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We have synthesized ferromagnetic nanocomposite Co-Al,0s thin films via a thermite reaction between
Al and Co304 with layer geometry. The starting Al/Co304 bilayers were obtained by the deposition of Al
layers onto Co304 films at room temperature and were annealed at temperatures between 50 and 700 °C
at 50 °C intervals. Above ~450 °C the Co304 partially transformed into the CoO phase. The simultaneous
solid-state reactions of Al with Co304 and Al with CoO started above the initiation temperature Tj,
~500 °C, which did not depend on the bilayer thickness. After annealing at 700 °C about 60% of the Co
was reduced by the Al and the rest of the Co was contained in intermediate CoAl,04 shells, which
separated the Co nanoparticles from the Al,03 matrix. Above 700 °C the reaction was complete and the
final products were noninteracting Co nanoparticles with an average size of ~40 nm enveloped by
CoAl;04 shells, which embedded into a dielectric Al,03 matrix. The synthesized Co-Al,03 nanocomposite
films possessed soft magnetic behavior and good chemical stability.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Nanoenergetic materials are a new class of energetic composites
comprising of fuel and oxidizer particles decreased to nanoscale
dimensions. In contrast to traditional energetic materials the
nanomaterials have high interfacial contact areas, which decreases
the diffusion distances between reactants and as a result the
nanoenergetic materials have lower ignition temperatures Tig, low
ignition delay, an enhanced rate of energy release and a significant
increase in the combustion velocity to 1 km/s [1—6]. Thermites
comprising of nano-sized fuels such as Al, Mg, Ta, Ti, Zr and oxi-
dizers such as SnO,, W03, MoO3, CuO, Biy03, I,05, Cry03, Fe;03 are
termed nanostructured metastable intermolecular composites,
nanothermites or superthermites, and have been widely investi-
gated as a subclass of nanoenergetic materials. Among the several
types of nanoenergetic materials, multilayer nanofilms, consisting
of alternating layers of reactants, have attracted great interest over
the last two decades because they presented a simple model for
both theoretical and experimental study of atomic transfer across
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an interface for the fundamental understanding of reaction mech-
anisms at the nanoscale [7—15]. Free-standing multilayer nanofilms
above the ignition temperature Tjz have a self-propagating high-
temperature synthesis (SHS) mode, because the heat release at the
reaction front exceeds the heat loss from the unreacted regions of
the film. Below Tjg the reaction does not have an SHS mode and
occurs by the slow intermixing of the reactive layers across in-
terfaces. When the sample temperature decreases below the initi-
ation temperature Tj, of the reaction the heat release becomes
negligible and leads to the complete termination of the reaction. In
contrast to free-standing multilayer nanofilms, the combustion
wave for reactive bilayer films coupled with a substrate, which is
the major heat sink during a reaction, occurs when the temperature
of a sample Ts exceeds the initiation temperature Tj, (Ts > Tj,) and
the heating rate is higher than 20 K/s. At heating rates less than
20 K/s the reaction occurs by low reactive diffusion across the entire
interface [16,17].

In our previous works, we demonstrated a new synthesis of
ferromagnetic Fe-In,03 [16], Fe-ZrO, [17] and Co-ZrO, [18] nano-
composite films using thermite reactions in In/Fe;03, Zr/Fe;03 and
Zr/Co304 bilayers, respectively. The thermite method opens the
door to a facile and highly efficient method for the fabrication of a
wide variety of functional nanocomposite films, containing metallic
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clusters embedded into an oxide matrix.

Many methods have been used to synthesize granular nano-
composite films, such as co-sputtering [19—21], radio frequency
magnetron sputtering [22,23], pulsed laser deposition [24,25], ion-
beam sputtering [26,27], sol-gel method [28], etc. These composite
films possess promising physicochemical properties which strongly
depend on the method of preparation, the particle size, the con-
centration and the chemical bonding between the nanoparticles
and the matrix. In particular, nanogranular Cog s55-(Al203)0.45 films
possess superferromagnetic ordering and a growth-induced
perpendicular anisotropy [27], granular Co-Al;03 thin films have
shown spin depended tunneling [21] and tunnel-type giant
magnetoresistance [29] and characteristic features of spin accu-
mulation in Co nanoparticles [30] have been observed in Co-Al-O
granular films.

In this paper, we present a complete study of the preparation
and structural characterization of granular nanocomposite Co-
Al,03 films obtained by using a thermite reaction (1) in Al/Co304
bilayers:

3Co304 + 8Al — 4Al,03 + 9Co (1)

The fabricated Co-Al,03 nanocomposite films are characterized
by X-ray diffraction, transmission electron microscopy and elec-
trical and magnetic investigations. The aim of this contribution is to
analyze the solid-state thin-film reaction between Al and Co304
and to find the correlation between the magnetic and electrical
properties of Co-Al;O3 nanocomposites and their structural
features.

2. Experimental
2.1. Synthesis

Fig. 1a shows a schematic diagram of the thermite synthesis of
Co-Al,03 nanocomposite films. It consists of the deposition of a Co
layer on a glass substrate, subsequent oxidation of Co into Co30y4,
the deposition of Al film on the top Co304 layer and subsequent
annealing at different temperatures (up to 700 °C). The initial films
were obtained by the thermal deposition of Co layers at a tem-
perature of 250 °C onto NaCl (001) and chemically pure glass
substrates having a thickness of 0.18 mm in a vacuum at a residual
pressure of 10~° Torr. Previously, the substrates were degassed at
350 °C for 1 h. The Co304 films were obtained by the oxidation of
the initial Co films at a temperature of ~350 °C in an air environ-
ment. The top Al layer was deposited at room temperature to
prevent a reaction between the Al and Co304 during the deposition.
The initial Al/Co304 bilayers, with an approximate stoichiometry of
Co:Al = 1:1, were used in these experiments. Films of Al/Co304/
NaCl (001) with thicknesses of Co equal to 20 nm and Al - 30 nm
were prepared for transmission electron microscopy (TEM) studies.
The obtained Al/Co304 films were separated from the substrate,
placed on molybdenum TEM grid and annealed at 700 °C for 1 h.
The morphology and chemical composition of the films were
investigated by TEM using a JEOL JEM-2100, equipped with an
energy-dispersive spectrometer (EDS) Oxford INCA X-sight, at an
accelerating voltage of 200 kV. Films on glass substrates with total
thicknesses of 300—400 nm were used in the rest of the experi-
ments. The starting Al/Co304 bilayers for magnetic, electrical and
TEM studies were annealed at temperatures between 50 and 700 °C
at 50 °C intervals. The samples were held at each temperature for
1 h. All the synthesized Co-Al,03 samples were annealed at a
pressure of 10° Torr.
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Fig. 1. (a) Schematic diagram of the thermite synthesis of Co-Al,0; nanocomposite
films. (b) The degree of Co reduction 1 as a function of annealing temperature T for the
Al/Co304 bilayers. The inset shows the room temperature hysteresis loop of the syn-
thesized Co- Al,03 nanocomposite after annealing at 700 °C. (c) Electrical resistance of
the Al/Co304 bilayers heated up to 700 °C as a function of temperature measurement T.
The inset shows the In R vs T~! plot for the as-synthesized Co- Al,03 sample after
cooling in the 700 °C - 25 °C temperature interval.

2.2. Characterization

The phases formed during the synthesis process were identified
using a DRON-4007 X-ray diffractometer (Cu Ko radiation). The
thicknesses of the Al and Co304 layers were determined via X-ray
fluorescent analysis. The saturation magnetization Ms, in-plane
hysteresis loops and magnetic moment of the samples were
measured by a vibrating magnetometer and were also controlled by
torque measurements which have been described in detail in our
previous work [18]. As is previously known, all Co oxides are non-
magnetic at room temperature. To find the Co reduction degree
1n(Ts) as a function of the annealing temperature Ts the magnetic
moment MV, of the initial (prior to oxidation) Co film with Vg
volume was measured. The degree of Co reduction n(Ts) was ob-
tained using Formula (2):

N (Ts) = M§°V(Ts)/MS§°Vo = V(Ts)/Vo, (2)

where V(Ts) is the Co reduction volume after annealing at
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temperature Ts.

Formula (2) indicates that the total reduction of Co corresponds
to 1 = 100% and n = O if reaction (1) does not occur. The resistance
was measured by using the standard four-probe technique in a
vacuum of 10~ Torr. The plot of resistance R(Ts) as function of the
temperature Ts was carried out by heating an as-deposited Al/
Co304 sample from room temperature to 700 °C with a constant
heating rate of 4 °C/min and then cooling at a rate of ~3 °C/min to
room temperature. The magnetic properties were examined using a
vibrating magnetometer with an applied field of 2 kOe at room
temperature.

3. Results
3.1. Starting Al/Co304 bilayers characterization

The initial Co films had a saturation magnetization (M§° = 1400
emu/cm?) coinciding with the saturation magnetization of the bulk
samples. The samples were oxidized in air for the formation of a
Co304 phase which had zero magnetization. To avoid a reaction
between the Al and Co304, the starting Al/Co304 bilayers were
obtained from the deposition of the Al layer onto the Co304 film at
room temperature. The magnetization Mg of the samples did not
increase after the deposition of the Al layer.

3.2. Temperature characterization of the Al/Co304 reaction

Fig. 1b, c shows the degree of Co reduction n(Ts) and the elec-
trical resistance R(Ts) as a function of the annealing temperature Tg
for the Al/Co304 bilayers. Up to ~500 °C the saturation magneti-
zation Mg of the Al/Co304 bilayers remained equal to zero (n = 0),
which indicated that there was no mixing and no reaction between
the Al and Co304 layers. As the annealing temperature increased
above T; ~ 500 °C, the reduction degree n slowly increased until T,
~ 650 °C and afterwards strongly increased until 700 °C, reaching a
maximum of n ~60% at 700 °C (Fig. 1b). It follows from this that
Reaction (1) has an initiation temperature Tj;, = T; ~ 500 °C. The
reduction degree m slowly increased up to the characteristic tem-
perature T, ~ 650 °C, and above this temperature the reduction
degree 1 strongly increased up to 60% at 700 °C, which indicates
that more than 60% of the Co was reduced by the Al Fig. 1c shows
the electrical resistance R(Ts) as a function of the annealing tem-
perature Ts for the Al/Co304 bilayers which were heated at a rate of
4 °C/min to 700 °C and then cooled to room temperature. The
temperature increase above T1 = Tj; ~500 °C led to a slow increase
of the electrical resistance until T, ~ 650 °C and was followed by a
rapid increase until 700 °C, which was due to the initiation and
development of Reaction (1) at Ti, = 500 °C. Above 700 °C the
resistance is virtually unchanged. Cooling the samples to room
temperature resulted in an increase of the resistance, which is a
typical feature of semiconductor resistance.

Undoubtedly, the rapid increase of the electrical resistance
above T; ~ 500 °C was associated with the formation of the insu-
lating Al;03 matrix. Above 700 °C the electrical resistance and the
reduction degree m increased insignificantly which suggests that
the reaction between Al and Co304 was basically completed at
700 °C. The electrical resistance R(Ts) (Fig. 1c) and reduction degree
Nn(Ts) (Fig. 1b) clearly point to the existence of structural features in
the temperature interval between 500 °C and 600 °C, which will be
discussed below.

3.3. XRD characterizations

The diffraction pattern of the initial Al/Co304 bilayers contained
reflections from the polycrystalline Al and Co304 phases (Fig. 2a).

After annealing at 450 °C the Al and Co304 reflections decreased
and new peaks for the CoO phase were formed (Fig. 2b); that is the
start of reaction (3). After annealing at 600 °C reflections from
Co304 disappear and new (111), (200) peaks of the cubic phase of
fcc-Co arise (Fig. 2¢). An insignificant increase in the intensity of the
Al(200) peak can be a result of the reorientation of the Al grain
structure to the (200) orientation by annealing. The lack of Co304
and the diminution of the Al and CoO peaks implies the continu-
ation of the decomposition of Co304 due to reaction (3). The solid-
state reactions between Co304 and Al (2), and between Al and CoO
(4) start simultaneously in the Al/Co304 bilayers after annealing at
500 °C.

2 C0304 — 6 Co0 + O, (3)
3C00 + 2Al — 3 Co + AlO3 (4)

After annealing at 700 °C only the (111) and (200) reflections
from the high-temperature fcc-Co phase remain and there are no
peaks from the stable low-temperature hexagonal hcp-Co and
Al»O3 phases (Fig. 2d). As is previously known, the metastable fcc-
Co phase is often stabilized in thin films and nanostructures.
However, the existence of hcp-Co cannot be excluded due to the
overlap with the fcc-Co diffraction reflections. Al,0Os. This suggests
the growth of Co grains as the annealing temperature increases up
700 °C and thus the finished reaction products are polycrystalline
Co grains embedded into an amorphous Al,03 matrix.

The rapid increasing of the electrical resistance was associated
with the formation of the insulating Al,03 matrix; this proves that
the volume fraction of the metallic Co phase is below the
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Fig. 2. Typical XRD patterns of the initial Al/Cos04 bilayers (a), 450 °C (b) and the
synthesized nanocomposites after annealing at 600 °C (c), 700 °C (d).
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percolation threshold. Above 700 °C the electrical resistance only
weakly depended on the annealing temperature and it is assumed
that both the reaction between Al and Co304 and the reaction be-
tween Al and CoO had been completed at 700 °C. As the temper-
ature decreased from 700 °C to room temperature the resistance R
decreased nonlinearly (Fig. 1c) and the InR against T~ plot is given
in the inset of Fig. 1c. A logarithm of R plot was found to be linearly
proportional to T~! (Tg = 120 K, E, = 0.01 eV) below 250 °C. This
result shows a characteristic of the granular composite which is
attributed to the thermally activated conduction mechanism that is
typical for most metal granular films at these temperatures [31].
The deviation from linear proportionality in the (700 °C - 250 °C)
temperature range is most likely the result of post-reaction pro-
cesses continued in the synthesized Co-Al,03 samples.

3.4. TEM characterizations

Fig. 3 shows a typical TEM image and the selected area electron
diffraction pattern (SAED) after annealing at 700 °C. The average
atomic number for the Al,Os phase is lower than the atomic
number of Co thus the Al,03 region appears brighter than the Co
region on the TEM image (Fig. 3a). The TEM observations (Fig. 4a)
indicate that the Co nanoparticles have an out-of-round shape with
a grain size of 20—120 nm and good uniformity in the reaction
product. It follows from the histogram that the average diameter of
the Co nanoparticles is ~40 nm (Inset in Fig. 3a). This diameter is
consistent with the average size of the Co grains determined by
XRD. It is important to bear in mind that the constituent parts of the
Co nanoparticles have sizes below 20 nm, which are not observed
in the TEM image. The d-spacing obtained from the SAED pattern
(Fig. 3b) indicates the presence of an additional AlCo,04 phase
besides the expected hcp-Co, fcc-Co and a-Al,O3 phases, as illus-
trated in Table 1. However, CoAl,04 is not visible in XRD patterns
(Fig. 2¢, d). This corroborates the incomplete reduction of Co by the

dmean(C0O) =40 nm

0 25 50 75 100
Size of particles (nm)
T NP ]

Al during reaction (1) and the elemental profiles determined by the
EDX scan (Fig. 4b) are indicative of a possible partial interdiffusion
between the Co and Al,03 which forms Co1,xAl>-xO4 spinel-type
solid solutions. Atomic rearrangements can take place during the
annealing process at 700 °C to facilitate the formation of the
AlCo0,04 shell at the Co/Al,03 interface.

3.5. XPS studies

XPS spectra were measured to further confirm the chemical
state of Co and Al in the synthesized Co-Al03 films. Fig. 5 shows
the typical Al 2p and Co 2p photoelectron spectra of the Co-Al;03
film after etching with Ar" ions to remove an oxidized surface layer.
The main Co 2p3;; peak is centered at the binding energy of
778.7 eV corresponding to metallic Co [32], whereas the maximum
at 782.1 eV may be attributed to the Co atoms in CoAl,04 [33,34]
(Fig. 5b). There are no peaks at 780.4 eV and 779.7 eV, indicating
the absence of the CoO and Co304 phases [33]. The Al 2p peak is
located at 74.9 eV, suggesting that all Al atoms are oxidized [33]
(Fig. 5a). We can propose therefore that the intermediate spinel
CoAl,04 layer arises during the reaction between the Co304 and Al
films. At the same time, the Al to Co atomic ratios found using XPS
are as high as 15—20 probably due to the Co-bearing phases from
the Co/CoAl,04 core-shell clusters or particles exposing a low sur-
face area in the Al,03 matrix as opposed to continuous films. The
volume of the spinel shells containing up to 40% of Co atoms in a
non-magnetic state appears to be comparable with that of metallic
Co. The existence of the CoAl,04 phase was found after ion im-
plantation of Co into an (0001)Al,03 substrate [34], with (CoNi)
Al,04 and CoAl,04 spinel phases existing in the Al,03-(CoNi) [35]
and Al,03—Co cermets [36], respectively, prepared by combustion
synthesis in a thermal explosion mode.

Thus, the final synthesized products consist of Co nanoparticles
enveloped by AlCo,04 layers dispersed in an Al,O3 matrix.

Fig. 3. TEM image (a) of Co nanoparticles embedded in the Al,0; matrix and histogram of Co nanoparticle size distribution obtained from the TEM image (a) and (b) electron

diffraction pattern of the Co-Al,03 film after annealing at 700 °C.
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Fig. 4. TEM image of (a) Co nanoparticles embedded in the Al,03 matrix. (b) The TEM
image and EDS profiles of concentrations of Co, Al, and O along the line across the
particle in a nanocomposite Co-Al,05 film after annealing at 700 °C.

Table 1

Indexing the diffraction reflections in Fig. 3b.
Rings a-Al,03 fcc-Co hcp-Co CoAl,03
1 (220)
2 (104) (100) (311)
3 (113) (111) (002) (400)
4 (101)
5 (024) (200)
6 (116) (422)
7 (211) (511)
8 (214) (440)
9 (1010) (220) (110) (533)+(622)
10 (220) (444)
11 (311) (201) (642)

3.6. Magnetic properties

After annealing at 700 °C more than 60% of Co was reduced in
the Co-Al,03 nanocomposites and it therefore had a saturation
magnetization of ~220 emu/cm? (inset in Fig. 1b). The occurrence of
hysteresis loops confirms that the size of the Co nanoparticles in the
Co-Al,03 films was larger than the superparamagnetic critical size
(on the order of 20 nm) for Co nanoparticles [37]. The measured
hysteresis loop looks very much like the Stoner—Wolfarth curve,
which describes the hysteresis loop of a random assembly of
noninteracting single-domain ferromagnetic particles with uniax-
ial anisotropy and possesses the ratio M;/Ms = 0.5 (where M; is
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Fig. 5. (a) XPS of Al 2p peak and (b) Co 2p peaks for the synthesized nanocomposite
Co-Al,05 film after annealing at 700 °C.

magnetic remanence) [38]. The hysteresis loops of the synthesized
Co-Al,03 nanocomposites have a ratio M;/Ms ~0.3 and the
magnetization reached saturation Ms only in applied fields up to
Hsat ~1.5 kOe (inset in Fig. 1b). This clearly indicates that, together
with the ferromagnetic Co nanoparticles, a significant amount of
superparamagnetic Co nanoparticles and frustrated spins at the
enveloped AlCo,04 layers contribute to the decrease of the remnant
magnetization and strongly increase the high applied saturation
magnetic field Hsa¢ (Hsae >> He). The superparamagnetic critical size
for the Co nanoparticles is on the order of 20 nm [37]. The rough
estimate from the histogram (inset in Fig. 3a) of the relative value of
the superparamagnetic Co nanoparticles is ~10%. An important
point is that the histogram is presented for a film thickness of
50 nm and may be different from the histograms for film thick-
nesses of 300—400 nm, which were used for the magnetic and
electrical resistance investigations.

It is known that the magnetocrystalline anisotropy constants
KIP = 4 x 10° J/m? [39], K{ = 0.7 x 10° J/m> [40,41] and the ex-
change stiffness Aex in ferromagnetic Co films obtained by different
methods do not exceed 3 x 10~'!J/m [42]. Therefore, the exchange
length Lex = (Aex/K1)!/? is below 20 nm, which is less than the
interparticle distances for most Co nanoparticles observed in Fig. 3b
and only a small part of Co nanoparticles are exchange-coupled
with each other through the Al,03 matrix.

In summary, synthesized Co-Al,03 nanocomposites may be
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present as an assembly of noninteracting Co nanoparticles below
the percolation threshold (dielectric regime) embedded into an
insulating Al,03 matrix.

4. Discussion

After annealing above 450 °C x-ray diffraction shows the start of
CoO formation (Fig. 2b) due to reaction (3) and above 550 °C the
Co304 is completely transformed into CoO (Fig. 2c). It follows that
above the initiation temperature Tj, ~500 °C the proposed reaction
mechanism is the simultaneous existence of competing (1), (3), (4)
reactions, where reaction (3) is the dominate reaction. Therefore,
the formation of the insulating Al,O3 phase by the (1) and (4) re-
actions is low and results in an insignificant growth of the electric
resistance during the (500 °C - 600 °C) temperature interval
(Fig. 1c). The sharp growth of the electric resistance (Fig. 1c) and the
degree of the Co reduction (Fig. 1b) strongly suggest that reaction
(4) is the dominate reaction above 600 °C. Intermediate reactions
often accompany the main reaction in different thermite nano-
energetic composites including the reaction between Co304 and Al
[43—45]. Recently we have showed that intermediate reactions
were also present in the thermite reaction between Co304 and Zr
films [18].

Magnetic, XPS and TEM studies show the existence of CoAl;04
shells enveloping Co nanoparticles, which contain up 40% Co
atoms. If we assume that the average size of Co nanoparticles is
40 nm, the crude estimation of the CoAl;04 shell thickness doesn't
exceed 20 nm. However, the real value of this thickness can be low
because of the partial dissolution of Co in the Al,03 matrix.

As is known, thin film solid state reactions are characterized by
the initiation temperature Tj, and the first phase arising at the film
interface when the temperature of a sample Ts exceeds Ti, (Ts > Tin)
[46—50]. When a reaction starts, many characteristics begin change
radically, therefore Tj, is easy to find using electrical resistance,
magnetization, transparence etc as a function of temperature. In
this work, Ti, was identified using electrical resistance and degree
of Co reduction as function of temperature (Fig. 1b, c). In nano-
energetic materials the initiation temperatures may be determined
from the curves of the differential thermal analysis (DTA) and dif-
ferential scanning calorimetry (DSC), as the temperature at which
heat release starts. For Co304/Al nanothermite composites, the
value of Tj, ~500 °C, obtained from DTA and DSC plots [43—45] is in
good agreement with the initiation temperature Tj, ~500 °C of the
(1), (4) reactions (Fig. 1b, c). It follows from this that, at nanoscale,
the initiation temperature Tj, ~500 °C is the characteristic tem-
perature of the start of the synthesis of the Co-Al,03 nano-
composites, and does not depend on the fabrication techniques, the
morphology nor the size of the Al/Co304 nanoenergetic materials.
The X-ray diffraction patterns and magnetic properties do not
change over 6 months, which proposes good chemical stability of
the synthesized Co-Al,03 samples at room temperature.

Based on all the above, it can be concluded that the final product
of the thermite reaction in the Al/Co304 thin films contained Co
nanoparticles above the superparamagnetic critical size enveloped
by CoAl;04 shell and separated by Al,03 dielectric gaps below the
percolation threshold. The particle size of the Co during the ther-
mite reaction in the Al/Co304 thin films strongly depended on the
experimental conditions, such as the heating rate and the annealing
time. Therefore, the choice of heat treatment regime determines
the structural and magnetic properties of the nanocomposite Co-
Al,03 thin films.

5. Conclusion

In summary, Co-Al,03 ferromagnetic nanocomposites were

successfully synthesized by a thermite reaction between Al and
Co304 thin films. The starting Al/Co304 films were obtained by the
oxidation of the Co films in air and the sequential deposition of Al
layers. At annealing temperatures above 400 °C up to 500 °C a
partial transformation of the Co304 to CoO occurred and there was
no reaction of the Co304 and CoO with Al. However, above the
initiation temperature Tj, ~500 °C the reaction started simulta-
neously between both Co304 and Al and CoO and Al and was
completed after annealing at 700 °C. The final microstructure of the
Co-Al;03 nanocomposite films contained Co nanoparticles with an
average size ~40 nm enveloped by CoAl,04 shell dispersed homo-
geneously in the insulating Al,03 matrix. The magnetic character-
ization indicated that the hysteresis loop shape, the magnetization
saturation and the coercive force depend on the chemical in-
teractions of the Co nanoparticles with the enveloped CoAl,O4
shell. It has been proposed that the initiation temperature Tijj
~500 °C is the control temperature of the Co-Al,03 nanocomposite
synthesis.
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