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Pulsed IR laser irradiation of SmCos alloy in vacuum and in adjacent dielectric breakdown (DB) of ben-
zene has been examined as a tool for modifying phase and composition of this alloy and for suitability
to serve as a laser deposition technique of Sm-Co nanoparticles and Sm-Co/C films. The composition
of solid deposits was determined by FTIR, X-ray photoelectron and Raman spectroscopy and electron
microscopy, and gas-phase chemical changes upon irradiation in gaseous benzene were analyzed by gas
chromatography and FTIR and GC/MS spectroscopy. IR laser ablation in vacuum leads to deposition of

f;e)l/:;g:ds: amorphous Smy gpCo2.1-22 films containing uniformly dispersed Co,Sms nanocrystals and to formation of
SmCos residual Sm;Coq7 target phase, both of which indicating disproportionation of SmCos and Sm-enrichment

of ablated particles. IR laser ablation in benzene results in formation of ultrafine powders consisting
in fully amorphous Smy 00C04,-46 Nanoparticles embedded in amorphous hydrogenated carbonaceous
phase and is in keeping with minor structural changes in ablated SmCos particles. Both deposited materi-
als are shown to differ in magnetic properties and the carbonaceous shell serves as a protection of Sm-Co

Sm-Co phases
Gas-phase deposition
Magnetic properties
Nanoalloys

nanobodies towards atmospheric oxidation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

There is continuing interest in developing new nanocomposites
and methods for their formation. Nanoparticles and nanostructured
films based on Sm/Co alloy belong to the class of magnetic materials
extensively studied for their intrinsic properties and promis-
ing applications in opto- and microelectronics, magnetic energy
storage and medicine. Thin epitaxial, amorphous and nanostruc-
tured Sm-Co films have been deposited by magnetron sputtering
[1-4], near-IR Nd:YAG laser [5], UV laser [6-9] or visible Nd:YAG
laser [10,11] ablation of elemental and alloy targets. The Sm-Co
(mostly SmCos) nanoparticles were obtained by chemical (polyol)
route [12-18], ball milling [19,20], surfactant-assisted ball milling
[21-23] and a pulsed femtosecond laser ablation of Sm-Co alloy in
liquid cyclopentanone [24].

The bulk alloy precursors preferred for deposition of nanopar-
ticles and nanostructured films are SmCos and SmyCoq7 which
are the most important permanent magnets from among several
intermetallic compounds of binary Sm-Co equilibrium phase dia-
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gram. However, nanoparticles produced from these bulk alloys
upon exposure to high energy sources undergo amorphization and
composition deviations due to decomposition to different phases
[4] and constituents as observed with, e.g. magnetron sputtering
[3,4], laser vaporization [5], ball milling [20,21,23], annealing [20],
femtosecond laser ablation [24] and possibly with other deposition
methods when some disordered nanoproducts were not detected
by XRD technique.

The produced Sm-Co nanoparticles (or nanostructured films)
are also prone to oxidation which is detrimental to their magnetic
properties. Such oxidation can be avoided in surfactant-assisted
ball milling [21-23], by addition of polymer [15] or long chain
organic compounds in the course of direct chemical synthesis
[12,16-18], or by subsequent inclusion in polymer matrix [24].
Alternative protection of Sm-Co nanoparticles has been achieved
in the process of gas condensation in a cluster gun by embedding
the nanoparticles in a co-sputtered carbon phase [25]. The coated
particles are air-stable, have lower coercivity than bare particles, do
not loose their magnetic properties within several days and their
aggregates remain magnetically stable for months.

We have recently reported on pulsed IR laser ablative deposition
of nanoforms of metals surrounded by carbonaceous phase [26-29].
The used single-pulse technique enables simultaneous laser
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Fig. 1. Scheme of gas-phase deposition.

ablation of metal target in adjacent plume (dielectric breakdown) of
decomposing hydrocarbon to achieve laser chemical vapor deposi-
tion (LCVD) of metal nanobodies dispersed in amorphous graphitic
environment which protects metal nanoparticles towards oxida-
tion.

We were interested to apply this technique for study of IR laser
ablation of bulk SmCos alloy and to determine phase and com-
position changes in this alloy in the intense IR laser field as well
as to ascertain spectral and magnetic properties of the ablatively
deposited products.

2. Experimental

IR-laser irradiation experiments were carried out in a Pyrex
reactor (70 mL in volume) in vacuum and at 3 Torr of benzene
by using a pulsed TEA CO, laser (model 1300 M, Plovdiv Univer-
sity) operating with a frequency of 1Hz on the P(20) line of the
00°1-10°0 transition (944.19 cm~') and a pulse energy of 1.8]. The
radiation was focused with a NaCl lens (f.l. 15 cm) on the SmCos disc
positioned in the center of the reactor above which were accom-
modated copper and silica substrates. A simple irradiation scheme
is given in Fig. 1. The irradiation of SmCos target in vacuum with
300 pulses resulted in ablation of the alloy and deposition of nano-
sized Sm/Co film, whereas that carried out with 60 pulses at 3 Torr
of benzene and repeated 20 times allowed ablation of the alloy
in the adjacent dielectric breakdown of benzene and resulted in
deposition of Sm/Co/carbon nanocomposite powder.

The reactor was described elsewhere [26] and it was a Pyrex
tube fitted at each end with KBr windows and having a port with
rubber septum enabling GC and GC/MS analyses of gaseous con-
tent, and a PTFE valve connecting to vacuum manifold and pressure
transducer.

The progress of benzene decomposition and volatile decom-
position products were analyzed directly in the reactor by FTIR
spectrometry (an FTIR Nicolet Impact spectrometer, resolution
4 cm~1) using diagnostic absorption band of benzene at 1037 cm~1.
Aliquots of the irradiated reactor content were sampled by a
gas-tight syringe and analyzed by gas chromatography-mass
spectroscopy (a Shimadzu QP 5050 mass spectrometer, 50-m
Porabond capillary column, programmed temperature 30-200 °C).
The decomposition products were identified through their FTIR
spectral diagnostic bands (CyH,, 731cm™!; C4H,, 628 cm~!; CHy,
1305 and 3016 cm~1) and through their mass spectra using the NIST
library.

The deposited films were analyzed with the FTIR Nicolet Impact
spectrometer, a Nicolet Almega XR Raman spectrometer (resolu-
tion 2cm!, excitation wavelength 473 nm and power 10mW)
and an ESCA 310 (Scienta) electron spectrometer with a base
pressure better than 10~° Torr using Al Ka radiation (1486.6eV)
for electron excitation. The Raman spectral analysis was carried
out on different microregions of the deposited layer to verify the

homogeneity of the film on Cu substrate and to detect differences
in the spectra for the film areas near the target crater. The X-ray C
1s, 0 1s and Co 2p3, and Sm 3ds), photoelectron and C KLL Auger
electron spectra of the deposit were measured and surface com-
position of the deposited film was determined by correcting the
spectral intensities for subshell photoionization cross-sections.

Further analyses were made by electron microscopy (a Philips
XL30 CP scanning electron microscope equipped with an energy-
dispersive analyzer EDAX DX-4 of X-ray radiation) and a JEOL
JEM 3010 microscope operating at 300kV and equipped with an
EDS detector (INCA/Oxford) and CCD Gatan (Digital Micrograph
software). The transmission electron analysis was performed on
ground samples that were subsequently dispersed in ethanol fol-
lowed by application of a drop of a diluted suspension on a Ni
grid.

Diffraction patterns were measured with a PANalytical X'Pert
PRO diffractometer equipped with a conventional X-ray tube (Co
Ko radiation, 40kV, 30 mA, point focus), an X-ray monocapillary
with diameter of 0.1 mm, and a multichannel detector X'Celerator
with an anti-scatter shield.

A dual pulsed laser induced breakdown spectroscopy (LIBS) set-
up for the analysis of alloy samples (Fig. 2) included two Q-switch
pulsed Nd:YAG lasers (Sky lasers) of which the fourth harmonic
(266 nm) serves as laser 1 and the fundamental (1064 nm) serves
as laser 2. The two lasers are so precisely aligned that the two laser
spots fall on the same spot on the sample surface and these aligned
laser spots are at the line of sight of the fiber optic detection lens.
The adjustable IR and UV lens assembly is used to focus the laser
beams on the sample surface. The LIBS signal is collected by the fiber
bundle assembly and fed into the seven channels of the LIBS spec-
trometer (Ocean Optics LIBS 2500 plus). The flash lamps and the
Q-switches of both lasers are externally controlled by the LIBS sys-
tem in the sequence shown in Fig. 2. Laser 1 produces laser induced
plasma at the sample surface and after an appropriate time delay
after the firing of laser 1, the second laser is fired, which is con-
trolled by the built software in spectrometer of the LIBS system.
The second laser is allowed to pass through plume created by the
first laser and impinge on the sample surface which enhances the
normal LIBS process.

The measurement of the magnetic properties of the prepared
Sm/Co films as well as the powder material was carried out using
a SQUID magnetometer MPMS-5S (Quantum Design).

Benzene (Lachema, purity better than 99.7 per cent) was sub-
ject to three freeze-thaw-evaporation cycles on a vacuum line
and admitted to the reactor prior to irradiation. The SmCos disk
(Aldrich, samarium cobalt alloy 18) was used as delivered.

3. Results and discussion
3.1. IR laser ablation in vacuum

The TEA CO,, laser irradiation of SmCos disc in vacuum by focus-
ing laser pulses to area of 1 mm?, results in ablation and a visible
(yellowish) luminescence (alloy plasma) coming from the SmCos
surface as a plume confined in a volume of 0.8 cmdiameterand 1 cm
length. The occurrence of visible plume and the employed irradi-
ation conditions resemble those for IR laser ablative deposition of
Co and Ni which were previously confirmed by optical emission
spectra to result in transient formation of metal atoms and ions
[26].

The EDX-SEM analysis of the deposited film (atomic ratios
Sm/Co/Cu=1.0/2.1-2.2/2.0-2.1) indicates that Sm-Co alloy does
not provide full coverage of the substrate and that Co content is
much lower than in the initial sample. The deposited film con-
sists of a smooth layer and particles ranging from less than 1 up
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Fig. 3. SEM images of film (and particles) deposited in vacuum from SmCos (a and b), X-ray diffraction pattern of amorphous Sm-Co film on Cu substrate (c) and irradiated

SmCos target (proving formation of Sm,Co;7 phase) (d).

to 10 wm (Fig. 3a and b). Some larger deposited particles deform
vicinity of the deposition site (inset of Fig. 3b), which indicates that
their high kinetic energy is lost upon collision with substrate sur-
face. The X-ray diffraction analysis of the deposited film is in line
with amorphous structure (Fig. 3¢) and that of the irradiated target
(Fig. 3d) shows hexagonal Sm;Coq7 phase (PDF 35-1368 [30]).
The polycrystalline phase possesses low amount of Co;Sms
nanocrystals seen on HRTEM images. In Fig. 4a one can see a bulk
Co,Sm;s specimen and SAED as an inset. Electron diffraction pattern
includes a series of continuous rings and confirms the polycrys-
talline Co,Sms consisting of many nanocrystals with a random
orientation. Process Diffraction software [31] has shown markers
indicating positions of diffraction lines belonging to the monoclinic
Co,Sms (PDF ICDD 30-0457). Indication of monoclinic structure
through electron diffraction analysis is illustrated in Fig. 4c: the
two arrowed reflections are (51 0) and (1 12) which possess a C2/c

(space group) structure with monoclinic symmetry and interplanar
distance ds 1 o) = 2.88 A (see Fig. 4d).

The SAED analysis (atomic ratio Co/Sm 2.0-2.2) performed on
many selected areas of the film is in good agreement with the EDX-
SEM analysis and proves that Co,Sms nanocrystals are a minor
fraction and uniformly distributed in the amorphous phase.

These observed features thus confirm that the irradiated SmCos
target undergoes disproportionation into (residual) crystalline
Sm;Coqy7 and an (ablated) amorphous (SmCoyg_>) phase con-
taining Co,Sms nanocrystals. This disproportionation results in
enrichment of the deposited phase by Sm.

3.2. IR laser ablation in benzene

The TEA CO, laser irradiation of SmCos target in the pres-
ence of gaseous benzene (3 Torr) leads to a visible luminescence,
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Fig. 5. SEM images of film deposited from SmCos at 3 Torr of benzene.

dielectric breakdown in benzene and deposition of a dark Sm-Co/C
film. Volatile products of the benzene decomposition are ethyne
(~60mole%), ethene (~20-23mole%), butadiyne (~10mole%)
and propane, 1-buten-3-yne, C3Hy, and ethynylbenzene (each
0.1-0.5 mole%) all of which are typical side-products of pyrolytic
carbonization of benzene [32]. The repetitive laser pulses lead to
accumulation of the mass of products from both SmCos ablation
and hydrocarbon dielectric breakdown which mostly takes place
on the substrates and nearby reactor surface and much less on
the surface of the SmCos target, where a fraction of the deposit is
repeatedly removed by next pulses. The deposit shows low adher-
ence to substrates (Cu and silica) and can be easily moved from the
surface of the depositing area as an ultrafine powder.

The SEM-EDX analysis of the deposited film shows fluffy
agglomerated structures (Fig. 5) with the prevalence (ca. 90 at.%)
of carbon, low amounts of oxygen (less than 2-5 atomic percent
of carbon) and low total amounts (less than 3 at.%) of Sm and Co
in the ratio Sm/Co=1/4.2-4.6. The observed ratio is close to that
of the initial SmCos target, which indicates that ablation is con-
trolled by propelled SmCos fragments and that the role of SmCos

fragmentation and disproportionation is small. We may assume
that the irradiation energy is partly consumed for decomposition of
benzene and that target surface absorbs less energy, which is favor-
able for preservation of Sm-Co bonds. The conditions for dielectric
breakdown of benzene were similar as in [26] and are in line with
concomitant formation of H atoms and neutral and cationic car-
bon species which give rise to the observed volatile products and
carbonization reactions.

The XPS analysis is in good agreement with the SEM-EDX data
and shows that the relative atomic content in few superficial layers
of the deposited film is Sm: 0.25; Co: 1.00; C: 89.15; O: 9.60. The
binding energies for Sm 3ds;, and Co 2p3, electrons being respec-
tively 1083.4 eV and 780.1 eV are consistent with both zero-valent
and Co(II) and Sm(III) states (e.g.[33,34]). However, these contribu-
tions are small and the binding energy of O 1s electrons 531.8 eV
being higher than for Sm and Co oxides (~530eV) allows assign-
ment of the O 1s value to C-OH bonds. Such bonds are typically
formed by atmospheric oxidation of C=C bonds which were identi-
fied by Raman and Auger spectra in topmost layers of carbonaceous
films.
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Fig. 7. C KLL X-ray excited derivative Auger spectra of deposited film (a), natural
diamond (b) and graphite (c).

The Raman spectra of different regions of the film deposited
on Cu substrate and SmCos target (Fig. 6) show G and D
bands of unsaturated sp? carbon, which are respectively cen-
tered at 1580-1600cm~! and 1360cm~!. The spectra also show
a week V(C=C) band at 2170-2180cm~! and a broad band at
2700-3200cm~! assigned to combination and second harmonic
modes and/or C-H stretch vibrations. The positions of D and G
bands correspond to graphitic a-C:H films with low sp? content
[35] having more pronounced graphitic features near the crater of
the target (Fig. 6b).

The energy difference between the most positive and most neg-
ative excursions in The C KLL derivative Auger spectra were used
as a measure of the population of C atoms in sp3 and sp? states (e.g.
[36,37]). The comparison of the C KLL spectra of the deposited film
with those of reference carbon samples is given in Fig. 7. The sep-
arations obtained for diamond and graphite (13.1eV, and 21.9eV,
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Fig. 8. ATR FTIR spectrum of deposited film.

respectively) agree well with literature and that for the deposited
film (18eV) corresponds to 70% of sp? hybridized C atoms. We
therefore infer that topmost layers of such film are easily oxidized
in atmosphere.

The ATR FTIR spectra of the deposited film (Fig. 8) confirm
that the carbonaceous film contains C-C, C-H, C=C, C-O and
C=0 bonds [38]. A broad v(0-H) band is centered at 3500cm™!,
medium v(=C-H) band at 3300-3315cm!, a v(=C-H) band at
3060 cm~! and v(-C-H) bands at 2960 and 2930 cm~"! correspond
to C(sp*)-H bonds with x=1-3 and are in agreement with in-plane
and out of-plane deformation —-C-H, vibrations observed around
1370and ~650-850 cm~! and with C—C skeletal vibrations at below
700cm~!. Aband at 2165 cm™! relates to C=C stretch, a strong band
at 1590cm~! corresponds to C=C stretch and weak absorptions
above 1600 cm~! and 1100 cm™! relate to C=0 and C-O bonds.

The HRTEM analysis of the deposited film (Fig. 9) shows
amorphous nanostructured phase containing Sm-Co nanobodies
(Fig.9b)and reveals that the carbonaceous phase resembles (Fig. 9¢c)
curved arrangements of graphene layers [39,40] which are consid-
ered as a primary stage of carbon graphitization [41].

The SAED analysis of a number of selected areas of the deposited
film is consistent with the Co/Sm ratio = 3.8-4.3 which are values
close to those determined by SEM-EDX analyses. These values lend
support to small Sm-Co fragmentation in the presence of benzene
and show that Sm-Co nanobodies are homogeneously dispersed in
the carbonaceous phase.

3.3. Irradiation of SmCos with Nd:YAG laser pulses

Typical LIBS spectra recorded for the SmCos alloy sample
(Fig. 10) represent the Co-line at 345.3nm and the Sm-line at
429.6 nm (Fig. 10). These spectra were recorded at the surface of the
sample (Fig. 10a) and at a depth of few mm (Fig. 10b) by creating
a crest in the sample by irradiation of the sample at the same spot.
The respective ratios of the areas under the curves (Co-I/Sm-I) are
approximately 4.9 and 5.5 and indicate a small enrichment of the
irradiated target by Sm. This finding shows a rather high stability
of the bulk SmCos upon irradiation with 266 and 1064 nm pulses,
which contradicts with the dramatic changes induced by the IR
laser and with the previously noted partial fragmentation of SmCos
(formation of Co and Sm (oxidized to Sm,03)) upon vaporization
of SmCos target with near-IR laser pulses [5].

3.4. Magnetic properties of Sm-Co films and Sm-Co/C powders

The measurements of the magnetic properties of the Sm-Co film
deposited from SmCos in vacuum, as well as of the ultrafine powder
deposited from several experiments at the low pressure of ben-
zene reveals different features. The hysteresis curves at T=300K
and 10K and temperature dependences of the magnetization M
under an applied field H=10kOe are shown in Figs. 11 and 12.
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Fig.9. TEMimages of amorphous Sm/Co/C nanocomposite film showing structure of agglomerate (a), incorporation of alloy particles in carbonaceous phase (b) and turbostratic

carbon phase (c).
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Fig. 10. Dual pulsed LIBS spectra of Sm/Co magnetic alloy characterized on the surface (a) and in the laser-drilled crater (heated site) (b) with atomic lines of Sm-Iat 429.6 nm
and Co-I at 345.3 nm. The ratio of the areas under the curve Co-I1 and Sm-I are 4.9 and 5.5, respectively.

The powder material exhibits a non-hysteretic behavior with
zero coercivity, which is expected with regard to an isotropic char-
acter of the material with no preferential axis. At room temperature
the M(H) curve (Fig. 9a) indicates a ferromagnetic (FM) state with
a saturation magnetization Ms ~ 22 emu/cm?. The value of Ms was
evaluated per unit volume of the SmCos phase contained in the
powder. (From the EDX-SEM analysis it follows that the weight
fraction of SmCos is ~0.5). At T=10K the magnetization curve can
be expressed as a sum of a FM and paramagnetic (PM) contribu-
tions. The latter probably corresponds to PM centers formed by
Co and Sm atoms. In accord with this interpretation the tempera-
ture dependence M(T) (Fig. 11b) represents a superposition of the
FM and PM (Curie-Weiss) parts of the total magnetization. We

admit, however, that the low saturation magnetization found for
the ultrafine Sm-Co/C powder may partly arise from carbon, since
low magnetization of carbonaceous powders laser-deposited from
the gas phase has been already recognized (e.g. [42,43]).

As a second step we focused our attention on the Sm-Co
film with thickness 100nm deposited on the SiO, sub-
strate. In this case the measured values of the magnetic
moment were corrected for the diamagnetic contribution of SiO,
(x=-4.069 x 10~7 emu/(g Oe)). The results shown in Fig. 12 were
obtained for a parallel configuration with the static magnetic field
lying in the plane of the film. For the film, in contrast to the
powder material, the hysteresis curves exhibit a finite coerciv-
ity, namely H. (300K)~ 65 Oe, H: (10K)~ 240 Oe. The absence of
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Fig. 12. Magnetic properties of the Sm/Co film; (a) hysteresis curves at T=300 and
10K and (b) magnetization vs temperature under an applied field 10 kOe.

a large linear M(H) contribution as well as the temperature depen-
dence which can be approximated by relation Mo(1 — aT3/2) suggest
the prevailing portion of the FM state (Fig. 12a and b). For a per-
pendicular configuration Ms remains the same but the values of
H. are larger due to demagnetizing effects. The saturation mag-
netization Ms (300K)~ 190 emu/cm? is comparable with results
reported on nanoparticle SmCos, see e.g.[18]. Let us remark that for
nanoparticle materials and thin films the saturation magnetization
is always significantly lower when compared with the bulk SmCos
crystals (Ms =830 emu/cm3). On the other hand, the new methods
of film preparation can yield the coercivity larger than the bulk
value 8.5 kOe [6].

4. Conclusion

IR laser ablation of SmCos alloy in vacuum induces deposition
of amorphous Smy goC03.1_2» films containing uniformly dispersed
Co,Sms nanocrystals and leaves the topmost layers of the irradi-
ated target structurally changed through formation of crystalline
residual Sm,Coq7 phase. The dramatic phase changes indicate dis-
proportionation of SmCos and Sm-enrichment of ablated particles.

IR laser irradiation of SmCos alloy at low pressure of ben-
zene takes place in adjacent dielectric benzene breakdown
and allows deposition of non-adherent layers of amorphous
hydrogenated carbonaceous solid which incorporates amorphous

Smy g9Co42-46 Nanoparticles. This material indicates very minor
structural changes in ablated SmCos particles leading to the com-
position slightly deviating from SmCos.

UV laser-induced breakdown spectroscopy of SmCos alloy
induced at 266 and 1064 nm shows that Sm/Co signal ratio little
changes upon prolonged irradiation and that the irradiated target
becomes slightly enriched by Sm.

Magnetic properties of the Sm-Co film deposited in vacuum and
of ultrafine Sm-Co/C powder deposited in benzene show different
features: the former has a finite coercivity and saturation magne-
tization (Ms (300 K)~ 190 emu/cm?3), whereas the latter exhibits a
non-hysteretic behavior with zero coercivity and saturation mag-
netization Ms (300K) ~ 22 emu/cm3.

The technique of IR laser ablation of SmCos in dielectric
breakdown of benzene allows formation of Sm-Co nanoparticles
homogeneously distributed in an amorphous graphitic carbon con-
taining C-H bonds and undergoing oxidation in superficial layers.
The carbonaceous phase acts as a protecting shell which prohibits
oxidation of Sm-Co nanoparticles in atmosphere.
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