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INTERACTION OF LASER RADIATION WITH MATTER
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Two-stage laser-induced synthesis of linear carbon chains

A.O. Kucherik, S.M. Arakelian, S.V. Garnov, S.V. Kutrovskaya,

D.S. Nogtev, A.V. Osipov, K.S. Khor’kov

Abstract. A method is proposed for the synthesis of linear carbon
chains under irradiation of colloidal systems consisting of schungite
nanoparticles by an ytterbium fibre laser with a pulse duration of
100 ns and an energy up to 1 mJ. Colloidal systems have been previ-
ously prepared by laser ablation of a schungite target in distilled
water using a Nd3*: YAG laser with a pulse duration of 1 ms and an
energy up to 10 J.
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1. Introduction

Despite the same chemical composition, carbon nanostruc-
tures (nanodiamonds, fullerenes, graphene, etc.) demonstrate
a variety of physical and chemical properties due to differ-
ences in the formation of atomic bonds [1, 2]. The develop-
ment of methods for the synthesis of carbon materials with a
controlled structure has opened up new possibilities for one
of them — a carbyne [3]. Carbyne [4-6] is an n-type semicon-
ductor with an energy gap width AE up to 1 eV, in which elec-
tronic transport properties are structurally sensitive. Carbyne
has a hexagonal lattice and represents a chain of covalently
bonded carbon atoms with sp-hybridisation of orbitals of
two possible types: alternation of n single and triple bonds
(-C=C-),, which is characteristic of o-carbyne, or alterna-
tion of n double bonds (=C=C=),, in B-carbyne. These two
types are commonly identified by the final products of chemi-
cal reactions under various conditions. The distance between
the atoms in a carbyne chain is 0.128 nm, and the distance
between the chains is 0.295 nm, which is substantially less
than similar distances for graphite (0.142 and 0.335 nm,
respectively); therefore, theoretically carbyne has an unri-
valed specific strength as compared to graphene [7]. Optical
and electrical properties of carbyne depend on its morphol-
ogy [8—10]. Thus, the synthesis of carbyne with a variable
structure of bonds is of considerable interest not only from a
fundamental point of view, but also in the development of
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new integrated circuits of advanced, next-generation hybrid
electronic devices.

Synthesis of perfect single crystals of carbyne is a chal-
lenging process because linear carbon chains are unstable and
undergo transition into other forms when they reach a certain
critical size [11, 12].

Shi et al. [13] synthesised carbyne inside carbon nano-
tubes, which made it possible to stabilise its structure and pro-
duce a long and stable linear chain composed of 6000 carbon
atoms.

For carbon materials, various scenarios of transitions
between solid, liquid and gaseous states (see, e.g., [14]) can be
implemented. A special place here is occupied by laser irradia-
tion of carbon targets under which the state of the matter
changes as a function of the heating rate of the sample [15]
and the properties of a medium surrounding the sample [16].
Moreover, laser heating leads to a strong thermoelastic stress
[17]. In the case of femtosecond laser irradiation one can even
observe thermomechanical spalling [18] of the front surface of
the irradiated sample. The authors of [19, 20] discussed theo-
retical and experimental conditions of carbyne synthesis from
carbon targets exposed to nanosecond laser radiation. The
primary mechanism of this process is the splitting of the
graphite layers, followed by the formation of linear carbon
chains. On the other hand, in using high-energy laser pulses
with a duration of less than 20 ns it is possible to ensure a
transition from amorphous carbon to nanodiamonds through
Q-carbon [21].

By varying the laser pulse duration, one can control the
dominant processes of the sample surface modification, and
by varying the environment, one can change the kinetic con-
ditions of their behaviour. During carbon ablation in a liquid,
micro- and nanoparticles of various allotropic forms are
formed in the volume of a colloidal solution [22]. Observation
of the surface modification [23, 24] resulting from laser irra-
diation will allow one to control the formation of particles in
a colloidal system. Note the results of the experiments pre-
sented in [25], where graphene-like layers were observed in the
case of laser ablation of graphite in liquid nitrogen.

Under laser irradiation in liquid media, carbyne chains
can be stabilised due to laser ablation in the presence of gold
nanoparticles [20], which leads to the consolidation of the
ends of linear chains on the surface of gold nanoparticles and
prevents their further curling into coils.

In this paper we present new results on the laser-induced
synthesis of carbyne in a colloidal system. At the first stage,
as a result of laser ablation (a wavelength of 1.06 um, a pulse
duration of 1 ms at an energy up to 10 J and a pulse repeti-
tion rate of 50 Hz) of a schungite sample placed in distilled
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water, we produced a colloidal system. The choice of schun-
gite as a target is justified by the fact that its original struc-
ture is composed of a mixture of various carbon allotropes:
fullerenes of natural origin [26] and nanostructured carbon
[27], whose small lattices are connected with amorphous
carbon.

At the second stage, we irradiated the colloidal system by
an Yb laser with a pulse duration of 100 ns, an energy up to 1
mJ and a pulse repetition rate of 20 kHz, which made it pos-
sible to fragment the dispersed phase of the colloid and ensure
the self-assembly of carbon chains (cf. [20]).

2. Experiment

2.1. Synthesis of nanoparticles by laser ablation of a carbon
target in a liquid; initial formation of a colloidal system

Laser ablation in a liquid was used to prepare colloidal sys-
tems [22, 28—30]. The radiation source was a Nd**:YAG
laser with a pulse duration of 1 ms, a repetition rate of 50 Hz
and a pulse energy up to 10 J.

The schungite target was placed in a cell with water so that
the surface of the target was covered with water by more than
3 mm. During exposure to laser light, the cell with the target
was moved on a translation stage at a speed of 100 to
1000 um s~!. The diameter of the laser spot on the target sur-
face was from 100 to 500 wm, which made it possible to vary
the laser intensity in the range I ~ 105—10” W cm2. Thus, by
changing the laser spot diameter and the scanning rate, as in
[22], we implemented various regimes of surface modification
(Fig. 1).

At alaser spot diameter of 1 mm on the surface of the
sample, globules with a diameter of 2—5 um were formed
in the centre of the cavity, and a part of them were hol-
low (Fig. la). Together with the globules we observed the
formation of threads. With increasing laser fluence, a
porous film of the melt was formed in the centre of the cav-
ity (Figure 1b) in whose pores one can also see globules.
For a laser beam 250 um in diameter, structures of ‘cauli-
flower’ type are formed in the centre of the cavity (Fig. 1c).
These structures arise due to a disordered film growth dur-
ing the reverse precipitation of vapour substances formed
during ablation [31].

The particle size distributions N(d) in the prepared col-
loidal system as functions of the irradiation conditions were
measured by the dynamic light scattering intensity with a
Horiba LB-550 particle size analyser.

The measurement results for the synthesised colloidal
systems are shown in Fig. 2. It is seen that in all cases there
is a considerable variation in the number of particles with
respect to their average size. Along with particle measuring
100 nm in size, there were also formed submicron particles.
Both the average size d of the particles and their variance in
size increase with increasing laser pulse energy E. Changing
the scanning speed of the laser beam across the surface also
allows one to control the average size of the synthesised par-
ticles (Fig. 3). In all cases, the energy in the range from 4 to
5 J is transitional for the size of synthesised nanoparticles.
With a further increase in E, we observe a sharp increase in
the average particle diameter. This is due to the fact that an
increase in the laser fluence leads to an increase in the depth
of laser ablation of the sample, and therefore a large amount
of material is removed from the target into the colloidal sys-
tem volume.

Changes in the size and shape of the particles exposed to
laser radiation with an energy £ = 1-10J are shown in Fig. 4.
The particles in the colloidal solution obtained at £ = 1J
(Fig. 4a) generally have a spherical shape and a uniform size;
at the same time, they exhibit a tendency to clustering. With
increasing laser pulse energy, the particles take the form of
polyhedra and hardly aggregate into clusters (Figs 4b and 4c).

It should be noted that event after high-temperature treat-
ment, schungite samples contain carbon globules or ‘bulbs’
that are resistant to heat up to temperatures of 2700 °C (cf.
[30]). Consequently, the observed spherical particles are typi-
cal for schungite targets, the low energy of laser exposure
making it possible to avoid significant changes in the material
structure.

For subsequent irradiation of the targets we used a col-
loidal system comprising carbon nanoparticles with a size
no larger than 100 nm. To this end, the colloids were pro-
cessed in a centrifuge separating particles by size, the parti-
cle concentration in the system being 1 mg mL~!. It is exper-
imentally shown that the particles of this size retain the
structure of the original material and thus an increase in the
number of lattice defects allows one quite successfully to

b c

Figure 1. SEM images of the schungite surface after irradiation by a repetitively pulsed laser with a pulse duration of 1 ms, energy of 0.5 J and pulse
repetition rate of 50 Hz. The diameter of the laser beam on the target surface is (a) 1000, (b) 500 and (c) 250 um. The scanning speed of the laser

beam along the sample surface is 250 um s
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Figure 2. Histograms of particle size distributions ¢ under laser irradiation with a pulse duration of 1 ms and an energy of (a) 5 and (b) 1 J. The

scanning speed is 250 um s~!, and the laser spot diameter is 250 pm.
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Figure 3. Dependences of the mean particle size d in the colloidal sys-
tems on the laser pulse energy E at a scanning speed of the laser beam

along the sample v = (w) 250, (0) 500 and (@) 1000 um s~'. The diameter
of the laser beam on the sample surface is 250 um.

carry out the fragmentation of the particles at relatively
moderate laser intensities.

2.2. Laser irradiation of colloidal systems. Analysis
of the conditions of synthesis of linear structures in a liquid

For the fragmentation of the dispersed phase of the obtained
colloidal system, we used an ytterbium fibre laser (A =
1.06 um) with a pulse duration of 100 ns, pulse repetition rate

of 20 kHz and pulse energy up to 1 mJ. The radiation was
focused into the volume of the colloid into a spot of 50 pm
in diameter; the scanning speed of the beam over the colloid
volume was varied from 1 to 10 mm s~!. The irradiation time
was varied from 5 to 15 min in view of the fact that the char-
acteristic time of graphite—carbyne conversion is 25 s [14].
Thus, the exposure time was certainly sufficient for the for-
mation of carbyne structures. In this case, the energy that is
absorbed by 100-nm particles should provide their partial
fragmentation without destroying the linear bonds. The
energy absorbed by a spherical particle of radius r, can be
determined from the relation

N t
Eabs =Ty Qabsfol(t)dt: (1)

where /(1) is the temporal distribution of the laser light inten-
sity; and Q,y, is the efficiency factor for absorption.

To calculate Q,,, we will use the stationary Mie theory
[32] for a spherical particle of amorphous carbon of radius
ro = 50 nm with allowance for the data for the key parameters
of amorphous carbon at a laser wavelength A = 1.064 um [33]:

2
Qo = 0 1m £ =1 )

e4+2’

where ¢ =n +ik; n=2.106; and k& = 0.945.

Figure 4. SEM images of carbon particles in the colloid, produced by laser pulses of millisecond duration with an energy of (a) 1, (b) 5 and (c) 10 J
at a scanning speed v = 500 um s~!. The diameter of the laser spot on the target surface of the sample is 250 pum.
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Depending on the laser irradiation conditions, the
absorbed energy for a single pulse is 10°— 10~ J. Given that,
due to a small size the particles do not have their own thermal
capacity, we determine the maximum achievable temperature
of the laser radiation by the formula [34]

_ Lkd

Tmax 8X

: (©)

where I, is the peak power of laser radiation;  is the coeffi-
cient of thermal conductivity of the liquid phase of the col-
loid; and the coefficient k, takes into account the smallness of
the particle size as compared to the wavelength in accordance
with the Mie theory:

ky = exp[—O.Z(m - 1)][1 - exp(%)]. 4

For the conditions of our experiments, the maximum tem-
perature T, under irradiation by a single pulse does not
exceed the carbon sublimation temperature (~5000 K).
However, in the case of multi-pulse irradiation with allow-
ance for the fact that the conditions for the phase transition of
a liquid surrounding the particles will be implemented, it is
possible to reach temperatures that are close to the carbon
sublimation temperature [14]. Of key importance is the fact
that conditions for the possible formation of carbyne will be

o 5 :

1 2 3 4

Figure 5. (Colour online) Colloidal systems before and after laser irra-
diation: (/) initial system, and after irradiation for (2) 5, (3) 10 and (4)
15 min.

fulfilled in our case much earlier with regard to both tempera-
ture and pressure [35].

During the laser action we observed the bleaching of col-
loidal systems (Fig. 5), which can be associated with the syn-
thesis of carbyne, the formation of which is accompanied by
this effect (see, e.g., [1, 36]).

The study with the employment of the laser particle size
analyser shows that the diameters of the particles of the dis-
persed phase of the colloid depend on the irradiation time.
When exposed to nanosecond pulses, the particle size distri-
bution becomes bimodal with time, because apart from the
fragmentation of particles, in the interaction region we
observe a competing process, i.e. aggregation, in the periph-
eral volume of the colloid. However, the average particle size
in the system decreases with increasing exposure time (Fig. 6).
In general, this behaviour of colloidal systems is consistent
with the typical mechanisms of laser fragmentation of liquid
systems [37-39].

The first peak of the histogram is shifted to the region of
small sizes (10 nm), and the particle size distribution is nar-
rowed, while the second maximum is shifted to ~30 nm.
Further laser irradiation does not lead to a significant change
in the particle size. It can be assumed that these small particles
are ‘transparent’ to laser radiation at A = 1.06 um and there-
fore a longer exposure does not alter the particle size in the
volume of the colloid.

Replacing the liquid phase of the colloid can significantly
change the process of the particle fragmentation and the con-
ditions of the carbyne formation. However, the use of water
for this purpose has a number of significant advantages, since
it allows one to avoid the formation of new carbon phases due
to reactions of carbon atoms and molecules with molecules of
the medium. Even if irradiation leads to the formation of
compounds with oxygen or hydrogen, they will be volatile
and leave the laser interaction region and the liquid.

During the laser action, we observed in all cases a change
in the morphology of the particles produced in the colloid.
After a 5-min exposure to radiation with an intensity of 5 X
10° W cm™2, mainly carbon crystallites with an average size of
80 nm are formed (Fig. 7a). When irradiated for 10 min
(Fig. 7b), the average particle size is reduced to 50 nm and
threads are formed. In the case of 15-min irradiation (Fig. 7c),
‘dendrites’ consisting of particles with a size from 10 to 30 nm
are formed in the sediment, and the extended linear structures
are observed.
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Figure 6. Histograms of particle sizes in the colloidal systems at a laser irradiation time of (a) 5, (b) 10 and (c) 15 min.
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a

Figure 7. Changes in the particle morphology after irradiation of the colloidal system by nanosecond laser pulses (intensity of 5 x 10° W cm™2) for

(a) 5, (b) 10 and (¢) 15 min.

The Raman spectra of colloidal solutions were measured
using a Senterra spectrometer (Bruker). The pump laser
wavelength was equal to 532 nm, the power was 40 mW, the
laser beam was focused into the volume of the colloidal solu-
tion by a 50-fold micro-objective, the spectra were measured
in the configuration of a confocal microscope, the Raman
spectra were averaged over 10 measurements, and the storage
time of each measurement was 60 s.

The experiments showed that the carbyne synthesis is
markedly affected by the laser irradiation time under condi-
tions that the laser pulse intensity reaches a critical value
required for the formation of linear structures of carbon. Ata
laser pulse intensity of 10° W cm™2, carbyne is synthesised,
and thus, by changing the exposure time, we can increase the
amount of the produced material. It should be noted that
when the surface of the schungite target is directly irradiated
by nanosecond laser pulses, the Raman spectra do not exhibit
frequencies corresponding to carbyne structures.

The initial colloidal system (Fig. 8) features two pro-
nounced peaks, i.e. D (v = 1380 cm™!) and G (v = 1580 cm™)
corresponding to the initial sample of schungite [27]. With
increasing exposure time the intensity of the D peak begins
to substantially decrease, indicating the deformation of
graphene layers [40—42]. In the case of 15-min exposure,
the spectrum in this regions passes completely to the LLCC
band (long linear carbon chains), typical of linear carbon
[5,43-46]. Along with the transformation of the spectrum we
observe a shift of the G peak to frequency v = 1610 cm™,
while the D peak shifts to v = 1360 cm™', which may be indic-
ative of the break of bonds between graphene layers [41].
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Figure 8. (Colour online) Raman spectra of (/) the initial colloid sys-
tem and the systems obtained after irradiation by nanosecond laser
pulses with an intensity of 10 W ¢cm™ at an irradiation time of (2) 5,

(3) 10 and (4) 15 min.

The emergence of an intense band in the range from 600 to
900 cm™! is apparently due to the deformation of chains of
carbyne, whose structure is most pronounced at 1900-—
2300 cm™! 5, 8, 20, 47].

The polyyne atomic structure of carbon chains is repre-
sented by bands of valent vibrations of triple bonds (C=C) in
the range of 2100-2300 cm™' [42, 48], and by the bands of
bending vibrations at v = 800 cm™! [43, 49]. In accordance
with Ref. [8] the 2110—2150 cm™! band corresponds to the
vibrational modes of polyyne linear chains. Thus, the shift of
the peak (2100—2300 cm™) to the short wavelength region in
the case of irradiation of the colloidal system is explained by
the change in the chain length. The absorption band at v =
1600 cm™! may be associated with the fundamental absorp-
tion band for the cumulene form of carbyne (regular zigzags
with linear fragments composed of four carbon atoms). The
cumulene structure (= C=C=) corresponds to the absorption
peaks at v = 1950 cm™' [20].

These structures can also be reconstructed in the course of
laser irradiation. We should also take into account the fact
that the formation of linear carbon chains in the presence of
incomplete fullerenes can lead to the formation of sp>-hybri-
dised structures [43, 50]. In our case, laser irradiation of the
colloidal system can lead to the formation of agglomerates
consisting of carbyne chains that bind carbon nanoparticles
into clusters and complexes, as reflected in the spectra in the
600—900 cm™" and 1900—2200 cm™' ranges.

After the deposition of colloidal systems on a substrate,
the shape of the spectrum changes significantly. The central
peaks of the initial and irradiated colloids do not shift. The
Raman spectra of the colloidal system before and after irra-
diation exhibit a fairly intense G peak, located at 1580—

—
(=)}

I (rel. units)
o

600 1000 1400 1800 v/em™!

Figure 9. (Colour online) Raman spectra of the produced colloidal sys-

tem (/) before and after irradiation with nanosecond laser pulses at an
irradiation time of (2) 5, (3) 10 and (4) 15 min.
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1610 cm™! (Fig. 9). The D peak (1380 cm™') is observed for all
samples, although its intensity varies, depending on the irra-
diation conditions. The widths of the peaks corresponding to
carbyne with polyyne bonds are reduced to 2100—2200 cm™!.
This behaviour of the spectrum suggests that in the process of
evaporation of the colloid, carbyne chains undergo a transi-
tion into sp>-hybridised carbon structures.

With increasing exposure time, the spectra feature bands
in the range from 800 to 900 cm™!, corresponding to bending
vibrations [5]. Thus, linear carbon chains in the process of the
drying of a colloid drop are transformed into complex mole-
cules [50]: bundles and globules consisting essentially of
B-carbyne.

3. Discussion of the factors determining
the stability of carbyne structures

Conditions for the formation of a linearly ordered carbon
structure in our experiment can be related to the peculiarities
of modification of carbon nanoparticles in the liquid: in the
process of laser splitting of carbon nanostructures, the isotro-
pic colloidal systems in general allow carbyne chains to be
stabilised.

The role of the interaction of laser radiation with nanopar-
ticles and the role of viscous forces on the part of the liquid
are determined by the structural characteristics of carbon
materials (cf. Refs [S1, 52], in which a similar two-stage syn-
thesis of carbon structures is used).

Indeed, the number of repeating units in carbon (organic)
polymers can vary significantly. Such polydispersity of a mac-
romolecular system leads to a globular, and/or linear and/or
branched, and/or network structure (compare with the analy-
sis carried out in [53]).

For the linear macromolecular structure that is character-
istic of carbyne, each repeating unit is connected to two adja-
cent units. However, such a structure is not stable, especially
in the conditions of the random/external action. Energetically
favourable is a bundle structure, i.e. a globule, when the intra-
molecular interaction forces exceed the intermolecular inter-
action forces. This structure is actually closed and passive.

The two remaining structures are stable, especially in cer-
tain environments. As for one of them — the network struc-
ture, it is similar to the stable lattice structure of crosslinked
linear structures. Thus there appear several crystalline and
amorphous regions, which determine the reactivity of these
structures in general. However, more complex aggregates
with a varying degree of ordering are in fact formed.

We failed to observe the formation of carbyne in the case
of irradiation by laser pulses of femtosecond duration, which
can be, apparently, explained by the local processes of
destruction of matter in the field of such intense laser radi-
ation.

Deposition of the carbon material from the colloid onto a
solid surface in this case led to a drastic decrease in the con-
centration of carbyne. This may be due to a violation of the
isotropy of the medium in which the substance is already
placed (two-dimensional structure). For the same reason, a
change in the type of the liquid in the colloidal system also
affects the stability of the one-dimensional carbyne chain (cf.
[36, 42]). Indeed, in a more viscous medium carbyne should be
more stable. In this sense, the known method of the carbyne
synthesis during laser sublimation and its deposition onto a
substrate is not the most efficient process, because in the
gas—dust phase the self-organisation of the system into sp>-

and sp*-structures should dominate even before the surface
substrate itself can exert the orienting influence.

The maximum formation efficiency of carbyne was
observed in our experiments with schungite. This can be
explained by the fact that due to the initial amorphous struc-
ture and the presence of nanostructured carbon, the synthe-
sised nanoparticles under continuous laser irradiation tend to
form linear structures attached to nanoparticles (fullerenes,
nanodiamonds, etc.) In this case, we observe the bleaching of
the colloidal system, typical for the formation of carbyne (see
photos in Fig. 5).

The synthesis process and the stability of carbyne can be
determined by substantially reduced melting point at the
grain boundaries in an inhomogeneous medium (cf. [53]). Tt is
through such an intermediate ‘liquid stage’ that the formation
of carbyne is, probably, energetically more favourable (see,
e.g., [23, 25)).

4. Conclusions

In this paper, we have shown the possibility of synthesis of
linear carbon structures under laser irradiation of colloidal
systems containing carbon nanoparticles. The use of laser
pulses of nanosecond duration apparently allows for the par-
tial particle fragmentation, which leads to destruction of
bonds between the layers, and then to the splitting of gra-
phene layers into linear structures. The irradiation time at a
certain critical value of intensity (in this case, 10 W cm™) is
the dominant factor in the synthesis of carbyne. In the condi-
tions of laser irradiation of the colloidal system, sp-fragments
of linear chains, experiencing a kink and entering into chemi-
cal bonds with the formation of sp?- and sp*-bonds, are pro-
duced. However, during ablation in a liquid, linear chains due
to viscous forces become more resistant, which is observed in
the measured Raman spectra.
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