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High-pressure, high-temperature molecular

doping of nanodiamond

M. J. Crane’, A. Petrone?, R. A. Beck? M. B. Lim>, X. Zhou?, X. Li?, R. M. Stroud*, P. J. Pauzauskie'3°*

The development of color centers in diamond as the basis for emerging quantum technologies has been limited
by the need for ion implantation to create the appropriate defects. We present a versatile method to dope diamond
without ion implantation by synthesis of a doped amorphous carbon precursor and transformation at high tem-
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peratures and high pressures. To explore this bottom-up method for color center generation, we rationally create
silicon vacancy defects in nanodiamond and investigate them for optical pressure metrology. In addition, we
show that this process can generate noble gas defects within diamond from the typically inactive argon pressure
medium, which may explain the hysteresis effects observed in other high-pressure experiments and the presence
of noble gases in some meteoritic nanodiamonds. Our results illustrate a general method to produce color centers
in diamond and may enable the controlled generation of designer defects.

INTRODUCTION

The characterization and manipulation of dopants in diamond have
generated a wide range of applications spanning quantum computing,
sensing, and cryptography (1-3), biolabeling (4), determination of
interstellar origin in meteoritic samples (5-7), and investigation of
Earth’s mantle (8, 9), due to the remarkable properties of the dia-
mond host. The dense diamond lattice exhibits a negligible immune
response, maintains a wide bandgap, and, notably, restricts hetero-
atom defect diffusion at temperatures far above the diamond-graphite
phase line at atmospheric pressure. For example, a common defect
in diamond, substitutional nitrogen, does not diffuse at temperatures
below 2000°C (10). In quantum sensing applications, this low diffu-
sion coefficient enables the reliable use of single defects such as the
negatively charged nitrogen vacancy (NV~) center to optically mea-
sure local spatiotemporal variations, which modify the defect’s
spin precession rate, without fear of color center migration over
long time scales (1). Similar applications in quantum cryptography
have been proposed for the negatively charged silicon divacancy
(SiV7) center (2, 11-13). Because diffusion doping is not practical in
diamond at ambient pressure, ion implantation is typically used
to incorporate heteroatomic defects. This process relies on Poisson
statistics, Stopping Range of Ions in Matter (SRIM) calculations, and
masking techniques to control color center generation in chemical
vapor deposition (CVD) diamond substrates (2). However, ion implan-
tation also creates extensive lattice damage, induces fragmentation
of ions, and cannot deterministically produce polyatomic defects.
Because of these challenges, progress in single-defect applications
often occurs by bulk defect production with implantation, followed
by confocal scanning searches for ideal color centers.

An alternative, bottom-up method for diamond synthesis is high-
pressure, high-temperature (HPHT) equilibrium phase conversion
(14-17). While HPHT processes have produced doped diamonds,
the rational formation of heteroatomic defects has remained elusive
(16). In addition, HPHT experiments, including diamond synthe-
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ses, conventionally use noble gas pressure media, which, if incorpo-
rated into the lattice, have been proposed as defects for quantum
sensing. However, to date, noble gas defect formation, such as xenon-
related dopants, has been restricted to ion implantation (18). De-
spite its nearly ubiquitous role in high-pressure experiments, noble
gas pressure media are widely considered to be inert, and there are
no studies regarding the conditions that lead to incorporation within
the diamond lattice under HPHT conditions (19, 20).

To overcome diamond’s low diffusion coefficient and to study
the incorporation of noble gas dopants without ion implantation,
we propose a bottom-up methodology to dope diamond by first syn-
thesizing a doped amorphous carbon precursor and then converting
it to diamond under HPHT conditions in a noble gas environment.
This allows us to simultaneously integrate the desired dopant into
carbon while it is thermodynamically stable with traditional synthetic
chemistry techniques, rather than rely on ion implantation into a
metastable diamond substrate, and investigate noble gas incorpora-
tion under HPHT conditions.

Here, we probe these hypotheses by synthesizing a nanostruc-
tured carbon aerogel precursor with a controlled chemical compo-
sition and subjecting it to HPHT conditions in a laser-heated diamond
anvil cell (DAC) with an argon pressure medium, as shown in Fig. 1
(16, 21). Bright-field transmission electron microscopy (BF-TEM)
and selected-area electron diffraction (SAED) in Fig. 1B demon-
strate that the aerogel consists of 6.8 + 1.9-nm-radius amorphous
carbon grains. We tuned the chemical composition of the aerogel
grains by adding tetraethylorthosilicate (TEOS) molecules directly
to the mixture as it gelled (Fig. 1A). Energy-dispersive x-ray spec-
troscopy (EDS) confirmed that silicon dopants were incorporated
throughout the carbon precursor material (Fig. 1C). To synthesize
diamond, we placed the doped carbon precursor into a DAC and
condensed solid argon within the high-pressure chamber to infiltrate
the microstructure of the aerogel. We subsequently pressurized the
cell above 20 GPa to thermodynamically favor diamond formation
and drove grain growth by heating above 2000 K with a near-infrared
(NIR) laser (Fig. 1C) (14).

RESULTS
To characterize the recovered material, we examined BF-TEM,
SAED, and electron energy-loss spectroscopy (EELS). We found
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Fig. 1. Carbon precursor doping mechanism and characterization. (A) Schematic representing the synthesis and doping of carbon aerogels, including BF-TEM image
with SAED inset. To incorporate them within the carbon aerogel grains, we introduce dopants simultaneously with resorcinol and formaldehyde. Upon conversion to
diamond at high pressure and high temperature, dopants remain inside the diamond lattice as color centers. (B) A TEM image with SAED of the doped carbon aerogel
illustrates the carbon precursor morphology and lack of crystallinity. (C) EDS spectra of the carbon aerogel as synthesized only show the presence of carbon, silicon,
and oxygen. Copper signal comes from the TEM grid. arb. u., arbitrary units. (D) Schematic showing a 1070-nm heating laser or polarized 532-nm Raman and photo-
luminescence (PL) laser focused into the pressurized DAC, which is loaded with a carbon aerogel precursor, ruby for pressure measurements, and solid argon pressure
media, contained by a rhenium gasket. CCD, charge-coupled device; NF, notch filter; HLB, holographic beamsplitter cube.

that the recovered material exhibited a network of predominately
single-crystalline and occasionally polycrystalline nanoscale grains
with crystallographic d-spacings corresponding to cubic diamond
(Fig. 2B and fig. S1). The nanodiamond sizes ranged from 1 to 200 nm
(fig. S2), indicating that significant carbon diffusion occurs during
HPHT synthesis, which was likely enhanced by the high synthesis
temperatures that surpass the melting point of argon at 20 GPa
(1580 K) (15). The carbon-K edge EELS spectrum of pure diamond
has a characteristic near-edge structure with a prominent 6* peak at
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290 eV and a dip at 302.5 eV (22). The carbon-K edge spectrum of
the recovered material contained both features, further indicating
that the HPHT treatment formed cubic diamond, as well as a small
pre-edge peak at 285 eV (Fig. 2 and fig. S10). This pre-edge feature
corresponds to a * excitation associated with sp” carbon (6, 22, 23).
As observed in previous HPHT and CVD experiments and in TEM
images as a thin shell (fig. S2), this sp” carbon likely stems from a
nanodiamond surface reconstruction and incomplete sample heating
due to the self-limiting absorption of amorphous carbon as it converts
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Fig. 2. Structural characterization after HPHT synthesis. (A and B) High-angle
annular dark-field scanning transmission electron microscopy (STEM-HAADF) and
BF-TEM illustrate the microstructure of the recovered diamond material. Arrows in
the STEM-HAADF image point out example impurity atoms. The identity of these
atoms was not individually confirmed spectroscopically, but EDS mapping and
Z-contrast indicate that most are silicon. The inset in (B) contains SAED, exhibiting
2.08-A lattice spacings that correspond to diamond (111) planes. Figures S1 and 52
detail the d-spacing assignments and provide additional TEM images, respectively.
(C) Power-law background subtracted STEM-EELS of the region displayed in (A) showing
the argon-L, ; edge and carbon-K edge.

340

to diamond (16). As demonstrated in other nanodiamond syntheses,
this surface sp> carbon provides a useful moiety for surface func-
tionalization, and removal by acid washing enables dispersion in a
range of solvents (4, 24). Low-loss EELS (fig. S4) data and Raman
scattering (fig. S3) from the recovered material similarly indicate the
prevalence of sp” carbon in a diamond structure with a small amount
of sp2 carbon (25). The combination of TEM, EELS, SAED, and
Raman spectroscopy suggests almost complete conversion of the
carbon precursor to diamond during this synthesis.

EDS and EELS allow us to measure the chemical composition of
the recovered nanodiamond and confirm the presence of dopants,
including nitrogen, silicon, and argon. The Z-contrast of high-
angle annular dark-field scanning transmission electron microscopy
(STEM-HAADF) images identifies individual atoms and clusters
(Fig. 2A). Combined, these data unambiguously demonstrate that
silicon dopants added to the carbon aerogel precursor remain in and/
or on the nanodiamond product after heating, despite significant
grain growth. STEM-EDS elemental mapping reveals a predominantly
homogeneous distribution of silicon and argon dopants throughout
the diamond lattice (Fig. 3 and figs. S7 and S10). While most of the
argon was distributed homogeneously, a few areas of higher argon
concentration were observed in EDS maps of other particles. Indi-
vidual argon atoms might incorporate as isolated defects resembling
the neutral xenon defect, which is believed to occupy a split vacancy
center along the <111> axis (18), and may be associated with twin
boundaries. The areas of high concentration appear to be argon ves-
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Fig. 3. Dopant distribution mapping. (A) Wide-area STEM-HAADF image and
(B) the corresponding STEM-EDS elemental mapping of argon (red) and silicon (blue)
of the recovered TEOS-doped carbon aerogel. The green squares correspond to
the field of view of Fig. 2A. (C) Extracted sum spectrum from the green square area
of STEM-EDS spectrum image region showing the overall elemental composition.
The small concentration of aluminum likely comes from trace amounts of ruby
during laser heating, and the Cu peak is from the sample grid and STEM pole piece.
The argon peak includes both K, and Kg.

icles formed by closing of pores between aerogel precursor particles
during the transformation to diamond. However, no segregation of
silicon was observed. These data suggest that, during HPHT synthesis,
silicon and argon atoms are trapped within the diamond lattice and
that their presence is not due to adsorption or pressure-induced
interfacial chemical bonding. The presence of argon within the
recovered individual diamond particles, despite decompression to
atmospheric pressure, transfer to a TEM grid, and analysis at ultra-
high vacuum conditions under a high-energy electron beam, fur-
ther demonstrates robust incorporation within the diamond lattice,
rather than surface adsorption.

We observed argon in all recovered samples synthesized at a
range of pressures and temperatures from 20 to 25 GPa and 1800 to
3000 K. While other reports have demonstrated the effect of noble
gas pressure media on samples at elevated pressures, such as parti-
tioning of helium in SiO; (26), this is the first confirmation of noble
gas doping during a HPHT phase transition and stable incorporation
upon decompression to atmospheric conditions (27). These results
suggest that the aerogel structure allows argon to incorporate within
its micropores during compression and that grain growth during
laser heating traps these atoms within the lattice. For optoelectronic
color center applications in diamond, this represents a new method-
ology for the incorporation of noble gas defects, e.g., xenon, for
quantum computing and sensing (18). In addition, noble gas pres-
sure media are almost exclusively used in HPHT experiments be-
cause they remain hydrostatic to high pressures and are chemically
and physically inert (28). The incorporation of noble gas pressure
media into materials under HPHT conditions challenges this view
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of complete inactivity and could explain hysteresis effects in previ-
ous DAC experiments (29-31). For example, the incorporation of
noble gas into a sample under HPHT conditions in DAC experi-
ments would increase its compressibility, thereby increasing the
pressure required to drive a phase transition as pressure is ramped
up and, depending on the kinetics of noble gas escape from the
lattice, decreasing the pressure required to drive a phase transition
as pressure is reduced. It could also provide an explanation for how
noble gas atoms are incorporated into nanodiamonds in astrophysical
environments (5).

The photoluminescence (PL) spectra of all the recovered material
contain emission from NV centers (Fig. 4). The shoulders at 575 and
637 nm and the broad feature centered at 700 nm are uniquely char-
acteristic of NV’ and NV~ zero phonon lines (ZPLs) and phonon side
bands, which have been observed in multiple HPHT reports due to
atmospheric N, incorporation (16, 32). PL signal from the argon is
neither observed nor expected (33). However, all HPHT-treated silicon-
doped carbon aerogel contain a peak at 739 nm, corresponding
to the SiV™ color center, that is not present in undoped carbon aerogel
(34, 35). To confirm the SiV™ assignment, we collected pressure-
dependent PL and conducted ab initio calculations to model the pres-
sure dependence by fully simulating a nearly spherical C;19SiH104
nanodiamond (~1.2 nm in diameter) containing a SiV~ defect under
uniform hydrostatic pressure with density functional theory (DFT)
using the Gaussian electronic structure package (13, 23, 36). The close
agreement between experimental (0.98 + 0.01 meV GPa™') and theo-
retical (0.83 meV GPa™) slopes from 0 to 25 GPa further confirms
the presence of SiV™ in the diamond lattice (Fig. 4C). The high sensi-
tivity of SiV™ to pressure and its narrow linewidth are comparable to
the d-d transitions of Cr’" in alumina (ruby), the nearly ubiquitous
choice to measure pressure in DAC experiments. Extending the DFT
simulation up to 140 GPa (fig. S5) demonstrates the viability of op-
tical pressure metrology with SiV™ at high pressures. Ruby undergoes
a phase transition at 94 GPa and 1300°C, making it unsuitable for
the next-generation HPHT experiments, which have recently reached
the terapascal range (37, 38). On the other hand, diamond is the ther-
modynamically stable allotrope of carbon at all pressures above 1 GPa
and temperatures until melting (14). The lack of phase transformation
implies that SiV™-doped nanodiamond may succeed under conditions
where ruby cannot be used.

DISCUSSION

Contrary to traditional crystal growth, which predicts alloyed phase
formation or clustering, the observation of SiV™ in the recovered
nanodiamond confirms that dopants added to the carbon aerogel
precursor produce homogeneously distributed color centers within
the recovered nanodiamond. While a subset of dopants likely incor-
porate substitutionally, both SiV and NV are lower-energy states
than their substitutional silicon and nitrogen counterparts due to
lattice relaxation, as observed in Jahn-Teller distortions of the lattices
(39, 40). Unlike ion implantation, which requires annealing to drive
vacancy diffusion to activate incorporated heteroatoms, optically
active color centers form immediately upon HPHT conversion to
diamond. Theoretical and experimental results show that, at these
pressures, subnanometer sp’ carbon grains nucleate at each aerogel
grain’s core and diamond growth with simultaneous Ostwald ripening
continues radially (15, 41, 42). The production of homogeneously
distributed defects suggests that, as the diamond lattice forms around
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Fig. 4.PL of color centers. (A) High-resolution PL spectra of the SiV™ region comparing
HPHT TEOS-doped and undoped carbon aerogels. (B) PL and Raman scattering of
recovered nanodiamond synthesized from the TEOS-doped carbon aerogel after
depressurization and removal from the DAC. Labels denote diamond Raman
scattering and NV®, NV~, and SiV~ color center ZPLs. (C) Experimental SiV~ ZPLs and
the B3LYP/6-31G(d) average energy differences of the molecular orbitals, which
exhibit largest contributions to the absorption peak responsible for the ZPL at dif-
ferent pressures. Error bars for both pressure and ZPL energy sit within the circular
markers. The insets in (C) illustrate the contour plots (0.025 isodensity) of the LUMO
(lowest unoccupied molecular orbital) (left) and the HOMO-2 (highest occupied
molecular orbital) (right) molecular orbitals (the largest contribution; see table S1
and fig. S6) of a SiV™-containing nanodiamond (Cy19SiH04), oriented perpendicular
to the diamond <1,1,1> axis, as modeled with DFT. White, gray, and pink atoms are
hydrogen, carbon, and silicon, respectively.

the heteroatomic silicon and nitrogen atoms, the lowest-energy color
center structure forms immediately. While silicon atoms have been
doped into diamond before, the process involved ion implantation
or complete chemical breakdown in plasma, which limited control-
lable heteroatom defect formation (2). This bottom-up approach
illustrates the possibility of a new doping paradigm for diamond
where molecular dopants can be designed with the precise hetero-
atomic stoichiometry and three-dimensional stereochemistry to cre-
ate a wide range of polyatomic point defects.
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The rational incorporation of silicon—by chemically doping the
carbon precursor with TEOS—and argon—by using an argon pres-
sure medium—into nanodiamond illustrates the potential impact of
this doping methodology for doped nanodiamond applications (e.g.,
high-pressure metrology) without ion implantation. Rather than se-
quentially synthesizing diamond, implanting substitutional hetero-
atoms, annealing vacancy centers, and conducting confocal searches
for color centers, the HPHT conversion of doped carbon can directly
form color centers. For single-defect applications, this research opens
the door to the incorporation of more complex defects into diamond
with structures defined by the chemical dopant added into the carbon
precursor. If diamond nucleates before dissociation of the dopant,
then defects could be added with chemical precision limited only by
molecular synthesis (41, 42). In addition, multianvil presses can achieve
sufficient conditions to drive diamond formation, potentially enabling
industrial production of dispersible nanodiamonds with complex
color centers (24). For extraterrestrial nanodiamonds, where dop-
ants in diamond are used to fingerprint the presolar and interstellar
environment, this demonstration unveils the DAC as a tool to study
HPHT doping that could occur in astrophysical environments (5, 6).
Given the prevalence of noble gas pressure media, these results have
broad implications for high-pressure experiments, where, to date,
noble gasses have been considered inert (26, 28).

MATERIALS AND METHODS

We synthesized carbon aerogels by adding 0.104 g of resorcinol
(Sigma-Aldrich, St. Louis, MO, USA), 0.141 ml of formaldehyde
[37 weight % (wt %) methanol-stabilized aqueous solution; Sigma-
Aldrich], and 0.112 ml of hydrochloric acid (37 wt %; Macron, Center
Valley, PA, USA) to 3.747 ml of acetonitrile (EMD Millipore, Billerica,
MA, USA) to achieve a molar ratio of resorcinol to formaldehyde,
hydrochloric acid, and acetonitrile of 1:2, 8.4:1, and 1:76, respec-
tively, and a final volume of 4 ml in a polycarbonate centrifuge tube
to avoid contact with silicon-based glassware. For silicon-doped car-
bon aerogel, we serially diluted tetraethyl orthosilicate (98 wt %; Acros
Organics) with acetonitrile to a final molar concentration of 4.5 x
10~° M and used this acetonitrile solution to synthesize the silicon-
doped carbon aerogel. This reaction yielded a nominal molar ratio
of 2.03 x 107% silicon atoms per carbon atom, which was selected to
produce approximately one silicon dopant per carbon aerogel grain.
Additional Poisson calculations for the resulting nanodiamond grain
sizes are provided in fig. S9. We transferred the solution to a Branson
1510R-DTH ultrasonic cleaner until the gel turned a light pink and
solidified, typically 30 min. We then exchanged the acetonitrile sol-
vent with ethanol four times over 5 days and dried the gel with
supercritical CO; in an autoclave (E3100, Quorum Technologies,
Laughton, East Sussex, UK) to prevent pore collapse due to capillary
pressure. Last, we pyrolyzed the gels at 1000°C in an inert atmosphere
for 4 hours to remove oxygen moieties from the gel.

HPHT synthesis

To achieve HPHT conditions, we used a laser-heated Boehler-Almax
plate DAC with 0.300-mm-diameter culets. First, we dimpled a rhe-
nium gasket from 250 to 30 um—that is, we inserted a 250-um-thick
rhenium disc into the DAC and advanced the diamonds to reduce
the gasket to a final thickness of 30 um. Then, we drilled an 80-pm
hole in the center of the gasket using an electronic discharge machine
to form the walls of the high-pressure chamber. Next, we returned
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the gasket to the DAC and a Marzhauser Wetzlar nanomanipulator
equipment with a tungsten probe to transfer approximately 15 grains
of carbon aerogel on the order of 10 pum in diameter and finely
ground ruby crystals into the DAC’s cavity. The carbon aerogel and
ruby acted as a diamond precursor and a pressure monitor, respec-
tively. To remove adsorbed species from the aerogel, we placed the
DAC into a sealed chamber and flowed argon over it for at least 30 min.
Afterward, we used liquid nitrogen to condense the flowing argon
and subsequently tightened the DAC to trap liquid argon in the
DAC’s chamber. By condensing liquid argon from a gaseous argon
environment, we infiltrated the carbon aerogel precursor’s pores with
gaseous and then liquid argon to maintain the aerogel pore struc-
ture as much as possible.

We laser-heated the DAC using a ytterbium-based, 1070-nm IPG
Photonics YLR laser focused with a NIR-corrected Mitutoyo 50x ob-
jective [0.55 numerical aperture (NA)]. The laser rapidly heated the
aerogel precursor, and we simultaneously collected Planck emission
from 250 to 900 nm with a fiber-coupled Ocean Optics USB2000
spectrometer and 1000-nm dichroic mirror, which was calibrated with
an Optics HL-2000. To calculate temperatures, we fit the wavelength-
and intensity-corrected spectra with Wien’s Law and used this solution
as the initial guess for a full nonlinear Planck’s solution in MATLAB. All
measurements of the recovered carbon suggested that this HTHP pro-
cedure completely transformed the amorphous carbon to diamond, with
graphitic particles only rarely observed in TEM. We collected Raman
and PL using a home-built microscope composed of a Coherent com-
pass 532-nm laser, a Mitutoyo 50x objective (0.55 NA), and a SpectraPro
5001 with a Princeton Instruments liquid nitrogen-cooled detector.
For color center PL, we acquired spectra at a power of 70 uW inside
the DAC (through the diamond anvils) and 50 pW after recovery on
a TEM grid with acquisition times of 5 s, which produced SiV~
counts between 2.5 and 37 kilocounts s~". However, note that these
samples have three-dimensional topology, making confocal scan-
ning challenging. In addition, we measured some Raman spectra
with a Renishaw inVia system equipped with a Leica DMIRBE inverted
microscope and a 785-nm excitation source.

Microscopy methods

Scanning transmission electron microscopy, including HAADF
imaging, was performed with the Naval Research Laboratory (NRL)
Nion UltraSTEM 200X operated at 60 kV. This instrument is equipped
with a Gatan Enfinium ER energy-loss spectrometer and a Bruker
XFlash100, 0.7sr EDS. The nominal probe conditions were a ~0.15-nm
spot size with 50- to 100-pA current. For carbon core-loss fine-
structure determination, a dispersion of 0.05 eV per channel was
used, which provided an energy resolution of 0.4 eV, as measured by
the full width at half maximum of the zero loss peak. The core-loss
electron energy-loss data were acquired as multipass spectrum images,
with spatial drift correction. Low-loss data were acquired as single-
frame spectrum images. A power-law background was subtracted
using a 10-eV window below the Ar-L,; edge. The EDS data from
the diamonds were obtained as spectrum images. BF-TEM images
and SAED patterns were taken at the University of Washington (UW)
on a FEI Tecnai G2 F20 at an accelerating voltage of 200 kV. These
images were used to quantify the nanodiamond diameters.

Computational methods
Computational studies were performed using the Gaussian electronic
structure package (36). A nearly spherical C;19SiH ;04 nanodiamond
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(~1.2 nm in diameter) was constructed with a bulk face-centered cubic
lattice parameter of a = 0.357 nm, and hydrogen atoms were used to
passivate the surface carbon atoms and to saturate surface dangling
bonds. Additional details are provided in the Supplementary Materials.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/5/eaau6073/DC1

Additional computational details

Fig. S1. SAED of the recovered nanodiamond material.

Fig. S2. Additional TEM images of the recovered nanodiamond material.

Fig. S3. Raman of the recovered nanodiamond material.

Fig. S4. Low-energy EELS.

Fig. S5. DFT modeling of the SiV™ defect in diamond under uniform hydrostatic pressure.

Fig. S6. DFT modeling of the SiV~ excited states.

Fig. S7. STEM-EDS composition maps.

Fig. S8. Carbon-K edge scanning transmission x-ray microscopy of nanodiamond synthesized
from undoped carbon aerogel on a lacey carbon TEM grid.

Fig. S9. Poisson distribution of silicon incorporation per nanodiamond grain with varying size.
Fig. $10. Integrated STEM-EEL spectrum image of the recovered silicon-doped carbon aerogel.
Fig. S11. DFT modeling of surface capping scheme on SiV~ center excitations.

Table S1. Time-dependent DFT transition energies and oscillator strengths.

Table S2. Time-dependent DFT transition energies and oscillator strengths for ligand capping
schemes.

Table S3. DFT orbital differences for the ligand capping schemes.

References (43-60)

REFERENCES AND NOTES

1. F.Dolde, M. W. Doherty, J. Michl, I. Jakobi, B. Naydenov, S. Pezzagna, J. Meijer,
P.Neumann, F. Jelezko, N. B. Manson, J. Wrachtrup, Nanoscale detection of a single
fundamental charge in ambient conditions using the NV~ center in diamond.

Phys. Rev. Lett. 112, 097603 (2014).

2. S.Pezzagna, D. Rogalla, D. Wildanger, J. Meijer, A. Zaitsev, Creation and nature of optical
centres in diamond for single-photon emission—Overview and critical remarks.
New J. Phys. 13, 035024 (2011).

3. N.Aslam, M. Pfender, P. Neumann, R. Reuter, A. Zappe, F. Favaro de Oliveira,

A. Denisenko, H. Sumiya, S. Onoda, J. Isoya, J. Wrachtrup, Nanoscale nuclear magnetic
resonance with chemical resolution. Science 357, 67-71 (2017).

4. V.N.Mochalin, O. Shenderova, D. Ho, Y. Gogotsi, The properties and applications of
nanodiamonds. Nat. Nanotechnol. 7, 11-23 (2012).

5. A.B.Verchovsky, A. V. Fisenko, L. F. Semjonova, I. P. Wright, M. R. Lee, C. T. Pillinger,

C, N, and noble gas isotopes in grain size separates of presolar diamonds from
efremovka. Science 281, 1165-1168 (1998).

6. R.M.Stroud, M. F. Chisholm, P. R. Heck, C. M. O. Alexander, L. R. Nittler, Supernova
shock-wave-induced CO-formation of glassy carbon and nanodiamond. Astrophys. J. Lett.
738,127 (2011).

7. R.S.Lewis, T.Ming, J. F. Wacker, E. Anders, E. Steel, Interstellar diamonds in meteorites.
Nature 326, 160-162 (1987).

8. O.Tschauner, S. Huang, E. Greenberg, V. B. Prakapenka, C. Ma, G. R. Rossman, A. H. Shen,
D. Zhang, M. Newville, A. Lanzirotti, K. Tait, Ice-VIl inclusions in diamonds: Evidence for
aqueous fluid in Earth’s deep mantle. Science 359, 1136-1139 (2018).

9. F.Nestola, N. Korolev, M. Kopylova, N. Rotiroti, D. G. Pearson, M. G. Pamato, M. Alvaro,

L. Peruzzo, J. J. Gurney, A. E. Moore, J. Davidson, CaSiO3 perovskite in diamond indicates
the recycling of oceanic crust into the lower mantle. Nature 555, 237-241 (2018).

10. R. M. Chrenko, R. E. Tuft, H. M. Strong, Transformation of the state of nitrogen in
diamond. Nature 270, 141-144 (1977).

11. Y. Zhou, A. Rasmita, K. Li, Q. Xiong, I. Aharonovich, W.-B. Gao, Coherent control of a strongly
driven silicon vacancy optical transition in diamond. Nat. Commun. 8, 14451 (2017).

12. D.D. Sukacheyv, A. Sipahigil, C. T. Nguyen, M. K. Bhaskar, R. E. Evans, F. Jelezko, M. D. Lukin,
Silicon-vacancy spin qubit in diamond: A quantum memory exceeding 10 ms with
single-shot state readout. Phys. Rev. Lett. 119, 223602 (2017).

13. A.Petrone, R. A. Beck, J. M. Kasper, X. Li, Y. Huang, M. Crane, P. Pauzauskie, Electronic
structures and spectroscopic signatures of silicon-vacancy containing nanodiamonds.
Phys. Rev. B. 98, 205405 (2018).

14. F.P.Bundy, W. A. Bassett, M. S. Weathers, R. J. Hemley, H. U. Mao, A. F. Goncharov, The
pressure-temperature phase and transformation diagram for carbon; updated through
1994. Carbon 34, 141-153 (1996).

15. M.J. Crane, B. E. Smith, P. B. Meisenheimer, X. Zhou, R. M. Stroud, E. James Davis,

P.J. Pauzauskie, Photothermal effects during nanodiamond synthesis from a carbon
aerogel in a laser-heated diamond anvil cell. Diamond Relat. Mater. 87, 134-142 (2018).

Crane etal., Sci. Adv. 2019; 5 : eaau6073 3 May 2019

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

. P.J. Pauzauskie, J. C. Crowhurst, M. A. Worsley, T. A. Laurence, A. L. D. Kilcoyne, Y. Wang,

T. M. Willey, K. S. Visbeck, S. C. Fakra, W. J. Evans, J. M. Zaug, J. H. Satcher Jr., Synthesis and
characterization of a nanocrystalline diamond aerogel. Proc. Natl. Acad. Sci. U.S.A. 108,
8550-8553 (2011).

. S.Choi, V. Leong, V. A. Davydov, V. N. Agafonov, M. W. O. Cheong, D. A. Kalashnikov,

L. A. Krivitsky, Varying temperature and silicon content in nanodiamond growth: Effects
on silicon-vacancy centres. Sci. Rep. 8,3792 (2018).

. R.Sandstrom, L. Ke, A. Martin, Z. Wang, M. Kianinia, B. Green, W.-b. Gao, |. Aharonovich,

Optical properties of implanted Xe color centers in diamond. Opt. Commun. 411,
182-186 (2018).

. S.Basu, A. P. Jones, A. B. Verchovsky, S. P. Kelley, F. M. Stuart, An overview of noble gas

(He, Ne, Ar, Xe) contents and isotope signals in terrestrial diamond. Earth Sci. Rev. 126,
235-249 (2013).

A.P.Koscheev, M. D. Gromoyv, R. K. Mohapatra, U. Ott, History of trace gases in presolar
diamonds inferred from ion-implantation experiments. Nature 412, 615-617 (2001).

R. W. Pekala, Organic aerogels from the polycondensation of resorcinol with
formaldehyde. J. Mater. Sci. 24, 3221-3227 (1989).

R. F. Egerton, Electron Energy-Loss Spectroscopy in the Electron Microscope

(Plenum Press, ed. 2, 1996).

R. A. Beck, A. Petrone, J. M. Kasper, M. J. Crane, P. J. Pauzauskie, X. Li, Effect of surface
passivation on nanodiamond crystallinity. J. Phys. Chem. C 122, 8573-8580 (2018).

M. Mandal, F. Haso, T. Liu, Y. Fei, K. Landskron, Size tunable synthesis of solution
processable diamond nanocrystals. Chem. Commun. 50, 11307-11310 (2014).

A. C. Ferrari, J. Robertson, Raman spectroscopy of amorphous, nanostructured,
diamond-like carbon, and nanodiamond. Philos. Trans. R. Soc., A 362, 2477-2512
(2004).

G. Shen, Q. Mei, V. B. Prakapenka, P. Lazor, S. Sinogeikin, Y. Meng, C. Park, Effect of helium
on structure and compression behavior of SiO; glass. Proc. Natl. Acad. Sci. U.S.A. 108,
6004-6007 (2011).

K. Fukunaga, J.-i. Matsuda, K. Nagao, M. Miyamoto, K. Ito, Noble-gas enrichment in
vapour-growth diamonds and the origin of diamonds in ureilites. Nature 328, 141-143
(1987).

W. A. Caldwell, J. H. Nguuyen, B. G. Pfrommer, F. Mauri, S. G. Louie, R. Jeanloz, Structure,
bonding, and geochemistry of xenon at high pressures. Science 277, 930-933 (1997).

R. Boehler, N. von Bargen, A. Chopelas, Melting, thermal expansion, and phase transitions
of iron at high pressures. J. Geophys. Res.: Solid Earth 95,21731-21736 (1990).

S. Duwal, C.-S. Yoo, Shear-induced isostructural phase transition and metallization of
layered tungsten disulfide under nonhydrostatic compression. J. Phys. Chem. C 120,
5101-5107 (2016).

D. Errandonea, Y. Meng, M. Somayazulu, D. Hausermann, Pressure-induced o. — ®
transition in titanium metal: A systematic study of the effects of uniaxial stress. Phys. B
355, 116-125 (2005).

M. W. Doherty, V. V. Struzhkin, D. A. Simpson, L. P. McGuinness, Y. Meng, A. Stacey,

T.J. Karle, R. J. Hemley, N. B. Manson, L. C. L. Hollenberg, S. Prawer, Electronic properties
and metrology applications of the diamond NV~ center under pressure. Phys. Rev. Lett.
112, 047601 (2014).

A. M. Zaitsev, Optical Properties of Diamond (Springer Berlin Heidelberg, 2001).

T. Feng, B. D. Schwartz, Characteristics and origin of the 1.681 eV luminescence center in
chemical-vapor-deposited diamond films. J. Appl. Phys. 73, 1415-1425 (1993).

I. 1. Vlasov, A. A. Shiryaev, T. Rendler, S. Steinert, S. Y. Lee, D. Antonov, M. V6ros, F. Jelezko,
A.V.Fisenko, L. F. Semjonova, J. Biskupek, U. Kaiser, O. I. Lebedev, |. Sildos, P. R. Hemmer,
V. 1. Konov, A. Gali, J. Wrachtrup, Molecular-sized fluorescent nanodiamonds.

Nat. Nanotechnol. 9, 54-58 (2014).

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,

G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich,

J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz,

A. F.Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi,

J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao,

N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,

M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell,

J. A. Montgomery Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers,

K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari,

A. P.Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene,

C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman,
and D. J. Fox, Gaussian 16 Rev. A.03 (Gaussian Inc., 2016).

N. Dubrovinskaia, L. Dubrovinsky, N. A. Solopova, A. Abakumov, S. Turner,

M. Hanfland, E. Bykova, M. Bykov, C. Prescher, V. B. Prakapenka, S. Petitgirard,

1. Chuvashova, B. Gasharova, Y.-L. Mathis, P. Ershov, I. Snigireva, A. Snigirev, Terapascal
static pressure generation with ultrahigh yield strength nanodiamond. Sci. Adv. 2,
1600341 (2016).

H. K. Mao, J. Xu, P. M. Bell, Calibration of the ruby pressure gauge to 800 kbar under
quasi-hydrostatic conditions. J. Geophys. Res.: Solid Earth 91, 4673-4676 (1986).

6 of 7

720T ‘1€ Arenuer uo uojSurysepy Jo AJISIOATUN) J& S10°00UsI0s mmm//:sdY WOIj POPEO[UMO(]


http://advances.sciencemag.org/cgi/content/full/5/5/eaau6073/DC1
http://advances.sciencemag.org/cgi/content/full/5/5/eaau6073/DC1

SCIENCE ADVANCES | RESEARCH ARTICLE

39. C.Hepp, T. Miiller, V. Waselowski, J. N. Becker, B. Pingault, H. Sternschulte,
D. Steinmiiller-Nethl, A. Gali, J. R. Maze, M. Atattire, C. Becher, Electronic structure of the
silicon vacancy color center in diamond. Phys. Rev. Lett. 112, 036405 (2014).

40. A.Lenef, S. C. Rand, Electronic structure of the N-Vcenter in diamond: Theory. Phys. Rev. B.

53, 13441-13455 (1996).

41. M.A.Gebbie, H. Ishiwata, P. J. McQuade, V. Petrak, A. Taylor, C. Freiwald, J. E. Dahl,

R. M. K. Carlson, A. A. Fokin, P. R. Schreiner, Z.-X. Shen, M. Nesladek, N. A. Melosh,
Experimental measurement of the diamond nucleation landscape reveals classical and
nonclassical features. Proc. Natl. Acad. Sci. U.S.A. 115, 8284-8289 (2018).

42. Y.Lifshitz, T.Kohler, T. Frauenheim, I. Guzmann, A. Hoffman, R. Q. Zhang, X. T. Zhou,
S.T. Lee, The mechanism of diamond nucleation from energetic species. Science 297,
1531-1533 (2002).

43. S.S. Moliver, Electronic structure of neutral silicon-vacancy complex in diamond.

Tech. Phys. 48, 1449-1453 (2003).

44. J.P.Goss, P.R. Briddon, M. J. Shaw, Density functional simulations of silicon-containing
point defects in diamond. Phys. Rev. B. 76, 075204 (2007).

45. J.P.Goss, R. Jones, S. J. Breuer, P. R. Briddon, S. Oberg, The twelve-line 1.682 eV
luminescence center in diamond and the vacancy-silicon complex. Phys. Rev. Lett. 77,
3041-3044 (1996).

46. G.Thiering, A. Gali, Complexes of silicon, vacancy, and hydrogen in diamond: A density
functional study. Phys. Rev. B. 92, 165203 (2015).

47. L.J.Rogers, K. D.Jahnke, M. W. Doherty, A. Dietrich, L. P. McGuinness, C. Miiller, T. Teraji,
H. Sumiya, J. Isoya, N. B. Manson, F. Jelezko, Electronic structure of the negatively
charged silicon-vacancy center in diamond. Phys. Rev. B. 89, 235101 (2014).

48. T.Mdller, C. Hepp, B. Pingault, E. Neu, S. Gsell, M. Schreck, H. Sternschulte,
D. Steinmdller-Nethl, C. Becher, M. Atatiire, Optical signatures of silicon-vacancy spins in
diamond. Nat. Commun. 5,3328 (2014).

49. A.D.Becke, Density-functional thermochemistry. lll. The role of exact exchange.
J. Chem. Phys. 98, 5648-5652 (1993).

50. C.Lee, W.Yang, R. G. Parr, Development of the Colle-Salvetti correlation-energy formula
into a functional of the electron density. Phys. Rev. B. 37, 785-789 (1988).

51. B.Miehlich, A. Savin, H. Stoll, H. Preuss, Results obtained with the correlation energy
density functionals of Becke and Lee, Yang and Parr. Chem. Phys. Lett. 157, 200-206 (1989).

52. A.Petrone, J.J. Goings, X. Li, Quantum confinement effects on optical transitions in
nanodiamonds containing nitrogen vacancies. Phys. Rev. B. 94, 165402 (2016).

53. F.Occelli, P. Loubeyre, R. LeToullec, Properties of diamond under hydrostatic pressures
up to 140 GPa. Nat. Mater. 2, 151-154 (2003).

54. D.P.Chong, Recent Advances in Density Functional Methods (World Scientific Publishing
Company, 1997).

55. A.Dreuw, M. Head-Gordon, Single-reference ab Initio methods for the calculation of
excited states of large molecules. Chem. Rev. 105, 4009-4037 (2005).

56. R.E.Stratmann, G. E. Scuseria, M. J. Frisch, An efficient implementation of time-
dependent density-functional theory for the calculation of excitation energies of large
molecules. J. Chem. Phys. 109, 8218-8224 (1998).

57. M. Kaviani, P. Dedk, B. Aradi, T. Frauenheim, J.-P. Chou, A. Gali, Proper surface termination
for luminescent near-surface NV centers in diamond. Nano Lett. 14, 4772-4777 (2014).

Crane etal., Sci. Adv. 2019; 5 : eaau6073 3 May 2019

58. A.Gali, J. R. Maze, Ab initio study of the split silicon-vacancy defect in diamond:
Electronic structure and related properties. Phys. Rev. B. 88, 235205 (2013).

59. S.Fahy,S. G. Louie, High-pressure structural and electronic properties of carbon.
Phys. Rev. B. 36, 3373-3385 (1987).

60. B.T.De Gregorio, R. M. Stroud, L. R. Nittler, C. M. O. Alexander, A. L. D. Kilcoyne,
T.J. Zega, Isotopic anomalies in organic nanoglobules from Comet 81P/Wild 2:
Comparison to Murchison nanoglobules and isotopic anomalies induced in
terrestrial organics by electron irradiation. Geochim. Cosmochim. Acta 74,
4454-4470 (2010).

Acknowledgments: We acknowledge E. Abramson, B. Smith, and P. Meisenheimer for advice
and discussions. Funding: This research was supported by a CAREER Award from the NSF
(award no. 1555007), funding from the UW, and the Materials Research Science and
Engineering Center (MDR-171997). M.J.C. acknowledges support from the U.S. Department of
Defense through a National Defense Science and Engineering Graduate Fellowship (NDSEG)
program, the Microanalysis Society of America through a Joseph Goldstein Scholar Award, and
R.M.S. for mentoring at the NRL. P.J.P. acknowledges support from both the U.S. Department
of Energy’s Pacific Northwest National Laboratory (PNNL) and the Materials and Simulation
Across Scales (MS3) Initiative, a Laboratory Directed Research and Development (LDRD)
program at the PNNL. X.L. acknowledges support from NSF (CHE-1565520 and CHE-1464497).
This work was facilitated by advanced computational, storage, and networking infrastructure
provided by the Hyak supercomputer system at UW, funded by the Student Technology Fee.
Part of this work was conducted at the Molecular Analysis Facility, a National Nanotechnology
Coordinated Infrastructure site at the UW, which is supported in part by the NSF (grant
NNCI-1542101), the UW, the Molecular Engineering and Sciences Institute, and the Clean
Energy Institute. This research used resources of the Advanced Light Source, which is a
Deparment of Energy Office of Science User Facility under contract no. DE-AC02-05CH11231.
R.M.S. acknowledges funding from the Office of Naval Research/NRL 6.1 Core program.
Author contributions: M.J.C. synthesized samples and conducted the spectroscopy. A.P.,
R.A.B., and X.L. performed DFT simulations. M.J.C., M.B.L., and X.Z. performed microscopy at
UW. M.J.C. and R.M.S. performed microscopy at NRL. P.J.P. conceived and led experiments. All
authors discussed the results and wrote the manuscript. Competing interests: RM.S., M.J.C,
and P.J.P. are inventors on a pending U.S. patent application related to this work filed by the
NRL (no. 62/645,098; filed 19 March 2018). The authors declare no other competing interests.
Data and materials availability: All data needed to evaluate the conclusions in the paper are
present in the paper and/or the Supplementary Materials. Additional data related to this paper
may be requested from the authors.

Submitted 27 June 2018
Accepted 14 March 2019
Published 3 May 2019
10.1126/sciadv.aau6073

Citation: M. J. Crane, A. Petrone, R. A. Beck, M. B. Lim, X. Zhou, X. Li, R. M. Stroud, P. J. Pauzauskie,

High-pressure, high-temperature molecular doping of nanodiamond. Sci. Adv. 5, eaau6073
(2019).

7of 7

720T ‘1€ Arenuer uo uojSurysepy Jo AJISIOATUN) J& S10°00UsI0s mmm//:sdY WOIj POPEO[UMO(]



Science Advances

High-pressure, high-temperature molecular doping of nanodiamond
M. J. CraneA. PetroneR. A. BeckM. B. LimX. ZhouX. LiR. M. StroudP. J. Pauzauskie

Sci. Adv., 5 (5), eaau6073. » DOI: 10.1126/sciadv.aau6073

View the article online

https://www.science.org/doi/10.1126/sciadv.aau6073
Permissions

https://www.science.org/help/reprints-and-permissions

Use of think article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2019 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

720T ‘1€ Arenuer uo uojSurysepy Jo AJISIOATUN) J& S10°00UsI0s mmm//:sdY WOIj POPEO[UMO(]


https://www.science.org/about/terms-service

