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Abstract
Herein, we investigate the origin of enhanced absorption and complex conductivity of 
magnetite (Fe3O4) nano-hollow spheres (NHSs) in contrast to its nanoparticles (NPs) 
configuration in the frequency range 0.4–2.0 THz. The maximum absorption for NHSs 
and NPs of the same average diameter (~100 nm) are found to be 246.27 and 48.35 cm−1 
at 1.8 THz, respectively. A detailed study suggests that the multiple resonance peaks in the 
absorption spectra are due to low frequency acoustic vibrational phonon modes of Fe3O4 
nanostructures. Moreover, we demonstrate that the magnitude of total absorption can be 
tailored by varying the shell thickness of NHSs. It is found to increase with increasing shell 
thickness, and attain a maximum value of 498.5 cm−1 for the NHSs of average diameter 
350 nm at 1.8 THz. The invariance of frequency dependent magnetic permeability points out 
that the absorption is basically due to dielectric loss instead of magnetic loss. The enhanced 
THz conductivity of Fe3O4 NHSs, as compared to NPs is described in light of thermally 
activated polaronic hopping which is found to increase with increasing THz absorption. 
Finally, the size dependent THz conductivity of NHSs confirms its sole dependence on the 
magnitude of THz absorptivity.
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1. Introduction

During the last few decades, there has been an increasing 
demand of magnetic materials due to their potential high-
frequency applications such as in telecommunication, remote 
sensing and radar systems [1]. Because of the rapid enhance-
ment of wireless communication, digital systems and fast 
processors, considerable attention has also been focused on 
electromagnetic interference (EMI) shielding. EMI can be 
defined as the degradation in the performance of an elec-
tronic system caused by other external electromagnetic (EM) 
disturbances [2–5]. In most of these applications, materials 

with a strong absorption and wide bandwidth are required. 
Therefore, long-term endeavours have been concentrated on 
searching for materials which not only have properties such 
as strong absorption and a wide absorption frequency range 
but are also small in size and lightweight in order to envisage 
portable technological devices. In general, ferrites are consid-
ered to be the best magnetic material to serve these purposes 
due to their high saturation magnetization, high electric per-
mittivity, magnetic permeability, non-reciprocal behaviour  
and good chemical stability [6]. Being non-conducting or 
semi-metallic in nature, they allow maximum penetration of 
EM fields in contrast to the metals in which the skin effect 
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significantly limits the penetration of high-frequency fields [1] 
and the absorption at high frequencies by ferrites takes place 
due to their spin dynamics which involves EM losses due to 
spin relaxation. Moreover, at high frequencies, domain walls 
of magnetic materials are unable to follow the fields as the dis-
persion of domain walls typically occurs at 10 GHz, and there-
fore it causes absorption of high frequency power.

Among the ferrites, spinel type ferromagnetic magnetite 
(Fe3O4) nanostructured materials have attracted enormous 
concern of current researchers due to its potential applications 
as an excellent microwave absorbent in diverse fields ranging 
from stealth technology, EMI shielding of electronic devices to 
space technology [7–9]. However, it is noteworthy that the nat-
ural resonance frequency of Fe3O4 bulk material typically falls 
near or below 1 GHz [6] and 5.3 GHz [10] for Fe3O4 nanopar-
ticles (NPs) in the superparamagnetic limit. Therefore, Fe3O4 
nanostructures cannot be used as an excellent EM absorbent in 
the higher GHz or terahertz (THz) frequency region because of 
the insignificant frequency response of its magnetic and elec-
tric dipole moment to the applied alternating EM field [11–13].

Various techniques have been explored in order to increase 
the absorptivity of as-synthesized nanocrystalline Fe3O4, such 
as core-shell [14], Fe3O4 NPs in the superparamagnetic limit 
[10] and the surface modification technique [15]. However, 
studies regarding the absorption properties of Fe3O4 nano-
structures of different morphologies in the THz frequency 
limit are still scarce in the literature. Hence, it would be of 
fundamental research interest to enhance the THz absorption 
property of Fe3O4 nanomaterials either by varying its mor-
phology or structural parameter as well as to ascertain the 
cause of the extensive differences in their EM responses.

In this article, we have investigated the origin behind the 
advent of extraordinarily enhanced THz absorptivity and elec-
trical conductivity of Fe3O4 nano-hollow spheres (NHSs) with 
reference to its solid spherical counterparts as well as the fine 
tuning of their EM responses upon THz excitation through 
thickness variation of its nano-shell. Our detailed study 
through terahertz-time domain spectroscopy (THz-TDS) has 
demonstrated the correlation between the thickness of the 
NHSs and the absorption performances in terms of strength of 
dielectric loss upon THz excitation. The sensitive dependence 
of resonance peak frequency on the surface acoustic phonon 
modes in case of NHSs has been discussed in the context  
of classical model [16]. Furthermore, the enhanced THz  
conductivity of NHSs is described in terms of thermally 
activated polaronic hopping which is going to increase with 
increasing THz absorption of the sample. We believe that 
these excellent low density, anti-oxidant EMI absorbents 
would accomplish the extensive craze of miniaturization and 
rapid increase in demands of EM shielding devices in the high 
frequency region.

2. Experimental procedures and techniques

2.1. Sample preparation

We have prepared Fe3O4 NHSs of different diameters by 
the template free solvothermal method as described in our 

previous report [17] which involves the constant heating of 
a mixture of ferric chloride (FeCl3, 6H2O), urea, polyvinyl 
pyrrolidone (PVP) and ethylene glycol in a teflon lined stain-
less steel autoclave at 120° C for 20 h. The as-prepared black 
precipitation of Fe3O4 NHSs was washed in alcohol for  
several times and then dried at 60° C overnight before charac-
terization. It is noteworthy that the diameter of Fe3O4 hollow 
spheres has been tailored by varying the amount of PVP, 
the capping agent which restricts the growth of Fe3O4 nano-
crystals, as mentioned in our earlier report [17]. Finally, the  
synthesis of Fe3O4 NPs of average diameter 100 nm follows 
the same procedure as NHS-100 but with a reaction time of 
8 h. We have named the Fe3O4 NHS of average diameter 100, 
185, 250, 350 and 725 nm as NHS-i (i = 100, 185, 250, 350 
and 725) and NP of average diameter 100 nm as NP-100.

2.2. Characterization

The phase and morphology of as-synthesized nanomaterials 
were characterized by x-ray diffraction (XRD) and transmis-
sion electron microscopy (TEM). All the XRD patterns were 
measured in a Rigaku Miniflex II desktop x-ray diffractometer 
using Cu Kα (λ = 1.5418 Å) radiation. The TEM analysis was 
performed in Technai G2 TF20 at 200 kV. The THz transmis-
sion spectra of all the samples were measured using THz-TDS 
[18] in which THz pulses are sent through the sample and the 
time-dependent transmitted pulses are recorded and trans-
formed into frequency-dependent values. In order to quantify 
the effect of THz radiation on the proposed ferrite nanostruc-
tures, the relevant material parameters, such as the absorp-
tivity, permittivity, permeability and conductivity are deduced 
from the detailed features of transmitted pulses, using an itera-
tive algorithm of multi-pass transmission through the sample.

3. Results and discussion

The XRD patterns of all as-synthesized samples as shown in 
figure 1 confirm their single phase, spinel face centered cubic 
structure (JCPDS card no. 22–1086) and from broadening 
of their Bragg reflection peaks, the average crystallite size 
of Fe3O4 NHSs is found to increase with increasing average 
diameter of the NHSs (as listed in table 1) using Scherrer’s 
equation. Energy-dispersive x-ray (EDX) spectroscopic 
analysis of Fe3O4 NHS-250 (Inset of figure 1) confirms the 
absence of elemental composition of the capping agent, PVP 
which may play significant role in THz absorption.

Both the TEM images of NHS-250 and NP-100 (as shown 
in figures  2(a) and (b)) confirm the synthesis of uniform 
shaped Fe3O4 nanostructured materials. The inset of the TEM 
images indicates their nearly homogeneous size distribu-
tion. The intensive contrast between the black margin and the 
bright centre of the particles (figure 2(a)) implies the hollow 
nature of the as-obtained spheres. The list of average diameter 
(D), average shell thickness (t) of all as-synthesized nano-
structures, as mentioned in table  1, are calculated from the 
TEM micrographs. Meticulous analysis of table 1 points out 
that the difference between the average crystallite size and the 
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average shell thickness in case of NHS-100 and NHS-185 are 
comparable whereas NHSs of larger average diameter show 
a huge difference in their magnitude. It reflects the fact that 
NHS-100 and NHS-185 are single crystalline in nature, while 
NHSs of larger average diameter are polycrystalline.

Figure 3 shows the absorption spectra whereas figures 4(a)–
(d) and 5(a), (b) display the real and imaginary part of electric 
permittivity, magnetic permeability and conductivity for each 
of the six samples in the frequency range 0.4 to 2.0 THz. As 
shown in figure 3, the total absorption of Fe3O4 NP is approxi-
mately zero with its peaks at 0.57, 0.81, 1.05, 1.29, 1.54 and 
1.76 THz which appear to be at a regular energy level spacing 
of ~0.24 THz (~0.9 meV). These equi-spaced peaks with a 
period of 0.24 THz are due to lower-order acoustic phonon 
modes in a simple harmonic oscillator potential (inset (a) of 
figure 3) as experimentally observed by Samuelsen et al [19] 
and also indicates the fact that a single photon absorption (hν) 
is involved in the process of the extraction of vibration energy 
from the THz radiation field by the dipoles which are devel-
oped due to vibration of the Fe3O4 molecule upon THz excita-
tion. According to Lamb’s theory [20], the confined acoustic 
phonon modes vary inversely with the size of the NPs. 
However, in our case, the observed frequency (ν ~ 0.24 THz) 
for 100 nm Fe3O4 NP is found to be almost the same as the 

frequency (ν ~ 0.22 THz) for 15 nm Fe3O4 NP, reported by 
Majetich et al [21]. It suggests that the peak frequency does 
not scale with the particle size. Therefore, the inconsistency 
of Lamb’s theory for isotropic spherical magnetite NP sug-
gests that the observed peaks are developed due to unconfined 
acoustic phonon modes [22].

In case of THz absorption spectra of NHSs (Inset (b) 
of figure  3), the single peaks (0.57, 0.82, 1.05, 1.28 and 
1.56 THz) of NP-100 are found to split up into two consecu-
tive acoustic phonon peaks (0.49 and 0.62; 0.74 and 0.86; 0.97 
and 1.08; 1.21 and 1.32; 1.45 and 1.55 THz) which suggest 
that the low frequency vibrational modes of semi-metallic 
Fe3O4 nanostructure sensitively carry the unique signature of 
its structural properties. These observed acoustic phonon fre-
quencies can be explained in the context of the classical model 
[16], as described by Baker. He explained that the presence 
of two metal surfaces of NHS lead to a substantially different 
energy spectrum of acoustic vibration in contrast to its solid 
configuration.

Absorption mainly depends on the thickness and the nature 
of the material and also on the wavelength of incident radia-
tion. According to the absorption theory of EM radiation [23], 
if dI is the amount of beam irradiance absorbed from the 
incident THz pulse propagating in the z direction through an 
infinitesimal distance dz within the material, then

α ω= ( )I I zd dabs (1)

α ω ωκ ω( ) = ( )
c

2
abs (2)

where I is the the beam irradiance at z, αabs is the absorp-
tion co-efficient, ω is the frequency of the incident THz 
radiation, c is the velocity of light in free space and κ(ω) 
is the imaginary part of the complex refractive index. It 
simply suggests that the longer the distance covered by 
the incident radiation, the greater the absorption. In the 
case of NHSs, their hollow configuration helps to confine 
the THz EM radiation and the multiple internal reflections 
offered by each interface of its nano-shell structure compels 
the ray to travel a longer distance than the NP of average 
diameter equivalent to NHS-100 which, therefore, results 
in enhanced THz absorption with respect to NP as well 
as with an increasing average shell thickness of the NHSs 
upto 350 nm. Apart from the thickness of the material, the 
absorption of EM radiation also depends on its dielectric and  
magnetic loss. Upon THz excitation, the relatively large 
specific surface area and double interfaces of the nano-shell 
structure greatly help to produce enormous interfacial polar-
ization (electric or magnetic dipoles) which significantly 
enhances the EM wave attenuation in contrast to NPs as well 
as with increasing NHS’s average diameter. However, it is 
noteworthy that above NHS-350, the total THz absorption 
is found to decrease in spite of large specific surface area 
and nano-shell thickness, as in the case of NHS-725 which 
is discussed later. Finally, total absorption follows a mono-
tonically increasing nature with THz frequency due to the  
proportional dependence of absorption co-efficient on the 
THz frequency as expressed in equation (2).

Figure 1. X-ray diffraction of all as-synthesized Fe3O4 NP 
and NHSs of different average diameters. Inset shows the EDX 
spectrum of the Fe3O4 NHS-250 indicating the presence of the 
elemental composition of only Fe and O of Fe3O4.

Table 1. List of average diameter, average crystallite size and 
average shell thickness of all as-synthesized NP and NHSs.

Sample  
name

Average  
diameter  
(D) nm

Average  
crystallite size 
(d) nm

Average  
shell thickness 
(t) nm

NP-100 100(±3) 16.69 0
NHS-100 100(±5) 29.89 30
NHS-185 185(±10) 35.09 35
NHS-250 250(±9) 36.65 50
NHS-350 350(±15) 38.56 65
NHS-725 725(±17) 39.5 150
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To investigate the possible mechanism for THz absorption 
whether it is due to dielectric or magnetic loss, the complex 
permittivity and permeability were measured using THz-TDS 
for both the Fe3O4 NP and NHSs of different average diam-
eter. The permittivity essentially originates from the elec-
tronic, ionic and intrinsic electric dipole polarization [24] 
of the material on which the crystal structure, size and geo-
metrical morphology have an extensive impact. Because of 
the double interfaces of NHS, it produces a large number of 
charge multipoles at each interface upon interaction with THz 
radiation in comparison to the NP and thus results in larger 
real permittivity (ε′) than NPs (as shown in figure 4(a)). The 
size dependency of ε′ for the NHSs reveals that ε′ increases 
with specific surface area upto NHS-350 and thereafter, it 
decreases significantly as in the case of NHS-725 with average 
shell thickness 150 nm. It may be due to the same reason as 
why the NP with an average diameter of 100 nm shows low 
ε′. However, NHS-725 exhibits greater ε′ than NP-100 due 
to the nano-excavation which helps to confine the electric 

field within the sample and thus results in a large number of 
electric dipoles in comparison to NP-100. Furthermore, the 
nearly constant (~1 H m−1) magnitude of real magnetic per-
meability (µ′) over the whole THz frequency domain for all 
nanostructures suggests that the magnetic property of Fe3O4 
nanomaterials is independent of geometrical morphology 
and structural parameter in that frequency range. The nearly 
zero magnitude of the imaginary part of the permeability (as 
shown in figure 4(d)) points out that THz absorption due to 
magnetic dipoles is basically zero. It is well known that the 
maximum gyro-frequency (the frequency for electron spins 
to reorient in the local magnetic field of other spins) of elec-
trons in a magnetic material does not exceed 0.02 THz [9]. 
Therefore, upon excitation of EM radiation in the range 0.4 
to 2.0 THz, the absorption of EM radiation due to magnetic 
properties or ordering of electron spins becomes extremely 
weak. However, the electronic charge distribution within the 
material can respond to the applied electric field upto a fre-
quency of 1016 Hz. Hence, the process of absorption within 
Fe3O4 NHSs is essentially due to dielectric loss which can fur-
ther be proved from the significant non-zero magnitude of the 
imaginary permittivity as shown in figure 4(b) and it depicts 
the identical size dependent absorption performance of Fe3O4 
NHSs, as previously shown in figure  3. As the absorption 
involves the extraction of vibrational energy from the THz 
radiation field by the electronic dipole moment of the nano-
sphere, therefore in spite of greater average shell thickness,  
the deviation from the increasing trend of total absorption as 
in the case of NHS-725 is due to the combined effect of shell 
thickness and its sudden diminution in electrical permittivity 
as shown in figure 4(a).

In order to study the influence of enhanced THz absorp-
tion on the electrical transport property of Fe3O4 NHSs, we 
performed a frequency dependent conductivity measure-
ment as shown in figures  5(a) and (b). Due to insignificant 
THz absorption of solid Fe3O4 nanostructures, the studies 
regarding its room temperature THz conductivity are sparse 
in the existing literature to date. In recent past, Pimenov et al 
[25] have reported the THz conductivity of Fe3O4 near Verway 
transition temperature (Tv ~ 120 K) that strongly supports the 
structure-induced insulator to semi-metal transition of Fe3O4 
at Tv. The room temperature size dependent THz conductivity 

Figure 2. TEM image of Fe3O4 (a) NHSs of average diameter 250 nm, (b) NPs of average diameter 100 nm. Inset of the TEM images 
shows their corresponding size distribution.

Figure 3. Absorption spectra of all as-synthesized Fe3O4 NP and 
NHSs of different average diameters in the frequency range 0.4 
to 2.0 THz. Inset: (a) the vibrational energy levels and allowed 
transitions between them for the Fe3O4 molecule undergoing 
simple harmonic oscillatory motion, (b) splitting of the single peak 
of Fe3O4 NP into two consecutive peaks in the case of NHSs of 
same average diameter due to the extensive influence of its surface 
acoustic phonon modes.
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study as shown in figures 5(a) and (b) demonstrates that the 
real part of THz conductivity (Re[σ]) is positive and increasing 
with increasing frequency, while the imaginary component 
(Im[σ]) is negative and decreasing with increasing frequency 
which indicates its strong deviation from classical Drude 
model. It may result due to defect concentration, charge car-
rier localization and/or presence of trapping in nanostructure 
configuration. Detailed study reveals that the conductivity 
spectra follow the Drude–Smith model in which the negative 
imaginary conductivity is accommodated by incorporating 
back scattering of the electrons at interfaces, surfaces, or grain 
boundaries, or defects present within the system. Baxter et al 
[26] have fitted the THz conductivity of the semiconducting 
TiO2 nanowire arrays with the Drude–Smith model where the 
negative imaginary conductivity has been described in terms 
of polarizability of excitons which cannot be the case for 
semi-metallic Fe3O4 nanostructures. According to Smith, this 

backward scattering can be introduced in the Drude model by 
including a persistence of velocity parameter to describe the 
scattering event. The Drude–Smith model is given by

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥∑σ ω

ε ω τ
ωτ ωτ

( ) =
( − )

+
( − )=

∞
c

1 i
1

1 i
p

n

n0
2

1

 (3)

where ωp, the plasma frequency and τ, the characteristic scat-
tering time. The summation in equation (3) is often truncated 
after the first term where c1 is the expectation value of scat-
tering angle and it is negative while back scattering is taken 
into account.

Figure 5(a) shows that Fe3O4 NP exhibits almost zero 
Re[σ] whereas its hollow configuration of the same average 
diameter possesses a higher electrical conductivity than NP 
and it increases with increasing average nano-shell thickness. 
Upon interaction with Fe3O4 nanomaterials, the THz energy is 

Figure 4. (a) Real, (b) imaginary part of the complex permittivity, (c) real, (d) imaginary part of the complex permeability of all  
as-synthesized Fe3O4 NPs and NHSs in the frequency range 0.4–2.0 THz.

Figure 5. (a) Real, (b) imaginary part of complex conductivity of all as-synthesized Fe3O4 nanoparticles and nano-hollow spheres in the 
frequency range 0.4–2.0 THz.
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initially distributed among the electrons by electron–electron  
scattering and eventually it is damped to a lattice by electron– 
phonon scattering within a few picoseconds. After thermali-
zation, the time-domain response of magnetite is found to be 
dominated by low energy acoustic phonon vibration which is 
associated with the acoustic mode quantization in a simple 
harmonic potential well and causes generation of electric 
dipoles. When an electron moves through this dielectric 
crystal of Fe3O4, then the phonon cloud effectively screens 
the charge of the moving electron and therefore lowers its 
mobility along with an increase in its effective mass, thus 
resulting in a polaron which plays a significant role in deter-
mining the electrical transport property of magnetite. It is 
well known that magnetite is a spin-polarized, mixed-valence 
(Fe2+–Fe3+) metal with a room temperature dc conductivity 
of only about 0.1% to that of Cu metal which occurs due 
to thermally activated polaronic hopping of its extra elec-
tron between Fe2+ and Fe3+ ions on the octahedral sites of  
magnetite. Therefore, the enhanced magnitude of THz conduc-
tion in the case of the NHS configuration is due to its greater 
THz absorption capability which causes the generation of 
more numbers of thermally activated polarons in comparison 
to NP. It is also valid for the NHSs of increasing average diam-
eter. Due to interdependency, Im[σ] (as shown in figure 5(b))  
performs exactly the opposite to Re[σ]. These kind of nanoma-
terials are slightly different from the recently developed new 
class of material, termed as ‘metamaterials’ in which extra 
properties are developed due to the artificially-designed 
repetitive structures. However, in our case of solvothermally 
synthesized NHSs, the properties are dramatically improved 
in comparison to its solid counterparts only because of its 
nano-excavation. It is an important encouraging result from 
a fundamental perspective because the enhancement of EM 
absorption properties of low density magnetic Fe3O4 NHSs 
can increase its effectiveness in numerous application fields 
such as EMI shielding in the THz frequency range, stealth 
technology and space technology.

4. Conclusion

In summary, we have reported the morphology as well as size 
dependent THz wave absorption and electrical transport prop-
erties of a series of Fe3O4 NHSs of different average diameter 
and its solid counterparts. The lightweight Fe3O4 NHSs show 
excellent THz absorption performance in comparison to NP 
because of the strong dielectric loss through the doubly inter-
facial opposite surface charges of the nano-shell which are 
developed due to acoustic phonon vibration of each magnetite 
molecule upon THz excitation. Moreover, the magnitude of 
THz conductivity of the nanostructure is found to be signifi-
cantly affected by the strength of THz absorption. In addition, 
all of these properties can be tailored by varying the size and/
or thickness of the nano-shell. We believe that the excellent 
absorption and electrical transport properties of Fe3O4 NHSs 
in the THz frequency region would open up numerous encour-
aging platforms for further studies as well as enhance its many 
beneficial applications as a strong THz wave-absorber and 

THz conductor toward diverse fields; for example, electronic 
devices for commerce, industry and military affairs.
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