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Abstract

This thesis reports on quantum emission from Pb-related color centers in diamond follow-
ing ion implantation and high temperature vacuum annealing. First-principles calculations
predict a negatively-charged Pb-vacancy center in a split-vacancy configuration, with a zero-
phonon transition around 2.3 eV. Cryogenic photoluminescence measurements performed on
emitters in nanofabricated pillars reveal several transitions, including a prominent doublet
near 520 nm. The splitting of this doublet, 5.7 THz, exceeds that reported for other group-IV
centers. These observations are consistent with the PbV center, which is expected to have
the combination of narrow optical transitions and stable spin states, making it a promising
system for quantum network nodes.
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Chapter 1

Introduction

1.1 Quantum Network and Diamond NV Center

The ability to communicate over long distances with security is paramount for the func-
tioning of modern society. To this date, the way messages are encrypted is only dependent,
on an assumption about an eavesdropper’s computational power. That is, a third party
does not have the resources to crack the encoding. In fact, the working principle remains
the same today. The modern RSA encryption protocols solely rely on the exponential com-
plexity involved in factoring unusually large prime numbers. However, similar to how the
enigma machine was broken by unforeseen computational power, there is no reason to be-
lieve that RSA is immune to new technologies. Indeed, the rise of a quantum computing era
imposes concerns for modern communication security. Since the formulation of the Shor’s
algorithm in 1994, the intertwine between quantum mechanics and information science has
since garnered interests in constructing the so-called quantum network. It consists of in-
dividual nodes with local memories interconnected by propagating photons, which act as
flying qubits that establish entangled routing in the network [8]. If realized, this technology
could provide a quantum communication medium with unbreakable security, a solution to
the potential breakdown of RSA. Furthermore, it could offer applications in other disciplines,
such as enable distributed quantum computing powerful enough to solve NP-hard problems,
quantum simulations critical for predicting complex behaviors of biochemical molecules, and

even incredibly stable sensing devices without ever the need for calibrations.
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Although the potentials of a quantum network seem unbounded, a working prototype
has still not been constructed to date. This is due to the difficulty to manipulate atoms
coherently at a scale in which quantum mechanics dominates over classical physics. Most
hardware systems do not have the two necessary characteristics: first, the ability to store
information sufficiently long and second, an efficient interface with light for control and
readout. One particularly promising platform is wide-bandgap semiconductor due to its
excellent solid-state spin qubit candidates and scalability [9, 10]. Diamond stands out as an
excellent material that hosts a myriad of defect centers. These color centers have long spin
“coherence times and level structures convenient for microwave control (Figure 1.1(b)). For
one, the nitrogen-vacancy center (NV) has been the most explored candidate that already
demonstrated second-scale spin coherence time, long distance entanglement, and coherent

control for potential gate operations [11, 12, 13, 14].
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Figure 1.1: (a) Schematic of NV’s trigonal pyramidal structure (Cs, symmetry). (b) A
simplified level structure diagram of the NV optical transitions. The left hand side represents
the triplet ground and excited states, which can decay to the singlet states on the right hand
side via inter-system crossing. The non-cyclic pathway provides a convenient means for
optical pumping. Upon applying a magnetic field, the degenerate m = %1 states are lifted
and yield two qubit states that can be manipulated by microwave pulses. Adapted from
Figures 1 and 6 in Ref. [1].

However, the NV has fundamental limitations to serving as an ideal atomic memory. For
one, its trigonal pyramidal structure gives rise to a first-order electric moment (Figure 1.1(a),
rendering it vulnerable to nearby field fluctuations due to Stark shift. As a result, the NV

optical transition shifts about the zero-phonon line (ZPL) at 637 nm, leading to an inho-
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mogeneous broadening problematic for trying to encode information at a single wavelength
[15, 16]. It also suffers from having much of its emission into the phonon sidebands with
its low Debye-Waller factor at ~ 0.03 (Figure 1.2) [17]. These phonons dephase rapidly and
cannot hold any coherent information. Therefore, there is currently still an ongoing search

for a more suitable candidate as the local atomic nodes in a quantum network.

Normalized emission

560 600 640 680 720
Wavelength (nm)

Figure 1.2: Representative spectrum of a NV in diamond. The prominent 637 nm line is
the zero-phonon line, which corresponds to the optical transition between the triplet ground
and excited states. The 575 nm line is the transition wavelength for the neutrally charged
NV. The lower energy portion of the spectrum indicate strong phonon sidebands that make
up ~97 % of the NV emission. Adapted from Figure 1 in Ref. [2].

1.2 Group-IV Quantum Emitters

More recently, novel color centers such as silicon-vacancy (SiV) centers have shown
promising optical and spin properties suitable for atomic memories in a quantum network.
They belong to the class of Group-IV emitters, of which those have been studied in ad-
dition to SiV are the negatively-charged germanium-vacancy (GeV) and tin-vacancy (SnV)

centers [18, 19, 6, 7, 20]. In contrast to NV that is susceptible to the surrounding electric
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fields, these Group-IV color centers exhibit crystallographic inversion symmetry (Dsq) that
suppresses the first-order dipole moment and grants them resilience to environmental noises
[21, 22]. As a result, the issue of spectral diffusion is much less apparent, a characteristic
integral to faithfully encoding information in single-frequency photons [23, 24, 25]. In fact,
only recently, Trusheim et. al. have observed near lifetime-limited single photons from SnV

centers with linewidths down to 30 MHz [26].

Figure 1.3: Predicted equilibrium structure for the negatively charged Group-IV diamond
defect centers. The complexes exhibit inversion symmetry whose axis lies along the [111]
direction. As the defect’s size increases, the distances between adjacent atoms increase as
well. Adapted from Figure 4 in Ref. [3].

Furthermore, the Group-IV emitters have bright optical emissions attributing to their
high Debye-Waller factors, meaning their zero-phonon lines are dominant over phonon transi-
tions. Ab initio density functional theory (DFT) calculations show the Huang-Rhys constants
S for SiV, GeV, SnV are 0.27, 0.50, and 0.89, respectively. The corresponding Debye-Waller
factors DW = e~ are 0.76, 0.61, and 0.41, all much higher than 0.03 for NV [27, 3].

For the remainder of this chapter, we will use SiV as an example without a loss of
generality, since the rest of the Group-IV emitters are theorized to follow the same structural
form. In the stable configuration, the defect rests in between a di-vacancy in the diamond
lattice composed carbon atoms (Figure 1.3). The negatively-charged (we will not address
neutrals or higher charged defects in this thesis) color center then has a total of eleven
electrons: six from the dangling ¢ bonds from the carbon atoms, four from the Si atom
itself, and one additional electron captured from a nearby donor. The ground and excited
state configurations are presented in Figure 1.4, with the optical transition stemming from

an electron relaxing from the e, orbital to the e, orbital [5].
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(a) (b)

Figure 1.4: (a) The ground state configuration for SiV (and similarly for other Group-1V
defect centers). There is a four-fold degeneracy since any one of the four electrons in the e,
orbitals can excite to the e, orbitals. (b) The excited state configuration for SiV.

Notice that there exists an energy degeneracy between the e, and e, orbitals, which can
be lifted by interactions such as spin-orbit coupling (SOC) and the dynamic Jahn-Teller
(DJT) effect [3]. The former being a relativistic effect coupling spin to the electron’s orbital
motion under the nucleus’ potential. Its Hamiltonian (with similarity transformation) is the

following:

h

HSO —
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> | U

A
2

where V' is the electronic potential subjected to the nucleus’ magnetic field, m is the electron’s
mass, p is the electron’s momentum operator, and S is the spin operator consisted of Pauli
matrices. In the similarity transformation form, A represents the spin-orbit coupling strength.
First, the separation between the angular and spin angular momenta indicates that the
eigenstates can be written as a tensor product of the orbital and spin components. In the
approximated form of the Hamiltonian, the L, operator has off-diagonal elements that cause
orbital mixing. Therefore, spin-orbit coupling transforms the orbital eigenstates |e,), |e,) to

a new eigenbasis formed by |e.), |e_).

The dynamic Jahn-Teller effect also lifts the energy degeneracy, in which a spontaneous
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symmetry breaking distorts the molecule to a configuration that reduces the equilibrium
energy (more details regarding point symmetries can be found in Ref. [28]). Similar to spin-
orbit coupling, DJT causes an orbital mixing to form the eigenbasis | cos (£) e, +sin (%) e,)
that depends on a transformed normal coordinate (representing vibronic modes of the dis-

tortion) constant ¢ = tan™* (%) [29)].
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Figure 1.5: (a) Level structure for SiV. The unperturbed ground and excited states have
a four-fold energy degeneracy that is lifted into doublets by spin-orbit coupling and the
dynamic Jahn-Teller effect. Both interactions induce orbital mixing, render the formation of
a new orbital eigenbasis consisted of |e, ), |e_). (b) A representative spectrum of the SiV’s
fine structure level structure. The labels for the peaks correspond to the transitions in (a)
appropriately. Figure (b) adapted from Figure 1(a) in Ref. [4].

Both of these effects purely affect the color center’s orbital states, separating the four-fold
degenerate states into doublets (Figure 1.5a). Thus, a typical fine structure spectrum of a
Group-IV emitter shown in Figure 1.5b displays four lines, with the transition difference
within each of the doublet being the orbital splitting modified by the dynamic Jahn-Teller

effect:

AE,, = /)2, +472, (1.2)

where T is the quadrature sum of T, and T,.

In addition, due to their spin-% nature, an applied magnetic field further lifts an energy

degeneracy to two spin states by the Zeeman effect. The magnetic field couples to both the
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orbital and spin angular momenta:

H? = H?* + H?® = y,L-B++5S B (1.3)

~ qu-i/sz -+ 'YSS -B (14)

where 7 = £ and 5 = %“#3 are the orbital and electron gyromagnetic ratios, respectively.

The energy separation between the hyperfine sublevels is determined by the strength of
the magnetic field along the axial [111] direction. It is important to note that any off-axis
projection would induce spin mixing, therefore breaking any existent cycling transitions since

spin conservation no longer applies.
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Figure 1.6: When the thermal energy kT is greater than the orbital splitting hAFE,, there
is sufficient phonon population to excite the lower ground state to the upper ground state
at a transition rate 7,. The relaxation round-trip adds either dephasing that decoheres the
qubit or population relaxation that pumps the population to the upper spin sublevel |e,_ 1),
both destroying the qubit. This phonon scattering poses an issue to using Group-IV defect
centers as atomic memories.

The two lowest energy states, |e,+, 1) and |e;_, 1), are typically chosen to form the qubit.
There is, however, a fundamental source of decoherence in the level structure of these Group-
IV: upward phononic transitions within the ground and excited state manifolds (Figure 1.6).

However, since the qubit is encoded in the two lowest energy state, we are only concerned

19



with the ground state scattering processes.

v+ represents the rate at which thermal phonons provide sufficient energy to pump the
population to the upper orbital state. As it relaxes back to the qubit sublevels, it can
either return to |g. }) and accumulate an additional phase from the round trip, effectively
decohering the qubit; or pump the population to the |g_ 1) state and equivalently destroy
the qubit.

The transition rates derived from Fermi’s golden rule are the following [30]:

v+ = 2mxpAEgn(T) (15)
V- = 2axpAE; (nen(T) + 1) (1.6)

where X, p are proportionality constants, AE, is the ground state orbital splitting constant,
and ny, is the phonon population governed by the Bose-Einstein distribution. They both
consist of a product between the phonon density of states that scales as ~ AE; and the
electron-phonon coupling strength that scales as ~ AFE,. Except, y_ includes an additional
term that represents spontaneous emission. Ultimately, the transition rates depend on tem-
perature implicitly through the occupation of phononic modes n;,. There are two extremes
worth considering: one, when the thermal energy kT is greater than the splitting energy
hAE,, and second, when the thermal energy is much less than the orbital splitting energy.
In the first case kT > hAE,, v, is dominated by the increasing phonon density of states that
is dependent on AE,. On the other hand, in the second case kT' < hAE,, the phonon pop-

ulation can be approximated by the Boltzmann distribution such that ny, ~ exp (— hkAB ?g)
With decreasing temperature, the upward scattering rate v, is exponentially suppressed,

thus reducing dephasing.

Intuitively, the lower the temperature, the better the qubit’s coherence time. However,
for SiV, a >500 mK dilution refrigerator is required to achieve milli-second coherence time
in addition to dynamical decoupling pulse sequences [31]. This experimental add-on poses
undesired issues: a dilution refrigerator is difficult to acquire and to operate, and the at-
tractiveness of solid-state spin qubits being scalable no longer applies. Therefore, it is only

logical to want to increase AE, rather than to decrease T' in maintaining the exponential roll-
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oft from exp (A%ﬂ). It has been theoretically predicted and experimentally verified that

the orbital splitting increases as one goes down the Group-IV column (Figure 1.7). Hence,
the temperature at which it is sufficiently low to suppress phonon occupation is higher for

heavier defect centers.

30007 —o— AE, theory |
—o— AFE, theory
2500 | o AE, experimental 1

o AE, experimental

- N
g 8
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g

Orbital Splitting [GHz]

Figure 1.7: The orbital splitting as one goes down the Group-IV column in the periodic
table. It is clear that the heavier the defect, the greater the splitting. It is therefore sur-
mised that PbV would have an even greater ground state orbital splitting AE, greater than
2 THz, potentially reaching a regime in which phonon transitions are frozen out at near-room
temperatures. Experimental data adapted from Ref. [5], [6], [7]

It has also been shown that crystal strain distorts the defect orientation and affects
the orbital states, hence acting similarly as spin-orbit coupling. Meesala etf.al. and Maity
et.al. demonstrated that applying longitudinal and transverse strains can effectively tune
the ground and excited state orbital splitting [32, 33]. For an instance, the natural ground
state splitting for SiV can be increased from 50 MHz to >600 MHz. By engineering greatly
strained systems, one may avoid the need to use a dilution refrigerator to freeze out the
phonon transitions. Critical to the tuning range is the strain susceptibility, which is higher
for heavier defects as well. The quantum emitter of interest for this thesis, lead-vacancy
(PbV) center, has not been experimentally discovered. DFT calculations predict a much
higher ground state orbital splitting (~ 2 THz), translating to a long coherence time even at

liquid nitrogen temperatures achievable with standard cryogenic setups [34] . Moreover, the
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trend dictates that PbV would have a much greater strain susceptibility that could perhaps

push towards near room-temperature operations via strain engineering [32, 33].
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Chapter 2

Experiment

2.1 Sample Preparation

2.1.1 Implantation

The sample was a commercially-available type-Ila diamond (< 5 ppb [N],[B]; Element6)
that underwent ion implantation at an energy of 350 keV and a dose of 10° Pb cm~2 (Varian
Extrion 10 - 400 keV ion implanter). Stopping range of ions in matter (SRIM) calculations
(Figure 2.2a) predict that this implantation produces a Pb layer with a mean depth of (58 +
8) nm [35]. Each implanted Pb ion is predicted to produce ~2000 vacancies during implanta-
tion; although an order of magnitude more than expected for other species such as nitrogen,
the predicted peak vacancy density of ~ 107 cm™2 is still well below the graphitization

damage threshold for diamond [36].

Following implantation, the sample was annealed under high vacuum (< 10~ mbar) at
1200°C for two hours and was cleaned in a boiling tri-acid solution, consisting of hydrochloric,
sulfuric and perchloric acids in 1:1:1 ratios. However, the resulting sample had a density of
emitters too high to spatially isolate a single color center. Given our measurement spot
size of ~ 200 nm, this suggests that creation yield of Pb-related emitters (density > 1 per
200 x 200 nm?), from implanted Pb ions (10 per 1 x 1 um? ), approaches unity.
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2.1.2 Unpatterned Implant Characterization

By itself, the Pb-implanted diamond is bright without spatially separable emitters (Figure
2.1a). A representative second-order correlation measurement taken on the unpatterned, Pb-

implanted diamond signifies a non-classical source of light (Figure 2.1b) [37].

(T@O)I(E + 7))
102 o
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A small anti-bunching dip is observed, g*(0) = 0.97, indicating a very low, but non-zero,

fraction of correlated single-photon emission.
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Figure 2.1: (a) Confocal scan of the unpatterned sample post-implantation. The colorbar is
in counts per second. (b) A representative second-order correlation taken on an unpatterned
Pb-implanted region.

2.2 Spectroscopy on Nanopillars

2.2.1 Fabrication

In order to isolate single Pb-related emitters, nanopillars were fabricated into the diamond
using a combination of electron beam lithography and reactive ion etching [38, 39]. A 180 nm-
thick silicon nitride (SiN) serves as our hard mask, which is deposited using plasma-enhanced
chemical vapor deposition. A SiN hard mask was patterned with ZEP-520A electron beam

resist and tetrafluoromethane dry etching, after which an inductively-coupled oxygen plasma
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Figure 2.2: (a) Simulated Pb ion probability distribution, centered around 58 4 8 nm in
depth. (b) Field profile of an emitter in a nanopillar with a diameter of 225 nm and height of
600 nm. The red arrow represents the polarization of a dipole emitter, and the dashed white
line indicates the predicted depth of Pb-related emitters. (c) Scanning electron micrograph
of the fabricated nanopillar array. The scale bar is 1y m.

RIE etched into the diamond itself. The mask was then removed using hydrofluoric acid
(49%) and cleaned in a boiling tri-acid solution. Finally, the diamond was again annealed
at 1200°C and cleaned using the aforementioned mixture of boiling acids.

The pillar diameters varied from 150 to 325 nm, with a height of 670 nm. For collection
using an NA = 0.9 objective, finite-difference time-domain (FDTD) calculations indicate that
the pillars additionally provide a 5 to 10X fluorescence collection efficiency enhancement for
an emitter located at a depth of 60 nm as compared to that in an unpatterned diamond
(Figure 2.2b). The scanning electron micrograph in Figure 2.2c shows the set of nanopillars

with a diameter of 225 nm that were primarily investigated in this work.

2.2.2 Cryogenic Setup

Cryogenic experiments were performed using a home-built scanning confocal microscope.
The samples were cooled using a closed-cycle helium cryostat (Montana Instruments) and
were imaged through a 0.9 NA vacuum objective. Piezo stages (Attocube) inside the chamber
allowed micrometer positioning of the sample, and galvanometer mirrors (Nutfield QS-5
OPD) enabled nanometer scanning of the confocal spot. For excitation, 532 nm light was
generated by a Coherent Verdi G5 laser and 450 nm light by a laser diode. Collected
fluorescence was routed to either an avalanche photodetector (Excelitas SPCM-AQRH-14) for
count-rate measurements, a free-space spectrometer (Princeton Instruments, IsoPlane SCT

320) for spectral characterization, or a Hanbury Brown and Twiss interferometer consisting of
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a fiber beamsplitter (Evanescent Optics) and two fiber-input APDs (Excelitas SPCM-AQRH-
14-FC and Perkin Elmer SPCM-AQRH-14-FC) for second-order correlation measurements
using a picosecond resolution time tagger (Pico-Quant PicoHarp 300). For measurements
using the blue light, a 450 nm bandpass filter and a 500 nm shortpass filter (Thorlabs) were
used on the excitation laser path, while a 500 nm longpass filter (Thorlabs) was used on
the emission path. For second-order correlation measurements, a tunable shortpass filter
(Semrock) was used to exclude emission from Regions IIT and IV (Figure 2.3). A 532 nm
bandpass filter on the excitation path and 532 nm notch filter (Thorlabs) were used in

experiments employing the 532 nm excitation.

2.2.3 450 nm illumination

Figure 2.3 summarizes fluorescence spectroscopy of Pb-related emitters in these nanopil-
lars, acquired using a cryogenic confocal microscope (NA = 0.9) at a temperature of 4 K.
Figure 2.3a shows a representative confocal scan of a 20 x 20 array of 225 nm diameter
pillars using an excitation laser at 450 nm. Bright spots corresponding to emitters in indi-
vidual nanopillars were clearly visible. A photon count rate of ~ 5000 counts per second was
observed at a pump power of 750 W, which was unable to saturate the emitter due to lim- -
itations on the accessible excitation power in our setup. Figure 2.3b shows a representative
spectrum from the pillar indicated by the white box in Figure 2.3a. This pillar contained a
single emitter (red curve) as verified by second-order autocorrelation measurements (see inset
of Figure 2.3b). After correcting for the observed sample-independent background (gray), a

g*(0) = 0.28 was measured, indicating quantum emission from a single emitter.
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Figure 2.3: Cryogenic (4 K) emitter characterization. (a) Confocal scan of Pb-related emit-
ters in nanopillars. Colorbar: counts per second. White box indicates a single emitter of
interest as described below. (b) Emission spectrum of boxed emitter. Four regions with
observed emission lines are shaded and labeled. Inset: antibunched emission with g?(0) =
0.52 (g%(0) = 0.28 after background correction) and antibunching time constant of 3.0 ns.
(c) Summary of photoluminescence spectra from 129 pillars. Circles indicate the center of
an observed emission peak, and colors correspond to individual pillars horizontally across
spectral regions. Top: histogram of emission peak locations. (d) Overall and conditional
probabilities for the observation of emission in each region.
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Figure 2.3c shows a statistical investigation of Pb-related emitter spectral properties.
Analysis of fluorescence from the 129 brightest nanopillars within the four distinct spectral
regions are presented as I-IV in Figure 2.3b. The circles in Figure 2.3c indicate the fitted
location of emission peaks observed for each nanopillar in the dataset. Binning the peak
locations creates an inhomogeneous spectrum of Pb-related emitters (Figure 2.3¢c, top). Fi-
nally, the overall (P(¢)) and conditional (P(i|j)) probabilities of observing an emission line
in a given region were calculated (Figure 2.3d). No significant correlation between emission
regions was observed with P (i) = P(i|j)Vi # j.

We tentatively attribute the lines in Regions III and IV (575 and 640 nm) to neutral and
negatively charged NV centers, respectively, which are formed in the implantation process
from residual nitrogen atoms naturally present in the diamond [1, 2]. Many of these emitters
have large shifts from the unstrained NV ZPL position, which could be due to large strains
induced by Pb implantation. The presence of peaks in Region III (NV?) and Region IV
(NV™) also indicates that the charge environment of the implanted layer is not uniform.
In addition, the lack of correlation between the regions shows that the existing NVs are
preferentially in a single charge state, unlike the reported photochromic NV centers in similar

ultrapure type-IIa diamond without Pb implantation [40, 41].

The emission lines in Region I have not been previously reported, and we attribute
them to Pb-related defect centers. The observed inhomogeneous linewidths (0.172 nm and
0.134 nm) of the prominent doublet at 520 nm in Region I are broadened between sites. How-
ever, individual diffraction-limited spots do display lines narrower than our spectrometer-
limited resolution of 0.1 nm. The measured splitting of the Region I peaks, 5.2 nm (5.7 THz),
is greater than that measured for the ground state of the SiV, GeV, and SnV.

The theoretically calculated and experimentally measured PbV-emitter ZPL are in rela-
tively good agreement, with the experimentally measured ZPL doublet at 520 nm close to
the simulated 517 nm [34]. Theory predicts a four-level state structure which , which points
to split peaks in the emission spectra. At 4 K, we find that the ground-state splitting is
5.7 THz, which is relatively close to the theoretical predicted value of 7.25 THz. Consistent
lines emerge at around 519 nm and 524 nm which we assigned to the ground state doublet

(Figure 2.4b). The discrepancy, yet, between experiment and theory is likely due to the
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theoretical value being too large, given that the dynamic Jahn-Teller effect was not taken

into account in the calculations.
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Figure 2.4: High-resolution data under 450 nm excitation. (a) Example spectra focusing only
on region I which display consistent doublet near 520 nm. (b) Summary of photoluminescence
spectra from 154 pillars. Circles indicate the center of an observed emission peak, and colors
correspond to individual pillars horizontally across spectral regions. Top: histogram of
emission peak locations.

However, emission associated with the upper excited state, which is expected to be present
at higher temperatures, was not conclusively observed in experiment. These transitions
could be outside of the accessible spectral range (> 500 nm) in our measurement setup.
Nonetheless, the line featured at 520 nm is prominent and has yet to be reported in diamond.
For this reason, we assign this peak to the PbV color center.

In addition to this pronounced line, cryogenic spectroscopy revealed other spectral fea-
tures (Figure 2.5) similar to another study’s report [42]. There are several possible causes
for these additional lines. SnV centers produced by implantation show a broad (> 30 nm)
inhomogeneous distribution following annealing at temperatures below 2000°C, including
several peaks attributed to intermediate defect states. These states are eliminated upon
high-pressure high-temperature annealing, which has been shown to reduce strain in the
diamond lattice in addition to allowing defects to relax to lower-energy configurations. Pb

implantation produces more vacancies per ion than Sn and in a smaller volume, and thus
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can significantly alter the lattice during implantation. Resulting intermediate defect states
and highly strained local environments could thus account for the observed emission lines.
Finally, other Pb-vacancy configurations, such as a triple-vacancy or other higher-order ag-

gregates, may be produced.
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Figure 2.5: Example spectra under 450 nm excitation. Lines in regions I-IV are observed,
without consistent correlation.

The charge stability of the PbV defect is another potential cause of additional spectral
features. Theory predicts a charge transition level to be 2.71 eV above the valence band
maximum. This suggests that photoion.ization could contribute to spectra by illumination
into the phonon sideband under our pump at 450 nm (2.76 €V), as seen with NV and
SiV centers [43, 44, 45]. The observed fluorescence instability in some centers under blue
illumination (see Section 2.2.4) could indicate the presence of an alternate charge state.
Additionally, other spectral features are observed in fluorescence under 532 nm illumination
(see Section 2.2.5). Future measurements, such as photoluminescence excitation spectroscopy
under varying electromagnetic and strain fields, will be required to fully determine the optical

properties and electronic structure of the observed Pb-related emitters.
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2.2.4 Photostability

Some Pb emitters show instability in their fluorescence emission over time. Figure 2.2.4
shows spectra of an emitter switching from a bright state, in which emission at 515 and
520 nm is present, and a dark state in which no emission was observed within that region.
Interestingly, the emission wavelength of the line near 640/670 nm was correlated to the
switching of the 520 nm line. This could imply a changing strain environment as the Pb
emitter changed charge states via photoionization, similar to the SiV or NV, or as an indi-
cation that emission around 640 nm was also Pb-related. Further investigation is required
to determine the mechanism of the shift in emission frequency. In addition to the bistability
shown above, other Pb emitters showed photobleaching without recovery under continuous

450 nm illumination.
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Figure 2.6: Photo-switching of a Pb-related emitter. Temporally separated spectra (~ 1 min)
show distinct emission profiles.

2.2.5 532 nm illumination

The 520 nm Pb-related ZPL observed under blue excitation should not be excited under

532 nm illumination due to insufficient photon energies. However, two distinct emission lines
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Figure 2.7: Cryogenic emission under 532 nm excitation. (a) Histogram of intensity peaks
sampled over 157 pillars. Circles indicate the center of an observed emission peak, and colors
correspond to individual pillars horizontally across spectral regions. (b) Comparison between
conditional probabilities and individual probabilities for the observation of emission in each
region. Data suggest no observable correlations

under 532 nm illumination that were not present under 450 nm emerged (Figure 2.7): 590
and 715 nm. Additionally, there existed a wide spread in emission lines from 640 to 670 nm,
which we tentatively attributed to NV centers under extreme strain. As 1 GPa external
stress results in an NV level shift of ~ 1 THz, a 30 nm (~ 20 THz) shift implies an internal
strain of 0.02, taking the Young’s modulus of diamond to be ~1 TPa/strain. This implies

that Pb implantation significantly disrupts the diamond lattice on the nanoscale, a plausible
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effect given the sheer largeness of lead atoms. A representative selection of spectra under
532 nm excitation are shown in Figure 2.9 with no noticeable correlation between emission

at 590 and 715 nm.
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Figure 2.8: Average inhomogeneous PbV spectrum under 532 nm illumination at 4 K. Mean
of emission intensity from 205 nanoposts. The 572 nm peak corresponded to the diamond
Raman line.

2.2.6 Polarization and Temperature Studies

Lastly, the relative intensities of the two peaks near 520 nm at both 4 K and 40 K were
compared. Figure 2.10 shows the example spectra for the two temperatures, displaying no
consistent intensity ratio. Additionally, due to intensity fluctuation, the large uncertainty
prevented us from conclusively claiming any temperature dependence. Tentatively, we at-
tributed this lack of temperature dependence to a consequence of the doublet being formed
by the ground state orbitals instead of the excited state orbitals. Further studies would be
needed to provide more insights.

Additionally, we present the polarization dependence of the single emitter from Figure
2.3b (reproduced and color coded in Figure 2.11). Note that the emission lines of this
particular emitter differed from the averaged emission from the remaining nanopillars. The

polarization of the pair of lines at 515 nm (red) and 520 nm (black) were nearly orthogonal
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Figure 2.9: Example Pb emitter spectra under 532 nm illumination. NV-related lines are
widely dispersed; peaks at 590 and 715 nm were visible, but independent.

as indicated in Figure 2.11b. All but one line (blue) in Region II (545-550 nm) appeared to

be similarly polarized.

34



Intensity (a.u.)
t
Intensity (a.u.)

| |
| I S —— | I TE— S—

0
510 520 530 540 510 520 530 540
Wavelength (nm) Wavelength (nm)

Figure 2.10: Sample spectra taken at (a) 4 K and (b) 40 K. The blue curve represents
the background while the above black curves are representative spectra that display the
characteristic doublet near 520 nm. The relative intensities of the two peaks at 4 K and
40 K do not systematically shift in relative intensity, suggesting the doublet stems from the
split ground state orbitals rather than the excited state orbitals.
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Figure 2.11: Polarization and temperature dependence. (a) Zoom-in of emission spectrum
from boxed emitter in Figure 2.3a. Inset: Region I and Region II. (b). Polarization analysis
of Pb spectral lines at 515 nm (red) and 520 and 547 nm (black), and 548 nm (blue).
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Chapter 3

Conclusion and Outlook

This thesis presents a spectroscopic study of the quantum emission related to Pb defects
in diamond. The observed anti-bunched emission near 520 nm agrees with first-principle
calculations predicting a stable, negatively-charged split-vacancy PbV center. Importantly,
the ground state splitting of 5.7 THz far exceeds that of other group IV-vacancy emitters
(SiV, GeV, and SnV). This reaches the regime where upward phonon scattering within the
ground orbital manifold is sufficiently suppressed at elevated temperatures, promising long
spin coherence that is of central importance for quantum memories.

However, further experimental efforts are still very much needed. To truly affirm that
the explored emitter was PbV with similar inversion symmetry as other Group-IV emitters,
the excited state doublet must also be observed. These higher energy states very likely lie
in the shorter wavelengths (<500 nm). Yet, due to the massive energy separation between
the excited and ground states, the spontaneous emission rate could potentially be too rapid
for photoluminescence excitation (PLE) measurements [26]. More novel means of detecting
the excited state doublet may be required.

Additionally, the large distribution of lines suggest that the Pb-related defect center is
especially susceptible to strain. High-pressure high-temperature treatment may be needed
to reduce such widely inhomoegeneous distribution as seen in the case of SnV centers [7]. On
the other hand, the high strain susceptibility does hint at the possibility of integrating PbV
centers in nanostructures with tunable strain [32, 33, 46]. Such a degree of freedom allows

for tuning to cavity resonance for cavity QED experiments or even assembling a phononic
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network [47].

Figure 3.1: Envisioned architecture for establishing quantum routing on a nanophotonic chip.
Each neighboring atomic memory node can be connected to its surrounding by measurement
based entanglement. Presence of active photonic switches also allows for routing of single-
photons.

Lastly, the much reduced spectral diffusion attributing to its inversion symmetry could
enable PbV to locate near surfaces without being overly affected by charge states. As a
result, it is perhaps a suitable candidate for coupling to photonic crystal cavities known
for their high quality factors and small mode volumes. At 4 K that is readily achievable
with a cryogenic setup, the PbV-cavity coupled system could demonstrate quantum optical
nonlinearity and photon mediated interactions [48, 49]. Moreover, with the advancement of
diamond fabrication, the PbV could even achieve strong coupling yet shown by any diamond
defect center [38, 39]. Its promising spin properties granted by its large orbital splitting
also renders PbV a promising candidate as an atomic memory that can be integrated to
an active photonic backbone such as aluminum nitride (AIN) and lithium niobate (LiNbO3)
[50, 51]. Ult'ima,tely, through a combination of gas and strain tuning, the coupled emitter-

cavity systems may realize a scalable nanophotonic quantum network (Figure 3.1) [52, 53].
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