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It is a key challenge to prepare large-area diamonds by using the methods of high-
pressure high-temperature and normal chemical vapor deposition (CVD). The forma-
tion mechanism of thermodynamically metastable diamond compared to graphite in
low-pressure CVD possibly implies a distinctive way to synthesize large-area diamonds,
while it is an intriguing problem due to the limitation of in situ characterization in this
complex growth environment. Here, we design a series of short-term growth on the
margins of cauliflower-like nanocrystalline diamond particles, allowing us to clearly
observe the diamond formation process. The results show that vertical graphene sheets
and nanocrystalline diamonds alternatively appear, in which vertical graphene sheets
evolve into long ribbons and graphite needles, and they finally transform into dia-
monds. A transition process from graphite (200) to diamond (110) verifies the transfor-
mation, and Ta atoms from hot filaments are found to atomically disperse in the films.
First principle calculations confirm that Ta-added H- or O-terminated bilayer graphene
spontaneously transforms into diamond. This reveals that in the H, O, and Ta complex
atmosphere of the CVD environment, diamond is formed by phase transformation
from graphite. This subverts the general knowledge that graphite is etched by hydrogen
and sp3 carbon species pile up to form diamond and supplies a way to prepare large-
area diamonds based on large-sized graphite under normal pressure. This also provides
an angle to understand the growth mechanism of materials with sp2 and sp3 electronic
configurations.
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Diamond possesses excellent physical properties, such as high hardness, wide band, high
thermal conductivity, negative electronic affinity, and strong corrosion resistance, so it has
a wide range of applications in electronic devices used in high-temperature high-frequency
field emission devices, electrochemical electrodes, and so on. It is also considered a mul-
tifunctional material and attracts much attention. However, it is very difficult to prepare
large-area diamonds, which is a barrier to their application. Researchers have developed
various methods, including high-pressure high-temperature (HPHT) and chemical
vapor deposition (CVD) to prepare single crystals, microcrystallines, and nanocrystalline
diamonds (1–5). Expensive equipment and rare large diamond seeds are required to pre-
pare large-area diamonds by using the HPHT and CVD methods, respectively. It is
noticed that thermodynamically metastable diamond compared to graphite grows in
low-pressure CVD. Its formation mechanism possibly implies a distinctive way to syn-
thesize large-area diamonds, while it is an intriguing problem due to the limitation of in
situ characterization in this complex growth environment.
Eversole (6) developed a CVD method to prepare diamonds under low pressures,

and Matsumoto et al. (7) made a breakthrough in CVD technology. Since then, vari-
ous activation methods for CVD diamond have been successfully developed (8), and
the growing process of diamond basically includes nucleation and growth. A diamond
nucleation site was responsible for epitaxial growth of diamond on silicon (9), and a
model for diamond nucleation by energetic species in CVD was proposed (10). Using
high-resolution electron energy loss spectroscopy, researchers found that CHx radicals
were related to the growth of diamond (111)/(100) planes (11, 12). Based on optical
emission spectroscopy data (13, 14), C2 was first considered a dominant species for
ultrananocrystalline diamond (UNCD) growth, while ground-state C2 was undetect-
able in a He/CH4/H2 plasma and was too low in concentration in the Ar/CH4/H2

plasma to account for the growth rate of UNCD (15). Another study found remark-
ably high concentrations of C2 and atomic hydrogen in an Ar/CH4/H2 microwave
plasma (16). It was also supposed that H atoms etched amorphous and sp2 carbon
quicker than diamond, and sp3 contained carbon active groups as units piled up at the
active vacancy positions to form diamond (11, 12, 17–24). The above results clearly
suggest that there are debates existing in the growth mechanism of CVD diamond due
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to the lack of in situ characterization technology. It is still diffi-
cult to answer the following questions: should the nondiamond
species truly be dregs eroded away by H and is there any rela-
tionship among the nondiamond species and diamond phases
in the CVD process? These are key points to understand the
diamond formation mechanism in CVD that will inspire prepa-
ration methods for diamond and provide comprehension for
the growth of other materials with sp2 and sp3 electronic
configurations.
Here, we performed a series of short-term growths on

cauliflower-like separated particle-formed (SPF) films (25) to
produce nanometer-scale surfaces (SI Appendix, Fig. S1), directly
observed by high-resolution transmission electron microscopy
(HRTEM) without extra treatments, preventing damage pro-
duced by traditional TEM sample preparation, and allowing us
to observe the real growth process of nanocrystalline diamond
(NCD) films. We find that diamond is formed by a phase transi-
tion from graphite.
Fig. 1A reveals a typical cauliflower-like morphology of par-

ticles on the SPF film (defined as 0-s sample). A large number of
vertical-growing sheets formed as the growth time increased to
30 s (Fig. 1B, called 30-s sample), and they became larger at 60 s

(Fig. 1C, called 60-s sample). Nevertheless, these sheets disappear
in 90 s (Fig. 1D, called 90-s sample), exhibiting bald cauliflower-
like particles again. For 120 s (Fig. 1E, called 120-s sample), the
sheets still disappear, while they appear and become larger again
in 150 s (Fig. 1F, called 150-s sample) and 180 s (Fig. 1G, called
180-s sample), respectively. At 210 s, some sheets turned into
nanoparticles marked by red arrows in Fig. 1H, suggesting that
the sheets disappeared as growth proceeded. These results indicate
that vertical-growing sheets and bald cauliflower-like particles
alternately appear with two circles of 0 to 90 s and 120 to 210 s.

Visible Raman spectra (Fig. 1 I and I-1) reveal the composi-
tion evolution. The 0-s sample exhibits the typical Raman char-
acteristics of NCD films (26). For samples 30-s and 60-s, only
four peaks at D band (1,350 cm�1), G band (1,580 cm�1),
strong D’ (1,620 cm�1), and D+D’ peaks (2,700 cm�1) are
related to graphene and its edge defects (27, 28), respectively,
indicating that the vertical-growing sheets observed in the scan-
ning electron microscopy (SEM) graphs (Fig. 1 B, C, F, and G)
are graphene, called vertical-growing graphene sheets (VGs).
After 90 s and 120 s of growth, typical characteristics of NCD
appear again with the enlarged full width half maximum
(FWHM) of the G peaks, and graphene-related peaks at 2,700

Fig. 1. FESEM images for samples growing using (A) 0 s, (B) 30 s, (C) 60 s, (D) 90 s, (E) 120 s, (F) 150 s, (G) 180 s, and (H) 210 s during the second growth
process at 1,800 W. The red arrows in (H) are used to mark the nanoparticles. The Raman spectra of the 1,000–1,800 cm�1 range after Gauss fitting (I) and
2,300–3,500 cm�1 range (I-1) are shown. The red line is raw curve and the other colored lines are fitted curves in (I).
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and 2,950 cm�1 decrease, indicating that the VGs disappear,
NCD appears, and graphite becomes disordered. During 150
to 210 s, the change in Raman spectra is similar to that of 30
to 90 s, confirming that the periodic change observed in the
surface morphology originates from the alternative appearance
of VGs and NCD.
To understand this incredible periodicity evolving process,

HRTEM measurements on the newly formed layer were per-
formed (Fig. 2). The 0-s sample (Fig. 2A) displays large rod-
like diamond crystals evidenced by diffraction spots from the
diamond (111) orientation in the inset Fourier transform
(FFT) image. For 30-s sample (Fig. 2B), a large number of
long and flexible VGs appear with an interplanar spacing of
0.34 nm for the G (002) orientation in the inset fast (FFT).
For the 60-s sample, VGs become straight with their heads
bending marked by red arrows in Fig. 2C-2. After that, VGs
disappear, and a number of straighter and thicker graphite
nanorods appear in the 90-s sample (Fig. 2D-2). Additionally,
a flake-like diamond crystal (red image in Fig. 2D-2) suggests
that diamond begins to appear, in good agreement with the
SEM and Raman spectra. For the 120-s sample, many nanodia-
mond crystals naked on the edge of cauliflower-like particles
covered the graphite nanorods (Fig. 2E-2). These results con-
firm the NCD characteristics observed in the Raman spectrum.
In the following growth, flexible VGs appear again in 150 s

(Fig. 2F), straight and thick VGs are observed in 180 s (Fig.
2G), and nanodiamond-rich district (area 1) is covered again
on graphite rods (area 2) in 210 s (Fig. 2H), which repeats the
growth process of 30 to 90 s and accords with the results of
SEM and Raman spectra. Moreover, the clear interface between
diamond (110) plane and flexible graphite (002) plane (Fig. 2J
for 30-s sample and SI Appendix, Fig. S3 for 150-s sample) is
found. The intersection angles are 76° for the 30-s sample and
89° for the 150-s sample, elaborating that the (002) graphite
band directly grows upright on the surface of diamond with
various patterns. This is quite different from the reported con-
clusion that the VGs were likely rooted on the amorphous car-
bon phases (29–31).

The above results reveal that the periodicity appearance of
VGs and NCD in the CVD process (Fig. 2I) actually includes
the following stages: NCD grains (i stage, samples 0-s and 120-
s), the initial growth of small VGs (ii stage, samples 30-s and
150-s), large VGs (iii stage, samples 60-s and 180-s), graphite
nanorods (iv stage, samples 90-s and 210-s), and returning to
NCD grains (i stage). This phenomenon means that VGs transit
to graphite nanorods as VGs disappear in the CVD process.
Moreover, the FWHM value of the G band dramatically increases
from 46.68 cm�1 of 60-s sample to 81.62 cm�1 (90-s sample)
and 62.98 cm�1 (120-s sample), suggesting that graphite becomes
more disordered. The appearance of diamond nanocrystals

Fig. 2. HRTEM images of samples growing (A)–(A-2) 0 s, (B)–(B-2) 30 s, (C)–(C-2) 60 s, (D)–(D-2) 90 s, (E)–(E-2) 120 s, (F)–(F-2) 150 s, (G)–(G-2) 180 s, and (H)–(H-2)
210 s during the second growth process at 1,800 W. All white-dotted-line boxes are the areas corresponding to the inset FFT images. The red arrows in (C-2)
are used to mark the heads bending of graphene. (I) Sketch of the cyclical growth of the NCD film in the HFCVD process. (J) Shows the VGs with their roots
in 30-s sample, and (J-1) shows the enlarged area of the white square in (J), indicating the graphite/diamond interface. The red and white arrows indicate the
(002) plane of graphite and the (110) plane of diamond, respectively.
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indicates that the graphite probably transforms into diamond.
Additionally, there are a number of graphite nanorods in samples
90-s, 120-s, and 210-s from HRTEM (Fig. 2 D-2, E-2, and H-
2), while in the final NCD films (the 0-s sample), there are no
residual graphite nanorods but large and rod-like diamond crys-
tals, further evidencing that graphite transitions to diamond. In
other words, diamond grains do not grow by carbon atoms piling
up to form sp3 structures but are formed by phases transiting
from graphite in CVD. These are very interesting phenomena and
have never been observed before. To confirm our judgment, we
designed a slower growth process by reducing the growth power
to 1,600 W and extending the growth period to 12 min to cap-
ture clear transition evidence of diamond formation.
The surface and sectional Field emission scanning electron

microscopy (FESEM) images (SI Appendix, Fig. S4) and Raman
spectra (SI Appendix, Fig. S5) for the series samples express
the same cyclical appearance and disappearance of VGs as
those of samples growing under 1,800 W (Fig. 2I). Moreover, the
growth cycle under 1,600 W is ∼4 min, longer than ∼90 s under
1,800 W, illustrating that a low growth power of 1,600 W indeed
slows the growth speed and extends the growth cycle.

The microstructure of a 0-min sample is the same as that of a
0-s sample (Fig. 2), exhibiting large rod-like diamond crystals
poke out from cauliflower-like particles. For growth times of 2,
6, and 10 min, in Fig. 3 A, C, and E, respectively, flexible VGs
appear. For growth times of 4, 8, and 12 min, in Fig. 3 B, D,
and F, respectively, VGs disappear. Specifically, for the 4-min
sample, straight graphite is the main feature (Fig. 3B), while
many graphite nanorods are observed in the 8-min sample
(Fig. 3D). Interestingly, the inset FFT image (Fig. 3D) from the
single graphite nanorod has both graphite [darker (002) diffrac-
tion spots] and diamond [bright (111) diffraction spots] com-
pared with the 4-min sample. For the 12-min sample (Fig. 3F),
the large diamond grains are the main composition, as evidenced
by the inset FFT image of diamond (111) diffraction spots and
the Raman spectrum in SI Appendix, Fig. S5, which is similar to
that of the 0-min sample, confirming that the graphite has
completely transformed into diamond and formed a bulk dia-
mond crystal compared with the first (2 to 4 min) and second
cycles (6 to 8 min). These results undoubtedly verify that the
mixed appearance of diamond (111) and graphite (002) in the
sample 8-min is a transitional period from graphite to diamond.

Fig. 3. TEM images for samples growing after (A) 2 min, (B) 4 min, (C) 6 min, (D) 8 min, (E) 10 min, and (F) 12 min in the second growth process with a power
of 1,600 W. The white-dotted-line box in (D) is the area corresponding to the inset FFT image and the left inset enlarged image. The red arrows indicate the
planes with the distance of 0.34 nm and 0.21 nm, respectively. Extensive analysis of the TEM images (G) of graphite needles in samples growing after 8 min
in the second growing process at 1,600 W clearly exhibits the phase transformation process from graphite to diamond. The white boxes are the areas for
the corresponding enlarged images and FFT images below, and the red and white arrows indicate the plane distance. (H) and (H-1) are the HADDF and bright
field TEM images for another graphite needle, respectively, with the corresponding enlarged images and FFT images below. The EELS spectra (I) of the differ-
ent sites marked by red points from another phase transforming needle shown in (H)/(H-1). (J)/(J-1) Sketch of the phase transformation from graphite to dia-
mond in the graphite needle grown on cauliflower-like particles.
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Fig. 3G displays the structural evolution in the 8-min sample
with four typical areas selected from its head to root. In its head
(part 1), FT1 shows the 0.34-nm interplanar spacing of the
graphite (002) orientation. For center area 2 (FT2), a new and
gloomy lattice plane (0.21 nm) overlaps on the graphite (002) lat-
tice plane at an angle of 71 degrees, which agrees with that found
in the graphite-diamond transition under high-pressure and high-
temperature conditions (32, 33). This indicates that the lattice
planes (0.21 nm) originating from diamond are derived from the
graphite (002) plane by lattice distortion. For area 3 (FT3), dia-
mond lattice planes (0.21 nm) become clearer as the graphite
(002) lattice planes become indistinct, elaborating the strength-
ened diamond lattice planes (0.21 nm) and the weakened graph-
ite (002) lattice planes. For area 4 (FT4), diamond lattice fringes
(0.21 nm) become the main lattice with a near disappearance of
graphite (002) lattice fringes, indicating that graphite completely
transits to diamond.
Another graphite needle (Fig. 3H) with a transition intermedi-

ate state also confirms this phase transformation. Their located
electron energy loss spectroscopy (EELS) analysis (Fig. 3I) shows
that the intensity of the π*-band (sp2 carbon) gradually weakens
from location 1 to 4, while that of the σ*-band (sp3 carbon)
becomes stronger from location 2 to the root (location 4) of the
nanorod. Additionally, the corresponding lattice distortion pro-
cess from 0.32-nm lattice spacing to 0.21-nm lattice spacing is
also shown below. Because site 4 is located inside the sample, it is
too thick to detect its lattice. These results also indicate that dia-
mond (111) with a lattice spacing of 0.21 nm appears, while
graphite (002) with a lattice spacing of 0.32 nm disappears, sug-
gesting that graphite transforms into diamond in the CVD process
(Fig. 3 J and J-1). This is quite different from the generally
accepted process involving the activation of a carbon-containing
gas source into sp2 or sp3 species, and all of them graft on the dan-
gling bonds on the vacancy to pile up to form diamond (34, 35).
It is well known that graphite can transit to diamond under

high temperature and high pressure, while in our case, graphite
transforms into diamond under low pressure, suggesting that
there are other factors that help this transformation. X-ray pho-
toelectron spectroscopy (XPS) (Fig. 4A and SI Appendix, Fig.
S7) reveals obvious Ta and O characteristic absorption peaks, in
which the oxygen atoms are bonded with carbon. Here, Ta
comes from the tantalum hot filament in CVD. Furthermore,
HAADF and energy dispersive spectrometry (EDS) mapping
images (Fig. 4B) show atomically dispersed Ta atoms. This gives
us inspiration to determine whether Ta atoms play a key role in
the phase transition. To solve this problem, we constructed a
model to simulate this transition (SI Appendix, Fig. S8). The
results show that a single-side hydrogenated graphene layer tran-
sits into diamond, with the activation barrier decreasing from
0.82 eV/unit cell without Ta to �5.38 eV/unit cell after Ta is
added (black and red lines in Fig. 4C), indicating that hydroge-
nated graphene can spontaneously transform into diamond after
Ta is added. Considering the complex atomic components,
including Ta, O, and H, in the hot filament growth environ-
ment, we also constructed a model (SI Appendix, Fig. S9A) of a
double layer of graphene on the surface of oxygen-terminated
diamond (111) to simulate the phase transition. Fig. 4C shows
that the activation barrier of the O-terminated system without
tantalum atoms is 0.48 eV/unit cell, while it sharply decreases to
�3.99 eV/unit cell for the Ta-added O-terminated system. This
suggests that O-terminated system adsorbed by Ta atoms
can also spontaneously transform into diatomic layer diamond.
The final structures of the O-terminated and H-terminated
systems (Fig. 4D) and the bond length as well as bond angles

(SI Appendix, Table S2) show that the structure of the
O-terminated system deviates more from the bulk diamond than
that of the H-terminated system, leading to a slightly larger
energy of the final structure for the O-terminated system. The
differential charge diagrams of the key steps (0, 7, 8, and 9) (Fig.
4E and SI Appendix, Fig. S9) intuitively show that both Ta and
O atoms contribute to the process of the graphene phase trans-
forming into diamond. Moreover, in the CVD system without a
source of Ta, hydrogen is the essential source for the growth of
diamond. It was reported that as the graphene was hydrogenated
with two sides, it spontaneously transformed to diamond with the
activation barrier of ∼�5 eV/unit cell (36, 37), which is less than
that of the single-side hydrogenated graphene system with Ta.
This further suggests that Ta is of greater benefit to the graphite-
diamond phase transformation than H atoms. As a conclusion,
the phase transformation from graphite to diamond occurs under
the special conditions, including two-side hydrogenated graphene
layer, single-side hydrogenated graphene layer with Ta atoms, and
single-side O-terminated system with Ta atoms. These factors are
available for various CVD technologies, suggesting that diamond
is formed by the phase transformation from graphite in CVD.

In summary, we observed the growth process of NCD films in
hot filament chemical vapor deposition (HFCVD) by controlling
the short-term growth to directly characterize the nanolayer on
the cauliflower-like particles, exhibiting phase transition-induced
diamond formation from graphite. This is quite different from
the general knowledge that graphite is etched by hydrogen and
that sp3 carbon species pile up to form a diamond structure. The
results show that the mixture of Ta, O, and H atoms allows
graphite to spontaneously transform into diamond. This supplies
a way to synthesize large-area diamond based on large-sized
graphite under low pressure and provides an angle to understand
the growth mechanism of materials with sp2 and sp3 electronic
configurations during the CVD process.

Methods

Experimental. We designed a two-step process to exhibit the growth evolution,
in which we first terminated the growth before the continuous film was formed
and obtained SPF films. Then, we used these SPF films as the template to grow
the films with short growth times, as shown in SI Appendix, Fig. S1, producing a
surface with nanometer-scale thickness, which can be directly observed by using
HRTEM without mechanical treatments. This protects the microstructure of the
films growing under different times from damage, allowing us to observe the
real growth process of the films.

Specifically, a two-step method was used to prepare the samples by using a
commercial HFCVD system. The first step was growing SPF nanocrystalline dia-
mond films on a silicon substrate under the same conditions for all samples. The
Si wafer was continually polished by using diamond powders for 20 min and
then rinsed by using deionized water and acetone. Pure hydrogen (99.999%)
was used as the growth atmosphere and to pump acetone, which was the carbon
source, into the reactor chamber. The flow rates for the hydrogen source and the
carbon source were 200 sccm and 90 sccm, respectively. The pressure of the
reactor chamber was 1,600 Pa, and the power of growth was 2,200 W (the volt-
age was ∼20 V, and the current was ∼120 A). The first growth process lasts for
20 min. Then, two series of samples are designed to control the growth process.
The growth power of the first series is set as 1,800 W, and the growth time is set
as 0, 30, 60, 90, 120, 180, and 210 s. The sample names are 0-s, 30-s, 60-s,
90-s, 120-s, 180-s, and 210-s, respectively. Another series of samples had a
growth power of 1,600 W to further slow the growth rate and prolong the
growth time to exhibit the growth process of the films. The growth time is set
longer as 2, 4, 6, 8, 10, and 12 min, and the sample names are 2-min, 4-min,
6-min, 8-min, 10-min and 12-min, respectively. During these growth processes,
the hydrogen source was turned off, and the carbon source was restored to 100

PNAS 2022 Vol. 119 No. 16 e2201451119 https://doi.org/10.1073/pnas.2201451119 5 of 7

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201451119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201451119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201451119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201451119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201451119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201451119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201451119/-/DCSupplemental


sccm. After that, the growth power decreased to zero at a rate of 1 V/s with the
closed carbon source.

Characterizations. FESEM (FEI Nano Nova 450) was used to observe the
morphologies of the samples at a low voltage of 5 or 3 kV. To protect the micro-
structure of the NCD films from damage during TEM sample preparation, small
fragments of film were scraped down from the silicon substrate and loaded on
copper mesh. The submicroscopic structures or ultrastructures of the samples
were characterized by using HRTEM (FEI Talos-s, 200 kV accelerator voltage) and
aberration-corrected scanning transmission electron microscopy (Titan G2
80-200 ChemiSTEM). EDS and EELS were used to recognize the composition
information of the samples. Raman spectra were taken to evaluate the structure
and components of the films. A Labram high-resolution spectrometer (Horiba

Jobin-Yvon) interfaced with an Olympus microscope (objective 50×) was used to
acquire the Raman spectra for four different sites, and the spectra were collected
in the range of 500 to 3,500 cm�1. Some of the spectra had been deconvoluted
well into Gaussian lines.

Calculation Method. Total calculations are performed within the framework of
density functional theory as implemented in the Vienna Ab initio Simulation
Package (version 5.4.4) (38). The generalized gradient approximation of the
Perdewe-Burkee-Ernzerhof exchange-correlation functional and projector aug-
mented wave potentials were adopted to calculate all structure relaxations and
electronic structure calculations (39). The cutoff energy was set to 520 eV with an
energy precision of 10�4 eV, and a 4 × 4 × 1 Monkhorst-Pack k-points grid for
calculations was used to give a sufficient convergence of the total energies

Fig. 4. (A) XPS spectrum and (B) Ta monoatomic dispersion image in the 8-min sample with the distribution mapping of O and Ta from the white-dotted-
line box. (C) The calculated activation barrier from single-side hydrogenated graphene and O-terminated system to the diatomic diamond layer without Ta
added and with Ta added. (D) The bond length and bond angle model of O-terminated and H-terminated final state structures with Ta. (E) Charge density
differences for structure images 0, 7, 8, and 9 steps in C. (F) Charge density differences for the H-terminated structure. The yellow and light-blue regions rep-
resent electron accumulation and depletion, respectively. The surface values are 0.0034 e/Å3.
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during the structural relaxation. In all calculations, we guarantee that the vac-
uum space is at least 25 Å to reduce the interaction caused by periodic boundary
conditions between adjacent layers. In the process of structural relaxation, the
atoms in the bottom five layers of oxygen-terminated diamond are fixed, and
the remaining atoms are relaxed. Based on the first-line principle, the transition
barrier is calculated by using the nudge performance band method (40). This
method works well by optimizing multiple intermediate images along the reac-
tion path. The charge density difference Δρ is calculated by the formula
Δρ=ρTa+surf+graphene –ρTa � ρsurf � ρgraphene, where ρTa+surf+graphene is the
charge density of the diamond surface with Ta atoms and two graphene layers,
ρTa, ρsurf, and ρgraphene are the charge densities of isolated Ta atoms, the
oxygen-terminated diamond surface, and two graphene layers, respectively.

Data Availability. All study data are included in the article and/or SI Appendix.
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