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Characterization of ultrafine Fe-Co patrticles and Fe-CqC) nanocapsules
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Fe-Co ultrafine particles and Fe-@) nanocapsules are characterized systematically regarding the phase
structures, hyperfine fields, and magnetic properfi®6163-182@99)11129-9

Ultrafine particleSUFP’s) with a particle size below 100 ence between hyperfine fields in bulk materials and their cor-
nm have received much interest in the last two decddes. responding UFP’s. Effects of carbon atoms on the phase
UFP’s have been produced using several different methodstructures and magnetic states in the Fé@Imanocapsules
such as colloidal precipitatichmechanical attritior, and  were investigated by means of x-ray diffractig®RD),
vapor. depo§|t|oﬁ:7 ‘Multilayered carbon cages coating transmission electron microscopJEM), and magnetization
LaG,, " YC," transition metals, and nanocrystallites of measurement. The composition in the fine particles was de-
transition-metal carbidé$!! were discovered in carbon- termined by means of energy disperse spectros¢ERS)
aceous deposits formed by electric arc discharge. From thefnq chemical analysis. Magnetization was measured by a

size (below 100 nm and protective nature, the carbon Cages,jiprating sample magnetometé/SM) at room temperature
can be called “nanocapsules.” Nanocapsules are industrially,

. X . g a field up to 0.8 T.
important matter used as catalysts, magnetic materials, and . convenience, hereinafter the samples are referred to
so on.

L , . as(a)—(f), Fe-Co UFP’s which were prepared in,HAr at-
Investigations have been done for UFP’s of magnetic ma- .
terials such as FE Co® Ni,'® and their alloys mosphere andA)—(F), Fe-CdC) nanocapsules which were

Gangopadhyay discovered a core-shell type of structure prepargd in Cli atmosphere. The results of the composition
with an a-Fe core and a coating of oxidésbout 10—20 A in analysis shoyv that the cc_)ntgnt of cgrbon that came fr_om_CH
thickness. The oxide layer is not continuous, but consists ofatmosphere increases vv_|th.|ncreasmg Fe (_:oncentratlon in the
very fine grains. It is a great interesting to study the structuré@mples ofA)—(F). This indicates that the iron allows com-
and magnetic properties of Fe-@) nanocapsules, since binations with carbon to form carbides or solid solutions as
carbon may play an important role in the formation, struc-well as the carbon shell of nanocapsules. This result is in
ture, and magnetic properties of nanocapsules. However, @ccordance with that of Fe-i{@) nanocapsulé$ in which
the best of our knowledge, few works have explored thisthe carbon content also increases with increasing Fe concen-
topic. In this report, Fe-Co UFP's and their carbon-tration. In the bulk iron-cobalt alloys, solid solutions form in
containing counterparts, namely, Fe{Cpnanocapsules, are a continuous range of composition, all of which are
prepared by evaporating the master materials of Fe-Co alloyierromagnetié® Apart from the composition near 45 wt. %
in two kinds of atmospheres, i.e., a mixture gas of hydrogerCo where only one bcc phase forms, two phases of fcc and
and argon or a methane (GHgas. The phase structure, bcc coexist in all composition range in the bulk Fe-Co sys-
hyperfine fields, and magnetic properties of the UFP’s aréem. Figures 1 and 2 represent XRD patterns of the Fe-Co
systematically studied. UFP’s and Fe-C) nanocapsules, respectively. In contrast
By electric arc discharge method, as used in our previouso the bulk Fe-Co system, the Fe-Co UFP’s have a different
work,'® bulk Fe-Co alloys to be evaporated served as thehase constitution. Namely, two phases of fcc and bcc coex-
anode, while a carbon rod served as the cathode. After thist below 40 wt. % Co, a bcc single phase exists near about
chamber was evacuated, methane or a mixture of hydrogetb wt. % Co, the two phases coexist again above about 50
and argon was introduced to reach X BY Pa as a reactant wt.% Co and a single fcc phase in pure Co particles. Fe-
gas and a source of hydrogen plasma. The species of th&o(C) nanocapsules have a similar phase constitution to that
layers covering on the surface of particles were determinedf the corresponding Fe-Co UFP’s. In addition, the broaden
by using x-ray photoelectron spectroscop§PS) measure- of peaks in the XRD patterns bears evidence of that the mean
ments. Masbauer spectroscopy was used to study the differsize of each kind of UFP’s is in the range of nanometers. The
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FIG. 1. X-ray diffraction patterns for Fe-Co UFP[samples

(@—(f)] and Co particles. ) .
and the superparamagnetism in $8bauer spectra are as fol-

lows. First, the Debye temperature for fine crystals of the
iron oxides coating on the core of the UFP’s is lower than
room temperature. Second, the blocking temperature is
d shifted towards a higher temperature due to the magnetic

samples and surface cleaned samples were measured by ah‘é@faC“O” betweerf1 th‘; pz?:rticées.u'll':h; M. bg\_uer sphectra at
lyzing XPS spectra as shown in Fig. 3. The typical sample§99m temperature for the Fe-Co S Indicate that a tran-
of (d) and (D), corresponding to the Fe-Co UFP’s and thesmon from paramagnetism to ferromagnetism occurs near

Fe-CdC) nanocapsules, respectively, were used for XPS"'1bOUt 20 Wt'_% (_:O in the Fe-Co L.JFP'S' The existence O.f the
measurements. It is shown that iron oxi@® cobalt oxide par_amagn_etlsm in the range of high Fe content is very inter-
can be identified by XPS of Cqg,, electrons and pure Fe esting, which is not the case for the bulk all&jdHowever,
exist in the Fe-Co UFP’s. After the surface of the UFP’s was
cleaned by argon ions sputtering, the amount of the iron
oxide decreases. Since the surface of the UFP’s cannot be
composed of pure Fe atoms due to high surface energy, the
peaks corresponding to the binding energies of pure Fe are
ascribed to the core of Fe-Co solution particles. Only the Fe
peak (no obvious peak for iron oxidgsexists in the Fe-
Co(C) nanocapsules, suggesting that a carbon layer on the
Fe-CdC) nanocapsules protects them from oxidization. Ac- as-prepared
cording to the above results and our previous wrk:?1-23 Fe-Co

it can be reasonably concluded that the Fe-Co UFP’s form a
core/shell structure with iron oxide layers and a Fe-Co solu- as-mW
tion core, and that the Fe-Q0) particles are really nanocap- FeCo9)
sules with carbon cages and a FetCosolution core.
The hyperfine fields increase initially with increasing co- ;faé’;dc)

balt content and reach a maximum near about 30 at. % Co, ; , , , ,
and then decrease with addition of more cobalf.sstzauer 704 708 708 710 712
effect at room temperature for fine iron parti¢fe&l6.4 and Binding energy (eV)

40.4 nn indicates that no observable peak for iron oxides

and superparamagnetism emerges, except the pure iron six- FIG. 3. Fed,, x-ray photoelectron spectra of as-prepared Fe-

line spectrum. The reasons for the absence of the iron oxideSo, Fe-C¢C) particles and their surface cleaned samples.

mean size of the Fe-C8) nanocapsules~10 nm) is smaller
than that of the Fe-Co UFP1s-20 nm), consistent with the
result of TEM micrographs.
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FIG. 4. Composition dependence of saturation magnetization in
Fe-Co UFP’s and Fe-@6) nanocapsules. FIG. 5. Variation of the hyperfine fields at tfi&e nucleus in
Fe-Co UFP’s and Fe-G6) nanocapsules. The curve for bulk

Fe-Co alloys is presented for comparison.

the hyperfine fields in ferromagnetic phases of the Fe-Co
UFP’s decrease with increasing Co content, which have a
similar composition dependence to that of the bulk Fe-Caie temperaturel . of pure iron is lower than that of pure
alloys. In comparison to those of the Fe-Co UFP’s, the coneobalt. Rapid quenching retains the paramagnetism of mag-
stituent phases and the magnetic states are very complicatedtic alloys at high temperatures to room temperature. Dur-
for the Fe-CéC) nanocapsules. Effects of carbon atoms oning evaporating bulk Fe-Co alloys, the alloys with high iron
the structure and magnetic properties are very obvious. Theontent are easier to exhibit the paramagnetism in the form
fitted parameters for Mesbauer spectra of the Fe{Cd of UFP’s. Comparing Ar and C atoms, the better effect of
nanocapsulés show that(Fe,Co,G and (Fe,Q solutions as  carbon atoms on condensation leads to that the paramagnet-
well as cementite RE€ exist in all the Fe-C) nanocap- ism occurs in a wider composition range for the Fd@o
sules samples, and paramagnetic (flee;O disappears above nanocapsulesabove 50 wt. % Fethan that for the Fe-Co
approximately 40 wt. % Co. UFP’s (above 75 wt. % Fe Besides the better effect of con-
The addition of cobalt in iron results in increasing satura-densation, carbon atoms can also play a role as a reactant
tion magnetizatioM ¢ up to approximately 24.6 kG at about element to form(Fe,Co,G, (Fe,O solid solution, FgC and
36 wt. % Co in the bulk Fe-Co alloy’8.Composition depen- carbon cage in the Fe-@®) nanocapsules. Although no car-
dences of the saturation magnetization for the Fe-Co UFP’bon was detected by XRD, it could be concluded that a car-
and Fe-C¢C) nanocapsules are given in Fig. 4 for compari-bon layer forms on the surface of the FetCp nanocap-
son. It is seen that there is a similar tendency on the compasules. It is reasonable that the great amount of interfaces
sition dependence of the saturation magnetization for thexisting in the UFP’s may allow covering of the carbon lay-
Fe-Co and Fe-Q&) particles. The maximum of the satura- ers of little thickness so that the content of carbon reaches as
tion magnetizatiorfat 36 wt. % C9 in the bulk Fe-Co alloys high as up to around 12—26 wt. % in the FefCpnanocap-
is shifted to be at 45 wt. % Co in the UFP’s. Meanwhile, asules.
minimum appears at about 10 wt.% Co in the UFP’s sys- As shown in Fig. 5, the hyperfine fields$, in the Fe-Co
tems. The saturation magnetization of the carbon-containingFP’s and the Fe-G&) nanocapsules are increased in com-
Fe-CdC) nanocapsules is higher than that of the correspondparison with those of the corresponding bulk Fe-Co alloys.
ing carbon-free Fe-Co UFP’s. The composition dependences of the hyperfine fields are al-
Ar and C atomgthe latter comes from decomposition of most the same among the bulk and the particles. However,
CH,) in the two kinds of atmospheres for evaporation havethe hyperfine field#H,; of the Fe-C¢éC) nanocapsules have
different contribution to the effect of condensation. It is the largest values. It is thought that carbon atoms affect the
known that carbon atoms have a slighter weight than argoelectron density near iron nucleus and increase the hyperfine
atoms. Therefore, carbons are more beneficial to exchandelds. This is in good agreement with our previous work on
their energies with the metal atoms through impact, affecting=e-Ni(C) nanocapsule¥’ The electron density in the Fe-Co
the kinetic process of constructing atomic clusters and subJFP’s decreases below about 30 wt.% Co and increases
sequent UFP’s. Such better effect for condensation causedove 30 wt. % Co. It is concluded that carbon atoms in-
smaller particles’ size for the Fe-Q@) nanocapsules, in crease the electron density and the hyperfine fields in the
comparison with that for the Fe-Co UFP’s. This has beerFe-CdC) nanocapsules, in comparison with the carbon free
verified by the results of TEMRef. 25 and the broaden Fe-Co UFP’s and the bulk Fe-Co alloys.
peaks in the XRD patterns. Bulk Fe-Co alloy with higher Fe In conclusion, compared with bulk Fe-Co alloys, the
content has relatively lower Curie temperatdigesince Cu- Fe-Co UFP’s and the Fe-@08) nanocapsules have a wide
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composition range for the coexistence of the two phases witbf the paramagnetism in the range of high iron content is
bcc and fcc structures. A single bcc phase can be formedittributed to the quenching caused by the impact between gas
near about 40 wt. % Co in both kinds of the UFP’s, whichand metal atoms. Carbon atom has a better effect of conden-
has the largest saturation magnetization. Carbon atomsation than argon atom, causing the existence of the para-
which were dissolved from methane can be used to form @nagnetism in a wider composition range. The carbon layers
new core/shell type structure with a carbon layer and a corgn the surface of the nanocapsules have an excellent effect to
of (Fe,Co,Q, (Fe,Q solutions, as well as K€ in the Fe-  gsist them from oxidization.

Co(C) nanocapsules. The hyperfine fields at tfee nucleus

in all the UFP’s are increased in comparison with those This work has been supported by the National Natural
of the bulk alloys. Carbon atoms which solidified in the Science Foundation of ChinéGrant Nos. 59421001 and
(Fe,Co,Q solution exhibit a significant effect on the hyper- 59725103 and by the Science and Technology Commission
fine fields by changing the electron density. The occurrencef Liaoning and Shenyang.
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