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ABSTRACT

In this study, single crystal diamonds were successfully synthesized in a FeNi-S-C system under the constant
conditions of 5.5 GPa and 1400 °C. The growth rate of the diamonds decreased due to the existence of sulfur (S)
in the synthesis system. The color of the diamonds changed from yellow to light yellow with an increase in the S
content. Compared to common type Ib diamonds synthesized in a FeNi-C system, the nitrogen concentration was
higher in the synthesized diamonds when 0.1 wt% S was added but was lower when the amount of S was
increased to 0.25 wt%. Raman measurements indicated that the use of S had almost no effect on the diamond
lattice structure, thus diamond crystals with a high-quality sp® structure were obtained. The photoluminescence
(PL) spectra showed that the nitrogen-vacancy (NV) center occurred more likely in diamond lattice growth along
the {111} face. Compared to the NV~ center, the NV° center could not be easily generated in the type Ib
diamond lattice without the addition of S. Even if the NV® and NV~ centers were generated simultaneously in
the diamond lattice with the addition of 0.25 wt% S, the intensity was higher for the NV~ peak than for the NV°
peak. The results of this study improve our understanding of the formation mechanisms of natural diamonds and

represent an effective method for controlling the NV center in the diamond lattice.

1. Introduction

Diamonds possess excellent physical and chemical properties and
are irreplaceable in many fields [1-5]. S is often considered an impurity
in natural diamonds and some studies have proposed the hypothesis
that natural diamonds may be generated in sulfide melts in the Earth's
mantle [6-8]. Recently, researchers found that large gem diamonds
were generated from the Fe-Ni-C-S melt in the Earth's deep mantle [9].
Although diamond crystals in S-C, (Fe,Ni)9Sg—C, FeNi-S-C, and FeNiCo-
S-C systems were successfully synthesized, these experiments were
carried out by the addition of large amounts of S [6,7] [10-12]. A small
amount of S was added to a NiMnCo catalyst using film growth methods
(FGM) but the size of the obtained crystals was less than 500 um [13].
Using a nitrogen getter, the type Ila diamond growth experiment was
performed using the temperature gradient growth (TGG) method in a
FeNi-S-C system [14]. Although the S content was relatively small in the
synthesis system, it had a significant influence on the synthesis and
characteristics of the diamonds [13,14]. Nitrogen is the most dominant
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impurity in diamonds and both the form and the concentration of the
nitrogen atoms have significant effects on most of the physical prop-
erties of diamonds. The nitrogen concentration of diamonds synthesized
in a (FeNi)gS-C system was estimated at between 850 ppm and
1100 ppm [7], which is considerably higher than the concentration of
diamonds grown in a conventional metal-carbon system. In addition,
researchers found that the B and H impurities in the synthesis system
inhibited the nitrogen atoms entering the diamond structure [15,16].
Similarly, it is unclear whether S in the synthesis system affects the
characteristics of the metal catalyst and the nitrogen concentrations in
the diamond lattice. Hence, the addition of S to a FeNi catalyst is of
great significance in diamond synthesis and in the determination of the
formation mechanisms of natural diamonds.

It has been reported that the single nitrogen-vacancy (NV) center
represents a promising system for solid-state quantum information
processing, nanoscale electromagnetic field sensing, plasmonics, bio-
labeling, and other related research fields [17-23]. A common ap-
proach for creating the NV center is the irradiation of type Ib diamonds
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by electrons, protons, neutrons, ions, and gamma photons, this process
produces the lattice vacancies that are part of the NV center. Those
vacancies are stable until the annealing temperature is in the range of
550-700 °C [24-26]. A single substitutional nitrogen atom will produce
strain in the diamond lattice [27], as a result, it is more likely that the
moving vacancies are captured when the temperature up the vacancies
instability condition [28]. Another method for creating NV center in
high purity type Ila CVD diamond is used the high energy N ions im-
plantation and then take the high temperature or high pressure and
high temperature (HPHT) treated for combine the N and vacancy. Ac-
cording to the two processes above, NV centers are produced in dia-
mond lattice. Previous studies have not placed much emphasis on the
effect of additives in the synthesis system for generating the NV center
in a diamond lattice. Our previous research results indicated that an
appropriate amount of S was beneficial for the generation of NV° or
NV~ centers in the type Ila diamond lattice [14]. However, the effects
of S, N and the original growth faces for generating NV center in dia-
mond lattice are not clear. Therefore, the introduction of S into a FeNi
system for the synthesis of type Ib diamonds requires in-depth research.
In this study, synthesized diamonds in FeNi-S-C systems are studied.
This research is useful for understanding the genesis of large gem nat-
ural diamonds and provides a new method for creating the NV center in
a diamond lattice.

2. Experimental details

The high pressure and high temperature (HPHT) experiments were
carried out using a Chinese SPD-6 X 1200 cubic-anvil high-pressure
apparatus (CHPA). The sample assembly (Fig. 1) was used for the dia-
mond synthesis. The raw materials consisted of high purity graphite
slices (99.9% purity) as a carbon source, Feg4Nise (64/36, weight ratio)
alloy as a catalyst, and sulfur powder (99.999% purity) as an additive.
The raw materials and the sample assembly were kept in the drying
oven to decrease the influence of residual water for the diamond
synthesis. Diamond seeds synthesized by the FGM with {100} or {111}
crystal faces of 0.7 mm in size were used as the diamond growth faces.
The synthetic pressure and temperature were 5.5 GPa and 1400 °C,
respectively. The pressure was calibrated by the pressure-induced phase
transitions of Bi, Tl, and Ba. In each experiment, a Pt-30% RH/Pt-6% Rh
thermocouple was placed near the crystallization sample to measure the
temperature.

After the HPHT experiments, the samples were treated with hot
dilute HNO3 to separate the diamond crystals from the catalyst alloy
medium. After the HNO; treatment, the diamond crystals were placed
in a boiling mixture of H,SO4 and HNO;3; to remove the remaining
graphite and metal on the crystal surfaces. Prior to the tests, we re-
peatedly used supersonic wave equipment and deionized water for re-
moving the residual impurities on the diamonds' surfaces. The optical
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Table 1
Experimental results of diamond synthesis in the FeNi-S-C system at 5.5 GPa and 1400 °C.

Run Additive Growth Growth Rate Morphology Color
(Wt%) face mg/h
S
E-1 0 {100} 0.280 Cub-Octahedron Yellow
E-2 0.1 {100} 0.157 Cub-Octahedron Yellow
E-3 0.25 {100} 0.070 Octahedron Light Yellow
E-4 0 {111} 0.186 Cub-Octahedron Yellow
E-5 0.1 {111} 0.153 Cub-Octahedron Yellow
E-6 0.25 {111} 0.062 Octahedron Light Yellow

microscope (OM) and scanning electron microscope (SEM) were used to
observe the morphology of the crystals. The infrared absorption
spectra were measured by a Vertex80V Fourier-transform infrared
(FTIR) spectrometer with a spectral range between 400 cm™ ' and
4000 cm ™! and a spectral resolution of 2cm™?! in the transmittance
mode. The Raman measurements were performed using a spectrometer
(iHR550, Horiba Jobin Yvon) with a diode laser at 671 nm
(80 cm ™ *-3500 cm ™ !) as the excitation source. The laser output power
of the samples was maintained at 10 mW. All Raman spectra were
collected using a backscattering configuration and the acquisition time
for each spectrum was 60 s. The Raman signals were recorded using a
liquid nitrogen cooled CCD camera (Symphont II, Horiba Jobin Yvon)
with a spectral resolution set at 1 cm ™~ !. The photoluminescence (PL)
spectra were measured at 488 nm excitation at room temperature.

3. Results and discussions

The diamond crystal synthesis experiments in the FeNi-S-C system
were carried out under a constant condition of 5.5 GPa and 1400 °C, as
summarized in Table 1. Diamonds were synthesized in six experimental
runs using seed diamonds, runs E-1 to E-3 growth by the {100} faces
and runs E-4 to E-6 growth by the {111} faces. After separating the
diamond crystals from the metal-catalyst medium, the OM was used to
observe the morphology of the crystals. Fig. 2 shows the OM images of
the synthesized diamond crystals. Without adding S to the synthesis
system, all diamonds exhibit a yellow color and a cub-octahedron
shape. When 0.1 wt% S (E-2 and E-4) is added to the FeNi-C system, the
color and shape (Fig. 2b) of the diamonds are the same as in the E-1
experiments. When 0.25 wt% S is added to the FeNi-C system, the color
of the diamonds changes to light yellow and the shape changes from a
cub-octahedron to an octahedron (Fig. 2c and Fig. 2f). The growth rates
of the diamonds in the E-1 to E-6 experiments are 0.280 mg/h,
0.157 mg/h, 0.070 mg/h, 0.186 mg/h, 0.153 mg/h, and 0.062 mg/h,
respectively. The growth rate is clearly reduced by increasing the S
content.

Fig. 1. Sample assembly of the diamond synthesis by HPHT:
1. pyrophyllite; 2. dolomite sleeve; 3. NaCl + ZrO, sleeve; 4.
ZrO, + MgO sleeve; 5. seed crystal; 6. graphite heater; 7.
dolomite pillar; 8. steel cap; 9. sheet Cu; 10. carbon source;
11. metal catalyst; 12. ZrO, + MgO pillar; 13. sheet graphite.
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The SEM micrographs were used to further analyze the surface
characteristics of the synthesized diamond crystals. The SEM micro-
graphs of the synthesized diamonds obtained in the E-1 to E-3 experi-
ments are displayed in Fig. 3. There are no obvious defects on the
diamond surfaces as is evident in Fig. 3a and Fig. 3d. The {100} and
{111} faces are the main types of crystal surfaces. The micrographs of
the diamonds synthesized with 0.1 wt% S are shown in Fig. 3b and
Fig. 3e. The diamonds still primarily have {100} and {111} faces but
the area is larger for the {111} faces than for the {100} faces and the
area of the {113} faces is greater than for the diamond shown in Fig. 3a.
Some defects, such as veins or branches appear at the edges of the
diamonds. Fig. 3c and Fig. 3f show some irregular defects on the surface
of the diamond crystal resulting from the addition of 0.25 wt% S to the
synthesis system. The area of the {111} faces is far greater than the area
of the {100} faces. Let us now consider the morphological features of
the diamond growth along the {111} faces of the seed diamond. Fig. 4a
and Fig. 4d show that the synthesized diamonds in the FeNi-S-C system
have predominantly {100} and {111} faces and that the surfaces are
flat and smooth. The addition of 0.1 wt% S to the synthesis system
results in defects such as craters at the edges of the diamonds surfaces.
The {100} and {111} faces represent the main type of crystal surface.
When S is increased to 0.25 wt%, the edge of the {111} faces of the
diamond crystal exhibits some irregular defects as shown in Fig. 3c and
Fig. 3f. In addition, diamonds with only {111} faces and {100} faces are
not synthesized. Based on the results of the E-1 to E-6 experiments, the
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Fig. 2. OM images of the synthetic diamonds
created in the FeNi-S-C system; (a), (b), (c), (d),
(e), and (f) are obtained in the E-1, E-2, E-3, E-4,
E-5, and E-6 experiments, respectively.

growth of {100} faces are promoted when 0.25 wt% S is introduced to
the synthesis system. Otherwise, the growth of the {111} faces is in-
hibited.

We should note that the growth rate of both synthesized diamonds
decreases when S is added to the synthesis chamber. The possible
reason is discussed below. In fact, the growth rate of the diamond
crystals is largely related to the solubility of carbon in the catalyst alloy.
A certain quantity of melted alloy will dissolve fixed carbon under
constant HPHT conditions. S has a low magnitude solubility of carbon
compared with FeNi alloy, therefore the solubility will decrease when S
is dissolved in a saturated melted alloy [29]. Our study is focused on the
diamond growth habit using the TGG method under HPHT at a constant
condition, which provides the amount of carbon from the heat source to
the diamond surface in an amount per unit of time. Importantly, this
amount only depends on the solubility of the catalyst solvent. If this
theory is applied to diamond crystallization, it can nicely explain the
decrease in the diamond growth rate after S was added to the synthesis
system.

The FTIR technique is generally utilized to observe the molecular
structure to determine the chemical composition and forms of impurity.
The crystals are measured with a FTIR spectrometer to determine the
spectroscopic details of the synthesized diamonds. Nitrogen is the most
common impurity and is easily accessible in the diamond lattice in both
natural and synthetic diamonds. Fig. 5 shows that the single substitu-
tional nitrogen atom impurity of the C-center has absorption peaks at

Fig. 3. SEM micrographs of the diamond crystal
growth along the {100} face in the FeNi-S-C
system; (a), (b), and (c) are obtained in the E-1, E-
2, and E-3 experiments; (d), (e), and (f) are the
enlarged images of (a), (b), and (c), respectively.
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Fig. 5. Infrared absorption spectra for diamond crystals synthesized in the FeNi-S-C
system; (a), (b), (c), (d), (e) and (f) are obtained in the E-1, E-2, E-3, E-4, E-5 and E-6
experiment, respectively.

1130 cm ™ ! and 1344 cm ™ 1. A-centers nitrogen that the pairs of nearest
neighboring pairs substitutional nitrogen atoms at 1282 cm™ ! is un-
detected. Therefore, the one-phonon defect-induced absorption is
dominated by a band of C-center nitrogen. The infrared absorption
spectra can be used to determine the nitrogen impurity concentration
by the following formula [30-32]:

Nogpm) = R(1130 cm™")/u(2120 cm™") x 5.5 x 25
w(1130 cm") = [A(1290 cm") — A(1370 cm1)/0.31]

11(2120 cm) = [[40 x A(2030cm™") + 87 x A(2160cm~1)]/127
— A(2120cm™ ]

where Nc(ppm) is the concentration of nitrogen, pu and A are the cor-
rected coefficients and the absorption intensity of the relevant peak in
the FTIR spectra, respectively. As follows from the infrared absorption
measurements, the calculated nitrogen concentrations of the synthe-
sized diamond crystals are summarized in Table 2. The concentrations
of nitrogen in the E-1, E-2, E-3, E-4, E-5, and E-6 experiments are
151 ppm, 201 ppm, 144 ppm, 180 ppm, 230 ppm, and 154 ppm, re-
spectively. When 0.1 wt% S is added to the synthesis system, the ni-
trogen concentrations increase to 201 ppm and 230 ppm in the E-2 and
E-4 experiments, respectively. This result is consistent with previous
reports of diamonds synthesized in the (Fe,Ni)oS-C system. Of parti-
cular interest is that the concentration of nitrogen decreases to 144 ppm

144
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Fig. 4. SEM micrographs of the diamond crystal
growth along the {100} face in the FeNi-S-C
system; (a), (b), and (c) are obtained in the E-4, E-
5, and E-6 experiments; (d), (e), and (f) are the
enlarged images of (a), (b), and (c), respectively.

S00umd

Table 2
Concentrations of nitrogen impurities in diamonds synthesized in the FeNi-S-C system.

Run Additive (wt%) Nitrogen content (ppm)
S C-form
E-1 0 151
E-2 0.1 201
E-3 0.25 144
E-4 0 180
E-5 0.1 230
E-6 0.25 154

and 154 ppm in the E-3 and E-4 experiments, respectively when 0.25 wt
% S is added to the synthesis system. The changes in nitrogen content
may be due to the properties of the FeNi catalyst. When S is added to
the synthesis system, the ability of the catalyst alloy to dissolve nitrogen
and the mobility of the molten state catalyst change. The S in the
synthesis system also affects the formation of C—N bond in another
manner. The nitrogen content of the synthesized diamonds largely de-
pends on the properties of the catalyst alloy and ability to form C—N
bonds. These topics require more in-depth interpretation and are
worthy of further investigation.

Raman spectroscopy is used to identify sp®> bonding in diamonds
from sp? in graphite and other inclusions [33]. The Raman peaks of the
E-1 to E-6 experiments are shown in Fig. 6. The Raman peaks of the E-1
to E-6 experiments are located at 1330.72cm™ ', 1330.65cm™ ?,
1330.43cm™ ", 1330.65cm™ "', 1330.57cm™ "', and 1330.46cm” ',
respectively. It is well known that this represents the typical diamond
Raman peaks and no additional peaks were observed, which indicates
that all synthesized diamond crystals have a single sp® structure. The
existence of impurities or inclusions in diamonds will generate residual
stresses that cause changes in the C—C bond length, which is reflected
by changes in the peak positions in Raman spectra analysis. Fig. 6
shows that the Raman peaks of E-1 to E-3 shift from 1330.72 cm ™!
to 1330.43cm™ ' and E-4 to E-6 shift from 1330.65cm™ ' to
1330.46 cm ™~ ! after S is added to synthesis system. The data accuracy
derived from the Raman spectroscopy is about 1 cm™'. So, added S to
diamond synthesis system was not obvious changed the diamond
structure. All the Raman spectra exhibit only a very strong and narrow
peak with a linear background, which indicates that all the obtained
diamond crystals possess a high-quality sp® structure [34].

PL was employed to investigate the types of impurities and defects
in the synthesized diamond. Fig. 7 shows the PL spectra of the diamond
crystals in the FeNi-S-C system in the E-1 to E-6 runs, the right spec-
trogram is an enlargement of the original spectrum in the indicated
region. In Fig. 7, lines a to c are the PL spectra of the diamond growth
by {100} faces in the FeNi-S-C system. Line a show the PL spectra
without the added S, the NV center is absent in the diamond lattice.
Line b exhibits a weak peak PL zero-phonon line at 637 nm due to the
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Fig. 6. Raman spectra for diamond crystals synthesized in the FeNi-S-C system. (a), (b),
(c), (d), (e) and (f) are obtained in E-1, E-2, E-3, E-4, E-5 and E-6 experiments, respec-
tively.

negatively charged states of the NV~ center [35,36]. Line ¢ exhibits a
weak peak at 575 nm due to the neutral charge states and an intense
peak appears at 637 nm [35,36]. Lines d to f belong to the diamonds
with the {111} growth faces. Without added S, a weak peak located at
637 nm is observed in line d. The negligible peaks at 575 nm and
637 nm are observed in diamonds synthesized with 0.1 wt% S (line e).
In line f, two intense peaks at 575 nm and 637 nm are observed in the
PL spectra. The PL measurements demonstrate that the NV center can
be generated easily from the type Ib diamond growth with {111} faces
in the FeNi-S-C system. In addition, under the same experimental
conditions, the intensity is much higher for the 637 nm peak than for
the 575 nm peak. This result is different from our previous research on
type Ila diamonds, in which the intensity was much higher for the
575 nm peak than for the 637 nm peak when 0.25 wt% S was added to
the synthesis system [14].

Fig. 8 shows the schematic diagram of a possible process for the
generation of the NV center from the {100} crystal orientation when S
is added to the synthesis system. The diamond crystallization and
growth in this FeNi-S-C environment was more likely to generate va-
cancies (Fig. 8a) in the diamond lattice than in the common FeNi-C
environment. The experiment temperature of 1400 °C was considerably
higher than the temperatures of 550-700 °C for the vacancy-stabilized
phase [24-26]. The high temperatures provided sufficient kinetic en-
ergy for moving the lattice vacancies. In addition, the single substitu-
tional nitrogen atom will produce strain in the diamond lattice,
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Fig. 8. Schematic of a possible process describing the generation of the NV center from
the {100} crystal orientation.

therefore the moving vacancies are more likely to be captured [28] and
then produce the NV center (Fig. 8b). In addition, high pressure can
accelerate this process. Thus, deliberately adjusting the S content to the
synthesis system and choosing the seed growth face and the type of
synthesized diamonds under HPHT conditions provide an effective and
direct method for producing the NV center in the diamond lattice.

4. Conclusions

Diamond synthesis in a FeNi-S-C system was carried out at the
constant conditions of 5.5 GPa and 1400 °C. When S is added to the
FeNi-S-C system, the color of the diamonds changes from yellow to light
yellow and the shape changes from a cub-octahedron to an octahedron.
When 0.25 wt% S is added to the synthesis system, the growth of {100}
faces is promoted and the growth of {111} faces is inhibited. When
0.1 wt% S is introduced into the synthesis system, the concentration of
nitrogen in the diamond lattice is higher than for a common type Ib
diamond. However, the concentration of nitrogen is lower than for a
common type Ib diamond when the S content is further increased to
0.25 wt%. The Raman spectra demonstrate that the synthesized dia-
monds possess a high-quality sp® diamond structure. The NV center can
be generated easily in the diamond with the {111} growth faces under
the same experimental conditions. The NV center is more likely to
appear when 0.25 wt% is added to the synthesis system. Diamonds
obtained from the FeNi-S-C system without a nitrogen getter exhibit a
higher intensity for the NV~ center than for the NV° center under the
same experimental conditions.
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Fig. 7. PL spectra of the diamond crystals synthesized in the FeNi-S-C system; (a), (b), (c), (d), (e), and (f) are obtained in the E-1, E-2, E-3, E-4, E-5, and E-6 experiment, respectively.
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