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Crystallization and characteristics of {100}-oriented diamond with
CH4N2S additive under high pressure and high temperature*
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Diamond crystallization was carried out with CH4N2S additive in the FeNiCo-C system at pressure 6.0 GPa and
temperature ranging from 1290 ∘C to 1300 ∘C. The crystallization qualities of the synthetic crystals were characterized
by Raman spectra and the Raman peaks located at 1331 cm−1. Fourier transform infrared (FTIR) results showed that the
hydrogen-related absorption peak of the as-grown diamond was at 2920 cm−1, respectively. Interestingly, A-center nitrogen
was observed in the obtained diamond and the characteristic absorption peaks located at 1095 cm−1 and 1282 cm−1. Espe-
cially, the absorption peak at 1426 cm−1 attributing to the aggregation B-center nitrogen defect was distinctly found when
the CH4N2S content reached 0.3 mg in the synthesis system, which was extremely rare in synthetic diamond. Furthermore,
optical color centers in the synthesized crystals were investigated by photoluminescence (PL).
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1. Introduction

Because of its extremely excellent performances, dia-
monds attract significant attention and are extensively used
in various fields.[1–7] Nitrogen impurity is the major impu-
rity in natural diamonds, which can affect the properties of
diamonds, especially optical properties.[8,9] Almost all natural
diamonds contain the aggregation A-center (pairs of nearest
neighboring substitutional nitrogen) or B-center (four nitro-
gen atoms around a vacancy) nitrogen impurities. Addition-
ally, natural diamonds are generated at a pressure of about 5–
7 GPa and temperature ranging from 900 ∘C to 1200 ∘C in
the Earth’s mantle. The corresponding FTIR absorption peaks
of A-center aggregation nitrogen impurity locate at 480 cm−1,
1095 cm−1, 1203 cm−1, 1282 cm−1, and 1693 cm−1 in natu-
ral diamond.[10,11] Sutherland et al. proposed in 1954 that the
seven peaks for B-center nitrogen in natural diamond located
at 328 cm−1, 780 cm−1, 1003 cm−1, 1171 cm−1, 1332 cm−1,
1372 cm−1, and 1426 cm−1.[10–12] Generally, the single sub-
stitutional nitrogen defect (C-center) exists in the synthetic di-
amond. A-center nitrogen can be obtained in diamond synthe-
sized by the addition of nitrogenous compound into the syn-
thesis system and the FTIR absorption of A-center nitrogen
located at 1282 cm−1.[13–15] However, the corresponding ab-
sorption at 1095 cm−1 for A-center in synthesized diamond is
seldom reported. B-center nitrogen can be produced at 7 GPa
and 1850 ∘C or by HPHT annealing treatment for an as-grown
diamond at about 2000 ∘C.[16] Additionally, the aggregation

nitrogen impurities also can be realized by low-pressure/high-
temperature annealing.[17] Presently, the genesis of natural di-
amonds has still remained elusive and needs further under-
standing. It is considered that nitrogen, hydrogen, and sulfur
impurities co-exist in the natural diamond formation environ-
ment. In order to provide experimental references for the fur-
ther study of the formation mechanism of natural diamond, the
CH4N2S additive is added in the synthesis system during the
diamond growth to simulate the formation of natural diamond.

In this study, we obtain A-center and B-center nitrogen
impurities in the synthesized diamond crystals under the cur-
rent synthesis conditions. Furthermore, the optical color cen-
ters in the synthesized diamonds are investigated. The color
centers in diamond are potential candidates for the applica-
tions in biomarking and as the sensitive probes of magnetic
fields or quantum environments.[3,4]

2. Experimental description
Pyrophyllite blocks are supplied by Stasheng new mate-

rials co. LTD. Graphite with purity 99.9% and FeNiCo alloy
are employed as carbon source and catalyst for diamond syn-
thesis. Synthetic diamond crystal size about 0.8 mm is used
as the seed crystal and {100} surface is selected as the initial
growth surface. Additionally, CH4N2S with purity 99.5% is
used as the additive. Then, 0.05 g Ti and 0.05 g Cu are simul-
taneously added into the synthesis system as nitrogen getter to
remove the nitrogen impurity produced from the raw materi-
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als. Synthesis pressure is calibrated through pressure-induced
phase transitions of Bi, Tl, and Ba. Experimental temperature
is measured by the Pt6%Rh–Pt30%RH thermocouple with a
precision of ±1.5 ∘C.
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Fig. 1. Schematic diagram of the cell for diamond synthesis.

In this study, the synthesis experiments are carried out
in a China-type large volume cubic high-pressure apparatus,
using a temperature gradient growth (TGG) method, and the
schematic diagram of the cell for diamond synthesis is shown
in Fig. 1. The crystal growth principle is described as fol-
lowing. The highest temperature of the heating tube locates
at the middle position when it heats, and the temperature de-
creases gradually along the vertical axis. Therefore, the tem-
perature gradient generates between the carbon source and the
seed crystal. Carbon dissolved into the catalyst at a high-
temperature region will be transported to the vicinity of the
seed crystal by the temperature gradient as the driving force.
Then, the transported carbon will crystallize on the seed crys-
tal to achieve the epitaxial growth of the diamond.

After the HPHT treatment, the diamond sample is placed
in a boiling dilute HNO3 until the diamond completely de-
taches from the FeNiCo catalyst. Then, the sample is boiled in
the HNO3+HSO4 mixture to clean up the residuum on the di-
amond surfaces. Next, the diamond samples are cleaned with
ultrasound in anhydrous ethanol. Later, the typical crystals are
characterized by Raman, FTIR, and PL spectra, respectively.

3. Results and discussion
Diamonds crystallization on {100}-oriented seeds was

conducted at pressure 6.0 GPa and temperature ranging from
1290 ∘C to 1300 ∘C via the TGG method and the experi-
mental parameters are summarized in Table 1. Generally, the
morphology of synthetic diamond crystal sensitively depended
on the temperature condition and was significantly affected
by the involved impurities in the diamond during the crys-
tallization process. It was clearly seen from Fig. 2 that all
the produced diamond crystals exhibited cub-octahedral mor-
phologies, which were mainly composed of {100} and {111}

surfaces with some high-index crystal surfaces ({311}, etc.).
As is well known, synthetic diamond always displayed typical
yellow resulting from the single substitutional nitrogen impu-
rity (C-center), defined as Ib type diamond. As illustrated in
Figs. 2(a) and 2(b), the obtained diamond crystals displayed
a yellow color, indicating that the two samples should con-
tain C-center nitrogen defect in crystal lattices. However, the
synthesized diamond (Figs. 2(c) and 2(d)) exhibited colorless
because of the addition of Ti/Cu as nitrogen getter additive in
the synthesis system. Additionally, the visible defect on the
top {100} surface of the crystal (Fig. 2(d)) was found when
the addition content of CH2N5S reached 0.3 mg.

Table 1. Experimental parameters of diamond synthesized in the FeNiCo-
C system.

Run CH4N2S/mg Ti/Cu Temperature/∘C Time/h
a 0.2 0 1295 21
b 0.3 0 1290 21
c 0.2 0.05 gTi/0.05 gCu 1295 21
d 0.3 0.05 gTi/0.05 gCu 1300 21

(a) (b)

(c) (d)

Fig. 2. Optical morphology of the synthesized diamond crystals with dif-
ferent concentrations of CH4N2S additive or CH4N2S + Ti/Cu additives.
(a) 0.2 mg CH4N2S additive, (b) 0.3 mg CH4N2S additive, (c) 0.2 mg
CH4N2S + Ti/Cu additives, (d) 0.3 mg CH4N2S + Ti/Cu additives.

Generally, the typical Raman peak of diamond with sp3

hybrid located at 1332 cm−1. As shown in Fig. 3, the char-
acteristic peaks shifted to 1331 cm−1 (first-order longitudianl
phonon) with straight background lines, meaning that the char-
acteristic peaks were probably affected by the impurities in-
volved in diamond structure. Additionally, the Raman peaks
centered at 1343 cm−1 (D peak) and the posterior peak locat-
ing at 1560 cm−1 for graphitic carbon (G peak) resulting from
the graphite sp2 hybrid bond structure were not observed.[18]

It indicated that diamond was the only phase with a sp3 hy-
brid structure. The full width at half maximum (FWHM)
for the prefect diamond crystal should be zero, where carbon
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atoms strictly arranged according to spatial lattices. However,
FWHM for the synthesized diamond exhibited specific val-
ues, resulting from that the lattice orientation was not exactly
the same and the incorporation of impurity defects into the
diamond structure. Therefore, the crystallization quality of
the synthesized diamond could be characterized by the cor-
responding FWHM. In this work, the FWHM values were ob-
tained using the Lorentz fit and displayed in Fig. 3. On the
whole, the FWHM values corresponding to the synthesized
crystals became wider with the content of CH4N2S increasing
in the synthetic system. It indicated that more defects gener-
ated with the content of CH4N2S increasing in the synthetic
system.
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Fig. 3. Raman shift and FWHM of the synthesized diamond with dif-
ferent concentrations of CH4N2S additive or CH4N2S + Ti/Cu additives.
(a) 0.2 mg CH4N2S additive, (b) 0.3 mg CH4N2S additive, (c) 0.2 mg
CH4N2S + Ti/Cu additives, (d) 0.3 mg CH4N2S + Ti/Cu additives.

FTIR was a useful scatheless technique for distinguish-
ing impurities and their states in the diamond crystal. Figure 4
recorded the FTIR spectra of the synthesized diamonds with
CH4N2S additive under the HPHT conditions, which could be
divided into three zones. The wavenumber of the one-phonon
zone was below 1330 cm−1. Then, the two-phonon zone oc-
cupied between 1332 cm−1 and 2667 cm−1 in the FTIR spec-
trum. In addition, the three-phonon zone located at range from
2667 cm−1 to 3996 cm−1. In Fig. 4(a) inset, the absorp-
tion peaks locating at 2800 cm−1 and 2920 cm−1 were no-
ticed in red and black curves, resulting from boron introduced
by unconsciousness and C–H vibrations, respectively.[19,20]

Furthermore, it clearly showed that the absorption inten-
sity of 2800 cm−1 peak was apparently stronger than that
of 2920 cm−1 peak. However, the characteristic peaks
2800 cm−1 and 2920 cm−1 were absent in green and blue
curves. As revealed in Fig. 4(b), the weak peaks at 847 cm−1

attributing to sulfur impurity in green and blue curves were
found, indicating that sulfur was incorporated into the dia-
mond crystal. The nitrogen impurities were found in green and
blue curves in the produced diamond in the form of C-center
with strong absorption peaks at 1130 cm−1 and 1344 cm−1.
Additionally, we noticed a broad shoulder at 1282 cm−1 for

A-center nitrogen impurity in green and blue curves, indi-
cating that the two synthesized crystals contained both C-
center and A-center nitrogen defects. The characteristic peaks
at 1130 cm−1 and 1344 cm−1 for C-center were absent in
the sample with 0.2 mg/0.3 mg CH4N2S + Ti/Cu additives,
marked by red/black curve, showing that the corresponding
crystals did not contain C-center nitrogen. However, the ab-
sorption locating at 1095 cm−1 confirmed that A-center ni-
trogen existed in these two diamonds, although there was no
absorption signal at about 1282 cm−1.[10–12,15] It probably sig-
nifies that Ti/Cu only could remove the nitrogen in the free
state in the synthesis system, but the nitrogen impurities in
the complex form in the synthesis system cannot be removed.
Combining with previous reports, A-center nitrogen locating
at 1282 cm−1 tended to generated when the concentration of
the free nitrogen was high in the synthesis system.[14,15,21]

Also, although A-center nitrogen could be obtained in a low
nitrogen concentration system, its synthesis temperature con-
dition reached about 1600 ∘C–1850 ∘C, even to produce B-
center nitrogen at about 2000 ∘C by the HPHT annealing
treatment.[16,22] It was considered that the higher temperature
played the vitally important role in promoting the transfor-
mation of C-center nitrogen to A-center or B-center nitrogen
aggregation. Under the current synthesis conditions ranging
from 1290 ∘C to 1300 ∘C, it was not obviously enough to con-
vert the C-center nitrogen into the aggregation states in the di-
amond. Basing on what had been discussed above, we specu-
lated that the formation of the A-center nitrogen at 1282 cm−1

was related to the free nitrogen concentration in the synthesis
system. However, the formation of A-center nitrogen locat-
ing at 1095 cm−1 associated with the structure of the CH4N2S
additive, which contained –N–C–N– chemical structure. The
–N–C–N– structure probably transformed –C–N–N– structure
(A-center nitrogen) by the assistance role of the vacancy de-
fect, which was removable as the system temperature above
700 ∘C.[23] Furthermore, A-center nitrogen migration may be
affected by the removable vacancy to form B-center nitrogen
defects,[24] which needed to further understanding. However,
the corresponding absorption at 847 cm−1 was not observed in
green and blue curves. According to the FTIR data results, the
sulfur element was only present in diamonds, containing C-
center nitrogen impurity. It allowed us to infer that the incor-
poration of the sulfur element was closely related to C-center
nitrogen impurity in the diamond. It was consistent with the
previous report that the entry of sulfur impurity into IIa type
diamond was prohibited, which did not contain C-center N
impurity.[25]

In Fig. 5, PL peak at 488 nm was produced 488 nm laser
and the sharp feature at 522 nm was common for the diamond,
respectively.[23] In Fig. 5(a), a shoulder locating at 503 nm was
noticed, which was responsible for the H3 color center (N–V–
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N).[26] When the CH4N2S amount was 0.3 mg in the synthesis
system, PL peaks at 554.7 nm and 637 nm were found, which
were the nitrogen-bearing color center and NV− color center,
respectively.[27,28] Since neither Fig. 5(c) nor Fig. 5(d) con-
tained C-center nitrogen impurity, the NV color center was
not observed. However, the Ni-related characteristic peaks
at 695 nm and 793.6 nm were established.[27,29] Especially,
793.6 nm corresponding to NE8 color center may have more
potential applications than the common NV centers, but also
benefited to design a practical diamond color center-based
single-photon source.
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Fig. 4. (a), (b) FTIR spectra of the synthesized diamond crystals with differ-
ent concentrations of CH4N2S additive or CH4N2S + Ti/Cu additives. The
green, blue, red, and black curves represent the FTIR spectra of the syn-
thesized diamond crystals with 0.2 mg CH4N2S additive, 0.3 mg CH4N2S
additive, 0.2 mg CH4N2S + Ti/Cu additives, and 0.3 mg CH4N2S + Ti/Cu
additives, respectively.
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Fig. 5. PL spectra of the synthesized diamond crystals taken at room tem-
perature, excited by the 488 nm line: (a) with 0.2 mg CH4N2S additive,
(b) with 0.3 mg CH4N2S additive, (c) with 0.2 mg CH4N2S + Ti/Cu addi-
tives, (d) with 0.3 mg CH4N2S + Ti/Cu additives.

4. Conclusion
Diamond crystals with {100}-oriented were synthesized

with CH4N2S additive under the HPHT conditions, exhibiting
yellow or colorless. Raman peaks of the crystalline diamonds
only showed one sharp peak at 1331 cm−1 without sp2 hybrid
phases. Hydrogen element was incorporated into diamond lat-
tices and the FTIR peaks located at 2920 cm−1. The FTIR

absorption peak located at 1095 cm−1 and 1282 cm−1 in the
synthesized diamond, resulting from A-center nitrogen impu-
rity. More importantly, the rare B-center nitrogen defect was
observed in the diamond synthesized with 0.3 mg CH4N2S
addition in the synthesis system. Furthermore, H3, NV−, and
NE8 color centers were acquired in current synthesis condi-
tions without annealing treatment.
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