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Single-photon emitters with stable and uniform photoluminescence properties are important for
quantum technology. However, in many cases, colour centres in diamond exhibit spectral diffusion
and photoluminescence intensity fluctuation. It is therefore essential to investigate the dynamics
of colour centres at the single defect level in order to enable the on-demand manipulation and
improved applications in quantum technology. Here we report the polarization switching, intensity
. jumps and spectral shifting observed on a negatively charged single silicon-vacancy colour
centre in diamond. The observed phenomena elucidate the single emitter dynamics induced by
photoionization of nearby electron donors in the diamond.

Diamond is a beautiful and precious stone, but it is the defects in the diamond crystal that attract much
attention for research around the world. Some of the colour centres in diamond are bright and with
good photoluminescence (PL) stability at room temperature'-6. The nitrogen vacancy (NV) colour cen-
tre is one of the most studied diamond defects. The optical properties of the NV centre in diamond are
conducive to many applications, such as bio-markers for living cells due to the nontoxic diamond host,
practical single-photon sources for quantum cryptography, demonstrations of fundamental physics in
quantum optics, and sensitive nanoscale sensors of temperature as well as electric and magnetic fields’".
Lately, the negatively charged silicon vacancy (SiV~) colour centre has been reported as a good candidate
for single-photon source due to its remarkable optical properties and electronic structure!*!'. At room
temperature, the PL from SiV colour centres can show near 100% polarization contrast, and therefore
have high potential for applications in quantum information processing and cryptography'S. SiV~ centres
also possess advantages for optical quantum information applications due to their narrow zero phonon
line (ZPL) at 738 nm with high fluorescence concentration and short fluorescence lifetime!”-22.
Polarization properties of single colour centres in diamond are extremely important for applications
such as in quantum cryptography where the photon polarization encodes the information, and so forth.
However, if surrounding impurities in the diamond sample are illuminated by the focused excitation
laser, they might be photo-ionized to generate extra electrons and even electron-acceptors. Each kind
of colour centre in diamond has its unique PL properties due to the respective structure and dynamics
of electrons. The dynamics of these electrons and acceptors impacts on the PL properties of adjacent
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Figure 1. Fluorescence image of the polarization-switching single SiV~ centre (in red-dashed circle).
(a) x—y surface scan; (b) x-z depth scan at position where a thin red dot line was marked in a, yellow-
dashed line indicates the diamond sample surface. Colour bar embodies the PL intensity (kcounts/s).

colour centres, and results in fluorescence fluctuations, such as blinking, intensity jumps, and spectral
changes®-?. Therefore, it is important to understand the role of the environment in polarization property
of a single colour centre.

In this paper, we report the observation of a single SiV~ colour centre in diamond showing fluores-
cence intensity switching in a two-level regime at ambient conditions, which was then proved to have two
switching linear polarizations. As a result of projection onto (100) surface, the angle of the polarization
is 21.7°. The switching rate between the two linear polarizations was observed to increase linearly versus
excitation power. Moreover, with laser excitation less than 2mW, the SiV~ colour centre emitted photons
of only one linear polarization. By increasing the excitation power, the second polarization state could be
activated. The polarization switching phenomenon could be explained by photoionization.

Results

Characterization of the polarization-switching single SiV~ centre. A diamond containing
SiV~ colour centres prepared by ion implantation was investigated with a scanning confocal micro-
scope. With the continuous-wave excitation laser at 532nm, we observed single SiV~ colour centres
distributed with a density of about 1.4/pm?, as shown in Fig. 1(a). Among them, an isolated SiV~ centre
showed fluorescence polarization switching, marked with a red dashed-line circle in Fig. 1. As shown
in the z-scan image of Fig. 1(b), this SiV~ centre is located less than 1 pm under the diamond sample
surface, and as can be seen, there were no other emitters within the focal volume of the excitation
laser. In the experiment, fluorescence from the SiV~ was resolved into two orthogonal polarizations by
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Figure 2. Comparison of the intensity-jumping SiV~ and a normal SiV~. (a) Polarization fluorescence
intensity traces of the polarization-switching single SiV~ centre. (b) Fluorescence intensity occurrence
histograms corresponding to a. (c) Second-order correlation function measurement of the polarization-
switching single SiV~ centre with excitation power of 7.67 mW. (d) Polarization fluorescence intensity traces
of a normal SiV~ centre. (e) Fluorescence intensity occurrence histograms corresponding to d. (f) Second-
order correlation function measurement of the normal SiV~ centre with excitation power of 6.0 mW.

applying a polarized beam-splitter (PBS). (See Methods). Figure 2(a) shows the PL intensity tracing by
two avalanche photo-diodes (APD) at the ports of the PBS as the SiV~ was excited by 21.6mW laser. In
Fig. 2(b) we histogram the PL intensities monitored by the two APDs, giving a more clear description of
polarization switching. Two distinguishable peaks could be clearly observed for each polarization direc-
tion. We connected the outputs of the two APDs to the “Start” and “Stop” inputs of a time-correlated
single-photon counter (Pico Harp 300) to measure the photon correlation. The photon counting rates of
the two APD were adjusted to be closely balanced by the half-wave plate (HWP) before the PBS for the
photon correlation measurement. A dip in photon coincidence counts to ~0.35 at zero delay appeared
with excitation power of 7.67mW [Fig. 2c], indicating a unitary photon emitter. According to the sec-
ond order correlation function fitting, the characterized g2 () time of the SiV~ colour centres could be
deduced to be about 0.84ns. For comparison, we tested another stable SiV~ colour centre nearby. As
shown in Fig. 2(d-e), no switching of intensity was observed. A dip valued 0.14 at zero delay was seen
in the second order correlation function measurement with excitation power of 6.0mW in Fig. 2(f). And
the characterized g? (t) time was about 0.82ns, similar to that of the polarization switching one.

Polarization properties. To investigate the polarization switching properties, we recorded the pho-
ton counting rates, sampling every 100ms by each APD over 400seconds while rotating the HWP in
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Figure 3. Optical properties of the two switching states. (a) Polarized fluorescence intensity as a function
of the polarization angle at excitation power of 6.7 mW. (b) Fluorescence polarization at a low excitation
power of 1.62mW. (c) Total fluorescence intensity as a function of excitation power. Blue and red curves
are fits to P, and P, states, respectively. Inset: fluorescence intensity of the two states versus excitation
polarization. (d) Spectra of the polarization-switching SiV~ center at P, state (blue solid curve) and P, state
(red shaded curve). The spectra were taken with the excitation power of 20 mW.

front of the PBS. Statistics on the photon-counting rates formed an occurrence histogram for the flu-
orescence intensities. There were two intensity peaks in the histogram, and we plotted the intensity vs
polarization angle for each of them in Fig. 3(a). The excitation power was 6.7 mW. Fitting with a sine
function, we clarified that the observed linear polarizations switched by an angle of 21.7°.

In this experiment, the polarization contrast for the two polarization states were 67% and 64%,
respectively, in good agreement with the expected SiV~ colour centre fluoresence polarization for this
diamond orientaion'. The fluorescence polarization of all other oberved SiV~ centres which do not
exhibt polarization switching are along {110} with small deviations, which is consistent with Ref. 16.
The SiV~ has a symmetric axis along {111} and the dipole moments are either perpendicular to {111}
or along {111}. In our experiment, fluorescence were collected through (100) plane and the polarization
contrast was lowered®. The 45° oriented dichromatic mirror may also slightly decrease the polarization
contrast!®. Therefore, we could conclude that the fluorescence from the SiV~ was switching between two
linear polarization states P, and P,.

The polarization directions of SiV~ were measured at different laser powers. At low excitation power,
the fluorescence of the SiV~ showed only one polarization, which was along the same direction of P,
state as shown in Fig. 3(b). When the laser power was above 2mW, the polarization switching between
the P, and P, states occurred. With increasing the excitation power, no change on the two polarization
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directions was observed. Therefore, there existed an excitation laser power threshold for the polarization
switching at about 2mW.

Excitation saturation. The PL intensity of this emitter as a function of excitation power was also
investigated. The PL intensity saturation curves varied slightly for the two polarization states as shown
in Fig. 3(c). The PL saturation curves were fitted by

P

F=F —,
P+Psat (1)

o0

where P, is the saturation excitation power and F_ is the fluorescence counting rate in the limit of
infinite excitation power. Here we obtained for the P, state, P,,,= 13.5mW, F__ =452kcounts/s, and for
the P, state, P,,=15.6mW, F__ =426 kcounts/s by fitting the saturation curves. The difference in the
saturation powers could be explained by the overlap of the center’s dipole with the excitation laser’s
polarization since a linear polarized laser was used in the experiment. We varied the excitation laser
polarization and monitored the intensity and found that the fluorescence from the SiV~ showed slight
dependence on the excitation laser polarization. And there was an angle difference of about 22° between
the two polarization state of P, and P,, agreeing with the polarization switching angle. Therefore, it could
be concluded that the different excitation efficiency of the two states was caused by the dipole orienta-
tions with respect to the excitation laser polarization.

PL Spectra of the two polarization states. The PL spectra of the SiV~ centre for the two polariza-
tion states were measured and are shown in Fig. 3(d). The ZPL peak at 738 nm provides clear evidence
that the investigated defect is a SiV~ centre. When the SiV~ centre was in P, state, the PL spectrum is
narrower than in P, state, and shifted towards to longer wavelength by about 1.6nm. The spectra of the
two states didn’t change with the excitation power. Therefore, we deduced that the spectral shift was not
related to temperature change by laser illumination. Otherwise the ZPL position should show a blue
shift upon cooling®”. Additionally, there was no clear difference at the phonon-sidebands and we didn’t
observe the SiV? spectral peak at 946 nm which is different from the photoionization of NV centres?*.

Dependence of polarization switching on laser power. We varied the excitation power and found
that the frequency of polarization switching was dependent on the excitation laser power as shown in
Fig. 4(a). According to the intensity histogram in Fig. 4(b), the state duration of P, was longer than that
of P,. With the increase of the excitation power, the polarization switched more frequently. Accordingly,
the duration for the emitter to stay at either of the two polarization states was dependent on the excita-
tion power. We analyzed the PL intensity traces at different excitation powers. With intensity tracing
during 1-3hours, about 40 “switching” events were recorded. For each excitation power, the statistics
of the state duration were divided into 7-8 time periods to form a histogram, and a decay function was
used to fit the histogram to obtain the characteristic time of the state duration T,

C=Ae'l", (2)

where C is the occurrence counts of state-duration at a certain time period, and A is amplitude of the
function. Fig. 4(c) shows the inversion of T as a function of excitation power, which increases linearly. In
addition, at all the measured different excitation powers, the T of P, state values greater than 1 of P, state.

Pre-selection of the two states. By tracing the fluorescence intensity of the polarization switching
SiV~ with interruption and retrieve of the excitation laser, we investigated the polarization state stability
of the SiV™~ centre under dark condition as shown in Fig. 5. The excitation laser was 20mW to provide
relatively high switching rate. We turned off the excitation laser for over 100seconds, and when we
retrieved the laser we found that the polarization direction maintained in the dark condition. Short-term
interruptions of laser excitation didn't change the polarization neither. Hence, when the excitation laser
power was above the threshold of polarization switching, there was no pre-selection of the two states
before an excitation laser illuminates the SiV~ centre.

Discussion

Fluorescence intensity jumping of diamond colour centres has been observed and reported in Refs 26-29,
and ZPL shifts were observed along with fluorescence intensity jumping?-?". Such jumps might be asso-
ciated with a modification of the defect configuration®. For example, chromium-based colour centres
in diamond were observed with spectral and intensity switching but no polarization switching?. The
phenomena were considered to be optically induced changes in the charge configuration in the vicinity
of each centre, possibly related to photoionization of the defects in the diamond lattice. And Ni/Si cen-
tres were also observed with intensity jumping in a three-level regime due to the trapping or release of
charges by impurity atoms or defects in the vicinity of the colour centres®. Surrounding defects affected
by reversible changes in their charge state may also cause intensity jumping of the colour centres®.
Therefore, the switching fluorescence properties might be a result of the photoionization of the colour

SCIENTIFIC REPORTS | 5:12244 | DOI: 10.1038/srep12244 5



www.nature.com/scientificreports/

a b

— 300 21.6 mW '\(;300

~ N —_—

£ £ i
3 200 | 5200 ~p
O B > 2|
2 2 = =
O - 51 mwW e P
S 40 § 40 2
o 20' 1.73 mW 0 20

o) o

8 =) — P,
E I LL YN ST TN T T T W N S T

o
(@)

- 0
300 0 15 30 45

100 200

Tracing time (s) Occurrence
¢ 24
' 20f ;7 =P
[ 815t I 1
1.8 @10_ | Linear Fit of P,
e = Linear Fit of P,
IC - 8 5 | % n .
- — O \
E 1 2 | 0 N 7|
~ 0 140 280 420 ®
§ State duration (s)
0.6
0.0

0 6 12 18
Laser power (mW)

Figure 4. Fluorescence intensity tracing with different excitation powers. (a) Fluorescence intensity tracing
of the SiV~ colour centre by APD1 at different excitation power. For the 1.73-mW power measurement,

the intensity fluctuations were the same on both APDs, and not the result of polarization switching. (b)
Histograms of fluorescence intensity corresponding to a, and the two switching states are labeled with arrows,
respectively. (c) Duration time of the polarization-state T, is dependent on excitation laser power. Inset: the
statistics of P, state duration time under excitation of 15.5mW fitted according to Eq. (2).

centre itself or the photoionization of impurities in the vicinity positions of the colour centre which
affects the quantum vyield of colour centres.

Here in our observation, intensity jumps were accompanied with the spectra and polarization-switching.
In our opinion, it was not due to the ionization of the SiV~ centre itself because SiV~ would not retrieve
to any pre-state during quite long dark time and the spectra always presented a typical SiV~ peak at
738nm and didn’t show a SiV? peak, which is different with the case of photoionization of NV colour
centre reported in Ref. 24. Therefore, we believe the switching fluorescence properties is associated with
photoionization of impurities in the vicinity of the SiV~ centre. The photo-ionization of diamond impuri-
ties generates additional electron donors and stationary charge traps, which would lead to charge fluctua-
tions in the volume of the laser focus so that the temporary local electric field surrounding SiV~ centres
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Figure 5. Tracing of the fluorescence intensity on the two APDs with interruptions of excitation laser.
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Figure 6. Scheme of the experiment setup. GP, Glan prism. DM, dichroic mirror reflecting excitation
laser of 532nm and passing the fluorescence longer than 540 nm. HWPI, 2, half-wave plate. OB, objective.
PZT, piezoelectric ceramic transducer. 730 LP, long-pass filter cutting off at 730nm. 775 SP, short-pass filter
cutting off at 775nm. BS, non-polarized beam-splitter. PBS, polarized beam-splitter. APDs, single-photon
counting module based on avalanche photo-diode. TCSPC, time-correlated single-photon counter.

would change in the charge fluctuations. In this experiment, from time to time, the electric field altered
the quantum efficiency as well as polarization properties and the spectra of the SiV~ centre.

In conclusion, a single SiV~ colour centre in bulk diamond was observed showing fluorescence polar-
ization switching along two directions, which was also demonstrated to be a single-photon emitter by
photon correlation measurement. The angle between the two polarizations projecting on the (100) plane
was 21.7°. The switching rate of the two polarizations was dependent on the excitation power. Both of
the two states could persist over long non-illuminating time. We attribute the whole phenomena to
photoionization of unknown impurity atoms adjacent to SiV~ in the diamond. The experimental result
benefits for a better understanding of polarization dynamics which is important for applications of SiV~
centres in quantum information processing and communications.

Methods

Sample fabrication. The diamond sample used in the experiment was a (100)-oriented diamond
layer of ~15pm thickness, grown homoepitaxially on a HPHT type Ib crystal by microwave plasma
chemical vapor deposition. The grown layer was high purity diamond as estimated by confocal micros-
copy before ion-implantation. SiV~ centres were fabricated by shallow implantation of silicon atoms with
60keV acceleration energy per ion into the sample surface followed by a subsequent anneal at 1000°C
for 30 min in 10% H, forming gas.

Confocal microscope set-up and optical measurements. The experimental setup consisted of a
homemade confocal scanning microscope combined with a spectrometer (SpectraPro-300i, Acton
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Research Corporation) and a time-correlated single-photon counter®'*2. A scheme of the setup is pre-
sented in Fig. 6. In the confocal microscopy, an oil-immersion objective (UPlanSApo 60x/1.35 Oil,
Olympus) was used to focus the linear polarized continuous-wave excitation laser at 532nm on the
surface of the diamond sample and collect the fluorescence from the colour centres at the same time. The
collected fluorescence from SiV~ colour centres was spatially filtered by a 30-pm pinhole, and spectrally
filtered by a long pass filter at 730 nm and a short pass filter at 775 nm, and then sent to a Hanbury-Brown
and Twiss setup consisting of polarized beam splitter and two silicon avalanche photodiode (APD)
single-photon detector (SPCM-AQR-14, Perkin Elmer). The PBS transmits horizontally polarized pho-
tons and reflects vertically polarized photons. Therefore, the horizontal and vertical components of the
SiV~ fluorescence intensity could be measured by the two APDs simultaneously. A half-wave plate was
inserted in front of the PBS in order to adjust counting rate for the two APDs. The photon counts from
the APDs were acquired by a data acquisition card (NI6251, National Intruments) and a time-correlated
single-photon counter (Pico Harp 300, PicoQuant).
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