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a b s t r a c t

The paper presents the investigations of laser-induced white light emission (LIWE) and structural
changes in diamonds after continuous wavelength near infrared laser excitation. Micro-size diamonds
were synthesized using high pressure high temperature method and then excited using continuous
wavelengths near infrared (808, 975, 1064 nm) laser diodes in vacuum. The structure and morphology of
the samples were investigated before and after laser excitation using XRD, Raman spectroscopy and SEM/
FIB and TEM microscopy. Broadband, intense, anti-Stokes LIWE with very low threshold were observed.
LIWE resulted in the graphitization of the diamond grain surface with different stages of graphitization
depending on the excitation time. A model of an sp2-sp3 hybridization switch process assisting the
multiphoton ionization and free to bound recombination of electron between two carbon atoms were
proposed.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Since the first report on the possibility of broadband, anti-
Stokes, laser-induced white light emission (LIWE) generation
from lanthanide-compounds by Wang and Tanner [1], extensive
research on this phenomenon has been continued. Broadband
emission from lanthanide-oxides (Yb2O3, Sm2O3 and CeO2) induced
by continues wavelength (CW) 975 nm laser excitation in vacuum
was first explained in terms of multiphoton absorption and
upconverting luminescence. A large number of matrices were
examined as materials for LIWE generation, i.e. LiYbP4O12 [2], YAG
[3], Er2O3 [4], Y2Si2O7 [5], NdAlO3 [6], LiYbF4 [7] or Sr2CeO4 [8].
LIWE was found to be a threshold phenomenon. It depends non-
linearly on the excitation power (I � PN), where N is interpreted as
a process order parameter associated with the number of absorbed
photons. Long build-up and decay times are distinctive as well as an
emission decrease with increasing pressure. The intervalence
charge transfer (IVCT) model proposed by Seijo and Barandiran
lejniczak), w.strek@intibs.pl
[9,10] was applied to explain the LIWE observed in Sr2CeO4. It de-
scribes the creation of coupled pairs of Ce3þ-Ce4þ ions and the
multiphoton absorption and broadband emission as the diabatic
process of valency change in ion pairs.

The recent experiments of Strek et al. have shown intense, anti-
Stokes LIWE from graphene-basedmaterials, i.e. graphene ceramics
[11] and graphene foam [12] after the excitation of samples with a
CW laser from the near infra-red (NIR) range. It is particularly
interesting since all materials for which LIWE was observed pre-
viously were large bandgap insulators. For graphene with a zero
bandgap, it is relatively easy to excite and even fully ionize the
electron from the valence band. The relaxation of the ionized
electron can lead to the sp2 to sp3 hybridization change and induce
the structural disorder of graphene and form local defect states.
Because graphene ceramics and graphene foam are initially highly
disordered and defected materials, the sp2 to sp3 hybridization
change can be achieved even more easily [13,14]. Olejniczak et al.
[15] investigated the light-induced confinement of electrons in
disordered graphene layers resulting in absorption and emission in
the visible and NIR spectrum. Due to intense optical excitation, a
large number of electrons can be ionized simultaneously in an
avalanche process resulting in the distortion of the graphene
electronic ground state and the formation of the plasma region near
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the sample's surface [12]. A highly disturbed graphene structure
can reach the false ground state with a completely new geometrical
arrangement. A semiconducting phase with mixed sp2/sp3 hy-
bridization called diaphite [16e18] was proposed to be formed in
graphene ceramics during the LIWE process. It was shown, that
laser-induced structural changes (hybridization changes) in gra-
phene can proliferate in the sample to form larger structures. The
excitation of only few atoms in a graphene bilayer can result in the
formation of a larger number of interlayer bonds in a cooperative
process [19,20]. The already existing small sp3-bonded domains can
easily merge during the lattice relaxation and stabilize as large
structures [21].

Such structural changes were not observed in the previously
investigated lanthanide compounds due to a large bandgap and the
difficulty in ionizing a large number of electrons. Moreover, the
remarkable feature of the carbon element is the ease of forming a
number of various allotropic forms differing in structural and
electronic properties [22]. Despite strong differences in physical
properties between two extreme cases of carbon allotropes e fully
sp2-bonded graphite and fully sp3-bonded diamond structures, the
total energy of diamond structure is only 0.02 eV/atom higher than
for graphite structure [23]. On the other hand, the energy barrier of
graphite to diamond conversion is equal to 0.33 eV/atom [24].
Considering the electronic structure of the materials, diamond
being a wide bandgap semiconductor is similar to previously
investigated lanthanide-oxides, however, the charge-transfer pro-
cesses are unlikely due to the covalent nature of the carbon-carbon
bonds in the diamond structure. Recently, however, the bright, anti-
Stokes, LIWE from micrometer-sized diamonds (m-diamonds) were
reported by Strek et al. [25].

The subject of this workwas then to investigate the possibility of
generating LIWE from the diamond as well as the laser-induced
sp2-sp3 structural changes in the diamond structure. Due to the
wide bandgap of pure diamond, a large amount of energy should be
applied to ionize an electron from the valence band. For this study,
high pressure high temperature (HPHT) produced micrometer-
sized diamonds were investigated. The HPHT method was suc-
cessful as regards synthesis, however, produced diamond crystals
were characterized by a large number of impurities coming from
the catalyst, nitrogen or vacancies. Moreover, because of the
micrometer size of the produced diamonds, the large surface in-
troduces a considerable number of defect states originating from
the surface reconstruction. Such defects could mediate in the pro-
cess of electron ionization facilitating the white-light emission
generation. Detailed analysis of the structure of a sample before
and after laser treatment is presented. The theoretical model of
laser-induced structural changes in diamond, assisting multi-
photon ionization and anti-Stokes white light emission, is
proposed.

2. Experimental

The micrometer-sized diamond crystals were synthesized using
the HPHT sintering technique. The alloy of nickel and manganese
was used as a catalyst to reduce the pressure and temperature of
crystallization. The catalyst and graphite (GMZ-OCCH) powder
were stirred for 20 h. The reaction mixture was pressed at 0.2 GPa
in a form of 12mm diameter and 10mm height. The diamonds
were synthesized by sintering of the obtained green body at 5 GPa
and 1500 �C.

LIWE spectra were measured at low pressure condition using
the vacuum cell supplied with Turbomolecular Drag Pump
TMH071P and an electronic drive unit TC 600 (Pfeiffer). The value of
dynamic vacuum was constant during experiment and it was
10�5 hPa. The laser diodes (LD) operating at 808 nm, 975 nm and
1064 nm CW LD 2.0W (CNI Lasers) and AVS-USB2000 Spectrom-
eter (Avantes) were used as an excitation source and a detection
system, respectively. The lasing threshold of the used laser diodes
was about 400mA. The numerical aperture of the optical fiber
(Ocean Optics) collecting white light emission was 0.22. The laser
beamwas focused on the sample using glass lens with focal length
40mm. The size of the laser beam focused on the sample was
dependent on excitationwavelength and it was 140e190 mm, so the
power density for 1W excitation is ~4400W/cm2. The absorption
spectra were measured using Varian Cary 5E UV-VIS-NIR spectro-
photometer in the reflection mode, and Al2O3 powder was used as
the reference. Fig. S1 in the Supplementary Information (SI) pre-
sents the scheme of the experimental setup of LIWE generation.

The scanning electron microscopy (SEM) was utilized for the
investigation of the size and morphology of the crystals, and the
Focused Ion Beam (FIB) cross-sections were also made using a dual
beam SEM/Ga-FIB FEI Helios NanoLab 600i microscope. X-ray
powder diffraction (XRD) studies were carried out on a PANalytical
X'Pert Pro diffractometer (Cu Ka1: 1.54060 Å). The Raman mea-
surements were performed in back-scattering geometry using a
Renishaw InVia Raman microscope equipped with a confocal DM
2500 Leica optical microscope and a CCD detector. The Raman
spectra were recorded under excitation with a diode laser emitting
at a 514 nm and 20x LWD objective in a single scan with a 20 s
exposure time in the spectral range 100e3300 cm�1. The position
of the Raman peaks was calibrated before data collection using an
Si reference sample as an internal standard with the peak position
at 520.3 cm�1. Transmission Electron Microscopy (TEM) measure-
ment was made with a Philips CM-20 SuperTwin TEM microscope,
operating at 160 kV. Thin lamella with thickness below 100 nmwas
cut out from a sample using GaeFIB microscope and was mounted
on the copper TEM grid. Bright field and selected area electron
diffraction (SAED) patterns were acquired on Gatan Orius CCD
camera and were analyzed with Gatan DigitalMicrograph software.

All calculations were performed within the density functional
theory using the GAMESS-US package. The B3LYP exchange-
correlation functional and 6-31G(d) basis set were used. The self-
consistent field convergence threshold was set to 10�5 Ha, and
geometry optimization threshold was 5$10�4 Ha/Bohr. Four dia-
mond clusters of octahedral shapes with different sizes (35, 84, 165,
286 carbon atoms) and three clusters of truncate octahedron
shapes (66, 123, 208 carbon atoms) were cut out from a bulk dia-
mond structure and all dangling bonds on the surface were
passivated with hydrogen atoms to obtain a full sp3 structure. The
geometry of all clusters was optimized and the electronic structure
was calculated. Ionization potential (IP) was calculated for every
cluster according to the equation:

IP ¼ En�1 � En: (1)

Where En and En�1 are total energies of an optimized diamond
cluster, and the cluster optimized after removing of 1 electron.
Defected clusters were prepared by removing hydrogen atoms from
the diamond surface (Fig. S31 in SI). In the case of octahedral
clusters, 2, 4 and 6 hydrogen atoms were removed from the same
(111) surface to reveal 2, 4 and 6 carbon atoms, respectively. For
truncated octahedron clusters, 8 hydrogen atoms were removed
from the same (100) surface to reveal 4 carbon atoms. The geom-
etry of the defected clusters was optimized and electronic structure
was calculated.

3. Results and discussion

The m-diamonds sample was excited using 808 nm, 975 nm, or
1064 nm laser diode and for each case the broadband, intensewhite
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Fig. 2. (a) Representative SEM image of the green m-diamond sample. (b,c) Repre-
sentative SEM images of the black m-diamond sample. Red arrows indicate diamond
grains modified after focused laser beam treatment and white arrows e the unmod-
ified ones. (d) SEM image of burned diamond grain with subsequent close-ups (e and f)
of its surface. (A colour version of this figure can be viewed online.)
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light emission was observed. Representative white light emission
spectra are presented in Fig. 1a. One may see, that the emission
band maximum is blue shifted with increasing excitation wave-
lengths. Fig. S3 in SI depicts the position of the emission maximum
as obtained from the Gaussian fitting of the emission spectra. It is
worth noting that such a shift of the white-light emission
maximum for different excitationwavelengths was not observed in
previous graphene or lanthanide samples [7,11,12] and will be
further examined in our future works. The intensity of LIWE scales
with excitation power like PN . Fig. 1b presents the dependence of
the normalized integrated LIWE intensity as a function of the
excitation power for different excitation wavelengths. The
threshold of LIWE is much lower comparing to other materials and
bright, white light emission was clearly visible just above the LD
laser action threshold. The image of the observed white light
emission and CIE chromaticity coordinates are presented in Fig. S1
and Fig. S4 in SI, respectively. It has to be pointed out that the
measured m-diamonds sample was a very loose material. During
the high power laser excitation (ca. 1.2e1.5W) it was observed that
some diamond grains were pushed out from the focal plane. This
phenomenon suggests that the laser-induced ionization takes place
and the electrons are accumulated on the grain's surface. If the
excitation power exceeds a certain value, the number of electrons
accumulated at the surface of a few neighboring m-diamonds is
large enough for the electrostatic repulsion force to push out the m-
diamonds from the focal plane. After the measurement, the black-
ening of the sample in the place of laser beam focusing was
observed. Initially it was interpreted as a structural modification of
the diamond structure, and the sample modified with focused
975 nm laser beamwas selected for further investigation. The color
of the sample after intense laser treatment was blackish (black
sample in the following sections of the text), while the sample
before the laser treatment was dark green (green sample in the
following sections of the text), which can be clearly seen in Fig. S5
in Supplementary Information. Fig. S6 in SI shows the absorption
spectra of the microdiamond sample before and after 975 nm laser
treatment. The scanning electron microscope (SEM) analysis of the
samples before and after laser treatment was performed and is
presented in Fig. 2. It can be seen that the green sample (Fig. 2a)
consists of grains of about 100 mm size. The grains with well-
formed shapes (such as octahedrons and truncated octahedrons)
as well as the grains with only some well-formed facets and others
Fig. 1. (a) Normalized white light emission spectra for different excitation wavelengths. (b)
for different excitation wavelengths. The inset shows values of parameter N obtained from
very deformed can be found in the sample (see Figs. S7eS10 in SI).
Fig. 2bef presents the representative SEM images of the black
sample. Highly defected grains with a lot of cracks among the un-
modified grains are clearly visible, which can be interpreted as the
effect of laser modification. Despite the change of the sample color
to blackish after laser treatment, only some grains differ from those
in the green sample. Additional SEM images of black diamond
grains are presented in SI, Figs. S11eS24. To obtain a better insight
into the structure of laser beammodified diamond grains, XRD and
Raman measurements were performed. The results of XRD mea-
surements for green and black diamonds are presented in Fig. 3a
and Fig. 3b, respectively. For the green sample only peaks
Normalized integrated white light emission intensity as a function of excitation power
linear fit. (A colour version of this figure can be viewed online.)



Fig. 3. XRD powder diffraction patterns of (a) green and (b) black m-diamonds. The reference patterns for pure diamond and graphite structures are shown in the upper and lower
part of the graph, respectively. (c) Raman spectra of laser modified (red curve) and unmodified (black curve) diamonds from black sample. The insets show microscope images of
investigated m-diamonds. (A colour version of this figure can be viewed online.)
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originating from pure diamond structure are clearly visible, but for
the black sample another peak originating from the graphite
structure is also visible. It indicates the graphitization of the m-
diamond grains during the focused laser beam treatment. However,
the small intensity of graphite peak is well rationalized since only
some of the diamond grains were graphitized and the majority of
them remained unchanged during the laser treatment. The peaks in
the range of 30e40� can originate from various nitrogen [26,27] or
metal [28,29] impurities.

During the powder XRD measurement the signal is collected
from the ensemble of m-diamonds, however, during the Raman
measurement it was possible to focus on a single grain and
distinguish between modified and unmodified grains. Fig. 3c pre-
sents the Raman spectra of laser modified and unmodified m-di-
amonds from the black sample. It can be seen that unmodified
grains (black curve) show only one Raman peak originating from
the sp3-bonded structure at 1332 cm�1 characteristic of diamonds
[30], which also remains in harmony with the Raman spectra of the
green diamonds sample (see Fig. S30 in SI).

The Raman spectrum of the laser-modified m-diamond from the
black sample is presented as the red curve in Fig. 3c. The peaks
characteristic of a graphite structure centered at 1350 cm�1 (D
band), 1582 cm�1 (G band), 2700 cm�1 (G0 band) and 2950 cm�1

(D þ G band) are clearly observed [31]. G band originates from
doubly degenerated phonon mode with the E2g symmetry at G

point of the Brillouin Zone for carbon sp2 networks [32]. Also all
kinds of graphitic materials exhibit G0 band as the overtone of D
band. The intensity ratio of G and G’ bands can determine the
number of graphite layers. For a single graphene layer, the IG0 =IG �
2 and it decreases with an increase in the number of layers [33]. In
the case of laser modified m-diamonds one may see that multi-layer
graphite was obtained. D band is associated with graphite edges
and it indicates the presence of defects in the graphite structure. It
is not observed for highly crystalline samples. The D band to G band
intensity ratio can be used to characterize the defect quantity of the
graphitic sample [31]. Since D band intensity is almost as high as G
band, the laser-modified m-diamonds are characterized by a large
number of defects and disorder, which can be also seen in the SEM
images of laser-modified grains. D þ G band at 2950 cm�1 is also
induced by disorder [31]. Regarding the presented experimental
results, it was concluded that the CW IR laser induced structural
transition from diamond to a graphite structure was obtained.

It has to be pointed out that even after long excitation time, only
some part of the total amount of diamond grains was modified. It
can be concluded that only diamonds occurring at the focal point of
the lens focusing the laser beam were modified. Even with long
excitation time and mixing of the grains during the experiment, it
was impossible to obtain the graphitization of the whole sample.
Different stages of grain modification were observed during the
SEM imaging of the sample.

One may find graphitized m-diamonds which preserved their
very symmetrical shape they had before laser treatment (Fig. 4a
and b). The grains with graphitized (showing large number of
cracks), but still very flat surface can also be found (Figs. 4c and 5a).
These diamonds seem to be the most solid ones among other types
of diamonds. The SEM images allow to surmise that the graphiti-
zation process did not reach the whole grain volume and only its
surface was modified. Indeed, on the Focused Ion Beam cross sec-
tion of the laser modified diamond grain (Figs. S27 and S28 in SI)
one can see that structural defects and ruptures reach only the
depth of few micrometers. Additionally, after removing the upper,
laser-modified layer of the grain, it can be seen that the deeper
parts of the grains are etched by the ion beam in a typical way
showing characteristic ripples. Such ripples were observed previ-
ously by other groups [34,35] and also in our case during the FIB
cross sectioning of the unmodified diamond grains (Figs. S25 and
S26 in SI). The second type are highly modified m-diamond grains
characterized by numerous cracks (Fig. 4d,e,f) and stratifications
without any symmetrical shape. For these grains the graphitization
occurred at the deeper level, including the possible structural
transformation of the whole grain. The destruction of some modi-
fied m-diamonds was observed, which confirmed that the graphi-
tization can occur for the whole grain volume (Fig. 4g,h,i).

It can be concluded that the graphitization is a time-dependent
process which does not take place immediately for the whole grain
volume. After some time spent in the focal plane of the laser beam,
the grain's surface can be graphitized. The process still needs more
time to proliferate to reach the whole volume of the grain. The



Fig. 4. SEM images of laser-modified m-diamonds of various types. (a,b) Graphitized m-diamonds, which preserved their very symmetrical shape. (c) Diamond grain with graph-
itized, but still very flat surface. (d,e,f) Highly modified grains with numerous cracks and without symmetrical shape. (g,h,i) Fully graphitized diamond grains.
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presence of diamonds at different stages of the graphitization
process originates from the electrostatic repulsion of grains after
laser ionization of the grain's surface, pushing grains out of the focal
plane of the laser beam, which was described earlier. Because the
graphitized grains with very symmetrical shape and without any
symmetry can be found in the black diamond sample simulta-
neously, it can be concluded that laser-induced graphitization
process does not depend on initial crystallization quality and shape
of individual grains.

To further characterize the proliferation of structural changes in
diamonds a TEMmeasurement wasmade for a partially graphitized
diamond. A thin lamella was prepared from a diamond with flat
surface but with clearly visible cracks and defects indicating partial
graphitization (Fig. 5a). Detailed process of lamella preparation is
presented in Fig. S29 in Supporting Information. SEM image of the
prepared lamella (Fig. 5b) shows two phases with noticeable
contrast difference what was interpreted as a graphite (upper
phase) and diamond (lower phase). Fig. 5c shows bright field TEM
image of a boundary between intact (diamond) and transformed
(graphitized) part of individual microdiamond. Numerous defects
(dislocations) are seen in the diamond part, especially at the
boundary. The identification of the phases present was done using
selected area electron diffraction patterns (Fig. 5d,e,f). SAED pattern
from diamond region (Fig. 5d) could be indexed as crystalline
diamond in [1 2 -5] orientation, while the pattern from graphite
region, close to the boundary (Fig. 5e), as crystallite graphite in
[1e2 1 1] orientation. SAED pattern obtained from the „graphitic”
region more distant from the boundary with the diamond shows
different, polycrystalline character (Fig. 5f).

One may conclude that the graphite structure is stabilized at the
boundary by the diamond structure and remains crystalline. Far
from the boundary, the graphite structure can freely relax all the
stresses originating from the crystal lattice mismatch and the
graphite phase becomes more polycrystalline due to the defects
and cracking. It agrees well with Raman measurement of black
diamond sample. Because only the surface of the sample was
measured, the Raman spectra showed large D band intensity, which
is not observed for highly crystalline samples.

The processes of laser-induced sp3 to sp2 hybridization change
proliferation were reported previously. Depending on laser beam
parameters, such as pulse duration, radiation intensity or wave-
length, the results of diamond surface irradiation can be different:
from the formation of micro/nano-regions with partially sp2-
bonding up to the complete diamond to graphite transformation
[36]. Neff et al. [37] irradiated the single-crystal diamond platewith
Ti:Sapphire 800 nm fs-pulses at different fluences focusing the
laser beam inside the diamond at the depth of 70 mm. They
observed the optical breakdown near the focal plane and the
extension of the modified region toward the laser beam, the so
called graphitization wave. The investigation of the graphitization
wave propagation velocity inside the material showed that it is a
threshold process varying with the laser pulse energy and the
distance from the focal plane. The authors found that numerous
cracks are generated at the boundary of the modified region initi-
ating the local graphitization wave propagation. They established
that when the inner graphitized volume increases, the thermody-
namic equilibrium between carbon phases shifts until the full
transformation of diamond into graphite becomes impossible.
Rehman & Janulewicz [38] showed that after the irradiation of
monocrystalline diamond plate with fs-pulses of 800 nm Ti:Sap-
phire laser, the so called laser-induced periodic surface structures
(LIPSS) were obtained. A detailed analysis using electron micro-
scopy techniques showed that laser-structured spots consist mostly
of amorphous carbon with crystalline graphite dispersed in the
amorphous matrix. The authors found that a very thin (ca. 0.5 mm)
transition zone between the graphitic bottom of the amorphous



Fig. 5. (a) Graphitized m-diamond chosen for lamella preparation. Red dotted line indicates the cracked place fromwhere the lamella was cut out using SEM/Ga-FIB microscope. (b)
SEM image of thin lamella. White arrow indicate the boundary between two phases with visible material contrast (c) TEM image of the boundary between diamond and graphite
phases. (d) SAED pattern obtained from diamond region, (e) graphite region close to the boundary and (f) far from the boundary. (A colour version of this figure can be viewed
online.)
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layer and the pristine diamond substrate showed some rare cracks
in the diamond crystal indicating the strong influence of the re-
action shock generated in the material by such intense laser abla-
tion. Calvani et al. [39,40] observed the LIPSS on the surface of
polycrystalline CVD diamond plates irradiated with focused
800 nm fs-laser pulses in a high vacuum chamber for laser power
density higher than the diamond ablation threshold. Laser modi-
fied diamond plates were characterized by over 90% absorptance
from 200 nm up to 2 mm. A very high absorptance of these so called
black diamond plates originated from the LIPSS since all residual
graphitic-based content was removed in a strongly oxidizing so-
lution after laser treatment, which was confirmed by Raman
measurements.

On the other side, one may find a number of studies considering
thermal graphitization of various diamond samples and the heating
of the sample during CW IR laser excitation cannot be omitted. Yan
et al. [41] investigated heat treatment of polycrystalline CVD dia-
mond films within direct current arc plasma jest system up to
2000 �C. The macroscopic diamond to graphite phase transition,
showing distinct graphite maximum on powder XRD pattern,
occurred after heating of the sample to 1900 �C for 1min. Also
diamond band in the Raman spectra decreased significantly when
the sample was heated to 1900 �C. Qian et al. [42] examined the
thermal graphitization of micrometer-sized diamonds (30e40 mm)
at different pressures. The volume percentage of graphite produced
after annealing of diamonds at 2 GPa for 30min was below 5% for
1300 K, and reached 20% at 1600 K. They showed, that with
increasing of the diamond size, the graphitized volume percentage
decreases. 20% of grain volume was graphitized after treatment of
30 mm sized diamonds with 1473 K for 30min, when for 150 mm
sized diamonds, the graphitized volume was below 5%. It can be
seen that higher temperature and longer heating time (in order of
minutes) is needed.

The temperature of the sample during LIWE generation can
be estimated from the emission of Er3þ-doped LiYbP4O12
upconverting nanocrystalline sensors encrusted on the surface of
the emitting sample. For graphene ceramics [11] the temperature of
the sample was lower than 900 K for the highest excitation power
(1.5W). The sample temperature dependency on the excitation
power density was measured for the Sr2CeO4 ceramics [8]. Tem-
perature of the sample was about 500 K for power density equal to
5000W/cm2 and reached 1000 K at 7000W/cm2. For given exci-
tation power densities (c.a. 4400W/cm2 at 1W), we can estimate,
that the temperature of the m-diamonds is below 900 K. Because
large amount of energy is utilized to generate and sustain LIWE, the
heating of the sample is not sufficient to graphitize the sample only
by temperature-driven process. Moreover, due to the ionization of
the diamond surface and the electrostatic repulsion between grains
is unlikely for single m-diamond tomaintain in to focal point of laser
beam for several minutes.

The laser-driven graphitization of diamond was investigated
theoretically by Strekalov et al. [43,44] who related it with the non-
radiative electron-hole recombination processes. Graphitization
initiates with the nucleation of a tiny graphite region in the focal
point of laser beam causing the mechanical stress of the sur-
rounding area. After the excitation pulse is over, graphitization
should be accompanied by post-irradiation and accumulation
effects.

The optical excitation of diamond requires a large amount of
energy to transfer the electron from the valence to the conduction
band, or to transfer the electron from one carbon atom to another
via the ionization process (Fig. 6a). Such energy can be brought by
UV excitation (e.g. using KrF excimer laser [45]) or during the
multiphoton absorption process. Indeed the excitation of the
sample during the laser-induced white light emission process was
considered as multiphoton absorption process. Due to the large
energy gap (5.4 eV), pristine diamond is transparent for a wide
range of excitation, and so to excite the electron from the valence to
the conduction band about 4e5 of 975 nm (Eph¼ 1.27 eV) photons
should be absorbed at the same time. Despite the fact that such



Fig. 6. (a) HOMO-LUMO energy gaps (full points) and the ionization potential (hollow points) of the model full-sp3 diamond clusters as a function of size. Black points for octahedral
clusters and red points for truncated octahedrons. (b) Electronic energy levels diagram of defected truncated octahedron diamond cluster with corresponding molecular orbitals.
Fully occupied orbitals are given in red. The unoccupied ones e in yellow. (A colour version of this figure can be viewed online.)
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high-order processes were reported previously [8,11], the simul-
taneous absorption of 5 photons seems to be less probable even for
high excitation power.

However, if bulk diamond cannot be easily excited because of its
large bandgap, it is possible to excite electrons from surface-
originated defect states. As shown in Fig. 6b and Fig. S32, sp3 to
sp2 hybridization change by surface reconstruction induces defect p
and p+ electronic states in the diamond bandgap. Baitinger et al.
[46] investigated themorphology of detonation nanodiamonds and
found fullerene-like shell surrounding diamond nanocrystal core.
Electronic bands of shell-structure consist of additional p and p+

between s and s+ diamond-like bands. To excite the electron from
p to p+ states much less energy is needed, and the absorption of 2
or 3 photons would be sufficient, which is much more probable
than the higher-order multiphoton absorption. Moreover, m-di-
amonds obtained by the HPHT synthesis procedure are character-
ized by a large amount of impurities, such as nitrogen or metal (Fe,
Ni) atoms built in the diamond structure. These impurities could
also act as active sites for structural changes [47] and diamond
cracking resulting in more defect states in the diamond bandgap.
After the ionization of an electron from the diamond structure, it
can be trapped by a defect state on the grain's surface. During the
free to bound recombination process, electron emits light and, since
the ionized free electrons can have any energy before the recom-
bination, it results in the continuous spectra of emitted photons.
The bound electron can be ionized again, due the strong excitation
power density, and can recombine again with another surface trap
emitting a photon. The proliferating ionization and recombination
processes are shown schematically in Fig. S33. Long build-up times
should be required for the electron plasma to obtain the equilib-
rium state between the ionization and recombination processes
during LIWE and to fully return to the ground state after the end of
laser excitation, which remains in agreement with the previous
observations of Stręk et al. [25].

The ionization of an electron from the diamond structure can
result in the CeC bond breaking and local sp3 to sp2 hybridization
change and defect formation, whereas the recombination and
trapping of the ionized electron in the surface trap state will result
in the saturation of the dangling bond from the sp2 carbon atom on
the surface, and a local sp2 to sp3 transition. Such a process will last
continuously during the laser excitation and each pair of
ionization-recombination (ionization-trapping) action will be
connected with the switch of the hybridization of the two carbon
atoms. It can be presented graphically similarly as the IVCT mech-
anism of Ce3þ-Ce4þ ion pairs in the LIWE phenomenon in Sr2CeO4
[8]. Fig. 7a shows a schematic energy diagram of the hybridization
switch assisted ionization and the (free-to-bound) recombination
process. The breaking of the CeC bond and sp3 to sp2 hybridization
change will result in the local defect p state formation. Due to the
proliferation process and continuous ionization by strong laser
excitation, the defects can group into a larger domain of sp2-hy-
bridized carbon atoms. A conceptual representation of such a sit-
uation is presented in Fig. 7b. The black curve in Fig. 7b represents
the ground state potential energy surface during diamond to
graphite transition. The values of energy barrier (0.33 eV/atom) and
difference in total energy of graphite and diamond structures
(0.02 eV/atom) were taken from Fahy et al. [24] Similar values for
energy barrier were reported previously [48]. Blue parabolas
represent the s+ excited states. The electrons cannot be excited
from the ground state directly to s+ excited states because of the
large energy gap in pristine diamond structure. However, for
initially defected diamond structure, there are somep energy states
in the bandgap and electron can be excited directly from this states.
During the process of photoionization of the sample by intense,
focused laser excitation, the sp3 bonds can break and sp2-hybrid-
ized defects are formed. The local ratio of sp2/sp3 hybridized carbon
atoms will increase resulting in more defect p state formation,
which will further facilitate ionization as an avalanche process.
Finally, after crossing the transition energy barrier in the excited
state, when local sp2/sp3 carbon atoms ratio approaches unity, the
structure can collapse to the graphite domain and causemechanical
damage through structural tension.

4. Conclusions

The authors observed broadband, anti-Stokes and intense LIWE
after excitation of HPHT-synthesized m-diamonds with the near-
infrared laser diodes. LIWE was characterized by a very low
threshold and the dependence of the emission maximum on the
excitation wavelengths. Further extend research of LIWE phe-
nomenon from diamond is needed, as it can be applied as novel,
broadband white light sources. Moreover, the possibility of LIWE



Fig. 7. (a) Schematic representation of the hybridization switch during the multiphoton ionization and free to bound recombination process. (b) Schematic representation of defect-
states mediated diamond to graphite structural transformation. Black curve represents the ground state (GS) total energy per atom with indicated energy barrier and energy
differences between diamond and graphite structures. Blue curves represents the s+ excited states (ES) of sp3 structure, and orange curves - p+ of sp2 structure. (A colour version of
this figure can be viewed online.)
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modulation bymodulation of the excitation laser beam can find the
application in the technology of wireless communication between
devices using visible light to transmit data, i.e. Li-Fi. Large ioniza-
tions of the grains’ surface were observed for the highest excitation
powers (ca. 1.2e1.5W) resulting in the electrostatic repulsion of
individual grains and pushing the grains out of the laser beam focal
plane. The blackening of the sample was observed after laser
treatment. The graphitization of m-diamond grains was confirmed
by XRD and Raman spectroscopy measurements and SEM/FIB im-
aging. Different stages of graphitization were observed, indicating
that laser-induced diamond to graphite structural change rate de-
pends on time during which an individual m-diamonds grain re-
mains in the laser beam focal point. The model of defect-mediated
multiphoton electron ionization and free to bound recombination
resulting in the continuous spectra of the emitted photons was
presented. It was proposed that, similarly to IVCT mechanism, the
sp2-sp3 hybridization switch of two carbon atoms occurs simulta-
neously with every ionization-recombination pair. Graphitization
will occur when, due to proliferation, a certain number of sp2-
carbon defects near the diamond surface will group. Such an sp2-
defect group will spontaneously collapse to the graphite structure
resulting in the surface tension and cracking of the grain.
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