PHYSICAL REVIEW APPLIED 19, 024061 (2023)

Editors’ Suggestion

Multiple Tin-Vacancy Centers in Diamond with Nearly Identical Photon
Frequency and Linewidth

Yasuyuki Narita,! Peng Wang®,! Keita Ikeda,! Kazuki Oba,' Yoshiyuki Miyamoto,?

Takashi Taniguchi,> Shinobu Onoda,* Mutsuko Hatano®,' and Takayuki Iwasaki®'-"
]Department of Electrical and Electronic Engineering, School of Engineering, Tokyo Institute of Technology,
Meguro, Tokyo 152-8552, Japan
’ Research Center for Computational Design of Advanced Functional Materials, National Institute of Advanced
Industrial Science and Technology, Tsukuba, Ibaraki 305-8568, Japan
 International Center for Materials Nanoarchitectonics, National Institute for Materials Science, Tsukuba, Ibaraki
305-0044, Japan

* Takasaki Advanced Radiation Research Institute, National Institutes for Quantum Science and Technology, 1233
Watanuki, Takasaki, Gunma 370-1292, Japan

® (Received 1 October 2022; accepted 18 January 2023; published 23 February 2023)

We report the narrow inhomogeneous distribution of the zero-phonon line from tin-vacancy (Sn-V)
centers in diamond and the overlap of spectra from multiple separated Sn-J centers. Photoluminescence
excitation spectroscopy measurements at a cryogenic temperature show that Sn-J centers exhibit sta-
ble fluorescence and linewidths close to the Fourier-transform-limited linewidth. The inhomogeneous
distribution is as low as about 4 GHz, which enables the observation of Sn-isotope-dependent resonant
frequencies. Owing to the narrow inhomogeneous distribution, we observe multiple Sn-¥ centers showing
almost identical photon frequencies and linewidths. Identical Sn-V centers are also observed between two
diamond samples, confirming the reliable fabrication of high-quality Sn-V centers.
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I. INTRODUCTION

Quantum networks require entanglement generation
between distant quantum network nodes, including quan-
tum repeaters [1]. Solid-state quantum emitters are a
promising platform for quantum light-matter interfaces to
construct quantum nodes [2,3]. The generation of quan-
tum entanglement among distant nodes is demonstrated
using nitrogen-vacancy (N-V) centers in diamond [4,5],
while the N-V center has drawbacks in terms of optical
properties: a low fraction of the zero-phonon line (ZPL)
against the total emission and a fluorescence line that
is subjected to external electric noise. Group-IV color
centers in diamond, such as silicon-vacancy (Si-V) [6—
8], germanium-vacancy (Ge-V) [9,10], tin-vacancy (Sn-V)
[11,12], and lead-vacancy (Pb-V) [13—15] centers, with
inversion symmetry, can solve these problems [16—19].
In particular, Sn-V and Pb-JV centers are interesting sys-
tems from the viewpoint of their spin properties. They are
expected to exhibit spin-coherence times of milliseconds
at kelvin temperatures, owing to the large spin-orbit inter-
action in the ground state [11,15]. This is in contrast to
the Si-V center, which requires a temperature <1 K in
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a dilution refrigerator to achieve a long spin-coherence
time [20] without a highly strained environment [21]. A
spin-coherence time of 0.3 ms is reported for a Sn-J cen-
ter with all optical operations [22]. Observations of the
Fourier-transform-limited linewidth (FTL) [23,24], incor-
poration in nanocavities [25-27], and two-photon inter-
ference using one Sn-J center in nanostructured diamond
[28] have also been demonstrated, making the Sn-J center
promising as a light-matter interface. However, the gen-
eration of photons with identical linewidths and photon
frequencies from multiple separated Sn-J centers has yet
to be reported; this would play a key role in generating
remote entanglement [29] based on the two-photon inter-
ference [30,31] between quantum network nodes. Control
of the linewidth and wavelength is challenging in solid-
state materials, especially for a Sn-V center composed
of heavy atoms, because its incorporation into diamond
causes more defects and higher strain around the emit-
ters. In this study, we observe Sn-V centers with identical
photon frequencies and linewidths formed by ion implanta-
tion and subsequent high-temperature annealing at 2100 °C
under a high pressure of 7.7 GPa. The Sn-V centers are
found to be stable over time and show narrow linewidths
close to the FTL. Furthermore, statistical measurements
reveal a narrow inhomogeneous distribution, in which we
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find Sn-isotope-dependent fluorescence energy. Finally,
the narrow inhomogeneous distribution enables us to find
multiple Sn-J centers with identical photon frequencies
and linewidths.

II. EXPERIMENTAL AND CALCULATION
METHODS

The Sn-V centers are formed in Ila-type (001) single-
crystal diamond substrates (Element Six) by ion implan-
tation and subsequent high-temperature annealing. Ion
implantation is performed at an acceleration energy of
18 MeV provided by a 3-MV Tandem accelerator. The
mass separator is used to mainly extract '?°Sn3* ions, and
the extracted ion beam passing through the slits after the
mass-spectrometry magnet is implanted into the samples
with a designed fluence of 5 x 108 cm™2, leading to a
projected depth of approximately 3 um by stopping and
range of ions in matter (SRIM) [32]. Then, we conduct
a high-temperature treatment for the formation of Sn-J
centers [11] at 2100 °C under 7.7 GPa for 20 min using
a belt-type high-pressure apparatus [33]. Although sur-
face etching and/or diamond deposition frequently occur
during the high-pressure and high-temperature (HPHT)
process [15,23], high-energy ion implantation suppresses
these effects on the optical properties of the Sn-V centers.
We prepare two samples, sample 1 and sample 2, but the
surface of sample 2 is polished after the HPHT anneal-
ing. Unless otherwise noted, the experimental results are
obtained using sample 1. The diamond-surface morphol-
ogy is observed by optical microscopy (OM) and atomic
force microscopy (AFM).

The optical properties are investigated by using a home-
built confocal fluorescence microscope equipped with a
cryostat (Montana Instruments). All measurements are
conducted at a low temperature of about 6 K. A 515-
nm green laser (Cobolt Fandango) is used for nonresonant
continuous-wave (cw) excitation measurements. The laser
is focused onto the sample through a 50x objective lens
with a numerical aperture (NA) of 0.95. Fluorescence from
the Sn-J centers is directed to avalanche photodiodes or
a spectrometer. Photoluminescence excitation (PLE) mea-
surements by resonant excitation are performed by using
a dye-tunable laser (Sirah Lasertechnik Matisse 2 DS)
at laser powers of 0.8-2.5 nW. A 445-nm repump laser
(Cobolt) is also irradiated to measure the stability of the
Sn-V emission in Fig. 2(c). The other resonant measure-
ments are conducted only with the resonant laser. A wave
meter (Highfinesse WS8-30) with a resolution of 1 MHz
is used to monitor the laser wavelength. The phonon
sideband (PSB) of the Sn-V centers is detected during
resonant excitation. Confocal fluorescence mapping and
PLE spectra are recorded with the Qudi program [34]. The
excited-state lifetime is measured using a pulsed green
laser (PicoQuant D-TA-530B). The signals are recorded

with a fast-counting system with a time resolution of
200 ps (FAST ComTec MCS6A).

We estimate vibrational frequencies of the Sn atom
in the Sn-V center by first-principles calculations. The
frequencies of the Sn atom with A4,, (£,) modes under
the ground and excited states are computed from the
force field on it by replacing the (111) ((110)) crystal-
lographic direction of cubic diamond with an amount of
0.05 bohr. To calculate the force field, density-functional
theory (DFT) calculations are performed by using Perdew-
Burke-Ernzerhof (PBE) functionals [35], norm-conserving
pseudopotentials [36], and conjugate-gradient plane wave
schemes, as described in a previous report [37]. Details of
the computational conditions are explained in Appendix A.
We test the current computational scheme to obtain vibra-
tional energies for Si atoms in the Si-} center and obtain
lower values than those reported in previous work [38],
which may be due to the choice of the current DFT func-
tional as well as the pseudopotentials being different from
the reference values [38].

II1. STABILITY OF Sn-V EMISSION

A Sn-V center takes a split-vacancy configuration with
an interstitial Sn atom between two carbon vacancies
[Fig. 1(a)]. This structure corresponds to D3, symmetry, in
which no permanent electric dipole is present. A negatively
charged Sn-V center forms the S = 1/2 system. The energy
levels in the ground and excited states are split due to the
spin-orbit interaction, as shown in Fig. 1(b). Thus, four
optical transitions (4—D) occur upon nonresonant excita-
tion. Figure 1(c) shows a PL spectrum from ensemble Sn-V
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FIG. 1. Structure and optical properties of the Sn-J center. (a)

Atomic structure. Main axis is along the (111) direction. (b)
Energy level with a split ground state (GS) and excited state (ES).
(c) PL spectrum at about 6 K. Only two lines, called C and D
peaks, are observed due to the low electron occupation in the
upper level of the excited state at low temperature. (d) Plane and
(e) depth confocal scan mappings obtained using a resonant laser
on the C peak. Dashed line in (e) indicates the diamond surface,
as estimated by laser reflection.
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centers at about 6 K. The two sharp lines are the C and D
peaks emitted from the lower level in the excited state to
the two ground states. The energy difference correspond-
ing to the ground-state splitting is 821 GHz, in agreement
with a previous report [11]. The 4 and B peaks are not vis-
ible because the thermal energy does not pump electrons
to the upper level in the excited state at this temperature.
It is worth noting that only one peak can be observed for
each of the C and D peaks, even for the measurement of the
ensemble Sn-J centers, indicating that the defects created
during ion implantation are efficiently recovered by HPHT
annealing.

Figure 1(d) shows a confocal plane scan mapping
obtained using resonant laser excitation. The PSB is
detected during the scan. We see multiple isolated bright
spots that are expected to have very close absorption wave-
lengths. The depth scan in Fig. 1(e) reveals that the bright
spots are located at approximately 1.2 um in depth from
the surface, indicated as a dashed line. The correction
considering the mismatched refractive index between vac-
uum and diamond [39] estimates an actual depth of about
3.2 um (Appendix B). This agrees with the projected depth
obtained by the SRIM calculation of the implanted Sn ions.

The stability of the resonant peaks over time is inves-
tigated by repeating the scanning of the laser wavelength
around the C peak at one laser spot. Figure 2(a) shows con-
secutively measured PLE spectra for a duration of approx-
imately 12 min. Here, we use a low laser power of 0.8 nW
to avoid termination of the fluorescence due to charge
conversion [23]. At this laser power, fluorescence termina-
tion is not observed, even without irradiation from another
nonresonant laser, which is utilized for charge recovery
[40]. At the measured spot, three bright lines are clearly
observed with a frequency separation of about 400 MHz.
These lines correspond to different emitters with energy
levels slightly modified by the lattice strain. The linewidths
of the three peaks are 32, 33, and 32 MHz (from low to

high detuning). The excited-state lifetime of the Sn-V cen-
ters is estimated to be 5.2 ns, corresponding to an FTL of
31 MHz (Fig. 7 in Appendix C). This value is within the
previously reported lifetimes of 4-8 ns [11,23,24,28,41].
The statistical measurements of our Sn-V centers reveal a
mean linewidth of 34 MHz (Fig. 8 in Appendix C), which
is close to the FTL. Importantly, the peak positions do not
show notable fluctuation, evidencing the very high stabil-
ity of the Sn-J emission, as expected for D3; symmetry
with a vanishing permanent electric dipole. The stability
of the resonant peak is also examined at another position
[Fig. 2(b)]. Again, we see three sharp lines with narrow
linewidths: 33 and 32 MHz for the peaks around zero
detuning. The two lines even overlap at one confocal spot
measurement. This suggests that the inhomogeneous distri-
bution is strongly suppressed in the sample. Note that the
gradual increase in the peak intensity of the right peak over
time is caused by the drift of the measurement position.
Then, we investigate PLE spectra with a nonresonant
repump laser. A high resonant laser power changes the
charge state of various color centers, leading to the sud-
den vanishing of fluorescence [40,42—44]. The application
of a repump laser can recover the charge state, and thus,
fluorescence, while it may change the charge environment
around the emitter and cause spectral diffusion. First, we
observe the fluorescence termination of our Sn-V center
while measuring the PLE spectrum at a higher resonant
laser power of 2.5 nW without the repump laser. The
measurements are done at a different spot from those in
Figs. 2(a) and 2(b). The Sn-V center originally taking the
—1 charged state is thought to transfer another state [40].
Emission termination continues during the rest of the PLE
scan. In contrast, we observe that the addition of the cw
445-nm repump laser (7.7 uW) makes the Sn-V center
go back to the —1 state after fluorescence termination.
The charge transition occurs intermittently during the scan,
but the blue repump laser efficiently recovers the charge
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Stability of the Sn-7 emission. PLE scans are performed (a),(b) without and (c) with the 445-nm repump laser at different

laser spots. For the measurement in (c), a higher resonant power is applied to induce fluorescence termination during the scans. Bottom
panels show the stability of the resonant peaks over time. Data in (a)(c) include 23, 31, and 22 scans, respectively. PLE spectra in the
top panels are the averaged curves of the bottom panels. Red curves are fitted.
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state [40], enabling the observation of the PLE spectrum.
Figure 2(c) shows consecutive scans with the permanently
applied 445-nm repump laser. Resonant frequencies of two
lines at detunings of 0 and —180 MHz are stable during
the scans. In contrast, another peak at 480-MHz detun-
ing shows spectral jumps. The emitter-to-emitter behaviors
are caused by the difference in the local charge environ-
ment near the emitters [45]. Note that the scheme with
pulse irradiation before each scan is expected to mitigate
the spectral jump [46] rather than continuous irradiation of
the repump laser, which always changes the defect charges.
From material and device aspects, the spectral jump is pos-
sibly mitigated by further investigations of the formation
conditions of the emitters, such as the depth in a bulk
crystal [47] and annealing temperature and time, or elec-
trical control of the charge of defects using an electronic
device [48].

IV. NARROW INHOMOGENEOUS DISTRIBUTION

The inhomogeneous distribution of the formed Sn-V
centers is investigated by performing wide-range PLE
scans (47 GHz) at two areas in sample 1, denoted as areas
1 and 2, for a total of 43 spots. Each area is approximately
20 x 20 um?® near the center of the sample. Figure 3(a)
shows the histogram of the C transition of 160 Sn-V
centers. We clearly see three regions in the histogram,
hereinafter called P1, P2, and P3. A large portion of Sn-
V centers exhibit energy in the P1 region with a narrow
FWHM of 3.9 GHz. The three regions are thought to result
from the energy shift due to the Sn isotopes. As shown
for Si-V and Ge-V centers [10,49—51], the isotope of the
group-1V element causes a shift in the ZPL, according
to the mass difference. For the preparation of the sam-
ple evaluated here, the ion-implantation conditions are set
to predominantly select '?°Sn ions rather than using the
natural abundance. Thus, the P1 regime has the highest
count because of the fluorescence from the '2°Sn-J cen-
ters. However, the other isotopes could be contaminated
during ion implantation due to the imperfect isolation of
the target ion, resulting from the heaviness of the Sn ions.

Assuming that the local vibration modes of the Sn
atom determine the ZPL energy, the energy shift between
"Sn - ¥ and " Sn - V centers with different masses m, and
myx (m, < my,x) is expressed by [38,49]

h e g
AEn,n* =FE,—Ey = 5 <§ :Q”Sn - } QnS,,)
my,
x (1 - ) (1)
My

where E, and E,« are the ZPL energies of the "Sn - J and
"“Sn - ¥ centers, respectively. ¢ s, and Qf 5, are the vibra-
tion frequencies of "Sn-V in the excited and ground states,
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FIG. 3. Inhomogeneous distribution. (a) Histogram of the PLE
resonant peaks of 160 Sn-J centers. Measurements are per-
formed in two areas of sample 1, and data are stacked with dif-
ferent colors. Frequency is given as the shift from 484.130 THz.
Blue lines are the fitting curves for the three regions. Three peaks
of P1, P2, and P3 are thought to correspond to '2°Sn-¥, '1°Sn-
¥, and ''8Sn-V, respectively. (b) Isotopic difference of the ZPL
energy depending on the mass of the group-IV element. Exper-
imental values of the Si-V and Ge-V centers are obtained from
previous reports [49,50]. Dashed line denotes the relationship

AE, yq1 < 1/ /my — 1/ /myiy.

respectively. The phonon frequencies include the Sn vibra-
tions in both the axial (4,,) and transverse (£, directions
[38]. It is reported that lighter Si and Ge isotopes lead to
the shift of the ZPL to higher energies [49,50]. As demon-
strated theoretically, this is because the electron is optically
excited from a less-localized state to a localized state, lead-
ing to an increase in the vibration frequency in the excited
state [38,52]. This makes the difference in the vibration fre-
quencies in Eq. (1) positive, resulting in AE, ,« > 0. Our
calculations suggest a higher vibration frequency in the
excited state than in the ground state for the Sn-V center
as well (see Appendix A). Thus, AE, ,+ takes a positive
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value, and accordingly, the Sn-V" center composed of the
lighter Sn isotope shows a higher photon energy. This
means that P2 and P3, with higher energies, are thought
to correspond to lighter isotopes, i.e., '*Sn-V and !'8Sn-V
centers, respectively. From Eq. (1), AEj;5,119 and AE] 13,120
are expressed as

h mig
J— - g - —
AE118119 = 5 (Z QflSsn ZQ“XSVI) (1 V m119) ’

)
h . miig
ABnsi =7 (Z Qiisg, — Z an@ﬂ) (1 NV e
3)
Accordingly, the ratio of the ZPL shift becomes
AE 1 -
18,119 mus/mis _ o @)

AE118,120 1 — /mpig/min

From the Gaussian fitting of the histogram in Fig. 3(a),
AE118’119 and AE“g’le are estimated to be 10.6 and
17.7 GHz, respectively. These values lead to a ratio
of the ZPL shift (AEi15.119/AE118,120) of about 0.6,
which roughly agrees with the theoretical ratio. The nat-
ural abundance of the Sn isotopes close to '2Sn is
H78n : 11880 : 11980 : 12080 : 12280 = 7.7%:24.2%: 8.6% :
32.6%:4.6% [53]. While '2°Sn ions are dominantly
implanted in this study, !'Sn has a high possibility of
contaminating the sample, leading to the P2 region in
Fig. 3(a). Although ''¥Sn is two mass units different from
1208, its high natural abundance causes the P3 region. The
linewidth of P3 is clearly broader than those of the other
two regions; this possibly originates from residual strain
in the diamond lattice. This might lead to the discrepancy
of the ZPL shift (AE118’119/AE118’120) from theory. Note
that we observe a few peaks in the higher positive detun-
ing outside of the region in Fig. 3(a) during 10 scans at
different spots; these may also appear due to strain. It is
worth stressing that the isotope-distinguished observation
of '"Sn-¥ is important for utilizing a long-lived nuclear
spin for quantum memory [21,54,55].

Here, we discuss the isotopic energy shift depending on
the group-IV element. Experimentally, the energy shifts
against the unit isotopic mass change are 87, 15, and 7 GHz
for Si-¥ [49], Ge-V [50], and Sn-¥ centers (between ''°Sn-
V and '?°Sn-V in this study), respectively. The heavier
group-1V emitter shows a smaller isotopic shift. The cal-
culation of the vibration frequencies of the 4,, and E,
modes of the group-IV impurity gives rise to the theo-
retical energy shift using Eq. (1) [38]. The value of the
Si-V center estimated by the first-principles calculation
[38] is plotted in Fig. 3(b). In this study, we calculated
the vibration frequencies of the Si-J and Sn-V centers
by first-principles calculations, showing the decrease in

the energy shift as a function of the mass of the group-
IV elements [Fig. 3(b)]. Another calculation [50] of the
Si-V and Ge-V centers shows a similar decreasing ten-
dency. With the relationship of Q.5 = +/k/m,, where k
is the force constant, the energy shift against the unit
isotopic mass change, AE, ,t1, becomes proportional to
1//m, — 1/ /m, {1, according to Eq. (1). This relation-
ship is shown as the dashed line in Fig. 3(b), the slope of
which agrees with the experiment and calculations. Thus,
the decreasing tendency would predominantly originate
from the group-1V impurity mass with modification of the
force constant.

The highest count group (P1 region) shows a narrow
inhomogeneous distribution with a FWHM of 3.9 GHz,
as shown in Fig. 3(a). In the P1 energy range for area
1, the probability that two random emitters have fluo-
rescence energies within 1 FTL (31 MHz) is estimated
to be 1.1%. This is comparable to that of Vg in SiC
[56]. As shown in Fig. 3(a), we observe similar narrow
inhomogeneous distributions at the two different areas in
the sample. Furthermore, another sample (sample 2) also
shows a narrow inhomogeneous distribution (Fig. 4). The
surface of sample 2 is polished after HPHT annealing. The
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FIG. 4. Inhomogeneous distribution of surface-polished sam-

ple (sample 2). OM images of (a) sample 1 and (b) sample 2. (c)
AFM image of sample 2. Surface of sample 2 is polished after
high-temperature annealing. (d) Histogram of the resonant fre-
quencies of Sn-V centers in sample 2. Histogram of sample 1 is
also shown; same data as that in Fig. 3(a). Two sets of data are
shown overlaid. Frequency is the shift relative to 484.130 THz.
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HPHT annealing process modifies the surface morphol-
ogy of diamond by etching and/or diamond growth [15],
as shown in Fig. 4(a). This hampers the fabrication of
nanophotonic structures using high-quality Sn-V" centers.
To find a solution, here, we test the surface polishing of
sample 2. Polishing is done at a miscut angle of 0.5°, and
Sn-V centers remaining near the edge of the substrate after
polishing are optically measured. As seen in Fig. 4(b), pol-
ishing removes the structures formed on the surface. The
AFM image in Fig. 4(c) shows a flat surface with a mean
roughness of about 0.1 nm, which should be applicable
to the fabrication of nanophotonic structures. Figure 4(d)
shows the inhomogeneous distribution of the resonant fre-
quencies of 49 Sn-V centers in the polished sample. The
resonant frequencies match the three regions observed in
sample 1, with the highest count in P1 for sample 2 as well.
A Gaussian fitting to the P1 region gives rise to a narrow
FWHM of 5.1 GHz. Although this is slightly broader than
that of sample 1 (3.9 GHz), it is confirmed that high-quality
Sn-V centers are fabricated in another sample.

Within the narrow inhomogeneous distribution, we find
Sn-V centers with very close photon frequencies and
linewidths. Figure 5(a) shows multiple Sn-J centers with a
mutual overlap in the PLE spectra, which is found by per-
forming resonant confocal scanning [7]. In particular, the
inner two emitters, about 10 um apart, show spectra with
almost the same linewidths of 35 MHz (green curve) and
38 MHz (blue curve) and a very small energy difference
of about 4 MHz, corresponding to about 1/8 FTL. Identi-
cal photons at different resonant energies are also shown in
Fig. 9 in Appendix D. We investigate sample 2 and find a
Sn-V center showing a linewidth of 37 MHz and a resonant
energy similar to those in Fig. 5(a). Figure 5(b) depicts
the spectral overlap of the emitters in samples 1 and 2.
This result further confirms the reliable fabrication of high-
quality Sn-V quantum emitters. The generation of identical
photons from multiple samples will lead to the observation
of two-photon interference between distant Sn-J centers. It
is worth noting that, although we do not control the polar-
ization of the fluorescence from the Sn-V centers, it can
be adjusted by using polarization optics [7,28,57—59] for
two-photon interference.

V. DISCUSSION

Among the group-IV color centers in diamond, several
studies demonstrate statistically narrow inhomogeneous
distributions of Si-V centers. Ion implantation with sub-
sequent annealing shows inhomogeneous distributions of
about 15 GHz [60,61]. For Si-V centers in diamond films
grown by microwave plasma chemical vapor deposition
(CVD) [7,49,62], narrower distributions are observed, with
a FWHM of 0.7-8 GHz. Si-V centers in nanodiamonds
grown under HPHT also show a narrow distribution of
6.8 GHz [63]. The CVD and HPHT formations lead to
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FIG. 5. Observation of multiple Sn-/" centers with identical

photon frequencies and linewidths. (a) PLE spectra from four
Sn-V emitters in sample 1. (b) PLE spectra from two Sn-V emit-
ters in sample 1 and sample 2. Blue spectrum in sample 1 is the
same as that in (a). Experimental data are averaged for 3—6 laser
scans. Solid lines are fitted. Data and fitting are normalized with
the maximum of the fitting for each curve. Frequency is given
relative to 484.1319 THz for both panels.

the spectral overlap of multiple Si-V centers. This indicates
that the direct doping of impurities during diamond growth
can reduce strain and defects around the color centers. On
the other hand, here, we successfully obtain a narrow inho-
mogeneous distribution as low as 3.9 GHz, enabling us to
observe multiple Sn-V centers with nearly identical pho-
ton frequencies formed by ion implantation and subsequent
HPHT annealing, even for doping of heavy Sn impurities.

There are two key points in achieving a narrow
inhomogeneous distribution of the Sn-J centers based
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on ion implantation. One is high-temperature anneal-
ing at 2100 °C. Although the heaviness of the Sn ions
causes a number of defects in the diamond lattice during
ion implantation, high-temperature treatment efficiently
addresses lattice damage. Consequently, strain around
the emitters is largely suppressed. Another point is ion
implantation at a high energy. The Sn-V centers are formed
at a depth of about 3 um from the surface. This suppresses
the effect of strain and charged defects at the surface, which
potentially shifts the energy level of the emitters. The effect
of surface defects on the inhomogeneous distribution will
be investigated in the future, e.g., by incorporation into
nanostructures [25-27,43,64].

The inhomogeneous distribution of 3.9 GHz obtained in
this study is the narrowest among Sn-J centers. Although
it is much broader than 1 FTL, the deterministic overlap
of multiple Sn-V centers can be achieved with the com-
bination of spectral tuning by strain engineering [65—68]
or the Stark shift [69,70]. Strain engineering demonstrates
a wide tuning range of over 100 GHz [66], although
it requires sophisticated nanofabrication techniques. As
another method, voltage application to an emitter alone can
control the central frequency by the Stark effect. Its tuning
range is thus far limited to about 2 GHz without signif-
icant line broadening [69,70], but this will enable us to
overlap approximately half of our Sn-V centers in the P1
region (sample 1, area 1) with a narrow inhomogeneous
distribution.

VI. CONCLUSION

We fabricate Sn-V centers with a narrow inhomoge-
neous distribution of photon energy. The Sn-V centers
exhibit time-stable resonant energy over 10 min and
linewidths close to the FTL. In the histogram of photon
energy, three regimes are clearly observed, corresponding
to the Sn isotopes. By performing computational calcula-
tions, we reveal that a lighter Sn isotope leads to a shift to
a higher resonant energy. In the narrowest inhomogeneous
distribution region, with a FWHM of 3.9 GHz, we observe
multiple Sn-J centers with identical photon energies and
linewidths, showing overlapping PLE spectra. The for-
mation of high-quality Sn-V centers directly leads to the
observation of two-photon interference between distant
emitters and promises further progress of introducing Sn-
V' centers in diamond to establish a quantum light-matter
interface.
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APPENDIX A: DETAILS OF THE
COMPUTATIONAL SCHEME

The first-principles calculations based on DFT are per-
formed for the Sn-¥ center in the —1 charged state by using
the conjugated-gradient method [37]. The generalized gra-
dient approximation (GGA) for the exchange-correlation
potentials, a 3 x 3 x 3 supercell of cubic diamond (216
atoms per cell without vacancies), and I point sampling
in momentum space are employed. For the GGA, the PBE
functional [35] is chosen. Interactions between valence
electrons and ions are treated by Troullier-Martins-type
pseudopotentials [36]. A cutoff energy of 62 Ry is used
for the plane-wave basis set to express the valance-electron
wave functions. A spin-unpolarized approximation is used,
since the contribution of the spin states is marginal for the
force field in the diamond lattice and impurities.

The atomic configuration of the Sn-J center is optimized
under the electronic ground and excited states. Both states
yield optimized geometries under D3, symmetry. As illus-
trated in the left panel of Fig. 6, the top-two occupied bands
(ey states) are doubly degenerate and contain three elec-
trons with the —1 charged state. Optical transition matrix
elements between the e, states and the doubly degenerate
states just below the valence-band top (e, states) are rec-
ognized as nonzero. This is analogous to the fact reported
for the Si-V center [52]. Then, the optically excited state is
approximated by promoting one electron from the e, state
to the e, state, as illustrated in the right panel of Fig. 6.

Ground state Excited state

CB CB

FIG. 6. Energy diagram of the ground and excited states of the
Sn-V center with the —1 charged state used for the force-constant
calculations. Valence and conduction bands are expressed by
shaded and open square boxes, respectively. Red arrow on the
right panel shows an optically excited electron. Bars denote
energy levels, e, and e, states. Note that the e, level in the right
panel is lowered.
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TABLEI. Calculated force constants and vibration frequencies
for Sn in the Sn-V center.

Ground state Excited state

ka4,, (Hartree/bohr?) 0.304242 0.381152
kg, (Hartree/bohr?) 0.420086 0.435284
Qy,, (meV) 32.1 35.9
QE, (meV) 37.7 38.4

Within the spin-unpolarized approximation, the ground-
state electron occupation is expressed by one electron per
spin on the e, states and by 0.75 electrons per spin on the
e, state. On the other hand, the excited-state electron occu-
pation is expressed by 0.75 electrons per spin on the ¢,
state and one electron per spin on the e, state. Contrary to
the Si-V case [52], this electron promotion accompanied
by geometric optimization further lowers the e, level, as
illustrated in the right panel of Fig. 6.

The zero-point lattice-vibration energy is estimated
within the harmonic approximation by taking the 45, mode
(Sn replacement in the (111) direction) and doubly degen-
erate £, mode (Sn replacement in the (110) or (110)
directions) into account. These modes are the same as
those of the Si-V center [38]. The ZPL energy of the opti-
cal absorption of the Sn-V center is estimated within the
harmonic approximation [38,49] as

h
gap g g
Eopt + 3 [Qisn,Az,, + 285, 5, = Sag, 4y, — ZQ”S,,,EU] '
Here, Eff;f is the optical gap without the phonon contribu-
tion, and the second term is the phonon contribution. With
the relationship Q»g, = +/k/m,, the energy becomes

E§S¥’+7§¢;—n[\/@+2\/’%—\/@—2\/@u]’

where &k and m, represent the force constant of atomic
displacement and mass of a "Sn atom, respectively. The
change in ZPL when "Sn with a mass of m,, is replaced by
"“Sn with a mass of m, is given as

AE,

h(f1 1
:5<¢m_n_¢m7>
(o + 21, — |, ~2)).

The force field on the Sn atom with the displacement from
its stable position by a 0.05-bohr radius is calculated under
the electronic excited (ground) state in the (111) direction

to obtain the force constants kjg’;) and in the (110) direc-

tion to obtain the force constants ;. Table I shows the
currently computed force constants in these modes under
the electronic ground and excited states and the deduced
vibration frequencies.

5000

Photon counts

1000

500

Time (ns)

FIG. 7. Estimation of excited-state lifetime.

APPENDIX B: DEPTH OF THE Sn-V CENTER

Experimentally, the depth of the Sn-J is estimated
from a confocal fluorescence microscope (CFM) image
[Fig. 1(e) in the main text]. The mismatch of the refrac-
tive index between diamond and vacuum changes the
depth of the CFM image compared to the real depth.
Thus, we estimate the real depth of the Sn-/ emitter from
the CFM image by correcting according to the following
relationship [39]:

D _ tan(sin~!(0.5 NA/n}))
d  tan(sin (0.5 NA/ny))’

where D is the actual laser focus point and d is the dis-
tance that the objective lens moves. n; and n, denote
the refractive indices of vacuum (1.0) and diamond (2.4),

60

50 -

40

Count
w
o
T

20 -

10

0 1 1 1 1 1
0 10 20 30 40 50 60

Linewidth (MHz)

FIG. 8. Distribution of single-scan linewidths of the Sn-V
centers (sample 1).
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respectively. Using a NA of 0.95, we obtain a correc-
tion factor (D/d) of 2.67. Therefore, the observed depth
of about 1.2 um corresponds to an actual emitter depth
of about 3.2 um, which agrees with the estimation by
SRIM [32].

APPENDIX C: EXCITED-STATE LIFETIME AND
LINEWIDTH DISTRIBUTION

The excited-state lifetime of the Sn-J centers is mea-
sured from fluorescence decay after pulse excitations.
Figure 7 shows a decay curve with the two decay slopes.
The sharp decay between 0 and 1 ns is thought to come
from the background emission, including the second-order
Raman spectrum of diamond. We fit the curve with a
biexponential model. The lifetime of the Sn-V centers

(a)
15
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=
s |
£ 10
s |
=
3
c
g
E
05
00—t — — :
0 50 100 150
Relative frequency (MHz)
(b)
15 R
0 o
T
S
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&
=
k7
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g
E
05
oo &
0 50 100 150
Relative frequency (MHz)
FIG. 9. Sn-V centers with nearly identical photon frequencies

and linewidths. Spectral overlap of (a) two and (b) three Sn-
V' centers. Experimental data are obtained with a single laser
scan. Solid lines are fitted. Data and fitting are normalized with
the maximum of the fitting for each curve. Frequency is given
relative to 484.13 085 THz in (a) and 484.1312 THz in (b).

is estimated to be T = (5.2 4+ 0.2) ns, corresponding to a
FTL of (30.6 £+ 1.2) MHz.

Figure 8 shows the distribution of single-scan linewidths
for the Sn-J centers composing the narrow inhomogeneous
distribution in Fig. 3(a). We obtain a mean linewidth of
34 MHz, which is close to the FTL estimated above.

APPENDIX D: OTHER SETS OF Sn-V CENTERS
WITH NEARLY IDENTICAL PHOTON
FREQUENCIES AND LINEWIDTHS

Figure 9 shows other measurements of Sn-J centers
with almost the same photon frequencies and linewidths
at different resonant energies in sample 1. In Fig. 9(a), the
two Sn-J centers have linewidths of 30 MHz (blue curve)
and 35 MHz (red curve) with a center separation of about
4 MHz. Another measurement in Fig. 9(b) depicts the spec-
tral overlap of three separated Sn-V centers, again with
narrow linewidths of 3437 MHz, showing that most of
the peak areas overlap among the three emitters.
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