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ABSTRACT: Herein, we report the observation of unusual electronic and magnetic
phases in traditional antiferromagnetic Co3O4 micromaterials and modulation of their
properties on a temperature scale. In particular, we demonstrate a comparative low-
energy carrier dynamics of Co3O4 microflower and microhollow flower (MHF)
structures of same average size of 2 μm to unravel the ground-state information induced
by surface electronics across the insulator−semiconductor transition using terahertz
(THz) time domain spectroscopy. Interestingly, the THz optical constants of these
structures are found to exhibit remarkably distinct features both as a function of
frequency and temperature. Detailed study reveals that the partial metallization through
large two-dimensional surface electronic states of MHF structure enables to achieve
significantly higher carrier dynamics in contrast to its wide-band-gap solid counterparts
and the magnetic measurements reconfirm the presence of these surface states by
indicating ferromagnetism in Co3O4 MHF structures. Moreover, the simultaneous
existence of insulator−semiconductor and antiferromagnetic−paramagnetic transitions
near the Neél temperature points out the significant role of magnetically active Co2+ ions at the tetrahedral site of Co3O4 normal
spinel structure in determining the conduction dynamics instead of 3d band related to Co3+ ions at octahedral site. Finally, we
demonstrate that the continuous modulation of temperature-controlled charge transport coupled with intrinsic phase transition
in Co3O4 microstructures has the potential to design efficient analog-like THz modulator, filter, and sensor. We believe that these
outcomes can stimulate new opportunities toward next-generation caloritronics-based ultrafast energy-efficient transition-metal
oxide electronics having both economic and environmental significance.
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1. INTRODUCTION

Strongly correlated electrons in transition-metal oxides
generate a rich variety of exotic electronic phases, such as
ferromagnetism, ferroelectricity, high Tc superconductivity,
colossal magnetoresistance, etc., due to their competing
interactions among magnetic, charge, orbital, and lattice degrees
of freedom.1 Ferrimagnetism with a very high Curie temper-
ature in Fe3O4, room-temperature insulator−metal transition in
VO2, colossal magnetoresistance in manganite, and high-
temperature superconductivity in cuprates are few examples.2−4

These complex oxides are also found to have a very high carrier
density (1022−1023 cm−3) similar to metals. This can help to
avoid intense carrier density fluctuation, which is very
prominent in semiconductor devices of 10 nm length scale.
The existence of exotic electronic phases with distinct phase
transition accompanied by huge carrier density of these oxides
therefore guarantees novel functionality for developing next-
generation ultrafast energy-efficient electronic devices operating

beyond binary logic. However, one of the key issues in these
complex oxides is achieving high carrier mobility. Unlike
conventional metals where molecular orbitals do not directly
affect the transport except indirectly via phonons, the transport
in most of these transition-metal oxides is drastically
determined by the overlap of cationic and anionic orbitals,
cation−cation separation, bond angle, etc.5 This provides a way
to engineer the carrier mobility by tuning this overlap via
external and internal parameters, such as temperature, magnetic
and electric fields, pressure, strain, doping, irradiation, and even
morphology.6−9 Therefore, fabrication and study of such
functional oxides to unravel their novel physical properties
under multiple environmental conditions have a huge
applicative potential.
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Among these complex oxides, Co3O4, a p-type paramagnetic
transition-metal oxide-based semiconductor, has received
tremendous research attention due to its special ionic bonding
character and controllable visible-range optical band gap,10

which open up a wide range of energy applications, such as
photovoltaics,11 supercapacitor,12 CO gas sensor,13 photo-
electrocatalyst,14 solar-driven hydrogen producer,15 and cath-
ode material for rechargeable lithium batteries.16 However, the
low carrier mobility due to localized 3d electronic structure of
Co3O4 restricts its technological applications similar as covalent
semiconductors like Si, Ge, and GaAs. This significantly
demands a better understanding of d-electron behavior,
chemical bonding, and interfacial charge transfer properties of
Co3O4.
The Co3O4 has a normal spinel structure Co2+(Co3+)2O4

2−

with Co2+ (S = 3/2) and Co3+ (S = 0) ions placed at the
tetrahedral (A) and octahedral (B) sites, respectively, where the
magnetic moments of Co2+ ions order antiferromagnetically
below Neél transition temperature (TN).

17 Density functional
theory calculations18 suggest that the conduction band of
Co3O4 is mainly composed of Co2+ t2g minority spin orbitals
and Co3+ eg orbitals, whereas the valence band has
contributions from filled d orbitals of both cobalt oxidation
states and 2p orbitals of oxygen anion with some extent of
hybridization between them. This indicates its approximate
Mott−Hubbard type insulating nature with a small band gap of
∼0.8 eV. Mott insulators are materials which in spite of being
conductive under conventional band theories are insulators
essentially at low temperatures due to strong electron−electron
interactions. This electronic phase transition can lead to the
realization of “Mottronics”, such as Mott field-effect transistors,
Mott memories19 that feature higher energy efficiency and
faster switching speed than today’s semiconductor devices.
Thus, designing of an appropriate strategy for tuning their
ultrafast charge carrier dynamics along with the control over
switching property is highly desirable to expedite the diverse
ultrafast technological applicability of Co3O4. Recent theoretical
study by Chen et al.20 demonstrated that the strongly
correlated transition-metal oxide, which is essentially an

electrical insulator, becomes conducting at room temperature
to support an electric field under proper surface termination.
Therefore, the surface electronic states of transition-metal
oxides can play a pivotal role for improving their dynamic
transport property.
To realize this idea, we demonstrate the ultrafast charge

carrier dynamics of two different Co3O4 microstructures: (1)
solid microflower (MF) and (2) microhollow flower (MHF) of
average diameter 2 μm in the frequency range of 0.2−1.2 THz
over a wide temperature range, where both the structures have
been fabricated through oxidative transformation of metallic Co
nanoelement. Interestingly, a drastic atomic reconstruction at
the surface of Co3O4 MHF structure allows creating a two-
dimensional surface free electron gas, which helps in stabilizing
the metallic ground state in Co3O4 MHFs and enables to
achieve 10 times higher ultrafast charge carrier dynamics in
contrast to solid Co3O4 microstructure of similar diameter.
Moreover, the thermal landscape in this correlated system
causes continuous modulation in their electronic behavior,
which strongly modifies its electron dispersion and transport
characteristics. We expect that the partial metallization through
surface reconstruction, coupled with the intrinsic switching
property of correlated metal oxide, would open up new
prospects for exploring future temperature-driven ultrafast
oxide electronic devices, such as switches, sensors, filters, and
memory devices beyond 10 nm length scale.

2. EXPERIMENTAL DETAILS
2.1. Materials. Co3O4 MF and MHF of an average diameter of 2

μm were prepared through thermal oxidation of Co nanoparticles of
average diameter of 100 nm. For the synthesis of Co nanoparticles, the
precursor salt cobalt chloride hexahydrate (CoCl2·6H2O) and the
reducing agent sodium borohydride (NaBH4) were purchased from
Sigma-Aldrich.

2.2. Synthesis of Co3O4 Microstructures. In a typical synthesis,
the aqueous salt solution and reducing agent were prepared through
separate dissolution of 0.30 g of CoCl2·6H2O and 0.60 g of NaBH4
into 100 and 40 mL of distilled water, respectively. The dropwise
addition of reducing agent into the salt solution at room temperature
instantaneously produced a black suspension, which is therefore

Figure 1. Real conductivity (σ′) of Co3O4 (a) MF and (b) MHF of average diameter of 2 μm with the variation of temperature (T) at fixed
frequencies ( f) ranging from 0.2 to 1.2 THz along with their corresponding contour diagrams in (c) and (d).
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heated at 550 °C for 30 min in an Ar atmosphere to obtain Co
nanoparticles with average diameter of 100 nm. The thermal oxidation
of these Co nanoparticles at 600 °C for 6 h21 in air ultimately yielded
Co3O4 MHF of average outer and inner diameters of 2 and 1.4 μm,
respectively. To shed light on the growth kinetics of Co3O4 MHF, a
detailed investigation on its intermediate morphology as a function of
time has been carried out and representative field emission scanning
electron microscopy images are presented in Figure S1. It indicates
that the formation kinetics of hollow microstructure follows diffusion
based on nanoscale Kirkendall mechanism,22 where faster outward
diffusion of Co atoms compared to slower inward diffusion of oxygen
atoms is compensated by the generation of vacancies. These vacancies
coalesce together to form larger Kirkendall voids at the interface and
ultimately they condense into bigger single hole and give rise to
submicron-sized hollow microflower-like morphology. Further, the
synthesis of Co3O4 MF of average diameter 2 μm follows the same
procedure except with a lower reaction time of 2 h. The structural and
morphological properties of these particles are presented in Figures S2
and S3, respectively.
2.3. Instrumentations. Structural characterization of as-prepared

samples was performed on a Rigaku Miniflex II desktop X-ray
diffractometer and JASCO Fourier transformed infrared 6300
spectrometer. The morphology, particle size, and elemental analyses
were carried out in a field emission scanning electron microscope (FEI
QUANTA FEG−250). The zero-field-cooled/field-cooled (ZFC/FC)
temperature-dependent magnetization (M−T) in the temperature
range of 5−300 K and field-dependent magnetization (M−H) up to 70
kOe at various temperatures of 300, 200, 100, 50, 30, 10, and 5 K were
performed using a superconducting quantum interference device.
Direct current (dc) transport measurements were performed on a
Quantum Design physical property measurement system. Low-energy
carrier dynamics was explored using commercial TERA K-8 terahertz
time domain spectrometer (THz TDS) equipped with closed cycle
refrigerator capable of a temperature variation in the range of 5−300
K.

3. RESULTS AND DISCUSSION

To unravel the ground-state information of different Co3O4
microstructures, we have explored their temperature-dependent
THz conduction dynamics using THz TDS. Figure 1a,b
indicates the real component (σ′) of complex THz optical
conductivity as a function of temperature (T) at fixed THz
frequencies ( f) for Co3O4 MFs and MHFs, respectively. It
illustrates their constant conductivity below TN and exponen-
tially growing conduction behavior above TN, which are typical
signatures of an insulating and semiconductor-like conductivity,
respectively. The magnitude of TN is obtained from ZFC/FC
M−T study in the temperature range of 5−300 K, as shown in
Figure S4, and it is found out to be approximately 35 K for both
the structures. Figure 1c,d portrays their corresponding contour
diagrams of σ′ as a function of both f and T, which identify that

variation of morphology can express novel facet for tuning the
THz low-energy charge dynamics of Co3O4 micromaterials.
According to the classical notes of Verwey and de Boer,23 the

charge transport in an ionic crystal is primarily realized by the
exchange of valencies between differently charged cations at
equivalent lattice sites. However, the observed nearly zero and
constant THz conductivity of Co3O4 solid counterparts for T <
TN, as shown in Figure 1a, discloses that the charge transport in
Co3O4 is an intrinsic property of magnetically active Co2+ ions
at A sublattices instead of 3d band related to Co3+ ions at B
sites. Basically, the effective magnetic moment per formula unit
of Co3O4 (4.14 μB) originates only from Co2+ (3d7) ions at A
site, which arranged themselves in an antiparallel fashion below
TN, and these paired-up spins completely annihilate the
conductivity of Co3O4 microstructures for T < TN. On the
other hand, Co3O4 MFs in its paramagnetic phase (T > TN)
allow THz conduction through the unpaired spins of Co2+ ions
at A site, whereas all d electrons of Co3+ ions at B sites are
paired both in paramagnetic and antiferromagnetic phases,
indicating simultaneous existence of antiferromagnetic−para-
magnetic and insulator−semiconductor transitions at TN in
Co3O4 micromaterials. Further, the exponential increment of
signal strength with temperature above TN is due to the
additional contribution of thermally generated intrinsic carriers
in Co3O4 semiconductor.

24 Interestingly, MHF configuration is
found to exhibit a significant nonzero THz conductivity in the
antiferromagnetic regime, as shown in Figure 1b. It may be due
to its dissimilar morphology, which introduces a strong surface
spin frustration along with long-ranged defect sites through its
large surface to volume ratio. The existence of surface pinning
states and disorder is further verified through comparative
magnetic hysteresis loop measurements of both structures, as
depicted in Figure 2a,b. Surprisingly, a ferromagnetic hysteresis
loop is observed in Co3O4 MHF structure, whereas a typical
antiferromagnetic nature is noticed in Co3O4 MF structure,
indicating the dominance of surface-induced structural
imperfection and uncompensated spins through relatively
large specific surface area and double interfaces of MHFs.25

Since the conductivity through defect sites is independent of
temperature, it satisfies the experimentally observed constant
nonzero conductivity in the low-temperature antiferromagnetic
region of Co3O4 MHF structure, where thermally generated
intrinsic carriers are completely ruled out. Moreover, Co3O4

system with space arrangement of vacancy−Co3+(A) can also
exhibit the nearest neighbor hopping of Co3+ ions close to the
Fermi level with an activation energy of the order of 5−10
meV, as reported by Iliev and his co-researchers.26 Therefore, a
part of strong THz conductivity of Co3O4 MHF for T < TN can

Figure 2. M−H graphs of Co3O4 (a) MF and (b) MHF at various temperatures of 300, 200, 100, 50, 30, 10, and 5 K up to a maximum magnetic
field strength of 70 kOe.
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be related to defect-induced vacancy−Co3+(A) complexes at
the double interfaces of the hollow structure.
In addition, the effect of distorted crystalline field due to

surface transition-metal ions (Co2+/3+) must be taken under
consideration for investigating the nonzero saturating trend of
THz conductivity of Co3O4 MHF in antiferromagnetic region.
In general, half-filled 3t2g levels of bound Co2+ ions in the
tetrahedral crystal field are unable to form a metallic
conduction band due to electron correlation. Instead, they
exhibit an entirely filled lower Hubbard band and entirely
empty higher Hubbard band separated by an energy gap of U,
related to on-site Coulomb repulsion of electrons, which
indicates an energy requirement for hopping of electron
between the metal sites.27 However, large superficial ions at the
double interfaces of Co3O4 MHF strongly reduce the Coulomb
interaction and soften the Hubbard gap. Basically, the effect of
crystalline field on surface ions is drastically different as
compared to the central bound ions due to their lack of
coordination, which strongly weakens the magnitude of non-
degeneracy of energy eigenvalues and leads to an approximately
free-ion solution with ground-state energy level of 4F and 5D
for Co2+ and Co3+ ions,28 respectively. Hence, a large number
of partially occupied surface electronic states are created in
lower half of the bulk band gap and enhance its free electron-to-
binding electron ratio in contrast to that of MF configuration.
These partial metallization starts supporting enhanced con-
duction in Co3O4 MHF even in their antiferromagnetic
insulation region for T < TN. The evidence of surface states
in the band gap of Co3O4 nanowires has been recently found in
a scanning tunneling microscopy study by Sun and his co-
researchers.29 In addition, the band structure and spin-averaged
layer-resolved density of states calculations for both surface and
bulk of Co3O4 by Chen and Selloni20 reveal that the partial

metallization is a quite common phenomenon due to both
cobalt and oxygen contributions present on the surface of this
transition-metal oxide.
Figure 3a,b shows the experimental THz conductivity

spectral data of Co3O4 microstructures along with the
individual bulk and surface conductivities of MHFs at two
specific temperatures of 5 and 300 K, respectively, where bulk
and surface conductivities of MHF structures having a volume

of π −⎡⎣ ⎤⎦r r( )4
3 2

3
1
3 with r1 and r2 as inner and outer radius,

respectively, are calculated through a unitary method,

considering MF structure of volume π( )r4
3

3 as a source of

bulk conduction only. The reason for neglecting the surface
contribution to the net conductivity of MF structure is
discussed afterward. This also allows to deduce spectral weight
(SW) of individual THz conductivities following the equation,
SW = ∫ ω1

ω2σ(ω) dω, where ω1 = 0.2 THz and ω2 = 1.2 THz are
the upper and lower cut-off frequencies, which can provide the
valuable insights of the condensed and uncondensed states of
the charge carriers.30 In addition, it can effectively track the
charge distribution and kinetic energy as well. Interestingly, the
SW of THz conductivity due to bulk is found to be significantly
low as compared to the surface one and becomes approximately
zero below TN, indicating predominant role of surface spin
frustration for determining the THz conductivity even in the
charge-ordered antiferromagnetic state. Inset of Figure 3b
exhibits the temperature dependence of SW for bulk and
surface contributions of MHF structure to net THz
conductivity, which is found to increase significantly with
increasing temperature above TN, where the bulk contribution
of conductivity is via magnetically active Co2+ ions at A site,
while the mechanism for surface conduction is based on carrier

Figure 3. Net real conductivity (σ′) spectra of Co3O4 microstructures of average diameter of 2 μm along with the individual conductivities due to
bulk and surface counterparts of MHFs for the temperatures of (a) 5 K and (b) 300 K in the frequency range of 0.2−1.2 THz. Inset of (b) shows the
temperature dependence of spectral weight of THz conductivity originated from bulk and surface transition-metal ions of Co3O4 MHFs.

Figure 4. Real permittivity (ε′) of Co3O4 (a) MF and (b) MHF of average diameter of 2 μm as a function of frequency ( f) ranging from 0.2 to 1.2
THz with the variation of temperature (T).
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hopping through defect sites and partially occupied surface
electronic states.
In an ionic crystal of Co3O4, there must be a conductivity

associated with the continuous charge fluctuation of carriers
upon THz excitation, which is accompanied by a polarizability
of the material. In general, the polarizability essentially
originates from the electronic, ionic, intrinsic electric dipolar,
and interfacial polarizations of the material on which the crystal
structure, size, and geometrical morphology have an extensive
impact.31 Among them, the electronic and ionic polarizations
are possible to observe in Co3O4 micromaterials under an
applied THz field, as shown in Figure 4a,b, because they can
only act up to a frequency of 1015 and 1013 Hz, respectively.
Figure 4a shows a nearly saturated dielectric constant of Co3O4
MF structure over the whole THz frequency domain, which
indicates that the THz energy is insufficient to induce carrier
fluctuation or delocalization in MF structure; thus, there is no
flow of charge carriers caused by the accumulation of charges at
the interface or grain boundary of MF. On the other hand, a
decreasing trend of permittivity with THz frequency is
observed in case of Co3O4 MHF structure, as shown in Figure
4b, which points out the displacement of negative and positive
ions with respect to each other under applied THz field.
Therefore, the conductivity in MF structure is primarily due to
temperature-dependent hopping conductivity instead of the
conductivity due to carrier fluctuation upon THz excitation,

whereas the conductivity of MHF is related to the thermally
activated hopping type of conductivity along with the additional
polarization-induced conductivity upon THz excitation.
The dielectric function of semiconductor in the THz

frequency range is usually well described using Drude
conductivity model,32 which is initially formulated to describe
the conductivity of metal. However, the conductivity response
of Co3O4 microstructures, as shown in Figure 5a,b, is found to
exhibit a completely different trend where σ′ is increasing with
increasing frequency, whereas σ″ is negative and decreasing
with increasing frequency. This can be modeled within the
framework of the Drude−Smith (D−S) backscattering model,33
which allows the deviation from classical Drude model owing to
backscattering of the charge carriers at interfaces, surfaces/grain
boundaries, and defects present within the microstructure.
According to the D−S model, the THz complex conductivity of
nanomaterials is given by

∑σ ω
ε ω τ

ωτ ωτ
ε ω ε̃ =

−
+

−
− −

=

∞

∞

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥

c
( )

(1 i )
1

(1 i )
i ( 1)

n

n0 p
2

0
0

(1)

where ωp is the plasma frequency, τ is the scattering time, and
cn is the parameter that accounts for the fraction of the
electron’s original velocity retained after nth scattering. Thus, c
can acquire values in the range of 0 to −1, where negative

Figure 5. Real and imaginary conductivities of Co3O4 (a, b) MF and (c, d) MHF of average diameter of 2 μm with fits to the Drude−Smith model
(solid lines) for eight selected temperature points in the range 5−300 K.

Table 1. Fitting Parameters of THz Conductivity Data to 1 at Various Temperatures for Co3O4 MF and MHF of Average
Diameter of 2 μm

sample parameter 5 K 10 K 50 K 100 K 150 K 200 K 250 K 300 K

Co3O4 MF ωp (THz) 0.69 0.8 0.993 1.55 1.72 1.84 1.96 2.24
τ (ps) 0.47 0.41 0.29 0.277 0.268 0.26 0.25 0.24
c −1 −1 −1 −1 −1 −1 −1 −1
σ0 × 10−5 (S/cm) 1.78 2.09 2.28 5.3 6.31 7.01 7.64 19.2

Co3O4 MHF ωp (THz) 1.44 1.45 1.46 1.47 1.52 1.57 1.63 1.72
τ (ps) 0.86 0.855 0.851 0.85 0.84 0.835 0.83 0.82
c −0.99 −0.98 −0.97 −0.97 −0.96 −0.94 −0.91 −0.87
σ0 × 10−3 (S/cm) 1.98 2.86 4.33 4.386 6.18 9.83 15.8 25.10
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values indicate the extent of disorder in the sample. For c = 0, 1
reduces to the Drude model, whereas c = −1 refers to full
backscattering of carriers according to the D−S model. Here,
apart from the D−S term, a second term outside square bracket
refers to the lattice contribution to the imaginary conductivity.
Both σ′ and σ″ of Co3O4 MFs and MHFs, measured at each
temperature, are simultaneously fitted to the D−S model, as
shown in Figure 5a−d, where solid lines denote the D−S fits of
experimental data (symbols) for a given set of fitting
parameters ωp, τ, c, and ε∞, as summarized in Table 1.
A detailed analysis of σ′ data in the context of D−S model in

the entire temperature range for MHF shows that the value of c
increases gradually from −0.87 to −0.99 as the temperature
decreases at 5 K from room temperature. It indicates significant
backscattering through carrier localization at low temperature
and results in strong suppression of conductivity at low
temperature. Interestingly, the c parameter for MF structure is
found to have a value of −1 at room temperature, which is quite
high in contrast to the D−S parameter of hollow morphology
of same average diameter, indicating morphology-induced high
backscattering in solid counterpart. Bascially, it is due to small
crystallite size (∼30.76 nm) of MF structure because of which
the carrier encounters a large number of backscattering at the
nanocrystalline grain boundary in contrast to the MHF
structure having crystallite size of 39.9 nm. Further, the
obtained almost temperature-independent carrier scattering
time (τ) from the D−S fitting of THz conductivity spectra of
MHF structure reconfirms the dominant contribution of
surface electronic states to the net conductivity instead of the
bulk one where the surface carriers experience scattering only
by the static defects such as uncoordinated bonds and
impurities present at the surface, which have no thermal
influence. In particular, the bulk carriers experience significant
phonon scattering, whereas the surface carriers are well
protected against it because the phonon scattering is mainly
activated at the nanoscale grain boundaries.34 Therefore, the
temperature-dependent scattering time in MF structure
indicates the conductivity due to bulk carriers, which go
through severe phonon scattering and reduce the scattering
time (τ) pronouncedly with increasing temperature.
To acquire the information regarding the activation energy

for carrier conduction, the logarithmic Boltzmann dc
conductivity (σ0), which can be obtained from the following
equation, σ0 = ε0ωp

2τ(1 + c), is also plotted against reciprocal
temperature, 1000/T, as shown in Figure 6a,b. Importantly, the
estimated dc conductivities through fitting of the THz
conductivity data at 300 and 250 K for both the Co3O4
microstructures are found to be consistent with the electrical

transport data measured at those temperatures, as shown in the
inset of Figure 6a,b. Co3O4 MF of average diameter 2 μm is
found to exhibit a room-temperature dc conductivity of the
order of 2.81 × 10−4 S/cm, which is similar as the dc
conductivity of typical bulk Co3O4 semiconductor.26 This
allows us to consider the conductivity of MF structure as a
source of bulk conduction, instead of dealing with its surface
conductivity, whereas the nanoshell structure of MHF exhibits
an enhanced dc conductivity of 2.16 × 10−2 S/cm, indicating
the presence of enormous surface contribution to the net
conductivity in addition to the bulk conductivity. The activation
energy (EA) can be estimated from this plot using the thermal
activation model of dc conductivity, which has the following

temperature dependence, σ = −Aln E
k T0

A

B
, where A is the

constant related to the density of charge carriers, T is the
absolute temperature, and kB is the Boltzmann constant. Two
intervals with well-defined activation energies (1) 11.12 and
21.13 meV below TN and (2) 0.12 and 0.37 meV above TN for
Co3O4 MFs and MHFs, respectively, describe the existence of
two groups of charge carriers of different origins.
It is to be noted that the activation energy increases manifold

in the antiferromagnetic charge-ordered state (region I) in
comparison to that of the paramagnetic phase (region II).
Basically, in the paramagnetic region (T > TN), the increase of
temperature promotes a large number of electron and hole
pairs, which increase the conductivity in a very fast exponential
manner with low activation energy of 0.12 and 0.37 meV for
MF and MHF, respectively. The small activation energy in
region II indicates its semiconducting state as the metallic state
requires no activation energy. On the contrary, the defect sites
of surface spin state in the antiferromagnetic region (T < TN)
provide a minor conduction in the system and therefore lead to
high activation energy of 11.12 and 21.13 meV for MF and
MHF, respectively. Figure 6c shows the normalized frequency-
averaged THz transmissions of both the Co3O4 microstructures
as a function of temperature. It clearly points out that Co3O4

MHF structure can be useful for temperature-controlled THz
modulator with analog-like continuous variation, whereas solid
structure can exhibit fine tuning of THz transmission, which in
association with hollow structure can be appropriate for
fabricating perfect THz filter and sensor. Therefore, these
thermally reconfigurable Co3O4 micromaterials allow the
functionality of its electronic element to be tuned on demand,
which would open up many new opportunities toward the
novel field of caloritronics-based ultrafast applications and
advance the scope of this contemporary material.

Figure 6. Logarithmic plot of conductivity ln(σ0) vs reciprocal temperature along with linear fitting for Co3O4 (a) MF and (b) MHF. Inset shows
their corresponding experimentally observed temperature dependence of dc conductivity. (c) Normalized frequency-averaged THz transmissions of
Co3O4 MF and MHF structures as a function of temperature.
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4. CONCLUSIONS
In conclusion, we have unveiled some very important
fundamental facets of ground-state electronic behavior of
different Co3O4 microstructures by studying their quasi-particle
conduction dynamics over a wide temperature range using THz
spectroscopy. In the operational frequency range of 0.2−1.2
THz, both the microstructures are found to exhibit no phonon
modes and follow the Drude−Smith conductivity. Importantly,
we highlight the origin of distinct differences in their THz
electronic dispersion, which has been explained in the context
of partial metallization induced by the two-dimensional surface
electronic states. The magnetic measurements further confirm
the presence of enormous surface electronic states, which help
in stabilizing the metallic ground state in addition to
ferromagnetism in Co3O4 MHFs. We also demonstrate that
insulator−semiconductor transition of Co3O4 micromaterials
mediated by a much broader intermediate state with the
transition onset much closer to TN has the potential to design
efficient temperature-driven analog-like THz modulator, sensor,
and filter, thereby opening new pathways toward the
employability of Co3O4 materials as temperature-driven THz
electronics.
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