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Air-stable Fe/Fg¢C nanocrystalline particles have been prepared by sonicating Fe{€@phenylmethane
solutions under argon and subsequently annealing the amorphous as-prepared product in an inert atmosphere.
Changing the sonication conditions and annealing temperature allows control of the size of the particles, as
well as their composition and magnetic properties. Material obtained under appropriate conditions possesses
a high saturation magnetization close to that of bulk irdyIlo= 0.97-1.06) and good, soft magnetic
properties Kic = 0.50—-0.05 A n11). Nanocrystalline particles have a cerghell structure where a coating

of Fe;C and carbon protects the body-centered cubic Fe in the core from oxidation.

Introduction dependent on the annealing temperature of the solid sonication

. . . product. Thus, Fe/RE€ nanocrystalline particles can be tailored
Carbon-coated soft magnetic nanoparticles are of great interest, meet the requirements of various specific applications.

in potential applications to perpendicular magnetic recordiing,  The ghjective of this work has been to investigate the effect
highly sensitive magnetic sensériners? imaging reagents, of sonolysis and thermal treatment conditions on chemical

and magnetic carriefsThe carbon shell protects metal nano- composition, magnetic properties, and particle size of R&Fe
particles from oxidation and reduces the magnetic coupling nanocrystalline material.

between the magnetic bits. Carbon-coated iron nanoparticles are

of particular interest since iron has the highest magnetic momentExperimental Section

among the 3d transition ferromagnetic metals. Iron nanoparticles Diphenylmethane ¥99%, Fluka) and Fe(CQ)(99.5%
coated with carbon have been prepared by different methods,STREM) were used without additional purification. A Fe(GO)

such as arc_:-discharéelaser-i_nduced pyrolysi%,thermal car- solution of the desired concentration in DPhM was sonicated
bc.)nlzatlonl? ion-beam sputteringand thermal annealing of the  in the presence of argon by means of a Sonics and Materials
mixture of iron and diamond nanoparticles at 1700 All these ultrasonic device with a direct immersion titanium horn (working

processes need high temperatures and yield mixture of productsfrequency, 20 kHz; electric power of generator, 600 W;
Saturation magnetization of prepared materials does not exceedrradiation surface area of the horn, 13mirhe volume of the

9.95x 1P Am™L sonicated solution was 100 mL. The absorbed acoustic power,
Amorphous iron nanoparticles can be prepared by Fe{CO) measured by the thermal probe metfbdas found to be equal
thermolysis at 190C° or sonolysis at room temperatdten to 0.45 W/mL. The temperature was maintained during soni-

hydrocarbon solutions. The chemical effects of ultrasound are cation by a Julabo FT901 cooler. As a rule, sonolysis was
related to acoustic cavitation, i.e., formation, pulsation, and, performed fo 1 h at 25-28 °C. All sonochemical experiments
under appropriate conditions, implosive collapse of microbub- were carried out under argon.

bles in liquidst~13 Iron nanoparticles produced by sonochem-  The black solid product of sonication was removed by
istry in hydrocarbons are not stable, since they have no centrifugation, washed three times with pentane inside a
protective shell on the surface. No-filled glovebox, and dried under vacuum at room tempera-

Recently, air-stable iron nanoparticles coated with cementite ture. Annealing of the solids was performed in an argon flow
FesC and carbon have been prepared by sonolysis of Fg(CO) (99.996%) for 2 h.
in diphenylmethane (DPhM) followed by thermal treatment of ~ XRD was recorded on a Bruker AXS D* Advanced powder
the as-prepared material under argdr3 The obtained material ~ X-ray diffractometer (Cu I radiation,A = 0.154 18 nm). An
exhibits an unusually strong saturation magnetizativh) (  XRD spectrum of the as-prepared material was measured in a
despite the presence of about 20 mol % ofGdt was found tightly closed cell to avoid sample contact with air. Measure-

that the magnetic properties of the obtained material are stronglyments of annealed samples were performed without special
precautions.

Low-resolution TEM were obtained with a JEOL-JEM100SX

* Corresponding author. Fax:+972-3-5351250. E-mail: gedanken@

mail.biu.ac.il. electron microscope with 80100 kV accelerating voltage.
IRAS. o High-resolution TEM images were obtained by employing a
. Ezg:fvc 82:\‘/’::::3’ JEOL-3010 device with 300 kV accelerating voltage.
I Ben-Gurion University of the Negev. MOssbal_Jer spectroscopy (MS) stL_Jdles were carried out using
B Technical University of Denmark. a conventional constant acceleration spectrometer (50 mCi
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Fe—FeC Nanocrystalline Particles

TABLE 1: Elemental Analysis of Iron Samples before and
after Annealing for 2 h in Pure Argon?

temp of temp of
annealing C H annealing C H
(°C) (atom %) (atom %) (°C) (atom %) (atom %)
as-prepared 35.6 33.3 800 7.1 0
300 29.3 7.8 850 2.1 0
400 22.1 3.1 700 54.3 3.0
700 16.5 0

aTime of sonolysis, 1 h. Temperature of sonolysis;-28°C. ® Time
of annealing was 5 If.As-prepared sample was obtained by sonication
at 90°C.

57Co:Rh source). MS spectra were least-squares-fitted with one
or more subspectra. All MS measurements were performed at
300 K.

Magnetic measurements were performed on a sample of
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drop in the C and H content, but some amount of carbon is still
present even afté h of heating at 850C. Annealed powders
are stable in contact with air.

Obviously, carbon and hydrogen in as-prepared material come
from the sonication product of DPhM. Recently, it was fotind
that sonolysis of neat DPhM yields a sonopolymer with a
structure similar to that of cross-linked polystyrene. The FTIR
spectrum of the as-prepared material exhibits absorption bands
at 3060-3020, 2906-2850, and 11081000 cnt? assigned to
C—H stretch vibrations in aromatic and aliphatic groups and
p-substituted phenyls, respectivéfThus, the FTIR spectrum
confirms the presence of some kind of polymerized aromatics
in the as-prepared product of sonolysis.

From the Table 1, it is seen that C and H concentrations are
considerably increased in the solid sample when the temperature
of sonication is increased to €. This phenomenon can be

Fe—FeC that was introduced into a plastic capsule. Measure- related to the mechanism of DPhM sonolysis. It was assumed
ments at room temperature and low temperature were performedhat the sonopolymer is formed due to the dissociation of DPhM
using a Quantum Design MPMS SQUID magnetometer (Quan- Molecules inside the cavitating bubble, followed by the recom-

tum Design MPMS-5S).

Magnetization was measured at fixed temperatures (5, 10,
20, 300 K) as a function of the external field being swept up
and down {20 000 Oe< Happiied < 20 000 Oe, in steps of 200
Oe).

The margin of error in weighing the samples for magnetic
measurements is estimated at least by 10%. This is because wi
could not weigh more than 2 mg. Heavier weights caused the

bination and scavenging of the sonochemically formed radi-
cals!® An increase in the temperature of sonolysis causes an
increase of DPhM vapor pressure inside the bubble. Thus, the
yield of the sonopolymer also increases with the temperature
of the solution.

The sonicated solution is green after removal of the solids.
d@he IR spectrum of the sonicated solution shows the absorption
bands at 20162050 and 18361870 cnt! characteristic for

measurements to go off scale. The balance could measure withC—O stretch vibrations of terminal and bridging carbonyl

an accuracy of 0.1 mg. This introduces already a 10% error.
The error might be even higher. The saturation magnetization
of commercial iron powderd < 5 um) measured by the same
procedure was found to be equal to x6.0° A m~1, which is
very close to theMlp value for bulk Fe (1.7x 106 A m™1).

The electrical resistivity dependence on temperature was
measured using a customary four-point method in the temper-
ature range of 206300 K. The dried powders of the samples
were pressed into cylindrically shaped samples of 2.4 mm in
diameter and 5 mm in length with a pressure 6@00 Mpa.

groups, respectively, in a complexHE0);,.16 Formation of
Fe; (CO)i2 also has been observed during Fe(€€)nolysis

in alkane solutions’ One can conclude that the mechanism of
Fe(COj} sonolysis in DPhM solutions can be presented by the
following scheme:

Fe(CO)—))) Fe+ 5CO (major process)

4Fe(CO) —))) Fe+ Fg(CO),, + 8CO
(secondary process) (2)

1)

The separation between the voltage contacts was about 2.5 mm.

Electrodes were formed with heat treatment type silver paint.

where the symbol +)))” corresponds to the reactions under

Room-temperature ferromagnetic resonance (FMR) spectrathe effect of acoustic cavitation. An increase in the temperature
were recorded using a standard electron paramagnetic resonancgf sonication to 90°C causes the disappearance of(E©).,

spectrometer working at 9.25 GHz.

The thermogravimetric analysis (TGA) and differential scan-
ning calorimetric analysis (DSC) were performed by using a
Mettler Toledo TGA/SDTA 851 and DSC-25/TC-15 devices,
respectively, under pure nitrogen flow.

X-ray photoelectron spectroscopy (XPS) were recorded using
a AXIS, HIS 165, ULTRA (Kratos Analytical) device. The XPS
data were acquired for Fe 3p, C 1s, and O 1s photoelectron
emission. Surface etching of the samples was performed by
argon plasma.

Elemental analysis was carried out by an Eager 2000 CHN
analyzer. FTIR spectra were recorded in KBr pellets using an
Impact 410 Nicolet spectrometer.

Results and Discussion
Elemental, FTIR, and TGA/DSC Analysis. The initial

probably due to its thermal decomposition.

Figures 1 and 2 display TGA and DSC curves, respectively,
for the as-prepared sample obtained by sonolysis 4C30he
TGA curve exhibits a two-stage mass loss at 1380 and
320—-350°C of about 12.5 and 5.3 wt %, respectively. The total
mass loss found from the TGA curve is in good agreement with
elemental analysis data (14.7 wt % estimated mass loss). Taking
into account that the as-prepared material contains about 21 wt
% of the sonopolymer (Table 1), it can be assumed that some
part of the sonolysis product of DPhM is decomposed to
elemental carbon or reacted with an amorphous iron during the
annealing procedure. The DSC curve is characterized by several
broad endothermic peaks in the 25860 °C range and a sharp
exothermal effect around 48C. The endothermic effects and
the corresponding mass loss processes are expected to be related
to following processes: (i) organic sonopolymer thermolysis and

orange color of the solution changes to black under ultrasonic (ii) inreaction of the amorphous iron with the sonopolymer. The
treatment. About 250 mg of the black solid is removed from sharp exothermal peak most likely corresponds to iron crystal-
100 mL of a 1 MFe(COj} solution afte 1 h of sonolysis. The lization. The crystallization temperature-480 °C) for amor-
as-synthesized material is pyrophoric upon its exposure to air. phous iron obtained from DPhM solutions is much higher than
The results of elemental analysis are presented in Table 1 forthat for amorphous iron obtained from alkane solution820
as-prepared and annealed samples. Annealing causes a dramati€).1718 It can be assumed that the product formed as a result
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Figure 1. TGA curve for as-prepared sample.
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Figure 2. DSC curve for as-prepared sample.

of the annealing process is crystallized at the higher temperature°C and higher are already air stable. Only small admixtures of

than that of amorphous iron. Fe0; can be detected by the XRD method in the sample
XRD Study. The as-prepared product is X-ray amorphous, annealed at 400C. The material obtained under sonication at

as follows from XRD data shown in Figure 3a. A sample 90 °C consists of ¢ and admixtures of bcc-Fe according to

annealed at 300°C consists of the magnetite %2 and the XRD spectrum shown in Figure 3e.
cementite F¢C, according to the XRD spectrum presented in ~ M&ssbauer Spectroscopy Analysidhe MS spectrum of as-
Figure 3b. The material obtained by annealing at ZD@xhibits prepared material exhibits a doublet typical of the superpara-

the XRD patterns characteristic of body-centered cubic magnetic nanoparticles. The MS spectrum of the material
(bcc)-Fe, FeC, and some admixtures of maghemite,Gg prepared at 300C exhibits peaks characteristic of & and
(Figure 3c). XRD data of the sample obtained at 700eveal FesC. The MS spectra presented in Figure 4 reveal that the
only the presence of bce-Fe ands€e(Figure 3d). The XRD  samples annealed at 400 and 7G0contain bce-Fe, iron carbide
spectrum of the sample heated at 80D is similar to that FesC (Her = 208 £+ 5 kOe), and small amounts of f2s.
obtained at 700C and is not shown in Figure 3. Particles prepared by annealing at 8@ have no iron oxide
XRD measurements clearly indicate that particle stability and admixtures. Long-time annealing at 83C causes the disap-
their chemical composition depend considerably on the anneal-pearance of €. The MS of the high-temperature sonication
ing temperature. Particles obtained at 3@are unstable with product (90°C), after annealing at 70TC, is characterized by
respect to oxidation. Iron is totally oxidized to4&& in contact a high content of carbon consisting of;8e Only small amounts
with air. At the same time, RE€ formed at 300°C shows a of bce-Fe are detected in the MS for this product. The chemical
strong resistance to oxidation. Iron particles annealed at 400composition of the particles calculated from MS data is
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Figure 3. XRD data for (a) as-prepared material and materials annealed at (5)C3@6) 400°C, (d) 700°C, and (e) 700C (sample obtained

by sonication at 90C): (¥) bcc-Fe, ®) F&C, (*) FeO,, and (1) FgOs.
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Figure 4. Moessbauer spectra of material annealed at 10

TABLE 2: Chemical Composition of the Nanocrystalline
Particles Obtained from MS Data

temp of

annealing  Fe Fec? Fe0, FeOs CeP
(°C) (atom %) (atom %) (atom %) (atom %) (atom %)
300 0 62 38 0 8.6
400 36 57 0 6.5 31
700 53 42 0 5.0 25
850 100 0 0 0 21
700 10 90 0 0 24.3

2 Fe, concentration of iron in the form of iron carbidesEe® [Ce]
= Y[C] — Y4[Fec], where3 [C] is total carbon concentration form the
Table 1.cTime of annealing was 5 K.As-prepared sample was
obtained by sonication at 9.

TABLE 3: XPS Measurements of Fe, C, and O Surface
Concentrations for Annealed Samples Using Fe 3p (55.350
eV), C 1s (284.350 eV), and O 1s (530.125 eV) Signals,
Respectively

surface concn (atom %)

etching time
(min) Fe C (0]

Annealed at 400C

0 14.0 66.0 20.0

12 335 49.2 17.3

24 35.8 48.6 15.6
Annealed at 700C

0 13.6 75.6 10.8

It can be assumed that carbon or iron carbide form the shell on
the iron particle’s surface. Etching fer12 min in an argon
plasma causes a decrease of carbon concentration and an
increase of iron concentration on the particle’s surface. Further
etching does not change the results significantly. Etching for
12 min under the same conditions corresponds-fonm of
sputtered shell width at the applied conditions of sputtering. It
is worth noting that etching in the presence of argon prevents
the iron surface from being oxidized by atmospheric oxygen.
Thus, XPS data allow the estimation of the shell thickness equal
to approximately 5 nm composed fromsEeand C, which
protect the iron from oxidation.

Electrical Resistivity. The dependence of electrical resistiv-
ity, p, versus temperature, is shown in Figure 5 for the samples
annealed at 400 and 70GQ. The resistivity curve of the material
heated at 800C is similar to that obtained at 70C and is not
shown in Figure 5. The sample obtained at 4@0exhibits a
metal-like contribution (g/dT > 0) at low temperatures of
50—120 K. The value op is increased with time for this sample
at temperatures lower than 200 K. Presumably, the above effects

presented in Table 2. The results of the MS study are in a goodare related to a relatively poor isolation of the iron particles by

agreement with XRD data.

the thin, protecting shell. The nature of the rather small increase

XPS Study.The results of XPS measurements for the samples in the resistivity (¢/dT < 0) at T < 50 K is unclear at this
prepared at 400 and 70Q are presented in Table 3. The surface  moment. The tunneling mechanism through the isolating layer
concentration of carbon obtained by XPS is much higher than can also be held responsible for the increase in the low-
the average carbon concentration obtained by elemental analysistemperature resistivit}? In the case of manganites, at low
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measurements are pointed.
. . o Figure 6. FMR spectra polycrystalline samples: (upper) nanocrystalline
temperaturesT < 50 K) an increase in resistivity is found,  sample annealed at 40C, n = 9.263 GHz; (middle) nanocrystalline
which has been attributed to the Coulomb blockade in sample annealed at 700C, n = 9.258 GHz; (lower) commercial
small particleg® An increase in the annealing temperature to metallic iron powdern = 9.399 GHz
700—-800°C improves the particles encapsulation, resulting in
a semiconducting-like behavior of the shell (decreasewith (from 75 °C up to 350°C) differs by about 10 orders of
temperature) and higher values@tompared with the results ~ magnitude?®24 Generally, the temperature dependence of the
obtained for the sample annealed at 4@ This remarkable resistivity in amorphous semiconductors variespéE) = A
increase in the resistivity of about 10 times that of the low exp@\ksT), whereAis a constant an@/is an activation energy.
temperature (400C) annealed product is caused by enhance- It should be noted that although the resistivity of all amorphous
ment in the potential barrier between particles due to the carbon films exhibit semiconducting behaviop{dT > 0), they
protective shell. The time stability of the resistivity is also did not obey any law particularly well. The above discussion
improved for the 706-800 °C annealed product. Thus, the shows that the resistivity of iron particles coated by carbon may
measurements of the electrical resistivity confirm the existence be strongly influenced by annealing.
of a protecting layer on the surface of the particles. FMR Study. Figure 6 depicts the room-temperature FMR
The electrical resistance of the sample depends on thespectra of samples annealed at 400 and°m@@ompared with
resistance of Fe/BE nanocrystalline materials, the resistance the FMR spectrum of commercial iron powdet £ 5 um).
of carbon coating (depending on the thickness of this coating), The FMR spectrum of the 400C annealed sample clearly
the interface between Fe/& nanocrystalline materials and demonstrates the appearance of a ferromagnetically ordered
C-coating, and the electrical contact between different coated phase. The FMR line is shifted to low fields from the~ 2
nanoparticles. Obviously, annealing at different temperatures position, due to internal anisotropy fields. The FMR spectrum
may change the relative contribution to the electrical resistance of the 700°C annealed sample demonstrates a very broad line
of the above contributions. Moreover, phase transformation may centered at zero field. This is a characteristic feature of powdered
be produced by annealing &t> 600 K. Such a transformation = magnetic metals and resembles the FMR spectrum of com-
was found to occur in fine nanoparticles of Fef€eunder a mercial micron-sized Fe powder (see Figure 6). One can
flow of argon2! Moreover, the F¢C fine nanoparticles oxidize ~ conclude that magnetic anisotropy parameters for the °Z00
to v-Fe03 and carbon dioxide at 610 ®. High-resolution annealed sample exceed those for the ZD@nnealed sample.
transmission electron microscope imajémve shown thatthe ~ Such an increase in the magnetic anisotropy may occur due to
annealing at 600 K changes both the thickness of the coatingthe increase of the particle size upon annealing. The noise-like
and the interface between the particle and the coating. Namely,feature in the FMR spectrum of the 70C annealed sample
TEM images have shown that as-made iron particles are coatedndicates that the particles are less agglomerated than those
by a thick layer of amorphous carbon and that the interface heated at 400C or commercial iron samples. Well-developed
between the amorphous layer and the metal particle is digfinct. surface coating reduces the agglomeration of magnetic nano-
Such images after annealing have shown that particles areparticles, enabling individual small particles to oscillate in the
covered by more than four graphitic layers, rather than by an presence of the 100 kHz modulation field. As mentioned above,
amorphous graphite, and a discrete interface between graphitiche resistivity measurements also indicated the increase in the
coating and the metal particles defines the thickness of the coating quality on increasing annealing temperature.
carbon coating? It is obvious that such a transformation may TEM Study. Low-resolution TEM images are presented in
be accompanied by changes in both the magnitude and characteFigure 7. The as-prepared product consists of nanosized globular
of the temperature dependence of the resistivity. The questionagglomerates with very smal-6 nm) dense particles dispersed
arising here is the electrical resistivity of the carbon coating inside the globules (Figure 7a). It can be assumed that iron
itself and the effect of annealing on its resistance. It is well- nanoparticles formed from Fe(C&are included in a sonopo-
known that carbon may exist in various allotrophic modifica- lymer matrix. The shape and the size of heated particles depend
tions, differing in the conductivity at room temperature by more on annealing temperature. Particles heated at 300 and@00
than 22 orders of magnitude (from 28 Q~1 cm™! for diamond have a round shape morphology. Figure 7b indicates that the
to 2.5 x 10* Q=1 cm1 for graphite)?® The electrical conductiv- ~ material annealed at 70@ is composed mainly of tetragonal
ity of amorphous carbon depends strongly on heat treat®ent. and round particles. An increase in the annealing temperature
For example, electrical resistivity at room temperature of to 800 °C causes the formation of hexagonal and tetragonal
amorphous carbon films with a different deposition temperature particles. Long-time annealing at 880 leads to the formation
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Figure 7. Low-resolution TEM pictures of (a) as-prepared particles
and (b) particles annealed at 7€0.

TABLE 4: Effect of Annealing Temperature on Particle
Size from TEM Measurements

annealing temp’C 300 400 700 800 8530
particle size, nm 1640 20-100 50-100 70-150 206-300

a Annealing time was 5 h.

of relatively big particles with low-symmetry. Particles with a
high content of F¢C also have rounded symmetry. The particle
size estimated from the TEM data increases with the increase
in the annealing temperature, as shown in Table 4. The high-
resolution TEM picture (Figure 8) confirms that iron nanopar- —r

ticles are coated by a crystalline shell with a thickness of about gigyre 8. High-resolution TEM image of the particles annealed at
5 nm. The surface coating is composed of a nonlayered 700°C.
crystalline compound, probably §&, and a layered material

with the interlayer distance (Figure 8b) of 0.34 nm typical for

graphite. 100
Magnetic MeasurementsThe magnetization curve presented
in Figure 9 shows that the as-prepared material exhibits 50

superparamagnetic behavior, when no coercivity or saturation
magnetization is observed. The annealed materials exhibit a
ferromagnetic behavior (Figure presented as supplementary
information). Saturation magnetizatiods; remanentmagneti-  pemy.g!
zation,Mg; and coercivityHc, are summarized in Table 5 as a -50
function of annealing temperature. It is clearly seen that as the ]
annealing temperature increasklg,also increases, biig and 1004
Hc decrease. The change in the magnetic parameters due to the

annealing is very dramatic. The coercive force drops by 2 orders 20000 -15000 -10000 -5000 © 5000 10000 15000 20000
of magnitude from 450 Oe for = 300°C to 4 Oe forT = 800
°C. TheMs value increases by almost 250% from &410° +
05x IAmtatT=300°Cto1.8x 10°4+0.2x 10° A
m~1 atT = 800°C as a result of the annealing procedure. We concentration decreases. At the same time, the overheated
attribute the dependence of magnetic parameters on the annealmaterial (850°C during 5 h) without a significant content of
ing temperature to the change in the particle composition, as FeC exhibits a relatively lowMs value.

well as to the particles’ size and their morphology. Comparing  The decrease in coercivity with the temperature of annealing
Tables 2 and 5 shows that the coercive force decreases andgrees with the change of the magnetic ground state of Fe
saturation magnetization is raised when the iron carbide nanoparticles from single-domain to multidomain due to the

Magnetic field (0e) ———»
Figure 9. Magnetization curve of as-prepared material.
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TABLE 5: Magnetic Properties¢ of Iron Nanoparticles, (3) Particle composition and their magnetic properties are
Measured at Room Temperature controlled by annealing temperature and the conditions of
temp of Ms Mg He sonochemical treatment.
annealing (1AM (1AM (Ce) (4) The saturation magnetization of annealed materials is
300 0.74 25 450 close, or even higher, than that of bulk iron. This unusual
400 1.2 0.52 180 phenomenon could be attributed to the specific magnetic
700 1.62 0.29 40 interaction between bcc-Fe in the core angdG@m the shell of
800 1.82 0.11 4.0 the particles.
850 1.36 0.46 50
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