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a b s t r a c t

IR laser irradiation of Co in vacuum leads to deposition of Co films and when carried out in gaseous
benzene or ethyne (0.5–50 Torr) it results in deposition of Co–C films, which was accounted for by concur-
rent laser-induced ablation of Co and dielectric breakdown in gaseous hydrocarbons. The laser-induced
decomposition of the hydrocarbons was studied by FTIR spectroscopy and GC and GC/MS techniques
and shown to yield a number of volatile unsaturated hydrocarbons and a solid carbonaceous material
that resulted from dehydrogenation and carbonization reactions in the gas phase. The detailed analysis
eywords:
R laser
ydrocarbon decomposition
obalt ablation
anostructured cobalt–carbon films

of the Co–C films by X-ray diffraction, FTIR, X-ray photoelectron, Auger and Raman spectroscopy and
electron microscopy revealed that the Co–C films are amorphous and contain crystalline Co, Co2C and
Co3C nanograins embedded in a shell of hexagonal graphite and amorphous sp3-hybridized carbona-
ceous matrix. The Co, Co2C and Co3C nanograins were identified by transmission electron microscopy
as separate entities preferring, in the given order, a face-centered cubic, orthorhombic and hexagonal
phase. The laser-induced process represents a novel approach to deposition of Co–C phases containing

fcc-Co constituent.

. Introduction

Formation and structure of Co–C composite phases are affected
y immiscibility of both elements [1] and by decomposition of
etastable Co carbides (Co2C and Co3C) into C and Co [2]. These

eatures make the different Co–C structures an attractive system
o study magnetic properties (e.g., [3–5]) for the use in mag-
etic recording media, to examine electrochemical properties in
ydrogen storage alloys [6] and to invent new non-precious high-
erformance composite catalysts for fuel cells [7].

Various methods of fabrication of Co–C composite films and
articles were aimed at obtaining different structures in which
rystalline micro- and nano-Co0 and Co carbides agglomerates
ere part of amorphous Co–C and/or graphite-like environments.

These Co–C composite phases were prepared by mechanical
lloying [6,8] and by rapid quenching (Co sputtering) techniques

s a r.f. reactive sputtering in the presence of methane [9], a DC
agnetron Co-sputtering of C and Co [10–12] and a dual deposition
ethod involving ECR plasma source for CVD of C from methane

oupled with ion source for supply of Co atoms [13,14]. These
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methods allow the room temperature deposition of amorphous
Co–C phases and the fabrication of phases composed of crystalline
(mostly hcp) Co and Co carbides and amorphous or graphitic carbon
upon annealing.

The nanostructured Co–C phases were obtained by a pulsed-
filtered vacuum arc deposition [15], ion-beam sputtering [3,16,17]
and the DC magnetron Co-sputtering [18–21] methods. The films
deposited at room temperature were amorphous [14,19] and com-
posed of ∼2 nm amorphous Co grains dispersed in an amorphous
carbon matrix [20], whereas those after annealing or deposited at
high substrate temperature (100–450 ◦C) were amorphous carbon-
rich phases with amorphous or hcp Co grains [17], metastable
nanogranular hcp Co and orthorhombic CoC2 [15], hcp Co [3,15,19],
hcp and faulted hcp Co [16,21] as well as hcp and fcc Co [18,20]
phases, some embedded in amorphous and some in graphite-like
carbon matrix.

There is, to the best of our knowledge, only one method of the
Co–C phase synthesis by lasers: amorphous Co–C nanostructures
embedded in a carbon shell (called an onion) were deposited at
room temperature by using a pulsed Nd3+:YAG laser ablation of a

pressed cobaltocene powder [22].

We have been recently involved in studies of pulsed IR laser
irradiation of some metals in vacuum and in gaseous benzene and
found out that the irradiation of Co and Ni sheets in vacuum leads to
metal ablation and metal plasma, and when carried out in gaseous

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:pola@icpf.cas.cz
dx.doi.org/10.1016/j.jphotochem.2010.01.003
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ig. 1. A vessel for IR laser deposition of Co–C films. (1, Pyrex vessel; 2, valve to
acuum; 3, NaCl window; 4, laser pulse; 5, lens; 6, Co sheet; 7, Cu or silica substrate;
, visible luminescence zone; 9, port with rubber septum.)

enzene to metal plasma and dielectric breakdown in benzene,
hich is accompanied by deposition of nanostructured carbon [23].

It was of our interest to continue these studies and reveal
hether the IR laser-induced irradiation of Co in the presence of

aseous hydrocarbons is suitable for deposition of amorphous Co–C
omposite phases with structures different from those reported
arlier. We show that the IR laser deposited films are amorphous
nd contain discrete crystalline Co, Co2C and Co3C nanograins
mbedded in a shell of hexagonal graphite and amorphous sp3-
ybridized carbonaceous matrix.

. Experimental

IR laser irradiation experiments were conducted in a Pyrex reac-
or (70 mL, in volume, Fig. 1) in vacuum or in the presence of gaseous
thyne or benzene at pressures of 0.5, 1.0, 10 and 50 Torr. The sam-
les of the hydrocarbons were irradiated by a pulsed 1300 M TEA
O2 laser (Plovdiv University) operating with a frequency of 1 Hz
n the P(20) line of the 0001–1000 transition (944.19 cm−1) and a
ulse energy of 1.8 J. This radiation was focused with a NaCl lens to
he Co target and it induced ablation of Co and the decomposition
f the hydrocarbon, both leading to the deposition of non-adherent
o–C films on the Cu or silica substrate.

The progress of ethyne and benzene decomposition and volatile
ecomposition products were analyzed directly in the reactor by
TIR spectrometry (an FTIR Nicolet Impact spectrometer) using
iagnostic absorption bands of benzene at 1037 cm−1 and ethyne at
268 cm−1. Aliquots of the irradiated reactor content were sampled
y a gas-tight syringe and analyzed by gas chromatography–mass
pectroscopy (a Shimadzu QP 5050 mass spectrometer, 50 m
orabond capillary column, programmed temperature 30–200 ◦C).
he decomposition products were identified through their FTIR
pectral diagnostic bands (C2H2, 731 cm−1; C4H2, 628 cm−1; CH4,
305 and 3016 cm−1) and through their mass spectra using the NIST

ibrary. Relative molar amounts were calculated from relative areas
f GC peaks.

The deposited films were analyzed with a FTIR Nicolet Impact
pectrometer resolution 4 cm−1, a Nicolet Almega XR Raman spec-
rometer (resolution 2 cm−1, excitation wavelength 473 nm and
ower 10 mW), and by electron microscopy (a Philips XL30 CP
canning electron microscope equipped with an energy-dispersive
nalyzer EDAX DX-4 of X-ray radiation) and a JEOL JEM 3010 micro-
cope operating at 300 kV and equipped with an EDS detector
INCA/Oxford) and CCD Gatan (Digital Micrograph software).

The HRTEM analyses were carried out on ground samples that
ere subsequently dispersed in ethanol followed by application of

drop of a diluted suspension on a Ni grid. The determined EDX

t.% of C, O and Co elements corresponds to 5% error.
Diffraction patterns were collected with a PANalytical X’Pert

RO diffractometer equipped with a conventional X-ray tube (Co
� radiation, 40 kV, 30 mA, point focus), an X-ray monocapillary
biology A: Chemistry 210 (2010) 153–161

with diameter of 0.1 mm, and a multichannel detector X’Celerator
with an anti-scatter shield through a procedure reported previously
[24]. XRD patterns were not pre-treated before interpretation, as no
background correction was needed.

The X-ray C 1s, O 1s and Co 2p photoelectron and C KLL Auger
electron spectra of the deposit were measured in an ESCA 310
(Scienta) electron spectrometer with a base pressure better than
10−9 Torr using Al K� radiation (1486.6 eV) for electron excita-
tion. The surface composition of the deposited film was determined
by correcting the spectral intensities for subshell photoionization
crosssections [25].

3. Results and discussion

3.1. IR laser irradiation of Co in vacuum

The TEA CO2 laser irradiation of the Co target in vacuum induces
visible luminescence and Co ablation which are demonstrated
by the optical emission spectra revealing Co atoms and ions (Co
plasma) [23] and by the deposition of dark (almost black) Co films
on the Cu and silica substrates. The analysis of these films by
EDX–SEM electron microscopy is consistent with the atomic ratios
Co/Cu = 0.20 and Co/Si = 3.5 showing that Co does not provide full
coverage of the substrates. The films deposited on Cu and SiO2 have
the same morphology pattern; they consist of a smooth featureless
layer and round-shape ca. 5–20 �m-sized particles (Fig. 2). The X-
ray diffraction of these films shows (Fig. 2) the fcc phase on Cu
and both fcc and hcp phases on silica (hcp Co: PDF 89-4307, ICSD
44989; fcc Co: PDF 89-4308, ICSD 44990 [26]). The SEM pattern and
the low X-ray diffraction signals are in keeping with prevalence of
an amorphous phase.

The results presented here and in [23] show that the IR laser
ablation of cobalt results in the deposition of Co films and that it
involves transient formation of charged and neutral Co clusters.
The observed difference in the deposited Co phases on Cu and silica
reveals that the growth of the Co phase is sensitive to the nature of
the underlying substrate.

3.2. IR laser irradiation of Co in gaseous hydrocarbon

The TEA CO2 laser irradiation of the Co target in the presence of
gaseous benzene or ethyne (each 0.5–50 Torr) is accompanied by
visible luminescence and by deposition of black Co–C films on the
Cu substrates. The optical emission spectra from the irradiation of
Co in benzene [23] revealed Co atoms and ions (Co plasma, origi-
nating from Co ablation) and H atoms and neutral and ionic carbon
species (arising from the dielectric breakdown [23]). The Co plasma
and dielectric breakdown also occur upon the IR laser irradiation
of Co in the presence of ethyne, because the irradiation of benzene
and ethyne yields the same Co and carbonaceous particles.

The Co plasma gradually decreases with the increasing pres-
sure of benzene (0.5–10 Torr) [23], which is consistent with the
deposition of Co decreasing with increasing hydrocarbon pressure
(Section 3.3). The depletion of both ethyne and benzene is not
affected by the nature of the hydrocarbon, but it depends on its
pressure. This is illustrated for 0.5–50 Torr (Fig. 3) and indicates
that the total effect of Co plasma and dielectric breakdown is not
dependent on the hydrocarbon structure. We assume that both Co
ablation and dielectric breakdown in hydrocarbon take place simul-
taneously, the ablation being more important at low hydrocarbon

pressure and the dielectric breakdown growing at high hydrocar-
bon pressure. This assumption is corroborated in our previous work
[23].

Benzene and ethyne decompose at 0.5–50 Torr to black car-
bonaceous solid deposit and gaseous products. Benzene yields
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Fig. 2. X-ray diffraction pattern and SEM image of C

thyne (85 mol%), 1,3-butadiyne (13 mol%) and minor amounts of
ethane, C3H4, 1-buten-3-yne and ethynylbenzene (each less than

.5 mol%), whereas ethyne affords 1,3-butadiyne as a dominant
roduct (>92 mol%) along with low amounts of methane, propene,
3H4 and 1-buten-3-yne. These minor products are accompanied
ith traces of C5H4 and C5H6 unsaturates. The detected C2, C and
species [23], the solid carbonaceous materials and highly unsat-

rated volatile hydrocarbon products indicate that benzene and
thyne undergo dehydrogenation and decomposition and finally
arbonization through agglomerization of intermediate C2, C4 and
n species [27–29].

.3. Properties of Co–C deposited films

The black films deposited from 0.5 to 50 Torr of benzene and
thyne with typically 100 pulses and covering the Cu substrate and
art of the reactor inner surface were analyzed for their morphol-

gy and spectral properties.

The SEM–EDX analysis of the films deposited on Cu substrates
hows the prevalence of carbon, traces of oxygen (less than 1–3 at.%
f carbon) and Co amounts of which are dependent on the pressure

ig. 3. Hydrocarbon depletion as dependent on number of laser pulses at initial
ressure 0.5 Torr (�, benzene; ©, ethyne) and 50 Torr (�, benzene; �, ethyne).
osited in vacuum on Cu (a) and silica (b) substrates.

but not on the nature of the hydrocarbon (Table 1). The Co content
diminishes with the increasing hydrocarbon pressure, which indi-
cates that the Co plasma (ablation) at higher hydrocarbon pressures
is decreased. This fact is also in agreement with SEM observation
of the irradiated target where craters are apparent in vacuum and
at 0.5 and 1 Torr (Fig. 4d), but are indistinct at higher pressures.

The SEM images of the films deposited on the Cu substrate
at 0.5–50 Torr of hydrocarbon show different morphologies: they
are discrete ca. 0.1 �m agglomerates at 0.5 Torr, about 1 �m-
sized agglomerates at 1 Torr and larger fluffy structures at 50 Torr
(Figs. 4 and 5). The size of the Co crater (given for illustration for
the experiment with ethyne, ca. 1.5 �m2, Fig. 4d), does not differ
from that obtained for the irradiation with benzene.

The X-ray diffraction of the films deposited in the presence of
hydrocarbons does not reveal any crystalline form of Co and only
shows the fcc crystalline phase of the Cu substrate (syn-Cu), which
is indicative of thin amorphous Co–C films.

The XPS analysis-derived stoichiometry of the superficial lay-
ers in the deposits on Cu substrates from 0.5 to 1 Torr of ethyne
(C1.00O0.95Co0.49 and C1.00O0.90Co0.33, respectively) and from 0.5
to 1 Torr of benzene (C1.00O0.37Co0.13 and C1.00O0.26Co0.09, respec-
tively) indicates relatively high contents of oxygen in the topmost

layers, the decreasing amounts of Co in the deposits from higher
hydrocarbon pressure and a little more Co in the deposits from
ethyne than from benzene.

In the spectra of Co 2p electrons of these deposits, a narrow
peak at 778.5 eV and a broad peak at 781.2 eV respectively cor-

Table 1
Atomic percent of Co deposited on Cu substrate from ethyne and benzene.

Hydrocarbon Pressure (Torr) Co content in deposit (at.%)

Benzene 0.5 11.5
1.0 4.7

10 1.2
50 0

Ethyne 0.5 14.0
1.0 6.5

10 –
50 0.35
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ig. 4. The SEM images of the Co–C deposit on Cu substrate obtained at 0.5 Torr (a),
o target by 200 pulses at 0.5 Torr of ethyne (d).

espond to the elemental and oxidized (Co2+) cobalt (Fig. 6). The
1s and O 1s spectra reveal that chemical states of carbon and

xygen are consistent with CxHy, C–C, C–O, O2− and O–C O moi-
ties. We explain the formation of Co2+ and C–O, O2− and O–C O
tructures by some oxidation in the superficial layers after imme-
iate contact of the deposits to air. The ensuing exposition of the

eposits to atmosphere for six months does lead only to mild
urther oxidation of C and Co, since the stoichiometry of the super-
cial layers in the deposits does not noticeably change. This is
.g., seen with the Co–C deposit from 0.5 Torr of ethyne wherein

Fig. 5. The SEM images of the Co–C deposit on Cu substrate obt
(b), 50 Torr (c) of ethyne and the SEM image of the Co crater after irradiation of the

the stoichiometry change from C1.00O0.95Co0.49 to C1.00O0.73Co0.39
can be alternatively accounted for as a consequence of the ele-
ments redistribution in the analyzed inhomogeneous surface layer
(Fig. 6).

The spectra of C KLL Auger electrons of the Co–C deposits on
Cu substrate were measured to estimate the sp3/sp2 hybridization

ratio [30,31] by using the energy difference between the most pos-
itive maximum and the most negative minimum of the C KLL first
derivative spectra. The separations obtained for graphite and dia-
mond (21.9 and 13.1 eV) agree well with the literature data [30,31]

ained at 0.5 Torr (a), 1 Torr (b) and 50 Torr (c) of benzene.
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at near the focal point (the area of the crater ∼1.5 �m , e.g., Fig. 4d)
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ig. 6. Co 2p core level spectra of the Co–C deposited on Cu substrate from 0.5 Torr
f ethyne before (a) and after (b) 6 months exposition to air (b).

nd the corresponding values obtained for the samples deposited at
.5 Torr of ethyne (13.1 eV, Fig. 7), 0.5 Torr of benzene (14.4 eV) and
0 Torr of ethyne (16.7 eV) correspond, in the given order, to about
00%, 75% and 54% of sp3-hybridized C atoms. These values reveal
hat more sp3-hybridized C was produced at lower hydrocarbons
ressures and from ethyne. We note that similar higher amounts of
he sp3-hybridized C are also observed in the depositions at 0.5 Torr

f hydrocarbon (88% (13.8 eV) with ethyne and 70% (14.8 eV) with
enzene) on the Co target.

More information on the nature of the Co–C deposits was
btained from the visible Raman spectra which differ depending on

ig. 8. Raman spectra of the deposit on Co target taken near (N) and afar (A) from the cra
ts pressure.
Fig. 7. C KLL X-ray-excited first derivative Auger spectra of graphite (a), diamond (b)
and the Co–C deposit obtained from 0.5 Torr of ethyne deposited on the Cu substrate
(c).

whether the spectra were measured for the black films deposited
on the Co target or the Cu substrate (Fig. 8).

The spectra of the films deposited on the Co target from 1 Torr of
hydrocarbon (Fig. 8a) depend on the area measured: those recorded

2

show prominent and well separated G (1588 cm−1), D (1364 cm−1)
and 2D (2725 cm−1) bands of ordered carbon [31] along with minor
bands at 2933–2958 and 3235 cm−1 assignable [32,33] to second-
order (combination and overtone) bands of carbon and/or to C–H

ter (a) and of the deposit on Cu substrate (b). Insets indicate the hydrocarbon and
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tretches. Those recorded at several mm afar from the crater show
broad G band at 1540–1560 cm−1 and a broad band which is

entered at 3000–3020 cm−1 and presumably composed of the
vertone bands of disordered carbon [33] and/or v(C–H) contribu-
ions.

The spectra of the films deposited from 0.5 to 50 Torr of hydro-
arbon on the Cu substrate depend on the hydrocarbon pressure:
hey show a broad G band at 1554–1592 cm−1 and minor D bands
t 1355–1367 cm−1 (Fig. 8b). In these spectra, the G band shifts
o higher wavelengths (1592 cm−1) and a well developed D band
ecomes apparent at higher hydrocarbon pressure.

The G and D bands respectively reflect bond stretches of all pairs
f sp2 atoms in rings and chains and breathing modes of rings (e.g.,
34,35]). The positions of the observed G and D bands resemble
hose of graphitic a-C:H films and soot [34,36,37]. It is known that
he G peak position varies from 1520 cm−1 for amorphous carbons
o 1590 cm−1 for glassy carbons [38] and that it fits lower val-
es of this range for films with higher sp3 content [39]. The films
eposited near the Co crater and those deposited on the Cu sub-
trate at higher hydrocarbon pressures can therefore be deduced
o have more pronounced graphitic features.

The ATR FTIR spectra of the films deposited on the Co target
nd the Cu substrate show the v(Csp3–H) and v(C C) bands at
930 and 1600–1620 cm−1. Minor contributions are due to v(C O)
nd v(C–O) bands at ∼1700 and around 1400 cm−1. These spectra
how that the deposits contain C–H bonds and that they undergo
inor (superficial) oxidation at the C C bonds. Lower absorbance

f the v(C C) bands of the deposits obtained at different irradi-

tion conditions (Fig. 9) can be rationalized in terms of the C C
ond crosslinking leading to more C(sp3)–C(sp3) bonds.

The HRTEM images of the films deposited at 0.5–1 Torr of ben-
ene (Fig. 10) and ethyne on the Cu substrate and transferred on
Ni grid (Fig. 11) are consistent with the prevalence of amor-

Fig. 10. HRTEM images and electron diffraction of the film
Fig. 9. ATR FTIR spectra of the films deposited on Co target from 50 Torr of C2H2 (a)
and 1 Torr of C6H6 (c) and of the films deposited on Cu substrate from 1 Torr of C2H2

(b) and 1 Torr of C6H6 (d).

phous phase and very minor crystalline features. The selected-area
diffraction patterns (SAED) of a nanodomain from the bulk sample
consist of series of continuous rings and confirm [40] several phase
polycrystalline regions with random orientation.

In Fig. 10b one can see the lattice image of cubic cobalt Co (ICDD
PDF 15-0806) with interplanar spacing d(1 1 1) = 0.2046 nm and
hexagonal graphite C with interplanar spacing d(0 0 2) = 0.3350 nm
(ICDD PDF 13-0148). The orthorhombic Co2C (ICDD PDF 72-1369)
confirmed by d = 0.2122 nm and the hexagonal Co C (ICDD PDF
(1 1 1) 3
43-1144) confirmed by d(1 0 1) = 0.2050 nm were also detected in the
sample (see Fig. 10c).

SAED of the bulk sample of the film deposited from ethyne
on the Cu substrate and transferred on a Ni grid are shown in

deposited from 0.5 Torr of benzene on Cu substrate.
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Fig. 11. HRTEM images and electron diffraction of

ig. 11a. Selected electron diffraction patterns from different nan-
domains confirm the presence of nanocrystalline orthorhombic
o2C (Fig. 11b), hexagonal Co3C (Fig. 11c) and pure Co (Fig. 11d).

High carbon contents (the Co/C at.% ratio typically 0.02–0.08)
n the environment of the crystalline nanofeatures, revealed by
he selective area EDX analysis of the deposits from 0.5 to 1 Torr
f benzene and ethyne are in keeping with the EDX–SEM-derived
alues of Co (Table 1) and with high dilutions of Co and Co
arbides in the carbon environment. Variety of HRTEM images
re consistent with preponderance of curved and circular [41,42]
raphene layers (e.g., Fig. 12) arranged in a random way. The
arbonaceous environment can be considered as a mixture of
he graphene layers and of the amorphous sp3-hybridized car-
on agglomerates (identified from the vibrational and XP spectra)
hat are produced [43,44] via crosslinking of graphitic sp2 moi-
ties.

These complementary analyses thus confirm that the Co–C
lms are X-ray amorphous with minute contributions of crys-
alline nanograins of Co, Co2C and Co3C which are embedded
s separate entities in a shell of the carbonaceous matrix. The
atrix contains graphene and sp3-C structures with C–C and C–H

onds. The crystalline Co, Co2C and Co3C nanograins prefer, in the
iven order, a face-centered cubic, orthorhombic and hexagonal
hase.
.4. Plausible steps of the formation of Co–C films

The above crystalline phases can be produced at different
emperatures and suggest a non-uniform temperature profile of
he laser-induced process involving (i) ablative formation of Co
m deposited from 0.5 Torr ethyne on Cu substrate.

nanoparticles, (ii) reaction(s) between these nanoparticles and car-
bonaceous species to Co carbides and (iii) decomposition of the Co
carbides into elemental Co and carbon.

The formation of Co2C and Co3C films by the carburization
of Co films and the thermal decomposition of such Co carbides
take place at ∼720–770 K [2] and was ascribed to diffusion of
C atoms into the interstices of hcp Co and to moving out these
atoms from interstices of Co2C [2]. In the laser-induced process,
the transient formation of Co atoms and ions (Co plasma), H atoms
and neutral and ionic carbon species [23] makes possible that
Co carbides form via combination/extrusion of C and Co atoms
in CoxCy agglomerates, via transient CoC molecule [45,46], or via
reactions between ablated cobalt and hydrogenated carbon species
(An easily hydrogenated carbon produced by reaction of CO with
finely divided Co was shown [47] to combine with cobalt to form
Co2C).

The Co carbides decompose into C and Co at temperatures
similar or lower than are the temperatures of the Co carbide forma-
tion. Thus, the Co2C and Co3C films prepared by the carburization
decompose at ∼720–770 K [2], the nanocrystalline Co3C powders
prepared by high energy milling of cobalt and carbon soot powders
decompose at 695 K [48], the Co carbide films deposited by cobalt
and carbon Co-sputtering [14] decompose at 673 K, whereas the
Co2C fims obtained by pulsed-spray evaporation chemical vapor
deposition from Co acetylacetonate decompose at temperature as

low as 535 K [49]. These decompositions yield more stable hcp Co
and so differ from the laser-induced process that yields only the
fcc-Co crystalline phase.

The hcp Co to fcc Co transition of bulk cobalt in vacuum (650 K
[2]) or in the equilibrium Co–C phase diagram (693 K [50], 700 K
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Fig. 12. HRTEM images of the film depo

51]) is in the range of temperatures of the Co carbide decomposi-
ions. However, the Co crystallography in thin films can be affected
y the substrate, grain size and seeding layers which can stabi-

ize the less stable fcc and amorphous phases [52]. The stabilizing
ffect of C has been noted in nanogranular Co–C films obtained by
o-sputtering of C and Co [18,20].

We thus assume that (i) the fcc Co (as well as the amorphous Co
onstituent) is stabilized in the carbonaceous matrix in the course
f the deposition of Co agglomerates and/or the Co2C and Co3C
ecomposition and admit that (ii) the temperatures of these two
rocesses can differ due to the non-homogeneous temperature pro-
le of the laser-induced process.

. Conclusions

The IR laser irradiation of cobalt in vacuum results in abla-
ion of Co and deposition of micro-structured Co films. These films
eposited on Cu and silica have the same morphology but some-
hat differ in crystalline phase. The fcc Co phase on copper and

he fcc and hcp Co phases on silica are presumed to be part of
morphous Co deposit.

The IR laser irradiation of Co in benzene or ethyne (0.5–50 Torr)
esults in ablation of Co and dielectric breakdown in the hydro-
arbon. The latter process yields a number of volatile highly
nsaturated hydrocarbons and a carbonaceous solid.

The laser-induced process allows deposition of amorphous Co–C
lms which have their Co content decreasing at higher hydrocar-
on pressure and have their carbonaceous constituent composed
f graphitic moieties and sp3-C-hybridized carbon structures. The
lms deposited near at the crater of the Co target and on the Cu
ubstrates at higher hydrocarbon pressures have more pronounced
raphitic features.

The Co–C films undergo immediate oxidation only in their top-
ost layers yielding an oxidized (Co2+) cobalt and C–O, O2− and
–C O moieties all of which form a passivating shell preventing

urther air diffusion and oxidation of inner centers.
The films contain crystalline Co, Co2C and Co3C nanograins

hich are embedded in a shell of the carbonaceous matrix as sep-
rate entities and which prefer, in the given order, a face-centered

ubic, orthorhombic and hexagonal phase. The thermodynamically
ess stable fcc Co phase is likely stabilized in the carbonaceous

atrix.
The concurrent laser-induced ablation of Co and dielectric

reakdown in gaseous hydrocarbons represents a novel process to
eposition of Co–C phases containing fcc-Co constituent.

[

[

[

on Cu substrate from 0.5 Torr of ethyne.
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rated cabon from laser photo-polymerization of diacetylene, Carbon 42 (2004)
2521–2526.

45] M. Barnes, A.J. Merer, G.F. Metha, Electronic transitions of cobalt carbide, CoC,
near 750 nm: a good example of case (b�s) hyperfine coupling, J. Chem. Phys.
103 (1995) 8360–8371.

46] A.G. Adam, J.R.D. Peers, A rotational and hyperfine analysis of the
[14.0]2�+ − X2�+ band system of cobalt monocarbide, J. Mol. Spectrosc. 181
(1997) 24–32.

47] L.J.E. Hofer, W.C. Peebles, Preparation and X-ray diffraction studies of a new
cobalt carbide, J. Am. Chem. Soc. 69 (1947) 893–899.

48] L. Diaz Barriga-Arceo, E. Orozco, V. Garibay-Febles, L. Bucio-Galindo, H. Men-
doza León, P. Castillo-Ocampo, A. Montoya, Nanofibre growth from cobalt
carbide produced by mechanosynthesis, J. Phys.: Condens. Matter 16 (2004)
S2273–S2277.

49] P.A. Premkumar, A. Turchanin, N. Bahlawane, Effect of solvent on the growth of
Co and Co2C using pulsed-spray evaporation chemical vapor deposition, Chem.
Mater. 19 (2007) 6206–6211.

50] F. Frey, W. Prandl, J. Schneider, C. Zeyen, K. Ziebeck, HCP-FCC transition in pure

Co investigated by neutron scattering, J. Phys. F 9 (1979) 603–616.

51] R.M. Bozorth, Ferromagnetism, D.Van Nostrand Co. Inc., New York, 1951,
p. 287.

52] P.A. Lane, P.E. Olivek, P.J. Wright, C.L. Reeves, A.D. Pitt, B. Cockayne, Metal
organic CVD of cobalt thin films using cobalt tricarbonyl nitrosyl, Chem. Vap.
Depos. 4 (1998), 183–186 and refs. therein.


	IR laser-induced formation of amorphous Co–C films with crystalline Co, Co2C and Co3C nanograins in a graphitic shell
	Introduction
	Experimental
	Results and discussion
	IR laser irradiation of Co in vacuum
	IR laser irradiation of Co in gaseous hydrocarbon
	Properties of Co–C deposited films
	Plausible steps of the formation of Co–C films

	Conclusions
	Acknowledgements
	References


