considered to result from electron-phonon coupling [34, 35]. For a SiV center, when the thermal energy is
almost the same as the excited state splitting (hAgs ~ kg T), the first-order electron-phonon process
(g exp(—hAgs/kgT) dependence) is dominant, and when the thermal energy is greater than the excited state
splitting (kg T > hAgs), the second-order electron-phonon process (T° dependence) is dominant [7, 35]. In
this sample, Agg is ~ 1.59 THz, which corresponds to ~ 76 K. Therefore, the first-order electron-phonon
coupling model («; exp(—hAgs/kpT)) was used to the data below 80 K and a linear combination of
first-order and second-order electron-phonon coupling models (v exp(—hAgs/kgT) + a2 T®) was used to
the data above 100 K, where a; and «, are fitting parameters. Above 100 K, the data deviate from the
oy exp(—hAgs/kpT) + i, T fit; this trend has also been observed in previous studies [34, 35]. This is thought
to be because above 150 K the FWHM is calculated by combining four peaks. On the other hand, below 80 K
the a; exp(—hAgs/kpT) with the Agg calculated from the spectrum shown in figure 2(c) is in good
agreement with the data, which is strong evidence that the 4 peaks in figure 2(c) come from single SiV center.
Figure 5(c) shows the temperature dependence of the ZPL position (the center of 4 peaks). To calculate
the ZPL position, the emission spectra were fitted with four Gaussian functions below 60 K, two Gaussian
functions at 80 K and 100 K, and a single Gaussian function above 120 K. This is because the A and D peaks
are too weak above 80 K, and the four peaks merged into one peak above 120 K. The ZPL position changed
from 407.2 THz (4 K) to 406.6 THz (270 K). The ZPL shift in figure 5(c) was fitted by equations 3; T*> and
B2 T, where 3 and 3, are fitting parameters. The shift of the ZPL position is considered to result from
thermal expansion of the diamond lattice (T2 dependence) and an electron-phonon coupling process (T°
dependence) [35]. A comparison of the T2 and T? fits revealed that the T fit is in better agreement with the
data. The ZPL position in the present sample is considered to be mainly determined by thermal expansion,
which is consistent with the temperature dependence of the ZPL shift for a SiV center [34].

6
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Therefore, it can be concluded that the four peaks come from a single SiV center by analyzing the
temperature dependence of the line width using the electron-phonon coupling model. Furthermore, it can
be concluded that the temperature variation of the ZPL position originates from expansion of the diamond
lattice, which is consistent with the temperature dependence of the emission from a SiV center.

5. Discussion

According to the analysis in sections 4.2—4.4, we confirm that the narrow emission peak in the spectrum
shown in figure 2(c) comes from a single SiV center. In this study, we investigated the optical properties of
small nanodiamonds (approximately 50 nm) at cryogenic temperatures from the perspective of efficient
coupling to nanophotonic devices. A relevant study has reported on the optical properties of single SiV
centers in nanodiamonds of similar size, which produced HPHT treatment with Si-doping components [21].
This study measured a narrow emission linewidth of 142 MHz using photoluminescence excitation (PLE).
Compared to this method, our approach using ion implantation into preselected nanodiamonds offers the
advantage of efficient creation of SiV center in nanodiamonds with uniform size due to its controllability of
the ion implantation process.

In this study, we observed that the emission from the SiV center showed a spectrometer resolution limit
linewidth of 0.09 nm, which indicates the intrinsic linewidth of the emission should be much smaller than
0.09 nm. Therefore, to measure the intrinsic linewidth with higher precision, PLE measurements are
important for future works.

6. Conclusion

Single SiV centers were formed in nanodiamonds by Si ion implantation and exhibited an emission linewidth
that was limited by the spectrometer resolution. The nanodiamonds were evaluated at cryogenic
temperatures and the emission observed from a single SiV center had four distinct fine structure peaks. The
emission line FWHM was at the spectrometer resolution limit (0.09 nm) when the excitation power was 50
#W. In the polarization dependence measurement, the detection polarization angle of maximum intensity
was verified to coincide with the excitation polarization angle. Emission spectra were measured with two
orthogonal polarizations, which indicated that the orientations of the emission diploes of peaks A and D are
different from those of peaks B and C. Emission spectra were measured from 4 K to 270 K and the
temperature dependence of the linewidth and the ZPL position was evaluated. The temperature dependence
of the linewidth could be described by a first-order electron-phonon coupling model («; exp(—hAgs/kgT)
dependence) below 100 K and a linear combination of first-order and second-order electron-phonon
coupling models (T° and o exp(—hAgs/kpT) dependence) above 150 K. These results are consistent with
the emission properties of SiV centers. The narrow emission peaks observed suggest that nanodiamonds
containing single SiV centers produced using this method could be important building blocks for quantum
information technology. Towards the realization of high-efficiency single photon sources, the coupling of
nanodiamonds containing single SiV centers to nanophotonics devices at cryogenic temperatures will be the
subject of our future work.
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Figure Al. Size-dependence of the peak wavelength and FWHM at 4 K (a) and (b) shows the histogram of the distribution of the
ZPL peak position for MSY 0.1 (median size is 50 nm) with ion fluence of 5 x 10! ionscm =2 and MSY 0.5 (median size is
210 nm) with ion fluence of 5 x 10'2ionscm ™2, respectively. The orange lines indicate the data shown in figure 2(c). (c) and (d)
shows the histogram of the distribution of FWHM of the ZPL peaks for MSY 0.1 and MSY 0.5, respectively. The orange line shows
FWHM shown in figure 3(a). Note that FWHM values shown by blue lines can be broadened due to the high excitation laser
power and including ensemble emission.

Appendix

In this appendix, we show the size-dependent spectral properties. Figure A1 shows the histogram of the
distribution of ZPL peak wavelength and the FWHM for MSY 0.1 (median size is 50 nm) with ion fluence of
5 x 10" and MSY 0.5 (median size is 210 nm) with ion fluence of 5 x 102, In both of the samples, the ZPL
peak position ranges from 734 nm to 746 nm, which suggests that the internal strain does not depend on
nanodiamond size. On the other hand, as expected, the FWHM of the peaks tends to be smaller in the larger
nanodiamonds. Please note that the FWHM data shown in figure A1 can be broadened by the high excitation
laser power of 23 mW and broadening by ensemble emission.
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