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Abstract. Nano-crystalline diamond is prepared with a unique method in which a graphite
target is etched by a high-power pulsed laser in water. Transmission electron microscopy (TEM)
and high resolution electron microscopy (HREM) indicate nano-crystalline diamond is obtained,
having a hexagonal lattice or cubic lattice.

The interest in preparation of diamond is motivated by its unique combinations of physical
hardness, high thermal conductivity and optical transparency and others. Many methods
have been developed to prepare diamond since the 1950s when diamond was synthesized
first with a high temperature and high pressure method [1]. Owing to its unique structure,
diamond is very difficult to prepare, while another material which is similar to diamond in
character, namely diamond-like carbon (DLC) is relatively easy to synthesize. So synthesis
of DLC in some methods have been reported gradually [2–12]. In the last few years, pulsed
laser deposition (PLD) has been proved to be an efficient method for the preparation of a
variety of thin films [3–15]. Particularly, the deposition of amorphous films with diamond-
like character has been widely reported for laser ablation of graphite [6–20], in which some
researchers reported the growth of crystalline particles, but the lack of a diamond peak in
Raman spectra was a common result in all reports. It was not until in 1995 that Poloet al
first showed the Raman spectroscopy analysis of the sample which is confirmed to have
diamond cubic structure of the crystals by the presence of a sharp peak at 1332 cm−1 [21]. In
addition, a method named pulsed-laser-induced reactive quenching (PLIRQ) was developed
by Patil et al [22, 23] which is likely to synthesize a new metastable phase of compound
films. Specifically, two main points are included: (i) the compound synthesized in PLIRQ
is of metastable structure; (ii) it is through chemical reaction and in high temperature and
high pressure that the compounds are obtained. Ogaleet al obtained diamonds having cubic
structure using PLIRQ [24]. In this report, we first successfully synthesize nano-crystalline
hexagonal diamonds with metastable structure by using this method.

The preparation system is described as follows. The second harmonic was produced by
aQ-switched Nd:YAG laser with wavelengthλ = 532 nm, pulse widthτ = 10 ns, repetition
frequencyν = 5 Hz, power densityP = 1010 W cm−2. The targets were spectroscopically
pure polycrystalline graphite. During the experiment, the target is first fixed in the bottom
of the glass chamber, then the twice distilled water is poured slowly into the chamber until

0953-8984/98/357923+05$19.50c© 1998 IOP Publishing Ltd 7923



7924 G-W Yang et al

the target is covered by 1–2 mm liquid. The laser beam is focused by a quartz lens and
finally guided by a reflection mirror onto the graphite target. The target and liquid are all
at room temperature. When the experiment has been running for 30 minutes, the powders
in the liquid are collected to be analysed. The samples analysed are prepared in the same
conditions. The samples are analysed under H800 transmission electron microscopy (TEM),
and some nano-crystalline diamonds with good crystalline morphology are observed, which
is shown in figure 1. Owing to the fact that the grains are up to 300–400 nm, we can see
the crystalline planes and very regular morphology clearly; this is a common morphology
in diamond. The electron diffraction pattern in figure 2(a) suggests indexing in terms of
a mixture of a cubic and hexagonal diamond phase, as shown in figure 2(b). Assuming
these two crystal structures, a lattice content can be estimated. For the lattice parameter of
the cubic phase, we obtain value ofa = 3.56± 0.01 Å, which is in good agreement with
values found in the literature [26]; for the lattice parameters of the hexagonal phase, we
obtain values ofa = 2.53±0.01 Å andc = 4.11±0.01 Å, which is in excellent agreement
with values found in the literature for the Wurzite-like hexagonal diamond structure often
referred to as Lonsdaleite [27]. The cubic and hexagonal phases of diamond are intermixed
in the crystallites investigated here. The oriented relationship between these two phases is
[110]c//[12̄10]h, [11̄1]c//[0001]h and [1̄12]c//[101̄0]h. In the obtained powders, the ratio
of nano-crystalline diamonds to the whole powder is small, and the ratio of graphite to the
whole powder is large. However, based on our experiments it is found that the graphite
in the synthesized powders displays sheet and sphere shapes, so it is easy to distinguish
graphite from crystalline diamonds. The nano-crystals are polycrystal mostly and single
crystals are very few.

(a) (b)

Figure 1. The morphologies of nano-crystalline diamonds. (a) A single grain whose size is
about 300 nm; (b) three connected grains whose size is about 200 nm.

The hexagonal phase is a metastable phase of diamond. Natural hexagonal diamond has
been found in aerolite [25]. Bundy and Kasper synthesized it by using a high temperature
and high pressure method [26], in which the hexagonal graphite is pressed along thec-axis.
It has also been synthesized by Trueb with an explosive method [28]. The advantage
of the PLIRQ method is that it can prepare metastable compounds which are generally
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(a) (b)

Figure 2. An intergrowth crystal which has both hexagonal and cubic diamonds. (a) Electron
diffraction pattern; (b) indexing,B = [11̄2], B = [101̄0].

prepared at high pressure, high temperature and high density. This paper demonstrates
that the compounds only prepared at extreme conditions generally can be synthesized at
normal temperature and pressure by using the PLIRQ method. Two parts are included in the
synthesis mechanism of nano-crystal diamonds: (i) In the plasma plume at high temperature,
high pressure and high density [22], two kinds of graphite lattice are transformed into
two kinds of diamond lattice in a solid state diffusionless transformation manner, which
is followed by the formation of diamond crystal nuclei and the growth of nuclei [29].
Specifically, only graphite atoms in the (000l) basic plane have compression displacement
without diffusion, in which the distances between neighbour atoms adjust their displacement
by an average of 8% during phase transformation. In this way, the hexagonal graphite
lattice is changed into a hexagonal diamond lattice, and the rhombohedral graphite lattice is
changed into a cubic diamond lattice, which are shown in figure 3. (ii) Through simulating
the conversion of carbon from graphite to diamond under high pressure, Scandoloet al found
that the transformation path proceeds through sliding of graphite planes into an unusual
orthorhombic stacking [30], from which an abrupt collapse and bulking of the planes leads to
both cubic and hexagonal forms of diamond in comparable proportions. Although hexagonal
diamond is metastable, it could be kept when it is prepared in development methods such
as the shock-wave method or explosive method. The plasma plume containing synthesized
metastable and stable diamond crystals will quench in the liquid when the laser pulse is
complete. By heat exchange from the target to the liquid on top of it, the liquid is super-
heated and forms a high-temperature, high-pressure vapour, which expands only slowly
compared to the duration of the laser pulse and melt (∼10 ns) [23]. Because of this high-
density vapour, there is a sufficient supply of OH− and H+ to keep the incorporation and
diffusion mechanism going, and these ions OH− and H+ can promote the growth of the
diamond by suppressing graphite sp2 bondings [31]. From our experiment and discussion,
we can predict that nano-crystalline B–C–N compounds could be synthesized from laser
ablation of BN in acetone or alcohol, and so could cubic BN nano-crystallines when the
hexagonal BN target is covered by water. Furthermore, the method can be widely used also
to prepare various kinds of nano-crystal with metastable phase at normal conditions.
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(a)

(b)

Figure 3. Diagrammatic sketch of transformation from graphite lattice to diamond lattice.
(a) The transformation from hexagonal graphite to hexagonal diamond; (b) the transformation
from rhombohedral graphite to cubic diamond.

From the above we conclude: nano-crystalline diamond with a hexagonal lattice or cubic
lattice is synthesized for the first time in a method called high-power pulsed-laser-induced
reactive quenching at a solid–liquid interface. TEM and HREM indicate its hexagonal
structure or cubic structure. Based on our work, we predict that some other crystals such
as C–N and cubic BN could be synthesized.
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