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Herein, terahertz (THz) time domain spectroscopy is used to measure the complex conductivity of

semi-insulating CoFe2O4 nanoparticles (NPs) and nano-hollow spheres (NHSs) with different diame-

ters ranging from 100 to 350 nm having a nanocrystalline shell thickness of 19 to 90 nm, respectively.

Interestingly, the magnitude of conductivity for CoFe2O4 NPs and NHSs of same average diameter

I. INTRODUCTION

An ancient but fascinating CoFe2O4 nanomaterial has

been the subject of extensive research due to its ferrimagnetic

nature with very high intrinsic coercivity, moderate saturation

magnetization, high Curie temperature, remarkable chemical

and mechanical stability, high electrical resistance with low

eddy current loss, biocompatibility, and excellent corrosion

resistance, which facilitate its application in diverse fields

ranging from high density magnetic recording, room tempera-

ture spintronics, ferrofluids, electromagnetic shielding technol-

ogy, biomedical drug delivery, magnetic resonance imaging,

data storage, biosensor, to magneto-optical devices.1 It is

found that the optical, electronic, and magnetic properties of

the CoFe2O4 nanomaterial depend strongly on its morphology

and size. Stichauer et al.2 have shown the enhanced optical

and magneto-optical properties of the nanocrystalline

CoFe2O4 thin film in contrast to its bulk configuration.

Further, the difference in conductivity of CoFe2O4 bulk

(�0.01 X�1 cm�1) and nano (�10�6 X�1 cm�1) systems at

106 Hz has been reported by Panda et al.,3,4 indicating a very

low room temperature conductivity of CoFe2O4 nanoparticles

(NPs) due to the increase in density of highly resistive grain

boundaries. Lu et al.5 have reported the dependence of mag-

netic properties of CoFe2O4 NPs on their morphology and

chemical composition. They have found that the blocking tem-

perature (Tb) of CoFe2O4 NPs increased whereas their anisot-

ropy constant (K) decreased with increasing particle volume

and Co: Fe ratio regardless of the shape of the NPs. Recently,

magnetic nano-hollow structures have attracted tremendous

attention of the researchers owing to their low density, high

effective surface area, large pore volume, and enhanced coer-

civity, which unveil their high performances in catalysis, drug

delivery, hyperthermia, radar absorption, and etc. Guo and his

group6 have reported the solvothermal synthesis of MnFe2O4

hollow spheres and nanocrystal clusters with similar submi-

cron scales (150–180 nm) where the hollow structures are

found to exhibit greater coercivity (�39.5 Oe) than their nano-

crystal clusters (superparamagnetic in nature), indicating their

beneficial activity for both hyperthermia and controlled drug

delivery. In addition, the photocatalytic degradation of methy-

lene blue in the presence of these structures also reveals that

the hollow structure is definitely a better candidate for cataly-

sis. Wang et al.7 have revealed that hollow/porous Fe3O4 NPs,

fillers for the electromagnetic wave attenuation composite,

show a better electromagnetic wave absorption property

(RL< 20 dB in the range of 1.6–3.0 GHz) along with higher

mass efficiency than the solid Fe3O4 NPs, as reported by Nia)Electronic mail: rupali12@bose.res.in

(�100 nm) for a given frequency of 0.3 THz is found to be 0.33 S/m and 9.08 S/m, respectively, indi-

cating that the hollow structure exhibits greater THz conduction in comparison to its solid counter-
part. Moreover, THz conductivity can be tailored by varying the nano-shell thickness of NHSs, and a
maximum conductivity of 15.61 S/m is observed at 0.3 THz for NHSs of average diameter 250 nm.
A detailed study reveals that thermally activated polaronic hopping plays the key role in determining
the electrical transport property of CoFe2O4 nanostructures, which is found to solely depend on their
magnitude of THz absorptivity. The non-Drude conductivity of all CoFe2O4 nanostructures is well
described by the Polaron model instead of the Drude-Smith model, which is relevant for backscatter-
ing of free electrons in a nanostructured material. The Polaron model includes intra-particle and inter-
particle polaronic conductivities for closely spaced magnetic nanostructures and provides a mean
free path of 29 nm for CoFe2O4 NPs of diameter 100 nm, which is comparable with its average crys-
tallite size, indicating the applicability of the developed model for nanomaterials where charge trans-
port is determined by polaronic hopping. Finally, we have demonstrated the morphology and size
dependent magnetic measurements of ferrimagnetically aligned CoFe2O4 nanostructures through a
vibrating sample magnetometer in the temperature range of 80–250 K, revealing that the disordered
surface spin layer of nanostructures significantly controls their magnetism.
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and his research group.8 Therefore, there is a great potential of

versatile, ferrimagnetic CoFe2O4 nanostructures for stimulat-

ing numerous opportunities toward different applications in

the present era of multitasking.

In recent years, THz technologies are expanding into

much broader applications such as security screening, medical

imaging, wireless sensor, and communication. The develop-

ment of different high frequency electro-optical components

such as THz attenuator,9 THz band-pass filter,10 and THz

polarizer11 enormously helps the advancement by manipulat-

ing the THz radiation in a very effective way. It is well known

that 3d transition metal oxide based magnetic nanostructures

are very effective electromagnetic absorbers in both micro-

wave and radio frequency regions due to their high permeabil-

ity, high permittivity, high resistivity in addition to the high

surface to volume ratio, and antioxidant properties,12 and

recently significant efforts have been made to understand their

frequency dependent conductivity13 in the THz frequency

range. In condensed matter physics, many elementary and col-

lective low energy excitations are found to occur in the THz

frequency range, such as phonon, magnon, plasmon, energy

band gap transition of superconductor, and excitonic transition

of semiconductor. Moreover, THz radiation, covering the

energy range from a few to about 100 meV, is also sensitive

to the response of charge quasiparticles such as free carrier,

polaron, and exciton.14 Therefore, study of their dynamics uti-

lizing THz time domain spectroscopy, a non-contact tool for

material characterization, can explore the fundamental physics

as well as new technology. Pimenov et al.15 have reported the

temperature dependent THz conductivity spectra of Fe3O4

near Verway transition temperature (Tv), which strongly sup-

port their structure-induced insulator to semi-metal transition

at Tv� 120 K. Due to very low room temperature conductiv-

ity of these ferrite nanomaterials, the studies regarding their

THz conductivity are sparse in the existing literature.

However, morphology dependent THz conductivity studies by

Baxter et al.16 reveal that the nanomaterials having building

blocks with same composition but different morphologies can

have enhanced THz conductivities. Therefore, the detailed

study of different ferrite nanostructures is essential and may

offer diverse opportunities toward high frequency based inno-

vative technological applications as well as spintronics.

A wide class of nanomaterials, such as metal,17 semicon-

ductor,18 and oxide19 with various morphologies and sizes,

has already been extensively studied and different charge car-

riers are found to have very distinct properties depending on

the crystal structure, band gap, dielectric function, and

electron-phonon coupling strength. In a bulk material with a

high dielectric function and moderate electron-phonon cou-

pling, the charge carriers are found to efficiently screen from

one another, and they act as free carriers whereas for materials

with strong electron-phonon coupling, the carrier-phonon

interaction will lead to the formation of a polaron. The

polaron is a carrier dressed with local lattice deformation and

has a reduced mobility due to its increased effective mass.

Detailed literature review unfolds that the THz conductivities

of most of the charge carriers follow the Drude-Smith model20

as in the case of photo-excited TiO2 NPs,21 InP NPs,22 semi-

conducting polymer molecules,23 graphene,24 and carbon

nanotubes.25 The deviation from typical Drude26 behaviour in

the case of nano-systems is due to their quantum confinement,

charge carrier backscattering from the grain boundaries or

defects, and surface trapping states, which result in faster car-

rier decay. The plasmon resonance in metal or the formation

of excitons in semiconductor27 also plays an important role in

controlling their transport property. However, an understand-

ing of the carrier dynamics of 3d transition metal oxide based

magnetic nanostructures where the charge transportation is

basically through polaronic hopping is still absent in the

extant literature. Since hollow ferrite nanostructures are found

to absorb electromagnetic radiation more efficiently due to the

large effective surface area and multiple internal reflections of

the electromagnetic wave within the cavity, the study of their

optoelectronic responses in the THz frequency region may

rise opportunities in the space, stealth technology, electromag-

netism based electronic devices such as sensor, switch, and

so on.

In this paper, we report the ultrafast carrier dynamics of

CoFe2O4 NPs and a series of nano-hollow spheres (NHSs) of

increasing diameter (100, 160, 250, and 350 nm) as represen-

tative semi-insulating samples using THz time domain spec-

troscopy. The conductivity spectra of CoFe2O4 NPs and

NHSs of same diameter (�100 nm) reveal that the hollow

structure exhibits greater THz conduction in comparison to

its solid counterpart and we have found that the conductivity

of CoFe2O4 NHSs can be tuned effectively by changing their

shell thickness. At a given frequency of 0.3 THz, the maxi-

mum and minimum conductivities of 15.61 S/m and 0.33 S/

m are observed in the case of NHSs of diameter 250 nm and

NPs of diameter 100 nm, respectively. The experimental

results have been explained in the framework of the Polaron

model by incorporating intra-particle and interparticle polar-

onic conductivities in a very closely spaced magnetic nano-

structures in order to extract the basic parameters like carrier

scattering time, mean free path, polaronic effective mass,

and etc. The theoretically obtained mean free path for

CoFe2O4 NP of diameter 100 nm is found to be in good

agreement with its crystallite size, indicating the applicabil-

ity of developed Polaron model in the present system. Our

work confirms that the polaron is the fundamental carrier for

electrical transportation in semi-insulating CoFe2O4 nano-

structures and its thermally activated hopping is the main

mechanism for conduction. Finally, the magnetic measure-

ments of all CoFe2O4 nanostructures in the temperature

range 80 to 250 K reveal that both the morphology and size

of the nanostructures significantly influence their magnetic

properties.

II. EXPERIMENTAL DETAILS

The precursor salts, cobalt chloride (CoCl2, 6H2O) and

ferric chloride (FeCl3, 6H2O); the solvents, ethylene glycol

and ethanol; the base, urea; and the capping agent, oleyl-

amine are purchased from Sigma-Aldrich. CoFe2O4 NHSs of

different diameters were synthesized by using a facile tem-

plate free solvothermal method through proper variation of

the capping agent, oleylamine, as reported in our earlier arti-

cle.28 In a typical synthesis of CoFe2O4 NHSs of diameter



100 nm, 0.721 g of CoCl2, 6H2O, 1.638 g of FeCl3, 6H2O,

and 1.06 g of urea were dissolved in 60 ml solvent mixture of

ethylene glycol (40 ml) and ethanol (20 ml) which were

stirred until a clear homogeneous solution. Thereafter, 6 ml

of oleylamine which is a growth modifier as well as surface

stabilizer was added to the solution mixture in order to

restrict the particle growth in nanometer size range. The

properly mixed final solution was transferred into 80 ml tef-

lon lined stainless steel autoclave and heated to 180 �C for

12 h followed by natural cooling to room temperature. The

resulting black precipitate was thoroughly washed with abso-

lute ethanol to remove all residual reagents and separated by

centrifugation. The as-obtained product was dried at 60 �C
for 2 h. The diameter of CoFe2O4 hollow spheres has been

tailored by varying the amount of oleylamine. Only by mod-

ulating the amount of oleylamine as 6, 5, 4, and 3 ml, we

have been able to prepare the CoFe2O4 NHSs of diameter

100, 160, 250, and 350 nm, respectively, and they were sepa-

rately named as NHS-i (i¼ 100, 160, 250, and 350).

Additionally, the synthesis of CoFe2O4 NPs of diameter

100 nm has been carried out following the same procedure as

NHS-100 but with the reaction time of 9 h and named it as

NP-100. The possible chemical reactions for the synthesis of

CoFe2O4 nanospheres are proposed as follows:29

COðNH2Þ2 ! NH3 þ HCNO;

NH3 þ H2O ! NH4
þ þ OH�;

Coþ2 þ 2OH� ! CoðOHÞ2;

Feþ3 þ 3OH� $ FeOOHþ H2O;

CoðOHÞ2 þ 2FeOOH ! CoFe2O4 þ 2H2Oþ Hþ:

Basically, at elevated temperature, urea decomposed and

produced ammonia which is going to hydrolyse and produce

hydroxyl groups. These hydroxyl groups help in precipitating

cobalt and ferric ions into their corresponding hydroxides in a

form of colloid. Finally, the presence of both cobalt hydroxide

and iron oxide hydroxide in the reaction mixture enables to

form CoFe2O4. The mechanism for the formation of CoFe2O4

NHSs has been speculated by employing the series of trans-

mission electron micrographs of the resulting products at vari-

ous reaction times of 3, 6, 9, and 12 h of CoFe2O4 NHS-350 as

shown in Figure S1 of supplementary material of our earlier

article.28 Due to hydrolysis of Co2þ, Fe3þ, and ammonia at

elevated temperature, it formed a large number of primary

Co(OH)2 and FeOOH nanocrystals which serve as the nucleus

and rapidly transform into nano-leaf like structure due to their

rhombohedral and monoclinic crystal lattice, respectively, as

shown in Figure 1. Since the newly formed nano-leafs are

extreme nanoscale in size and thermodynamically unstable,

they assembled to each other to form a solid sphere with

reduced surface energy. In general, the presence of oleylamine

prevents NP aggregation and acts as a surface stabilizer due to

repulsive force from its hydrophobic carbon chain. However,

we can control the NP aggregation depending on the amount

of oleylamine, for example, large amount of oleylamine in the

solution prevents small grains from growing quickly. With a

longer reaction time of 9 h at 180 �C, the cobalt hydroxide and

iron oxide hydroxide present in the reaction mixture form

CoFe2O4, which results in the formation of irregular shaped

small pores inside the solid spheres. It is due to the volume

reduction and hence increase in density because of the transfor-

mation of Co(OH)2 and FeOOH with lower densities of 3.59 g

cm�3 and 3 g cm�3, respectively, to denser CoFe2O4 with a

density of 5 g cm�3. As the reaction time was further increased

to 12 h, the small sized pores merge to form larger pores and

finally form a single large pore with a nano-hollow structure

due to Ostwald ripening. According to Ostwald ripening, the

crystallites located in the central part of the spherical aggregate

are smaller or less dense compared to those in the outer parts,

and they migrate towards the outward direction to form bigger

crystallites. The deposition of smaller crystallites on the outer

part results in the formation of hollow spheres. However, out-

ward migration of nanocrystallites results in no shrinkage of

as-synthesized NHSs, indicating that the oleylamine coating

over individual nanocrystallites not only limits the aggregation

but also prevents the collapse of the structure.

The phase and morphology of as-synthesized nanomateri-

als were characterized by X-ray diffraction (XRD), scanning

electron microscope (SEM), and transmission electron micro-

scope (TEM). All the XRD patterns were measured with a

Rigaku Miniflex II desktop X-ray diffractometer using Cu Ka

(k¼ 1.5418 Å) radiation. The SEM of the NPs and the TEM

of hollow spheres were carried out in a FEI Quanta-200 at

20 kV and a TECHNAI G2 SF20 ST TEM at 200 kV, respec-

tively, in order to investigate their morphology, crystallinity,

and the size distribution. The samples for the SEM measure-

ments were prepared by pouring a drop of alcohol solution of

samples in Si wafer followed by slow drying in open air, and

the samples for TEM measurements were prepared by follow-

ing the same procedure; however, in this case the alcohol

solution of samples is dropcast in a carbon coated Cu grid.

Magnetic hysteresis loop measurements up to 1.6 T at differ-

ent temperatures of 250, 200, 150, and 80 K were carried out

using a vibrating sample magnetometer (Lakeshore-7144). In

order to quantify the THz conductivity of as-synthesized

CoFe2O4 nanomaterials, we performed THz time domain

spectroscopy using a commercial system, called TR-1000S

from Otsuka Electronics Company, Ltd, Osaka, Japan. The

schematic diagram of the incident and transmitted THz waves

with and without the sample is depicted in Figures 2, indicat-

ing the applicability of plane wave approximation. The sam-

ple holder with a scoop dimension of 3.5 � 3.5� 3.0 mm3

was fabricated using the metal holder and a black polypropyl-

ene as a base. The black polypropylene is completely trans-

parent to the incident THz radiation, which enables us to

measure the THz conductivity of samples in transmission

geometry in THz time domain spectroscopy. We have col-

lected time-dependent transmitted pulses with and without

FIG. 1. Schematic illustration of the formation mechanism of CoFe2O4

NHSs.



sample and transformed into frequency-dependent power and

phase values by using Fourier analysis in order to quantify the

material parameters such as THz absorptivity, permittivity,

and conductivity.

III. RESULTS AND DISCUSSIONS

The XRD patterns of all the nanostructures, as shown in

Figure 3(a), confirm the single phase, face centred cubic

inverse spinel structure (JCPDS card no. 22-1086) of

CoFe2O4 and from broadening of their Bragg reflection

peaks, the average crystallite size of CoFe2O4 NHSs is found

to increase with increasing average diameter of the NHSs (as

listed in Table I) using Scherrer’s Equation. Energy disper-

sive X-ray (EDX) spectroscopic analysis as shown in Figure

3(b) confirms the absence of elemental composition of the

capping agent, oleylamine, which may play a significant role

in THz absorption. The SEM image of NP-100 as in Figure

3(c) and the TEM images of all the NHSs of diameter 100,

160, 250, and 350 nm as in Figures 3(d)–3(g) indicate nearly

homogeneous size distribution and uniform shape of as-

synthesized CoFe2O4 nanostructures. The intensive contrast

between the black margin and the bright centre of Figures

3(d)–3(g) confirms the synthesis of nano-hollow structures.

The list of average diameter and average shell thickness of

CoFe2O4 NPs and NHSs, as mentioned in Table I, is calcu-

lated from the SEM and TEM images, respectively.

In order to obtain detailed information about the structure,

crystallinity, and growth direction of the synthesized products,

high resolution TEM (HRTEM) and selected area electron dif-

fraction (SAED) analyses of a representative single hollow

sphere of diameter 100 nm, as indicated by black square

marked area of Figure 4(a), were carried out. The HRTEM

image as shown in Figure 4(b) of NHS-100 confirms its crys-

tallinity and the calculated inter-planar distance between con-

secutive lattice fringes is about 0.251 nm, which corresponds

to the distance between (311) planes of the CoFe2O4 crystal

lattice. Figure 4(c) shows the SAED pattern of NHS-100, fur-

ther confirming the crystalline nature of as-synthesized NHSs.

Meticulous analysis of Table I points out that the average

FIG. 2. Schematic diagram of incident and transmitted THz waves with and

without the sample in THz time domain spectroscopy measurement.

FIG. 3. (a) XRD patterns of all CoFe2O4 nanomaterials, (b) EDX spectrum of CoFe2O4 NHS-350, indicating the presence of elemental composition of only

Co, Fe and O, (c) SEM image CoFe2O4 NP-100. TEM images of CoFe2O4 (d) NHS-100, (e) NHS-160, (f) NHS-250, and (g) NHS-350.

TABLE I. List of average particle diameter, crystallite size, and shell thick-

ness of CoFe2O4 nanomaterials.

Sample

name

Average

diameter (nm)

Crystallite

size (nm)

Shell

thickness (nm)

NP-100 100 6 5 39.1 6 5 0

NHS-100 100 6 4 40.3 6 4 19

NHS-160 160 6 5 42.5 6 6 36

NHS-250 250 6 7 44.1 6 8 50

NHS-350 350 6 3 48.1 6 7 90



crystallite size of NHS-100 is much larger than their average

shell thickness whereas in the case of NHS-160 and NHS-250,

the average crystallite size and the average shell thickness are

comparable. Further, the average crystallite sizes in the case of

NHS-350 and NP-100 are found to be much smaller than their

corresponding average shell thickness and diameter, respec-

tively, suggesting more polycrystalline nature of NP-100 and

NHS-350 in comparison to NHS-100, NHS-160, and NHS-

250.

The comparative field dependent magnetization (M-H)

measurements of NPs and NHSs of the same diameter

(�100 nm) at different temperatures of 250, 200, 150, and

80 K are shown in Figure 5(a) whereas the M-H loops for all

CoFe2O4 NHSs of increasing diameter for the same tempera-

ture range are presented in Figure 5(b). The room tempera-

ture magnetic measurements of the CoFe2O4 NP and NHSs

of increasing diameter are reported in our earlier article28

where the coercive fields for the NP and NHS of the same

diameter (100 nm) are found to be 0.30 and 0.64 kOe, respec-

tively, and it decreases from 0.64–0.34 kOe as the size of the

hollow spheres increases from 100 to 350 nm whereas the

saturation magnetizations change from 68.11–38.88 emu/g

for the NP and NHS having a diameter of 100 nm and it

increases from 38.88–67.5 emu/g with an increasing size of

the NHSs. The list of coercivity (Hc) and saturation magneti-

zation (Ms) values for all the nanostructures at 250, 200, 150,

and 80 K is arranged in Table II. The Hc values are found to

increase from 0.43–1.16 kOe at T¼ 250 K, 0.79–2.31 kOe at

T¼ 200 K, 1.26–4.44 kOe at T¼ 150 K, and 2.2–7.94 kOe at

T¼ 80 K as the size of the hollow spheres decreases from

350 to 100 nm. It is due to the higher fraction of dangled sur-

face cobalt and iron ions of CoFe2O4 with decreasing size of

the NHSs. This enhances the surface spin disorder and thus

results in a huge increase in magnetocrystalline as well as

surface anisotropy.30 In addition to that pinning of domain

wall motion at the grain boundary can be a source of coerciv-

ity as reported by El-Gendy and his group.31 Since the

reduced grain size creates more pinning sites,32 smaller

NHSs exhibit an increased coercivity than the bigger NHSs.

The coercive fields for the NP and NHS of the same diameter

(100 nm), which are found to be 0.40 and 1.16 kOe, respec-

tively, at T¼ 250 K, 0.46 and 2.31 kOe, respectively, at

T¼ 200 K, 0.64 and 4.44 kOe, respectively, at T¼ 150 K,

and 1.21 and 7.94 kOe, respectively, at T¼ 80 K, have

unfolded that the outer surface spin disorder in addition to

the inner surface spin disorder of NHS configuration causes a

noticeable enhancement of surface anisotropy. The Ms values

FIG. 4. (a) TEM image of CoFe2O4 hollow sphere of diameter 100 nm, (b)

HRTEM image, (c) SAED pattern of the area selected by black rectangle of

CoFe2O4 NHS-100.

FIG. 5. (a) Comparative field dependent magnetization studies of CoFe2O4 NP and NHS of diameter 100 nm at 250, 200, 150, and 80 K, (b) The M-H loops of

CoFe2O4 NHSs of increasing diameter at the same temperature range.

TABLE II. List of Hc and Ms of all as-synthesized CoFe2O4 nanostructures at 250, 200, 150, and 80 K.

Name

Hc (kOe)

at 250 K

Hc (kOe)

at 200 K

Hc (kOe)

at 150 K

Hc (kOe)

at 80 K

Ms

(emu/gm) at 250 K

Ms

(emu/gm) at 200 K

Ms

(emu/gm) at 150 K

Ms

(emu/gm) at 80 K

NP-100 0.40 0.46 0.64 1.21 70.96 73.49 76.34 79.33

NHS-100 1.16 2.31 4.44 7.94 38.09 40.01 41.65 44.80

NHS-160 0.67 1.07 2.00 3.56 46.47 47.69 48.44 55.05

NHS-250 0.64 0.97 1.49 2.57 61.08 62.3 63.66 67.98

NHS-350 0.43 0.79 1.26 2.20 68.3 68.99 69.75 77.93



are found to increase from 38.09–68.3 emu/g at T¼ 250 K,

40.01–68.99 emu/g at T¼ 200 K, 41.65–69.75 emu/g at

T¼ 150 K, and 44.80–77.93 emu/g at T¼ 80 K with increas-

ing size of the NHSs since increasing size of NHSs reduces

surface/volume ratio. Basically, the spins at the surface layer

are inclined at various angles with respect to the direction of

net moment and unable to contribute in net magnetization.33

Therefore, decreased surface/volume ratio of larger NHSs

reduces the spin disorder and therefore increases the net Ms.

Morphology dependent study of Ms as in the case of the NP

and NHS having a diameter of 100 nm reveals that the pres-

ence of an extra inner surface spin disorder of the NHS

reduces its Ms from 70.96–38.09 emu/g at T¼ 250 K,

73.49–40.01 emu/g at T¼ 200 K, 76.34–41.65 emu/g at

T¼ 150 K, and 79.33–44.80 emu/g at T¼ 80 K. Moreover,

the temperature dependent magnetic measurements reveal

that the coercive fields of the nanostructures increase with

decreasing temperature as the canted spins at the surface

layer freeze into a spin-glass-like phase at low temperature

and thus enhance the surface anisotropy34 whereas Ms

decreases with increasing temperature because the demagne-

tization of the ferrimagnetic substance occurs due to the

excitation of spin waves of long wavelengths with tempera-

ture, according to spin wave theory.35

Figure 6(a) shows the comparative THz time domain

waveforms after passing through CoFe2O4 NPs and NHSs of

the same average diameter (100 nm) and in the absence of

sample whereas Figure 6(b) shows the THz time domain

waveforms for NHSs of different average diameters ranging

from 100 to 350 nm. The difference in time domain THz

amplitude for reference and different CoFe2O4 nanostruc-

tures is found out to be very high, indicating appreciable

THz absorption by the samples. The fast Fourier transform

(FFT) THz amplitudes in the frequency domain are pre-

sented in their corresponding inset. It is distinctly evident

from the FFT amplitude that the optical parameters of NP-

100 and NHS-100, 160, 250, and 350 can effectively be

extracted in the frequency range of 0.1 to 0.9 and 0.5, 0.4,

0.3, and 0.7 THz, respectively, beyond which the signal to

noise ratio reduces significantly.

In order to make the spectra smoother, we have removed

the systematic reflection from the THz waveforms. These

ripples are due to reflection from the detector present in the

THz time domain spectroscopy system. The frequency

dependent complex refractive index, absorption co-efficient,

complex dielectric constant, and complex conductivity are

deduced by numerically solving Fresnel’s transmission coef-

ficient for each sample. The complex optical constants are

retrieved by using the following relations:

n ¼ u xð Þc
xd

þ 1; (1)

j ¼ c

xd
ln

4n

q xð Þ nþ 1ð Þ2
; (2)

aabs xð Þ ¼ 2xj xð Þ
c

; (3)

e0ðxÞ ¼ n2ðxÞ � j2ðxÞ; (4)

e00ðxÞ ¼ 2nðxÞjðxÞ; (5)

r0ðxÞ ¼ xe0e
00ðxÞ; (6)

r00ðxÞ ¼ xe0ðe1 � e0Þ; (7)

where q(x) and u(x) are the amplitude and phase shift of

the ratio between the sample and the reference THz pulses,

respectively, which are experimentally obtained. d and

aabsðxÞ are the thickness and absorption co-efficient, respec-

tively, whereas n; j; e0ðxÞ; e00ðxÞ; r0ðxÞ; and r00ðxÞ are real

and imaginary parts of refractive index, permittivity, and

conductivity of the sample, respectively. e0 is the permittiv-

ity of free space, e1 is the infinite dielectric constant, c is the

velocity of electromagnetic wave in free space, and x is the

angular frequency of radiation.

Figures 7(a)–7(e) show the absorption spectra of all

CoFe2O4 nanostructures where the frequency range of analysis

for NP-100 and NHS-100, 160, 250, 350 is found to vary from

0.1 to 0.9 and 0.5, 0.4, 0.3, and 0.7 THz, respectively.

Meticulous analysis reveals that the total absorption spectrum

of CoFe2O4 NP exhibits peaks at 0.17, 0.31, 0.44, 0.59, 0.73,

and 0.82 THz, which appear to be at a regular energy level

spacing of �0.13 THz (in the energy scale �0.53 meV). These

equi-spaced peaks are in general observed due to low energy

acoustic phonon vibration in a simple harmonic oscillator

potential of the CoFe2O4 molecule.36 The monotonically

increasing nature of frequency dependent THz absorption for

all nanostructures is due to higher energy of incident radiation,

leading to higher absorption, as expressed in Equation (3). The

comparative THz absorption co-efficient of CoFe2O4 NP-100

and NHS-100, 160, 250, and 350 at a given frequency of 0.3

THz is presented in Figure 7(f). Interestingly, the nano-hollow

configuration of CoFe2O4 exhibits significantly higher THz

absorption in contrast to its solid counterpart having the same

average diameter of 100 nm. Moreover, the magnitude of THz

absorption is found to increase with the size of the NHSs up to

NHS-250, and then it decreases as in the case of NHS-350.

Electromagnetic wave absorption basically depends on

the thickness and the nature of the material such as electric

permittivity, magnetic permeability in addition to the wave-

length of incident radiation.37 According to the theory of

absorption, 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

FIG. 6. Comparative THz time domain amplitudes of (a) reference,

CoFe2O4 NP and NHS of diameter 100 nm and (b) CoFe2O4 NHSs of diame-

ter 100, 160, 250, and 350 nm. FFT amplitudes are shown in their corre-

sponding inset.



dI ¼ aabsðxÞIdz; (8)

where aabs(x) is the absorption co-efficient and I is the beam

irradiance at z. Equation (8) indicates that the absorption of

electromagnetic radiation increases with increasing the path

travelled by the incident radiation within the material. In the

case of the NHS, its hollow structure helps to confine the

THz radiation within it and therefore, the multiple internal

reflections offered by its double interface force the ray to

travel a longer distance than the NP having the same average

diameter as NHS-100. The THz absorption is also found to

increase with an increasing average shell thickness of NHSs

up to NHS-250. The deviation from increasing trend with the

size above NHS-250 is due to the fact that apart from shell

thickness, THz absorption also depends on the dielectric as

well as magnetic loss of the material.

To search the effect of dielectric loss responsible for the

THz absorption of CoFe2O4 nanomaterials, we have

retrieved the real and imaginary permittivity data from the

transmitted signal and presented in the inset of Figures

7(a)–7(e). Permittivity in general originates from the elec-

tronic, ionic, and intrinsic electric dipole polarization of the

material, which significantly depend on its crystal structure,

size, and geometrical morphology.38 The inset of Figures

7(a) and 7(b) indicates that the nano-shell structure exhibits

larger dielectric loss (e00) than NPs having the same diameter

(�100 nm). It may be due to its double interfaces which help

to produce a large number of electric dipoles upon interac-

tion with THz radiation in contrast to NP. The size depen-

dency of e00 for the NHSs reveals that the dielectric loss is

found to increase with specific surface area up to NHS-250

and thereafter, it decreases as in the case of NHS-350 with

an average shell thickness of 90 nm, respectively, indicating

that the shell thickness of the NHSs plays a key role in con-

trolling the THz absorption of the nanomaterial. NHS-350

exhibits considerably low e00 since its shell thickness is

almost comparable to the average diameter of NP-100.

However, NHS-350 exhibits greater e00 than NP-100 due to

its hollow configuration, which helps to confine the electric

field within the material and thus results in a higher dielectric

loss compared to NP-100.

In general, the permeability is related to two different

magnetic mechanisms: spin rotation and domain wall motion

and due to high magnetic anisotropy of CoFe2O4, the reso-

nance associated with rotation of magnetization vector will

lie in the THz wave range.39 It is found that both the intrinsic

rotational susceptibility and the domain wall susceptibility

are related to the square of Ms.
40 Therefore, the highest value

of Ms at room temperature for NP-100 (as shown in Figure

5(a)) causes highest permeability and leads to maximum

magnetic loss upon THz excitation. However, the dielectric

loss for NP-100 is found to be appreciably small as shown in

the inset of Figure 7(a), giving rise to low performance in

absorbing THz radiation. Among the nano-hollow structures,

Ms is found to increase with size of the NHSs, leading to

increase in their magnetic loss with size. However, instead

of high value of permeability, NHS-350 exhibits low THz

absorption due to its low dielectric loss as observed from the

inset of Figure 7(e).

Figures 8(a)–8(e) show the frequency dependent real

(r0) and imaginary (r00) parts of THz conductivity for each of

the five samples, revealing the influence of THz absorption

on the electrical transport property of CoFe2O4 nanostruc-

tures. Figure 8(f) exhibits the real and imaginary conductiv-

ity of all CoFe2O4 nanostructures at the maximum available

THz frequency of 0.3 THz whereas Table III lists the same

FIG. 7. THz absorption spectra of CoFe2O4 (a) NP-100, (b) NHS-100, (c) NHS-160, (d) NHS-250, and (e) NHS-350 in the frequency range 0.1 to 0.9, 0.5, 0.4,

0.3, and 0.7 THz, respectively. Inset shows their corresponding real and imaginary parts of complex permittivity. (f) Comparative absorption co-efficient of all

the CoFe2O4 nanostructures at 0.3 THz. Inset shows the comparative real and imaginary permittivity of all the CoFe2O4 nanostructures at 0.3 THz.



which helps to demonstrate distinctly the differences in the

obtained results. It is found that the nano-hollow configura-

tion of CoFe2O4 exhibits greater THz conduction in contrast

to the NP configuration having the same diameter of 100 nm

and the magnitude of THz conductivity of NHSs increases

with size up to NHS-250, and then it decreases as in the case

of NHS-350, following the Tinkham Equation,41 a relation

between the field transmission, T(x), and the sample’s com-

plex conductivity, r�ðxÞ:

r� xð Þ ¼ nþ 1

Zd

1

T xð Þ � 1

� �
; (9)

where n is the sample’s THz index of refraction, Z is the

impedance of free space, and d is the sample thickness.

CoFe2O4 is a mixed valence system42 in which electron

exchange between Fe2þ and Fe3þ and hole transfer between

Co3þ and Co2þ ions in octahedral sites are responsible for

electrical conduction. Upon THz interaction with CoFe2O4

nanomaterials, its energy excites the spin waves of the mag-

netic material and creates non-equilibrium magnons, which

are thermalized into phonons, and results in a low energy

phonon vibration. The equispaced peaks in THz absorption

spectra of CoFe2O4 NPs, as shown in Figure 7(a), also reveal

the existence of low energy phonon vibration. The deforma-

tion of lattice effectively reduces the mobility as well as

enhances the effective mass (m*) of the hopping electron,

which is termed as polaron, and thermally activated polar-

onic hopping plays a key role in determining the electrical

transport property of CoFe2O4 semi-insulating nanomateri-

als. Polaron physics plays an important role in describing

magneto-resistive perovskite,43 high temperature supercon-

ductor,44 molecular semiconductor,45 fullerene,46 polar semi-

conductor,47 etc. However, there exist only theoretical

results concerning their spectral property and optical conduc-

tivity with different electron-phonon interaction strengths.

Recently, THz time domain spectroscopy, combined with

ultrafast optical excitation opens up the opportunity to inves-

tigate the polaron transport in nanocrystalline semi-metals

and semi-insulators which is a subject of notable technologi-

cal and fundamental attention. From the technological stand-

point, it is crucial for many important applications in

magneto-polaron optics,48 thermoelectronics and spin-

tronics,49 photodetectors,50 and electromagnetic interference

shielding devices for stealth and space51,52 technology.

In recent past, THz conductivity of many nanomaterials

has been studied utilizing THz time domain spectroscopy

and most of them are found to follow the Drude-Smith

model20 in which the backscattering of electrons from the

interfaces, surfaces, grain boundaries, and defects of the

nanomaterial is taken into account. Kim et al.53 have

explained the THz conductivity of metallic Ag nanowire thin

films by the Drude–Smith model where the charge scattering

effects come from the interconnected nanowires. Baxter

et al.16 have fitted the non-Drude THz conductivity of semi-

conducting TiO2 nanowire arrays with the Drude–Smith

model where the negative imaginary conductivity has been

described in terms of polarizability of excitons. Cooke and

his group54 have examined the ultrafast photoconductivity of

Si/SiO2 nanocomposite films for various Si NP concentra-

tions and explained their THz conductivities in terms of the

Drude–Smith model due to charge carrier localization.

According to the Drude–Smith model, the THz complex con-

ductivity of nanomaterials is given by

r� xð Þ ¼
e0x2

ps

1� ixsð Þ 1þ
X1
n¼1

cn

1� ixsð Þ

" #
; (10)

where xp is the plasma frequency, s is the scattering time,

and cn is a parameter that accounts for the fraction of the

electron’s original velocity retained after the nth scattering.

However, the carrier dynamics of transition metal oxide

based semi-insulating magnetic CoFe2O4 nanostructures is

dominated by the thermally activated polaronic transport

instead of any free electron. Therefore, it is our fundamental

research interest to present a theoretical background of THz

induced ultrafast carrier dynamics of CoFe2O4 nanomaterials

since it is inappropriate to explain their conductivity in terms

of the Drude–Smith model which includes only the backscat-

tering of free electrons.

As soon as the polaron of the CoFe2O4 nanomaterial

encounters a nanocrystalline grain boundary within its mean

free path, it can either leave the grain if its energy is suffi-

ciently high to overcome the energy barrier simply by hop-

ping or it can scatter from the grain boundary when its energy

is low. Since our as-prepared NHSs of diameter 100, 160, and

250 nm are approximately single crystalline in nature, the pos-

sible backscattering from the nanocrystalline grain is signifi-

cantly low, although they include backscattering from defects

and interfaces whereas NP-100 and NHS-350 incorporate all

types of backscattering. In general, the charge transport of

closely spaced magnetic NHSs consists of an intra-particle

component and an interparticle component. The intra-particle

conductivity rb(x) is described by the Drude-Lorentz model

since the thermally activated polaron is a bound state of elec-

tron due to strong electron-phonon coupling. In addition, the

backscattering of a carrier from the grain boundary, defects,

and interfaces causes the carrier localization which also makes

the system bound. The frequency dependent complex conduc-

tivity r�bðxÞ for bound carriers55 at an angular frequency (x)

of THz excitation is given by Equation (11)

r�b xð Þ ¼ rbð0Þ

1� ixsD 1� x2
0

x2

� � ; (11)

where rbð0Þ ¼ e2nbsD

m� is the Lorentz’s dc conductivity with a

number of bound carrier nb, and x0, the resonant frequency

of the CoFe2O4 nanomaterial.

The interparticle conductivity includes the quantum

mechanical tunnelling from one particle to the other for an

array of closely spaced nanostructures. The conductivity

resulting from quantum tunnelling between the states in a

randomly localized space can be presented within the hop-

ping model,56 as expressed by the Dyre expression (12)

r�h xð Þ ¼ rt 0ð Þ ixst

ln 1þ ixstð Þ ; (12)



where the expression for DC tunnelling conductivity rtð0Þ
¼ ntðerÞ2

2kTst
depends on the spacing r between the NPs, the temper-

ature T, the tunnelling density nt, and the tunnelling time st.

Since both the conductivities through localized states

occur in a random manner, they are similar to the band trans-

port along a percolative path. According to the percolation

path method, the effective complex conductivity57 due to a

series sequence of intra and inter-particle carries is given by

1

r� xð Þ ¼
f

r�b xð Þ þ
1� f

r�h xð Þ ; (13)

where f is the volume fill fraction of particles. Excellent fits

to the present model, as expressed in Equation (13), are

obtained simultaneously for both r0 and r00 conductivities of

all CoFe2O4 nanostructures, as shown in Figures 8(a)–8(e),

for a given set of fitting parameters sD, st, x0, and m* as sum-

marized in Table IV. Detailed calculation of carrier density,

tunnelling distance, and volume fill fraction of particles (f) for

all CoFe2O4 nanostructures is presented in the supplementary

material. Augustin et al.58 have reported that the conductivity

of CoFe2O4 NPs with crystallite size 30 nm at ambient tem-

perature is of the order of 10�7 S/m which therefore helps to

calculate the maximum possible temperature of CoFe2O4 NP-

100 having a crystallite size of 39 nm after thermalization of

incident THz energy corresponding to its maximum conduc-

tivity of 13 S/m (as shown in Figure 8(a)) and it is found out

to be T� 39 � 109 K. Expressing carrier scattering time (sD)

FIG. 8. (a) Real, (b) Imaginary parts of complex conductivity of CoFe2O4 (a) NP-100, (b) NHS-100, (c) NHS-160, (d) NHS-250, and (e) NHS-350 all as-

synthesized in the frequency range 0.1 to 0.9, 0.5, 0.4, 0.3, and 0.7 THz, respectively. The symbol represents experimental data whereas the line indicates the

fitted graph. (f) Comparative real and imaginary conductivity of all CoFe2O4 nanostructures at a given frequency of 0.3 THz.

TABLE III. List of absorption co-efficient aabsðxÞ, real permittivity e0ðxÞ, imaginary permittivity e00ðxÞ, real conductivity r0ðxÞ, and imaginary conductivity

r00ðxÞ for maximum available THz frequency for CoFe2O4 NP-100 and NHS-100, 160, 250, and 350.

Sample name aabsðxÞ(cm�1) at 0.3THz e0ðxÞ at 0.3 THz e00ðxÞ at 0.3 THz r0ðxÞ (X�1 m�1) at 0.3 THz r00ðxÞ (X�1 m�1) at 0.3 THz

NP-100 0.75 2.04 0.07 0.33 �31.82

NHS-100 4.95 2.66 0.57 9.08 �44.56

NHS-160 6.11 2.98 0.75 12.86 �49.43

NHS-250 7.21 3.06 0.80 15.61 �50.98

NHS-350 2.89 2.1 0.30 5.19 �34.58

TABLE IV. List of fitting parameters for Polaron Model for all CoFe2O4 nanostructures.

Name nb (m�3) nt(1028) (m�3) sD (s) st (s) x0(102) (THz) r (nm) f m* (10�31) (kg)

NP-100 3.8 � 1025 2.71 � 1028 1.21 � 10�16 6 � 10�16 1.28 1.7 0.52 31.09

NHS-100 7.23 � 1025 2.7 � 1028 1.4 � 10�17 1.8 � 10�18 1.56 1.69 0.386 30.58

NHS-160 7.56 � 1025 2.71 � 1028 1.2 � 10�17 1 � 10�18 1.47 1.7 0.439 24.4

NHS-250 7.6 � 1025 2.71 � 1028 9.8 � 10�18 9 � 10�19 1.46 1.7 0.376 24.38

NHS-350 3.87 � 1025 2.71 � 1028 2.28 � 10�17 1 � 10�17 1.44 1.7 0.49 27.58

ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-120-025644
ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-120-025644


as a mean free path lmf¼ vthsD using a thermal velocity

vth ¼
ffiffiffiffiffiffiffi
3kBT
m�

q
� 2.39 � 108 m/s with m¼ 31.09 me and T¼ 39

� 109 K, lmf is found to be approximately 29 nm which is

in good agreement with the crystallite size of NP-100,

the expected mean free path of the charge carrier for

sD¼ 1.21� 10�16 s. These results demonstrate that our devel-

oped Polaron model is applicable to the semi-insulating

CoFe2O4 nano-system as long as the charge transport is

dominated by a polaronic hopping. According to the Drude

Model, in a typical metal, sD is of the order of 10�14–10�15 s

for an average velocity of �105 m/s at room temperature, giv-

ing rise to a mean free path of 1–10 Å� interatomic spac-

ing.59–61 Therefore, the carrier scattering time (�10�16 s) for

CoFe2O4 NPs, which is semi-insulating in nature, is consistent

with our obtained carrier scattering time. In the case of NHS-

100, both the carrier scattering (sD) and tunnelling (st) time

are found to decrease due to significantly enhanced THz

absorption in contrast to the NP of the same diameter. The

decrease in carrier scattering time facilitates the resistivity

whereas decrease in tunnelling time enhances the conductiv-

ity. Therefore, the competition between these two factors

ultimately raises the net conductivity of the NHS-100 appre-

ciably since Dst�DsD. The size dependent THz conductivity

of NHSs of different diameters indicates that the carrier scat-

tering time and the rate of tunnelling solely depend on the

magnitude of THz absorptivity of the nanostructures. The

magnitude of effective mass in Table IV confirms the exis-

tence of polaron which carries out microscopic hopping as

well as percolative transport between the consecutive

nanostructures.

The theoretical studies by Tannhauser,62 Mott,63,64 and

Austin and Mott65 describe the low temperature phase of

transition metal oxide as a Wigner crystallization of polaron

and point out the fact that whether it is small or intermedi-

ate, it in any case should be heavier than the free electron’s

mass. At low temperature, the effective mass of the polaron

in Fe3O4 is theoretically found to be approximately 10

times greater than the free electron’s mass,48 leading to no

thermally activated polaronic hopping. Hence, at high tem-

perature, the frozen carriers in the semi-insulator attain

thermal energies through phonon vibrations and thermal

energy leads to high carrier mobility along with reduction

in its effective mass in comparison to the effective mass at

low temperature which is consistent with our obtained

results as listed in Table IV. Moreover, with increasing

THz absorption as in the case of NHSs of increasing diame-

ter up to 250 nm, the effective mass of polaron is found to

decrease due to increasing thermal energy which enhances

the carrier mobility through thermally activated polaronic

hopping. It is a promising result from the view point of

basic physics as well as from the perspective of future inno-

vative application because the enhancement of THz absorp-

tion and conduction properties of light weight, anti-oxidant

magnetic CoFe2O4 NHSs can increase its effectiveness in

numerous application fields such as EMI shielding in THz

frequency range, stealth technology, and space technology

in addition to spintronics.

IV. CONCLUSIONS

In summary, we have presented a theoretical perspective

of strong non-Drude THz conductivity of semi-insulating

CoFe2O4 nanostructures in terms of Polaron model. The

agreement of the experimental result with the proposed theo-

retical model confirms that the carrier dynamics follows

microscopic polaron hopping within the nanocrystals, as well

as percolative transport between the closely spaced consecu-

tive magnetic nanostructures. Moreover, the morphology and

size dependent conductivity study of a series of NHSs of

increasing diameter and its solid counterpart reveal that the

hollow structure exhibits significantly higher THz conduction

than the NP configuration due to the enhancement of local

electric field within the nano-cavity and the magnitude of

THz conductivity increases with THz absorptivity of the

nanomaterial, following the Tinkham Equation. We believe

that the exceptional THz conductivity of CoFe2O4 NHSs in

contrast to its NP configuration would open up enormous new

encouraging and beneficial applications toward diverse fields;

for example, electronic devices for commerce, industry, and

military affairs.
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