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a  b  s  t  r  a  c  t

New  type  of  Fe(Mn)/Mn7C3/graphite  nanocapsules  was  prepared  by  a modified  arc  discharge  technique  in
ethanol  vapor,  with  Fe(Mn)  solid  solution  nanoparticles  as  the  core,  Mn7C3 as  the  inner shell,  and  graphite
as  the  outer  shell.  The  Cole–Cole  semicircle  approach  was adopted  to  explain  the  ternary  dielectric  reso-
nance,  due  to  a cooperative  consequence  of  the  core/shell/shell  interfaces  and  the dielectric  Mn7C3 and
C shells.  A remarkable  increase  in the anisotropy  energy  led  to a shift  in  the  natural  resonance  frequency
to  6.6  GHz.  Dielectric  losses  come  from  the  ternary  dielectric  resonance  while  magnetic  losses  were  from
eywords:
arbon
omplex permeability
omplex permittivity
lectromagnetic wave absorption
anocapsules

the  magnetic  natural  resonance.  An optimal  reflection  loss  (RL)  of  −142.1  dB  was  observed  at  12 GHz  for
5.0 mm  thickness  layer. RL  exceeding  −10 dB  was  obtained  at 6.6–18  GHz for 1.4  mm  thickness,  covering
the  whole  X band  (8–12 GHz),  Ku  band  (12–18  GHz),  and  some  of C band  (6.6–8.0  GHz).  RL  exceeding
−20  dB  was  found  at 6–10.6  GHz for  2.2  mm  thickness.

© 2011 Elsevier B.V. All rights reserved.

eflection loss

. Introduction

During the past few years, there has been a growing and
idespread interest in microwave absorbing materials due to

heir military and civil applications such as stealth defense sys-
em, microwave interference protection, and microwave darkroom
1–15]. Recent developments in microwave absorber technology
ave resulted in materials that can effectively reduce the reflection
f electromagnetic signals on the one hand, and have good physical
erformance and lower production cost on the other hand [4–15]. It

s well known that reflection loss (RL), in decibels (dB), can be used
o characterize the absorption properties of microwave absorb-

ng materials. According to the transmission line model based on
he assumption that the dielectric permittivity and magnetic per-

eability are intrinsic properties of the materials [9–15], RL of a
etal-backed microwave absorbing layer is

∗ Corresponding author at: Department of Electrical Engineering, The Hong Kong
olytechnic University, Hung Hom, Kowloon, Hong Kong. Tel.: +852 34003345;
ax: +852 23301544.
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RL = 20 log10

(
jZ tanh(kd) − 1
jZ tanh(kd) + 1

)
with Z =

√
�r

εr
and

k = 2�f

c

√
�rεr. (1)

Here, the materials constants �r = �′ − j�′′ and εr = ε′ − jε′′ are the
complex permeability and complex permittivity, respectively, d is
the absorption layer thickness, and f is the frequency of incident
wave. According to Eq. (1), an ideal absorber must fulfill the relation
that εr = �r, indicating the full absorption of microwave. One impor-
tant factor which should be taken into account is how to effectively
match the permittivity and the permeability. For traditional mate-
rials such as ferrites and ferromagnetic metals, the values of �r

are much smaller than those of εr in microwave band, leading
to poor microwave absorption properties. Nanoscale composites
of transition metals and dielectric materials, especially core–shell
structures, tend to exhibit good microwave absorption proper-
ties (such as high absorption frequencies, broad absorption bands,
and thin layer thicknesses) because of the good electromagnetic
(EM) matching of the special core/shell microstructures [16–19].

In addition, for core–shell structured nanocapsules, the values of
the dielectric permittivity of shell and those of the magnetic per-
meability of the core can be easily altered to achieve the maximal
absorption of the microwave energy.

dx.doi.org/10.1016/j.jallcom.2011.06.031
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:eeswor@polyu.edu.hk
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Fig. 1. (a) TEM image of the Fe(Mn)/Mn7C3/C nanocapsules. The inset shows the
072 X. Liu et al. / Journal of Alloys an

Among these nanocomposites, Fe-based nanocapsules are of
reat interest due to their typical ferromagnetic characteristics and
otential application in microwave absorption [6,7,9–11,13,15].
ome Fe-based nanocapsules, including Fe/C, Fe/SiO2, Fe/ZnO,
eCo/Al2O3, Fe(Mn)/ferrite[16,19–23],  etc. have been prepared
nd widely been studied. The complex permittivity and com-
lex permeability spectra show that the absorption performance
f those Fe-based nanocapsules is better than that of the cor-
esponding NI-based nanocapsules [24]. However, the synthesis,
orphology, and materials constants in the core–shell–shell struc-

ured nanoparticles of Fe have seldom been reported. In this
ork, core–shell–shell Fe(Mn)/Mn7C3/C nanocapsules are pre-
ared and their complex permittivity, complex permeability, and
icrowave absorption are investigated in the frequency range

f 2–18 GHz.

. Experimental

The Fe(Mn)/Mn7C3/C nanocapsules were prepared by a modified arc-discharge
echnique in ethanol vapor, which was described in detail in our previous work
25–29].  In brief, a Fe99Mn (at.%) ingot served as the anode, while the cathode was

 carbon needle. The anode target was placed into a water-cooled carbon crucible.
fter the chamber was evacuated in a vacuum of 5.0 × 10−3 Pa, liquid ethanol of
0 ml was  introduced into the chamber together with pure argon of 1.6 × 104 Pa
nd  hydrogen of 0.4 × 104 Pa. The arc-discharge current was maintained at 100 A
or  8 h to evaporate Fe99Mn ingot sufficiently. Then, the products were collected
orm depositions on the top of the water-cooled chamber, after passivated for 24 h
n  argon.

The morphology and microstructure of the nanocapsules were observed by a
igh-resolution transmission electron microscope (HRTEM JEOL-2010) with emis-
ion voltages of 200 kV. Toroidal specimens for microwave measurements between

 and 18 GHz using an Agilent 8722 ES network analyzer (VNA) with a transverse EM
ode were prepared by mixing 40 wt.% Fe(Mn)/Mn7C3/C nanocapsules in a paraffin
atrix. The complex permittivity and complex permeability were calculated from

he S-parameter tested by the calibrated VNA, using a simulation program for the
eflection/Transmission Nicolson–Ross model.

. Results and discussion

The HRTEM image is presented in Fig. 1(a). Fig. 1(a) shows
hat the nanocapsules are spherical about 5–30 nm in diameter,
ith well-defined core/shell/shell structures containing Fe(Mn)
anoparticles as cores. As shown in inset of Fig. 1(a), the d-
pacing of 0.34 nm in onion-like outer shell corresponds to the
0 0 2) plane of graphite, and the characteristic lattice fringes {3 0 1}
lane with d-spacing of 0.18 nm in inner shell correspond to
n7C3. A schematic illustration of the formation mechanism of

he Fe(Mn)/Mn7C3/C nanocapsules is shown in Fig. 1(b). In the
rc-discharge process, Fe and Mn  atoms evaporated from the bulk
e99Mn  alloy anodes to the chamber, in which the atoms with a high
ctivity reacted rapidly and nucleated through the rapid energy
xchange [16–18].  Fe atoms and Mn  atoms bump up each other to
e Fe(Mn) solid solution [23]. In essence, the boiling point (or evap-
ration pressure) of metals determines the condensed priority of
vaporated atoms. With its boiling point of 3135 K, Fe(Mn) solid
olution is more easily condensed than Mn  with a boiling point of
335 K. Due to the adsorption effect of large surface, the other Mn
toms can be deposited on the surface of Fe(Mn) solid solution.
he C from the decomposition of ethanol is easily reacted with Mn
hells in Fe(Mn)/Mn nanocapsules to form Mn7C3 shells due to the
igh surface energy from the size effect. It is noteworthy that only
n7C3 binary compound appears as the shell due to the fact that
n7C3 is a stable phase with the highest decomposition tempera-

ure in the Mn–C phase diagram. The left C atoms are absorbed by
e(Mn)/Mn7C3 nanocapsules and subsequently condense to form
 graphite layer on the surface[4,17–19]. Fig. 2(a) shows the fre-
uency dependence of the real part (ε′) and imaginary part (ε′′) of
he relative complex permittivity of the paraffin-Fe(Mn)/Mn7C3/C
anocapsules composite in the 2–18 GHz range. It can be seen that
HRTEM image of double shells in nanocapsules. (b) A schematic illustration of the
formation mechanism of the Fe(Mn)/Mn7C3/C nanocapsules.

both ε′ and ε′′ have fluctuating behavior, which can be attributed
to the displacement current lag at the core/shell interface [19,23].
ε′ decreases from 12.1 to 9.2, while ε′′ fluctuates between 0.38
and 0.55, with the maximum value of about 0.55 around 4 GHz.
The Fe(Mn) cores are encapsulated by the dielectric Mn7C3 shells
and the C shells and well dispersed, which cause high resistivity
for the Fe(Mn)/Mn7C3/C nanocapsules. This high resistivity gives
rise to a small value of the ε′′, according to the free-electron the-
ory [19,21–23].  In general, ε′ is mainly related to polarization, and
ε′′ implies the dielectric loss in the metal particles. In the metal-
based composites, two  kinds of mechanisms of polarization have
been reported; space charge polarization and dipole polarization.
The former is proved to be only distinct in micro-scaled metal-
based composites and reduces with decreasing particle size of
the composites at high frequency, while the latter is dominant in
the permittivity of the core/shell-type metal-based nanoparticles
[23,24].

According to the Debye dipolar relaxation expression,
(ε′ − ε∞)2 + (ε′′)2 = (εs − ε∞)2, where εs and ε∞ are station-
ary dielectric constant and optical dielectric constant, respectively,
and the plot of ε′ versus ε′′ would be a single semicircle, which is
usually defined as the Cole–Cole semicircle [30]. It is worthy to note
that the composite presents a clear segment of three semicircles in
Fig. 2(b), suggesting the existence of ternary dielectric relaxation
processes, while each semicircle corresponds to a Debye dipolar
relaxation. During the activation of an EM wave, a redistribution
process of the charges occurs periodically in Fe(Mn) cores, Mn7C3
shells, and C shells [30,31]. As a result, apart form the dielectric

relaxation of the Mn7C3 and C shells, an additional interfacial
relaxation between the Fe(Mn) cores and the Mn7C3 shells is
present because a complete core/shell interface is constructed
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ig. 2. (a) Relative complex permittivity and (c) relative complex permeability as a
 function of frequency for Fe(Mn)/Mn7C3/C nanocapsules–paraffin composites.

31]. The interfacial relaxation between the Mn7C3 shells and
he C shells is absenct due to the dielectric properties of Mn7C3
nd C. The ternary dielectric losses are therefore achieved for the
e(Mn)/Mn7C3/C nanocapsules.

The real part (�′) and imaginary part (�′′) of the relative per-
eability are plotted in Fig. 2(c) in the frequency range between 2

nd 18 GHz. �′ retains an approximately constant value (≈1.74)
etween 2 and 5.4 GHz, then abruptly decreases from 1.72 at
.4 GHz to 1.52 at 7.6 GHz, and slowly decreases to 1.48 at 18 GHz.
owever, �′′ varies with the frequency and presents a broad
eak at 4–9 GHz, with the maximum value of 0.5 at 6.6 GHz. This

mplies the occurrence of natural resonance in the Fe(Mn)/Mn7C3/C
anocapsules [4,7–10].  The contributors to magnetic losses, such as
agnetic hysteresis, domain-wall displacement, and eddy-current

oss, can be excluded from the present nanocapsules. The hys-
eresis loss can be negligible in a weakly applied field, which
s mainly caused by the time lags of the magnetization vector
ehind the external EM-field vector [30,31].  Because the size of
he Fe(Mn)/Mn7C3/C nanocapsules can be compared with a single

agnetic domain, the contribution of the domain-wall displace-
ent that only occurs in multidomain magnetic materials can be

xcluded. According to the skin-effect criterion, if the magnetic
osses result from eddy-current loss, the values of �′′(�′)−2f −1
hould be constant when frequency is varied [30,31].  As shown
n Fig. 2(d), the values of �′′(�′)−2f −1 remarkably exhibits a broad
eak at 4–10 GHz. Therefore, the magnetic losses in the present
anocapsules caused are mainly by the natural resonance. Simi-
ion of frequency. (b) Typical Cole–Cole semicircles and (d) values of �′′(�′)−2f−1 as

lar phenomenon has been analyzed in detail in our previous work
[18,31].

Furthermore, the magnetic resonance frequency (fr) is depen-
dent on the particle’s radius. Because of the size effect, the
anisotropy energy of small particles will be significantly increased
due to the enhanced surface anisotropy, according to a simple
model (Keff = KV + 6 KS/d) [19,23,32].  KV and KS refer to the vol-
ume and surface contributions to anisotropies, respectively [2,9].
In addition, a large number of lattice defects, interior stress,
etc., resulting from the non-equilibrium solid solution of Mn
atoms in Fe particles, can also bring an increase in the effec-
tive anisotropy field. Consequently, the effective anisotropy field
Heff = 4

∣∣Keff

∣∣/(3�0MS) will be increased [23,32,33];  it is well
known that fr is related to its effective anisotropy field (Heff) by
2�fr = rHeff, where r is the gyromagnetic ratio. Bulk �-Fe has a
Keff of 4.81 × 104 J m−3, and it can be estimated that fr of bulk
�-Fe is about several megahertz [23]. However, the resonance fre-
quency of the Fe(Mn)/Mn7C3/C nanocapsules is at 6.6 GHz, which
indicates a remarkable increase in the anisotropy energy of the
Fe(Mn)/Mn7C3/C nanocapsules.

To further examine the microwave absorption abilities of the
Fe(Mn)/Mn7C3/C nanocapsules, RL as a function of absorbing thick-
ness d and frequency f were calculated, as shown in Fig. 3, according

to Eq (1).  The optimal RL or the dip in RL corresponds to the occur-
rence of the maximum absorption or the minimal reflection of
the microwave power for the particular thickness [34]. BW−10 is
defined as the frequency difference between points where RL value
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ig. 3. RL of Fe(Mn)/Mn7C3/C-paraffin composites as a function of thickness and fre

xceeds −10 dB corresponding to 90% absorption, while BW−20
eans the frequency interval where RL value exceeds −20 dB cor-

esponding to 99% absorption. As shown in Fig. 3(a), an optimal RL
f −142.1 dB, corresponding to almost 100% absorption, is observed
t 12 GHz for 5.0 mm thickness layer, which is far bigger than the
revious reported results. The intensity and the frequency at the
eflection loss minimum depend on the properties and thickness
f the materials [34]. It is worth noting that the number of dips
ncreases with an increase in sample thickness. It can be seen that
here is only one dip for 1–3 mm and the dip shifts to the lower
requency side with increasing thickness of the layer, while two
omplete dips can be observed for 3–5 mm.  The occurrence of the
ips is found to be due to a successive odd number multiple of the
uarter wavelength (�) thickness of the material or d = n�/4 (n = 1,
) [34].

The absorbing thickness of 5.0 mm is too thick for the rapid
evelopment in electronic industry. From the view point of prac-
ical use, the upper limit of absorbing thickness should be 3.0 mm.
s shown in Fig. 3(b), BW−10 is 11.4 GHz (6.6–18 GHz) for the
.4 mm thickness, which contains the whole X band (8–12 GHz),
u band (12–18 GHz), and some of C band (6.6–8.0 GHz). BW−20

s 4.6 GHz (6–10.6 GHz) for the 2.2 mm thickness. An optimal RL
eaches −54.1 dB at 7 GHz for 2.6 mm thickness. Compared with
he Fe/SmO, Fe/C, Fe/SiO2, Fe/ZnO, Fe/TiO2, Fe(Mn)/ferrite nanocap-
ules, CoFe2O4/carbon nanotubes nanocomposites, Fe3O4/ZnO
ore/shell nanorods, and Fe3O4/TiO2 core/shell nanotubes with a
ingle thickness [16,19,20,23,35–39], BW−10 of Fe(Mn)/Mn7C3/C is
ufficiently widened, due to the ternary dielectric relaxation and
he enhanced natural resonance from the special core/shell/shell

icrostructure.

. Conclusion

Fe(Mn)/Mn7C3/C nanocapsules have been synthesized by a
odified arc discharge technique, with Fe(Mn) nanoparticles as

he core, and Mn7C3 as the inner shell, and C as the outer shell.
e(Mn)/Mn7C3/C nanocapsules have been exhibited the excellent
icrowave absorption properties at 2–18 GHz for thicknesses of

.0–5.0 mm.  An unusually high frequency (12 GHz) correspond-
ng to the optimal RL (−142.1 dB) has been calculated for a layer

ith a thickness of 5.0 mm.  BW−10 is 11.4 GHz (6.6–18 GHz) for

.4 mm thickness, which contains the whole X band, Ku band,
nd some of C band. BW−20 is 4.6 GHz (6–10.6 GHz) for 2.2 mm
hickness. The optimal RL and the broad bandwidth of RL qual-
fy the Fe(Mn)/Mn7C3/C nanocapsules to be a prominent candidate

[

[

[

cy: (a) three dimensional representation and (b) two  dimensional representation.

for X–Ku band microwave absorption applications. The excellent
microwave absorption properties result from the synergistic effect
of double dielectric shells and soft magnetic cores.
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