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S1. SPIN PROPERTIES
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Figure S1. Spin properties of defects created by implanting helium ions with an energy of

30 keV and a fluence of 1 × 1014 ions/cm2 without an external magnetic field. (a) Rabi

oscillation of the defects. (b) A spin-lattice relaxation time of 17 µs at room temperature.

For the Rabi and T1 experiment, we used a home-built confocal microscope combined

with a microwave system
[1, 2]

. We measured the Rabi oscillation of the defects created by

implanting helium ions with an energy of 30 keV and a fluence of 1 × 1014 ions/cm2 without

an external magnetic field, as shown in Figure S1(a). From the Rabi frequency, we obtained

a spin-lattice relaxation time of 17 µs at room temperature, as shown in Figure S1(b).

S2. THE EFFECT OF IMPLANTATION PARAMETERS ON SPIN PROPERTIES

Some results for the effect of implantation parameters on spin properties are shown in

Figure S2. Figure S2(a) shows that an implantation fluence ranging from 1 × 1013 to 1 ×

1015 ions/cm2 has little effect on the ZFS parameter D. Figure S2(b) shows that different

ion species, such as helium, carbon, nitrogen and argon, have almost no effect on the ZFS

parameter D. Figures S2(c) and (d) show that the ZFS parameters D and E both show

obvious differences at different spots when the fluence reaches 1 × 1016 ions/cm2. Figures

S2(e) and (f) show that varying the implantation energy from 20 keV to 30 keV scarcely

affects the ZFS parameters D or E. Figure S2(g) shows that the T1 time changes little with

the implantation energy.
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Figure S2. (a) The effect of the fluence on the ZFS parameter D. (b) The effect of

different ion species on the ZFS parameter D. (c) The difference in the ZFS parameter D

at different spots when the fluence reaches 1 × 1016 ions/cm2. (d) The difference in the

ZFS parameter E at different spots when the fluence reaches 1 × 1016 ions/cm2. (e) The

effect of the energy on the ZFS parameter D. (f) The effect of the energy on the ZFS

parameter E. (g) The effect of the energy on the T1 time.

S3. THE STABILITY AT ROOM TEMPERATURE

We measured the PL spectra under a 4.6-mW, 532-nm laser excitation over a period of

3 hours. A sample of V−B defects was created by implanting helium ions with an energy of

30 keV and a fluence of 1 × 1014 ions/cm2. PL spectra as a function of time are shown
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Figure S3. PL spectra as a function of time.

in Figure S3. The green line was measured five months previously. We can see that the

V−B defects can be stored for a long time at room temperature and are stable under laser

excitation, which exhibits good photostability at room temperature.

S4. HIGH-CONTRAST ODMR SPECTRA

The ODMR spectra measured by using gold electrode antenna to deliver a microwave

field are shown in Figure S4. The ODMR contrast can reach up to 22% under high-power

microwave (10 W) driving, and its two peaks overlap due to high power broadening, as

shown in Figure S4(a). The ODMR contrast can readily reach approximately 13% without

significant power broadening using low-power microwave (0.1 W) driving, as shown in Figure

S4(b).
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Figure S4. High-contrast ODMR spectra. (a) Measured ODMR spectrum under

high-power microwave (10 W) driving. (b) Measured ODMR spectrum under low-power

microwave (0.1 W) driving.

S5. THE PROBABILITY OF GENERATING A V−B CENTER PER ION

It is difficult to detect the exact number of V−B defects in an ensemble. However, we can

approximately estimate the order of magnitude of the defect number from the photon count

pumped by a pulsed laser (picosecond pulse width). Then, the probability of generating a

V−B center per ion in the beam can also be estimated.

For the pulsed laser, each pulse can only be used to excite each defect once, and thus at

most only one fluorescence photon can be emitted per defect. When the number of photons in

one pulse exceeds the number of defects, we can simply assume that the fluorescence photon

number is a lower bound for the defect number (considering the nonradiative transition, the

fluorescence photon number should be less than the defect number).

By measuring the laser saturation curve (shown in Figure S5, our maximal laser power is

20 mW) we can obtain the saturation-excitation power (9.6 mW). We can assume that the

number of photons per pulse exceeds the number of defects beyond the saturation power.
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Figure S5. The laser saturation curve fitted by the function I(P ) = IsatP/(Psat + P ),

where Isat and Psat are the fitting parameters, and P is the excitation power. Isat equals

the saturation-radiation rate, and Psat is the saturation-excitation power.

Considering the loss of fluorescence photons, we can estimate a lower bound for the genera-

tion probability by using the following equation,

Pro =

Isat
ηN

F ∗ π ∗ (0.61λ
N.A.

)2

where Isat (13.7 M/s) is the saturated count, η (∼0.8%) is the loss coefficient (including

objective collection efficiency (28%) and coupling efficiency on the collection side (10%),

filter and BS transmission efficiency (40%), and detection efficiency of single photon detector

(70%)), N (78 M/s) is pulse number per second, F (1014 cm−2) is implantation fluence, λ

(532 nm) is the laser wavelength, and the N.A. is equal to 0.9. Therefore, the magnitude for

the order of the lower bound of the generation probability was calculated to be ∼10−3%.
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S6. A COMPLEMENT TO THE DEPENDENCE OF T1 AND ION SPECIES
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Figure S6. The dependence of T1 and PL intensity when different ion species are used.

The horizontal axis is the normalized PL intensity, and the vertical axis is the T1 time.

According to our results, the T1 time decreases as the ion radius increases. We speculate

that with increasing ion radius, the damage increases due to the larger collision cross-section.

For simplicity, we can regard crystal damage as defect density. We plotted the dependence

of T1 and normalized PL intensity when different ion species are used, as shown in Figure

S6. It is difficult to discern an obvious dependence between the T1 time and PL intensity.

Nevertheless, we suspect that the T1 time is related to defect density, because the PL inten-

sity only represents the density of V−B defects. There is possibility that our bombardment is

not only creating local defects but also removes several neighboring atoms and creates other

defects
[3, 4]

, especially when the damage is large enough. Therefore, although the damage

increases with the increase of ion radius, the V−B defect density may not increase, but other

8



defect density may increase.
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