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In this paper the ternary Gd5(Si1−xGex�4 nanoparticles (NPs) were synthesized by laser assisted
techniques in liquid and their crystal structure, morphology and magnetic properties were investi-
gated. To prepare compound gadolinium germano–silicide NPs we used laser irradiation processes
in two different ways. First, the compound NPs were synthesized by four step process which
involved the sequential ablation of silicon, gadolinium and germanium targets followed by additional
laser irradiation of the formed colloid. Second, laser irradiation of the relevant target consisted of
Gd5(Si1−xGex�4 alloy produced by thermal melting of the stoichiometric mixture of the virgin com-
ponents (powders) in an argon atmosphere in a water-cooled graphite oven was used. The last
two-step approach was shown to be more effective the production of Gd–Si–Ge alloys for practical
applications.
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1. INTRODUCTION
Last decades pulsed laser ablation in liquid media (PLAL)
has proved to be an efficient tool for production of
NPs with different morphology, composition and struc-
ture. It has been shown that varying the composition of
the target and surrounding liquid it is possible to produce
metallic, semiconductor, oxide and carbide NPs. Depend-
ing on the irradiation conditions like the duration of laser
pulse, the laser fluence and wavelength, it is possible to
fabricate alloyed and core–shell nanostructures, as well as
compound NPs.1–7

PLAL has an advantage of preparing NPs under ambient
conditions and provides the possibility of combination of
particle synthesis with functionalization and stabilization
of products. These benefits make laser ablation technique
especially suitable for production of NPs with the view
of their biomedical applications as they require particles
to be biocompatible, nontoxic, tunable in size, suitable for
efficient clearance from the body and to be stable in water
and in physiological solutions.8–11

In our previous works using the ablation of the com-
bined target we were able to produce the compound Gd5Si4

∗Author to whom correspondence should be addressed.

NPs which can be used in magnetic hyperthermia treat-
ment of tumors.12�13 Magnetic hyperthermia is a promising
form of cancer therapy that employs heating of tumor cells
using a.c. magnetic fields.14–19 During the treatment, cells
undergo heat stress in the temperature range of 41–47 �C
resulting in activation and initiation of many intra and
extracellular degradation mechanisms like protein denatu-
ration, protein folding, aggregation and DNA cross linking
that causes inhibition of many cellular functions.14 The
tissue level effects include pH changes, perfusion and oxy-
genation of tumor micro environment.
The heat mediators in the magnetic hyperthermia treat-

ment can be embodied as implants (thermoseeds) or
nanoparticles. In the later case hyperthermia treatment
becomes noninvasive. When fluids containing submicron
sized magnetic particles are injected, these particles are
easily incorporated into the cells and heat up the tumor
cells by coupling with the externally applied magnetic
field. As a result the whole tumor can be heated up uni-
formly. For hyperthermia treatment, particles with sizes
around the monodomain–multidomain transition, i.e., par-
ticles below 50 nm in diameter, are preferred instead the
micron-sized (multidomain) particles because of the higher
heating efficiency at tolerable magnetic fields (the higher
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specific absorption rate).20 In addition some advantages of
using NPs are expected because of the higher effective
surface areas (easier attachment of ligands), lower sed-
imentation rates (higher stability) and improved tissular
movement.
The efficiency of hyperthermia treatment strongly

depends on the temperatures generated at the targeted
sites of action, duration of exposure and characteristics
of particular cancer cells.14 Therefore, the main technical
problem in realization of magnetic hyperthermia therapy
includes control of the tissue temperature and reaching
homogeneous temperature distributions. It is known that
normal cells are undamaged by treatment for 1 hour at
the temperature of up to 44 �C,21 while the tumor cells
are more sensitive to temperature increasing than healthy
ones.15 Therefore one way of solving the problem of over-
heating is to synthesize biocompatible superparamagnetic
NPs with Curie temperature in the range 41–47 �C that
can act as temperature control switches in the required
temperature range, preventing overheating.22 In this case,
once the particle temperature reaches the Curie tempera-
ture the particles will stop responding to the applied field,
hence the heating will be maintained at the Curie tem-
perature. Gd-based NPs can be the good candidates for
self-controlled hyperthermia treatment due to the largest
magnetocaloric effect known near the room temperature,
high value of magnetization, environmental stability and
vicinity of their magnetic ordering temperature to the
required temperature range that allows self-regulated tem-
perature control in a magnetic field.23–26

Since gadolinium molecular complexes cause no sig-
nificant cytotoxic effect they are widely used in such
kinds of diagnostics of diseases like magnetic resonance
imaging27–30 and angiography31 and as therapeutic agents
in drug delivery.32–35 To increase biocompatibility and
reduce the toxicity of compound Gd-based NPs they
should be covered by stabilizer layer or encapsulated by
polymer or organic molecules.
The magnetic ordering temperature of Gd5Si4 is 340 K

that is higher than the required temperature range
(315–320 K).36 For comparison, magnetic Fe3O4 NPs,
used in hyperthermia treatment nowadays, have a Curie
temperature of TC = 585 �C that is too high for auto-
regulation of temperature in the desirable range.37 It is
noteworthy that the Curie temperature of Gd5Si4 com-
pound NPs can be tuned by partial substituting Si by Ge
atoms or Gd by rare earth metals like Ce, Nd, Er, etc.18�36

Therefore the purpose of the present paper was to pre-
pare ternary gadolinium germano–silicide NPs by laser
assisted techniques. To obtain Gd5(Si1−xGex�4 NPs we
used laser irradiation processes in two different ways.
First, the compound NPs were synthesized by four step
process which involved a sequential ablation of sili-
con, gadolinium and germanium targets followed by the
additional laser irradiation of the formed colloid. Sec-
ond, laser irradiation of the relevant target consisted of

Gd5(Si1−xGex�4 alloy produced by thermal melting of sto-
ichiometric mixture of the virgin components (powders)
in the argon atmosphere in a water-cooled graphite oven
was used. The magnetic properties of the synthesized com-
pound NPs were studied to determine their capabilities for
further medical applications.

2. EXPERIMENTAL DETAILS
The laser ablation experiments were carried out by focus-
ing the radiation of the Nd:YAG laser (LOTIS TII,
LS2134D), operating in a double-pulse mode at 1064 nm
(energy 80 mJ/pulse, repetition rate 10 Hz, pulse duration
8 ns), on the surface of a target placed in the cell filled
with ethanol. In the double-pulse mode a repetitive conse-
quence of two delayed laser pulses is used for ablation. In
the double-pulse configuration, the production rate of NPs
has been shown to be greater than the sum of the single-
pulse production rates.38 In addition, definite size reduc-
tion of the particles in ablation plume can be achieved
under conditions of a suitable temporal delays between
two laser pulses in result of heating and fragmentation
of the ablated material produced by the first laser pulse.
The optimal interpulse delay of 10 �s for the double-pulse
laser, as it was found previously,38 was used in our ablation
experiments.
Schematic diagram of the laser ablation experiment is

presented in Figure 1. The laser fluence at the target sur-
face was about 250 J/cm2.
To tune the stoichiometry of the final particles the abla-

tion times of each element were chosen as 15, 15 and
40 min for Si, Ge and Gd targets, respectively. This rela-
tion was evaluated from the results of the EDX analysis
of the ablated product for obtaining the quantities of the
ablated Si, Ge and Gd atoms in the solution close to the
stoichiometric ones.
Two orders of the sequential ablation of the indicated

targets were selected for our experiments:
1. Si–Gd–Ge (Sample A), and
2. Si–Ge–Gd (Sample B).

The formed colloids were additionally irradiated with
the unfocused laser beam of the second harmonic

Figure 1. Schematic diagram of the laser ablation experiment with
post-ablation irradiation of the formed colloidal solution.

2 J. Nanosci. Nanotechnol. 15, 1–10, 2016



Tarasenka et al. Laser Assisted Synthesis, Structural and Magnetic Characterization of Gadolinium Germano-Silicide Nanoparticles

(�= 532 nm) of the Nd:YAG laser (pulse duration
10 ns, repetition rate 10 Hz) with fluences of 230 and
400 mJ/cm2.

To implement the method of thermal melting of the sto-
ichiometric mixture of the starting Gd, Si and Ge powders
we used a tubular graphite furnace heated by electric cur-
rent. The basic element of its construction is the tube made
of dense graphite. The heating process takes place in the
atmosphere of inert gas argon, which protects the graphite
furnace from burning.

The graphite furnace was heated in two stages. At
the first stage (approximately 10 s), argon was supplied
into the furnace without heating in order to displace
air from the furnace interior. Then, furnace was quickly
heated to the required temperature, controlled in the range
of 1000–3000 �C, also with argon in the graphite fur-
nace. The required temperature could be sustained during
a certain time interval (2000 �C, 10 s in our experiments),
after which the furnace was switched off, and its tempera-
ture dropped quickly to the room temperature. The formed
alloy sample was re-dispersed in ethanol. The obtained
suspension was subjected to the 532 nm laser irradiation
to reduce a particles size (Sample C).

Finally, the particles prepared by different ways
were characterized by optical emission spectroscopy
(OES), transmission (TEM) and scanning (SEM) elec-
tron microscopies, X-ray (XRD) and selected area elec-
tron diffraction (SAED) analysis as well as by magnetic
measurements.

The optical extinction spectra of the colloids were
measured by UV-visible spectrophotometer (CARY500).
A 1-cm-pathlength-quartz cell was used for these
measurements.

TEM was used for studying the size distributions of
the resulting NPs. The average diameters of the particles
were estimated from the TEM micrographs which were
obtained on a LEO 906E (LEO, UK, Germany) transmis-
sion electron microscope operated at 120 keV. Samples for
TEM were deposited on the copper grids covered by For-
mvar films. Normally, up to 100 particles are counted to
determine the size distribution of each sample. Using this
equipment it was possible to study the phase composition
of the produced NPs by SAED. The camera constant �L
in our experiments was 1.591, camera length—50 cm.

To determine the chemical composition of the produced
NPs a drop of colloidal solution was transferred to a
single-crystal silicon substrate and dried at room tempera-
ture. The composition of the sample deposited on the sub-
strate was detected using energy dispersive X-ray (EDX)
spectrometer attached to the scanning electron microscope
(SUPRA 55WDS, Carl Zeiss, Germany).

The powder formed after the drying of colloidal solu-
tions was examined using the X-ray diffractometer D8-
Advance (Bruker, Germany). Powder phase composition,
its crystalline structure, lattice parameters and grain size

were determined using Cu K� radiation (0.154 nm). The
X-ray diffraction measurements were performed in point-
by-point mode at 300 K with the following parameters: the
collection time at the point 3 s, the angle scanning incre-
ment 0.03�. In order to obtain the more precise profile of
reflexes the mode with 5 s and 0.010� was used.
The magnetic properties of the nanocomposite parti-

cles were analyzed with a vibrating sample magnetome-
ter (Cryogenic, England). The magnetization values were
measured as a function of temperature in the range of
77–1000 K in a continuous mode without resetting the
sample using a temperature cryostat at the constant mag-
netic field of 1 kOe. In these experiments the definite
amount of the investigated powder (0.0079 g) was placed
in a quartz ampoule and evacuated to the pressure p =
10−2–10−3 Pa. The isothermal field dependences of spe-
cific magnetization were measured by the vibrating method
at 7, 77 and 300 K at the magnetic fields varied in the
range −14 T to +14 T.

3. RESULTS
3.1. Properties of NPs Formed by Si–Gd–Ge

Sequential Laser Ablation (Sample A)
Figure 2 shows the typical extinction spectra of samples of
the suspended NPs prepared by sequential laser ablation of
silicon, gadolinium and germanium targets in ethanol: as-
prepared (1) and after additional laser irradiation (2). The
spectra were corrected to the contribution of the solvent.
As can be seen from Figure 2 the extinction spectra of

the colloids are rather featureless and exhibit the gradual
decrease in overall absorption with increasing wavelength.
The optical properties of the colloid were found to be

susceptible to the additional laser irradiation. As can be
seen from the extinction spectrum, the irradiated colloid
becomes more transparent in visible spectral region after
irradiation. The observed modification of the extinction
spectrum can be indicative of the changes not only in
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Figure 2. Optical extinction spectra of colloidal solutions produced by
sequential laser ablation of silicon, gadolinium and germanium targets
as-prepared (1) and after additional laser irradiation (2).
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morphology, but also in a composition and structure of
the particles subjected to laser irradiation. In particular,
decreasing of the extinction in result of post-ablation irra-
diation can be consistent with the laser-induced fragmen-
tation of larger particles in solutions and as a consequence
the lower contribution of scattering to the extinction signal
or might be related to the disappearance of the defected
structures during the laser treatment process.
The particle morphology was studied using SEM and

TEM techniques. The SEM-images of the formed pow-
ders are presented in Figure 3. The synthesized powders
can be considered as agglomerates (clusters) with sizes
in the range 0.5–1.5 �m and each cluster may comprise
nanocrystallite. As can be seen from the SEM image 3b,
additional laser irradiation of the samples results in the
increase of the grain size.
The energy dispersive X-ray (EDX) analysis of both as-

prepared and irradiated samples showed the presence only
of gadolinium, silicon and germanium in the nanoparticles.
Based on the results of the EDX analysis of the ablated
products the ratio of atomic content Gd:Si:Ge was adjusted
to be close to the stoichiometric one of the Gd5Si2Ge2
compound by variation of the duration of ablation of each
element.
Details of the morphologic structure of NPs prepared

by sequential laser ablation of Si, Gd and Ge targets in
ethanol are presented in Figure 4. The microphotographs
in Figures 4(a) and (b), that show the TEM images of the
particles prepared by laser ablation (1064 nm) of Si target
in ethanol and of Gd target in the Si colloidal solution,
respectively, reveal that as-prepared colloids consist of two
types of particles: small dark spherical particles and larger
agglomerates of size more than 60 nm. Most of the dark
particles are about 5 nm in diameter with a narrow size
distribution. After ablation of Gd in Si colloidal solution
the consolidation of small particles into the aggregates is
observed, while the size of large particles remains practi-
cally unchanged.
The picture becomes more complex after the third step

of the process. After the laser ablation of germanium in

(a) (b)

Figure 3. SEM images of powders produced by sequential laser ablation of Si, Gd and Ge targets in ethanol: (a) as-fabricated and (b) after additional
laser irradiation.

the colloidal solution produced by sequential ablation of Si
and Gd targets in ethanol, the TEM micrograph presented
in Figure 4(c) reveals loosely aggregated clusters contain-
ing large (d > 40 nm) single spherical particles surrounded
by a cloud of dust presumably of the amorphous structure.
Laser irradiation by the 532 nm laser beam resulted in

the improving of crystallinity of the prepared Si–Gd–Ge
particles (Fig. 4(d)). Hereby, the size of the large particles
varies slightly.
In order to determine the crystalline structure and phase

composition of the prepared nanopowders their X-ray
diffraction (XRD) patterns were analyzed. XRD analysis
indicated that the synthesized powders exhibited complex
phase composition. Two intense broad diffuse bands (halo)
in the region of 25–50� can be seen in the X-ray diffraction
pattern of as-prepared powder (Fig. 5(a)). Such X-ray pat-
terns are characteristic for the nanopowders consisting of
very fine grains, which crystalline structure is significantly
distorted or is in a state close to amorphous one.39–41

However, the prepared powders are not totally amor-
phous and some peaks corresponding to the unreacted
phases of the initial components: Gd (cubic), Si (cubic),
Ge (cubic), as well as a small admixture of graphite, can
also be distinguished against the diffuse bands in the pre-
sented XRD pattern. The formation of graphite can be
explained by the partial decomposition of ethanol during
the laser ablation process.42

It should be noted that the most intense peaks corre-
sponding to the phases of binary and ternary Gd based
compounds are in the region of the diffuse bands, so these
phases can present in the colloidal solution, however their
identification is hardly possible by XRD method as NPs
of the compounds are rather small and have, most likely,
the distorted lattice.
The alloys of Gd5(Si1−xGex�4 series have different crys-

tal structures depending on Si:Ge ratio. They crystallize
in orthorhombic structure (so-called orthorhombic I crys-
tal structure) for 0 ≤ x < 0�5 (the Si-rich Gd5Si4-type
solid solution), whereas the crystal structure changes from
orthorhombic to monoclinic for x ≥ 0�5. The intermediate
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Figure 4. TEM images of NPs prepared by laser ablation in ethanol: (a) after laser ablation of silicon, (b) after laser ablation of Gd in Si colloidal
solution, (c) after ablation of Ge in the Si–Gd colloidal solution, (d) after additional laser modification of the colloidal solution prepared on the third
step.

phase has a room temperature monoclinic Gd5Si2Ge2-type
crystal structure when 0�5 ≤ x ≤ 0�76. Finally, the Ge-
rich Sm5Ge4-type solid solution belongs to the so-called
orthorhombic II crystal structure when 0�8≤ x ≤ 1. In the
region 0�76< x < 0�8 a narrow two-phase region exists.43

Since three crystal structures of the Gd5(Si1−xGex�4 sys-
tem are closely related to each other and contain the same
building block their powder diffraction patterns are also
rather similar.

They contain two distinct groups of overlapped Bragg
peaks at 2� between ∼30� and 40�, and ∼48� and 58�.
Because of the similarities of the X-ray powder diffraction
patterns, their complexity and broadening the diffraction
peaks with the particle size reduction, the establishment
the presence of the Gd5(Si1−xGex�4 alloys in the syn-
thesized powder can not be achieved by X-ray powder
diffraction alone. The measurement of the magnetic prop-
erties is important because Curie temperatures of the alloys
are critically dependent on the composition, in particular

Figure 5. X-ray diffraction patterns of the samples produced by sequen-
tial laser ablation of Si, Gd and Ge targets in ethanol as-prepared (a) and
after 532 nm laser treatment under laser fluence of 0.23 J/cm2 (b).

in the monoclinic Gd5Si2Ge2-type and the orthorhombic
Sm5Ge4-type phase regions.
Laser irradiation of colloidal solutions resulted in the

changes of the X-ray diffraction diagram. Figure 5(b) rep-
resents XRD pattern of the Si–Gd–Ge sample after the
additional 532 nm laser irradiation. As can be seen, laser
processing of the sample induces significant decreasing of
the halo intensity, phase transition from cubic to hexag-
onal gadolinium, decreasing of cubic germanium peaks
and increasing of the germano–silicide peaks intensity.
Many of them are separated from the noise as can be seen
in the Figure 5(b). These features indicate an improve-
ment of the sample crystallinity. The major peaks of the
monoclinic Gd5Si2Ge2 and orthorhombic Gd5Si4 and GdSi
structures are observed more distinctively after laser treat-
ment of the sample. For example, a presence of the mon-
oclinic Gd5Si2Ge2 phase is confirmed by the reflections
from planes (112), (042), �23̄1�, (231), (202), �15̄1� and
(080), Gd5Si4–(112), (211), (141), (132), (231), (212),
(311), (251), (214) and (441), GdSi (space group (Pnma
(62))–(200), (201), (111), (210), (112), (020) and (213).44

3.2. Properties of NPs Formed by Si–Ge–Gd
Sequential Laser Ablation (Sample B)

The extinction spectra of samples of the suspended NPs
prepared in ethanol by sequential laser ablation of silicon,
germanium and gadolinium targets are similar to the spec-
tra of NPs obtained by sequential laser ablation of these
targets in the other sequence: silicon, gadolinium, germa-
nium which was discussed in the previous section. The
spectra were rather featureless and exhibited the gradual
decrease in overall absorption with increasing wavelength.
After laser irradiation the colloids became more transpar-
ent in the visible spectral region.
The TEM images of the prepared NPs are shown in

Figure 6. The micrograph in Figure 6(a) reveals that after
laser ablation (1064 nm) of Si target in ethanol small
spherical particles with the mean diameter of about 5 nm
and with narrow size distribution are formed. Laser abla-
tion of Ge in Si colloidal solution prepared on the first
step results in the formation of a mixture of two types
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Figure 6. TEM images of NPs prepared by laser ablation in ethanol: (a) after laser ablation of silicon, (b) after laser ablation of Ge in Si colloidal
solution, (c) after ablation of Gd in the Si–Ge colloidal solution, (d) after additional laser modification of the colloidal solution prepared on the third
step.

of particles that are easily distinguishable in Figure 6(b):
small particles and larger agglomerated ones. At the third
stage of the process after ablation of Gd in the Si–Ge col-
loidal solution a consolidation of small particles into the
bigger ones with a mean size of 50 nm is observed. TEM
micrograph presented in Figure 6(c) reveals loosely aggre-
gated clusters containing single spherical particles. Addi-
tional laser irradiation results in the disappearing of the
large aggregates and decreasing in diameter of the formed
NPs from 50 to 20 nm as can be concluded from the inset
in Figure 6(d). Besides, size distribution is significantly
narrowing.
Since it was difficult to determine the phase compo-

sition of the powder prepared after sequential Si–Ge–Gd
laser ablation from their XRD patterns, a crystalline struc-
ture of the prepared NPs was found by SAED. The ring
patterns were analyzed using a standard computer pro-
gram, and the lattice interplanar spacings corresponding
to the rings were obtained. To check the phases obtained,
the interplanar distances were compared with their bulk
counterpart data from the literature or from the JCPDS
files.44

The insets in Figures 6(c) and (d) are the respective
selected-area electron-diffraction patterns of the Si–Ge–Gd
samples before and after laser treatment. They show well-
defined rings characteristic to the randomly oriented nano-
crystals. Indexing of the diffraction pattern in Figure 6(c)
suggests that the rings corresponded well to the �23̄1�,
(142), (213) and �23̄4� planes of monoclinic Gd5Si2Ge2
(space group P21/a (14)), as can be seen from the table
in Figure 6(c). From these interplanar distances, the lat-
tice parameters were determined: a= 7�73, b= 15�12, c=
7�64, 	 = 87�21� that are close to the values provided in
JCPDS file No 87-2730 (a = 7�5808, b = 14�802, c =
7�7799, 	 = 93�190�).44 Hence, it is possible to make the
conclusion, that the lattice is distorted.
It should be noted that EDX spectra indicated the pres-

ence of only Gd, Si, Ge and Cu in the area being studied
(Cu is from the copper support grid). This result con-
firms that alloyed germano–silicide NPs can be formed
by sequential laser ablation of silicon, germanium and
gadolinium targets in ethanol.
The phase composition of NPs (and its possible

changes) after additional laser irradiation with the second
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harmonic of Nd-YAG laser analyzed from their SAED pat-
tern is shown in the inset of Figure 6(d). The interplanar
spacings were measured as above, and again corresponded
to (030), (121), (002), (112), �23̄1�, (060), �25̄2�, (343)
and (173) planes of the monoclinic Gd5Si2Ge2. However
trace amount of the cubic silicon carbide phase is also
formed after laser treatment. The Gd5Si2Ge2 lattice param-
eters calculated using the diffraction data were found to be:
a = 7�67, b = 14�93, c = 7�74, 	 = 86�42�, that is closer
to the stoichiometric values than in the case of the non-
irradiated sample. It proves that additional laser irradiation
of the colloidal solutions results in the improvement of
crystallinity of the prepared NPs.

In contrast to the X-ray diffraction patterns with an
excess of Ge, the electron diffractograms indicate no evi-
dence of pure Ge. Therefore this phase most probably
corresponds to the unreacted sedimented microparticles
presented in the powder used for XRD analysis.

3.3. Preparation of NPs by Laser Treatment of
Thermally Alloyed Si, Ge, Gd Powders
(Sample C)

XRD pattern of the sample produced by thermal pro-
cessing of the mixture of Gd, Si, Ge micro-sized pow-
ders in argon atmosphere confirmed the formation of the
Gd5Si2Ge2 alloy in one-step process. Figure 7 shows the
XRD patterns of the prepared sample. From qualitative
analysis according to the standard powder diffraction file
(PDF)44 it is clear that proper heat treatment procedure
resulted in the formation of monoclinic Gd5Si2Ge2-type
structure with a small admixture of the cubic silicon car-
bide and germanium oxide.

The calculated from the diffraction pattern Gd5Si2Ge2
lattice parameters were: a = 7�481, b = 14�962, c = 7�8,
	 = 85�1065�, that are close to the values reported in the
literature.

It should be noted that diffraction peaks which could
be attributed to unreacted phases of Gd, Si and Ge were
not found in the XRD patterns. The absence of the vir-
gin components in the product after thermal heating of
their mixture was also confirmed by Raman analysis

Figure 7. XRD pattern of the Gd5Si2Ge2 alloy prepared by thermal
treatment of a mixture of Gd, Si, Ge micropowders.
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Figure 8. Raman spectra of a sample prepared by thermal treatment of
the mixture of Gd, Si, Ge micropowders (a), as well as of silicon (b) and
Ge (c) starting materials.

(Fig. 8). No peaks characteristic to germanium and sili-
con is observed in the resultant powder (graph a), which
proves that the powder formed is not a mixture of Gd, Si
and Ge powders.
Laser irradiation of the suspension prepared from the

synthesized composite causes fragmentation of the initial
particles and formation the spherical NPs with a mean
diameter of 25 nm. TEM image of NPs formed after
532 nm laser irradiation of Gd–Si–Ge alloy suspension is
shown in Figure 9. It is assumed that the primary mecha-
nism for reducing the particle size is a laser-induced frag-
mentation of the particles in result of the absorption of
laser radiation.
The magnetic properties of the synthesized Gd-

germano–silicides powders were investigated in the tem-
perature range 7 < T < 1000 K and in external fields up
to 14 T. The results are summarized in Figures 10 and 11.
The magnetization curve, recorded for the obtained

powder at low temperatures (7 K) is presented in
Figure 10. It can be seen a small magnetic hysteresis

Figure 9. TEM image of NPs formed after 532 nm laser irradiation of
Gd–Si–Ge alloy suspension with a size distribution of NPs in the inset.
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Figure 10. Magnetization of the Gd5Si2Ge2 nanopowder plotted as a
function of the magnetic field.

effect. The analogical magnetization curves were obtained
for temperatures of 77 K and 300 K which could be char-
acterized by a tendency of magnetization values decreasing
and narrowing of the magnetic hysteresis loops towards
higher temperatures.
As can be seen from Figure 10 the magnetization at 7 K

does not reach saturation by varying the magnetic field up
to 15 T. The sample prepared exhibits the ferromagnetic
behavior with a small hysteresis loop.
It should be noted that the value of the specific mag-

netization in the 10 T magnetic field was found to be
36.8 A m2/kg that yields a value of the effective magnetic
moment of approximately 6.1 �B which is less than the
theoretical value of 7.94 �B per Gd3+ ion (�B is the Bohr
magneton).
The Curie temperature, TC, of the synthesized pow-

der was determined from the performed magnetiza-
tion versus temperature measurements. A typical result
of these measurements (thermomagnetic curve) is dis-
played in Figure 11 where the temperature dependence of

Figure 11. Thermo-magnetic curve of the Gd5Si2Ge2 powder, the inset
shows the derivative of the magnetization (
M/
T ) versus T data.

magnetization for continuous heating and cooling in 0.1 T
magnetic field is shown.
As can be seen from Figure 11 the thermo-magnetic

curve of the synthesized powder displays two transitions:
a transition around 260 K and a broad transition around
320 K (from 280 to 360 K). These transitions can be
clearly seen in the inset of Figure 11, which shows the
derivative of the magnetization (
M/
T ) versus T data.
For comparison, the bulk Gd5Si2Ge2 alloy has two ferro-
magnetic transitions: one, a first-order coupled magneto
structural transition from orthorhombic (ferromagnetic-I)
to monoclinic (ferromagnetic-II) at 269 K and the other,
a second-order magnetic transition from ferromagnetic (I)
to paramagnetic at 299 K.45–48

The values of the Curie temperatures are very sensi-
tive to the Si-to-Ge ratio. It is known that Gd5Si4 orders
ferromagnetically at 335 K while Gd5Ge4 orders antiferro-
magnetically at much lower temperature.47�48 Substitution
of Si by Ge atoms in Gd5Si2Ge2 structure results in the
decrease of Curie temperature from 335 to 295 K.49

The broad magnetic transition behavior observed in
the Gd–Si–Ge nanopowder unlike the bulk, can be
attributed to particle size reduction, particle size distribu-
tion, strain/defects that have an effect on magnetic proper-
ties of the sample.

4. DISCUSSION
In addition to the consideration of the properties of the
produced NPs we would like to discuss the possible mech-
anisms of composite NPs formation during PLAL. In
PLAL of a solid target, atoms, ions, and small clusters
are formed by many concurrent and interrelated mecha-
nisms such as direct ablation, condensation in the expand-
ing plume, chemical reactions, and nonreactive collisions.
One of the mechanisms of formation of NPs by laser
ablation in liquid considers the NPs growth in the bubble
formed from gaseous ablation products and some amount
of the surrounding liquid vaporized.50�51 Arising after the
ablating pulse and expanding steadily, the bubble reaches
its maximum size and then collapses. Particle formation is
associated with aggregation of the ablated atoms and clus-
ters into small embryonic NPs (seeds) and their growth
by assembling the clusters and attachment of free atoms
during the plasma cooling. Particle size would be related
to the lifetime of the bubble, which is a few hundred
microseconds (depending on the sample material and laser
fluence). After the bubble collapse the NPs are released in
the liquid producing the colloidal solution.
By ablating one sample (Gd or Ge in our case) in col-

loidal solution of another component (Si in our case) the
growth processes are rather similar. If the ablated atoms
and seed NPs are chemically inert to the preformed col-
loidal NPs, they can deposit on the surface of the pre-
formed NPs resulting in a formation of the core–shell
structures without migrating the shell atoms into the core
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or the mixture of two different NPs. Opposite, when chem-
ical interactions between the ablated (deposited) species
and seeds in the colloidal solution can occur, compound
NPs could be formed.

We suggest that, most likely, the first scenario takes
place during laser ablation of Ge target inside the Si col-
loidal solution. By ablating the Gd target in Si colloid
silicide compounds could be formed. Indeed, from a com-
parison of Raman spectra of the NPs formed after laser
ablating of Gd and Ge plates in silicon colloid could be
seen that Si nanocrystalls are present in the sample pre-
pared by ablation of Ge in Si colloid (phase separated
mixture is formed) and absent in the product formed after
ablation of Gd in the silicon colloidal solution. Analogi-
cally, using the third step of laser ablation where the third
target was ablated in the colloid prepared after the sequen-
tial ablation of the first two elements a generation of either
alloy, core–shell structures or phase separated mixture of
colloidal NPs could be observed depending upon the order
of ablation.

Recently, Yang52 has showed that four kinds of chem-
ical reactions could take place during PLAL in liquids.
These are reactions between the ablated species from the
target as well as between the reactant species from the
target and from the liquid inside the laser-induced bub-
ble. The third kind of chemical reactions occurs at the
plasma–liquid interface, and finally the chemical reactions
between the ablated species and the liquid constituents can
occur inside the liquid. On the basis of thermodynamic
parameters of the plasma plume, he analyzed the basic
physical and chemical processes in the nanophase forma-
tion during laser ablation in liquids, including nucleation,
phase transition, and growth, and concluded that various
compounds could be synthesized in the high-temperature
and high-pressure environment.42�52 From the viewpoint of
thermodynamics, the formation of new compounds should
occur as a result of collisions between the species in rela-
tively high-energy states, while the nucleation may result
from aggregations of the neutral species. It should be noted
that in addition to the thermodynamic conditions similar
evolution of time–space distributions of reagents is also
required for effective chemical interactions between the
ablated species.

Because of the experimental difficulties the determina-
tion of composition and structure of the matter inside the
bubble during its evolution is still a challenge and the
stages of PLAL where main chemical processes that define
the stoichiometry, phase composition and size distribution
of the final products have not been clearly identified. In our
case of sequential laser ablation chemical reactions result-
ing in compound gadolinium germano–silicides formation
could occur during the cavitation bubble collapse which
may drive chemical reactions and phase transitions53 and
at the bubble/liquid interface containing species of both
elements.

And finally, post-ablation laser irradiation can be used
as a tool to change not only the particle morphology, but
their composition and inner structure through the photoin-
duced heating, melting and chemical interactions. If the
absorbed energy is high enough, the particles can melt,
which favours the reaction of the molten NP with the other
NPs in the same solution to form nanocomposite parti-
cles. Their spherical shape clearly indicates melt formation
during the irradiation process suggesting that the tempera-
ture of NPs transiently increases above the melting point.
The possibility of particle heating with consequent melting
and evaporation in our experiments was supported by esti-
mating a temperature of particles, which can be reached
in result of the absorption of laser light. The temperature
of the particles was estimated on the basis of a balance
between the absorbed laser energy and heat losses dur-
ing the laser pulse using the bulk physical constants. The
calculations showed that temperature of the Gd NPs with
radius of 10 nm exceeds the melting point of Gd (1585 K)
at the laser fluencies used and is 2100 K for 230 mJ/cm2

and 2600 K for laser fluence of 400 mJ/cm2. Thus, the cal-
culated heat required to melt the particles roughly agreed
with the value of the experimental threshold of laser flu-
ence for particle modification.54

5. CONCLUSIONS
Laser assisted techniques in liquid based on laser ablation
from an alloy pellet and sequential ablation from elemental
targets with subsequent laser post-ablation treatment to
alloy the formed clusters have been demonstrated to be
a tool to prepare magnetic gadolinium germano–silicides
particles with sizes in the nanometric range. In fact, three
types of samples were prepared: Sample A by the sequen-
tial ablation of the Si–Gd–Ge targets with additional laser
irradiation of formed colloids; Sample B by the sequen-
tial ablation of the Si–Ge–Gd targets with additional laser
irradiation and Sample C by laser re-dispersing of the
thermally alloyed Gd–Si–Ge microparticles. For practical
applications a good approach to the effective production
of Gd–Si–Ge alloys provides two-step process involving
thermal alloying of the stoichiometric mixture of Gd, Si
and Ge powders with subsequent laser-induced fragmen-
tation of the alloyed microparticles. The synthesized par-
ticles (mean diameter 25 nm, major phase monoclinic
Gd5Si2Ge2) exhibit the magnetic transition at the ordering
temperature TC in the desired range (315–320 K) and can
be tested for their potential application in the method of
magnetic hyperthermia treatment. Compared to the sam-
ple A, sample B produced by sequential laser ablation of
Si–Ge–Gd targets was mainly comprised of near-spherical
nanoparticles with narrow size distribution, mean diame-
ter of 20 nm and monoclinic Gd5Si2Ge2 as a major phase.
Therefore, with the thorough selection of the synthesis
conditions the employed approach of sequential ablation
also offers interesting possibilities towards production of
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complex nanomaterials and warrants further research. It is
expected, that the obtained results will serve a basis for
further studies of heating characteristics and optimization
of preparation conditions to meet the optimal temperature
required in self-controlled magnetic fluid hyperthermia.
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