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A B S T R A C T   

The heating characteristics of CoxFe3-xO4 (x = 0, 0.1, and 0.3) nanoparticles of average particle size 10–12 nm 
were investigated. The electron spin resonance analysis revealed an enhancement in magnetic anisotropy from 
16 to 21 kJm− 3 with low Co doping of x = 0.1. Magnetic measurements performed at 15 K showed a coercivity of 
290 kAm− 1 for the x = 0.1 composition, that decreased to 37 kAm− 1 on surface modification. The effective 
specific absorption rate (ESAR) obtained using infrared thermography demonstrated a decreasing trend from 
3.16 to 2.84 nHm2kg− 1 due to the increase in magnetic anisotropy associated with Co substitution. An increase in 
ESAR up to 4.42 nHm2kg− 1 was estimated with surface modification of Co-doped Fe3O4. The theoretically 
estimated ESAR considering polydispersity and experimental results presented decreasing behavior with mag
netic anisotropy as per the linear response theory.   

1. Introduction 

Magnetic nanoparticle hyperthermia (MNH) is based on the dissi
pation of heat when magnetic nanoparticles (MNPs) are exposed to an 
alternating magnetic field. The heating efficiency of MNPs is evaluated 
using specific absorption rate (SAR), that are usually undertaken with 
particle size in the range of 12–14 nm for magnetite (Fe3O4) [1–5]. The 
particle size, being a critical parameter for high heat dissipation, another 
factor that needs to be optimized for obtaining a better SAR is the 
magnetic anisotropy constant (K). 

CoFe2O4 having larger K compared to Fe3O4 of similar particle size 
showed reduced SAR [6]. On the other hand, there are also reports that 
Co substitution in Fe3O4 in spite of enhancing the magnetic anisotropy, 
increases the SAR value [7,8]. The reason for the anomaly in experi
mental SAR with Co substitution is unclear. It has to be noted that 
Co-doping enhances the K value due to the spin-orbit coupling induced 
by the asymmetric distortion of ions [9]. The magnitude of magneto
crystalline anisotropy constant for bulk Fe3O4 is 11 kJm− 3, whereas it 
increases with the concentration of Co2+ cation, reaches a maximum 
value with further substitution and then decreases to 200 kJm− 3 cor
responding to CoFe2O4 [9,10]. Comparison of SAR to evaluate the K 
dependent heating mechanism requires Co substituted nanoparticles of 

similar size. Smaller Co2+ dopant could substitute Fe2+ in the octahedral 
site enhancing the magnetic anisotropy [9,11] without drastic effects on 
the particle size and shape. Magnetite is well known for its biocompat
ibility and is a promising candidate for MNH [2]. Low concentration of 
Co in Fe3O4 is found to tailor the magnetic properties adequately 
without compromising the cellular biocompatibility. In Co-doped MNPs, 
cytotoxicity could increase in line with the level of dopant concentra
tion. This drawback could be overcome by coating with suitable sur
factants such as chitosan or dextran [6,12]. 

SAR is influenced by the hysteresis heating that increases with fre
quency (f) and applied field (Ho), whereas the discomfort factor limits 
the Hof values to 5 × 109 Am− 1s− 1 [13]. Thus, the effective specific 
absorption rate (ESAR) is more appropriate for reporting the heating 
characteristics of MNPs since it considers the inverse dependence on Ho

2f. 
The importance of evaluating ESAR is seldom brought out, despite the 
progress in enhancing the SAR. Cobalt ferrite nanoparticles in the size 
range 7–10 nm showed a wide variation in SAR values from 1.2 to 360 
Wg-1 [6,14–17]. The difference in the SAR values is attributed to the 
various applied fields and frequencies in the range of 3–37 kAm-1 and 
110–700 kHz, respectively. The estimated ESAR of cobalt ferrite from 
the preceding reports is only in the range of 0.23–1.20 nHm2kg− 1. Even 
though a higher SAR value of 160 Wg-1 has been obtained [15], the 
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computed ESAR of 0.23 nHm2kg− 1 is the lowest due to the large applied 
field of 37 kAm− 1. 

Co substituted Fe3O4 (0.5 ≤ x ≤ 1) of average size 16–20 nm 
exhibited SAR of 316–420 Wg-1 and the calculated ESAR is less than 1.5 
nHm2kg− 1 [18,19]. Verde et al. [20] reported reduced SAR with 
enhanced K (26–42 kJm-3) that resulted in an ESAR of 0.01 nHm2kg− 1 

for 0.7 ≤ x ≤ 1. Conversely, studies by Fantechi et al. [7] showed an 
increase in SAR with Co-doping up to x = 0.6, whereas the ESAR is only 
0.25 nHm2kg− 1. An increase in K from 15 to 570 kJm− 3 was observed, 
which was correlated to the enhancement in SAR due to Co-doping. 
Similar SAR behavior was obtained with higher K values (80 kJm− 3 to 
17 × 105 Jm− 3) in the Co-doped samples, as reported by Mohapatra 
et al. [8]. The SAR values reported in the literature show an increasing 
trend with K in Co-based nanoparticles in contrast to the linear response 
theory (LRT) [7,8,21]. Moreover, it was shown that ESAR increased to 
2.37–3.32 nHm2kg− 1 (K = 15–17 kJm-3) with Mn-doping in Fe3O4 at 
lower concentrations [22]. Although substantial variation in K was not 
achieved with Mn-doping, the low concentration of Co in Fe3O4, espe
cially x ≤ 0.3, is expected to show significant variation in K and hence in 
the heating characteristics. 

Apart from the physical properties that influence the heating char
acteristics, the choice of the thermal probe is also important in experi
mental MNH. Infrared thermography (IRT) is a non-invasive technique 
used to obtain SAR values from a broad sample area with considerable 
sensitivity, avoiding multiple thermal probes for real-time monitoring 
[23–25]. Indeed, the interference of radiative heating from the coil 
could be easily comprehended using IRT, unlike contact methods. The 
heating efficiency determined using IRT and the ESAR has advantages 
over contact methods and SAR, respectively, for practical applications. 
This study aims to understand the magnetic anisotropy dependent ac 
magnetic heating mechanism with low Co-doping in Fe3O4 using IRT. 
The effect of K and the particle size distribution on ESAR has been 
estimated theoretically and compared with the experimental results. 

2. Materials and methods 

2.1. Synthesis 

CoxFe3-xO4 (x = 0, 0.1, and 0.3) nanoparticles were synthesized 
using the conventional co-precipitation method with cobalt (II) chloride, 
iron (II) chloride tetrahydrate, anhydrous ferric chloride, and sodium 
hydroxide. The magnetite sample used for comparison is similar to our 
previous reports [22,23]. The reactants dissolved in deionized water 
with appropriate molar ratios (total of 1.1 M) were heated to 353 K 
under magnetic stirring and the temperature was maintained for an 
hour. The precipitated nanoparticles were magnetically separated and 
are labelled as Co0, Co1, and Co3, referring to Fe3O4, Co0.1Fe2.9O4, and 
Co0.3Fe2.7O4, respectively. 

Surface modification of the Co0.1Fe2.9O4 nanoparticles was imple
mented ex-situ using dextran (MW 10 kDa). The dextran modified 
samples were sonicated for different durations before drying in an air 
oven at 353 K. The surface-modified Co0.1Fe2.9O4 samples are labelled 
based on the sonication time of 10 min and 2 h as D-Co1 and D2-Co1, 
respectively. 

2.2. Characterization 

The X-ray diffraction (XRD) patterns were obtained using a Rigaku 
Ultima III X-ray diffractometer with Cu-Kα. Transmission electron mi
croscopy (TEM) was performed with FEI make, Tecnai F20 - 200 kV 
TEM. The cobalt content in the doped sample was affirmed using 
inductively coupled plasma – atomic emission spectroscopy (ICP-AES) 
model ARCOS, simultaneous ICP spectrometer. The Co content obtained 
from ICP-AES analysis is in close agreement with the initial concentra
tion. The magnetic anisotropy was estimated from an electron spin 
resonance (ESR) spectrometer (JEOL, model JES FA200) in the X band 

frequency range at room temperature (RT). The RT and low-temperature 
magnetic measurements were undertaken using Lakeshore model 7404 
vibrating sample magnetometer (VSM). Temperature-dependent weight 
loss curves were obtained from the thermogravimetric analysis (TGA) 
measured using EXSTAR 6200 TG/DTA. The Curie temperatures were 
estimated from the thermomagnetic analysis (TMA) by applying an 
external magnetic field. 

The heating studies were performed using a radiofrequency (rf) 
generator with a magnetic field strength of 4 kAm− 1 and a frequency of 
500 kHz. The thermal images were captured using a thermographic 
camera (Thermo Shot F 30), having a resolution of 0.1 K in the long- 
wave infrared region. The ESAR evaluation of the samples and the 
experimental steps were undertaken similar to our previous report using 
IRT [23]. In a typical experimental procedure, 40 mg of nanoparticles 
were dispersed in 1 ml deionized water. The sample holder has a 
diameter of 2 cm, corresponding to a sample area density of 3.3 kgm− 2. 
The rf generator comprised a two-turn water-cooled coil with a diameter 
of 5.2 cm and the sample holder was placed at the coil center. The 
calibration of the thermography camera was undertaken as per standard 
procedure and the average temperature was compared with conven
tional probes. The thermography patterns were recorded for a time 
period of 180 s. 

3. Results and discussion 

Fig. 1 shows the XRD patterns of (a) Co0, (b) Co1, and (c) Co3. The 
(hkl) values of the samples are in agreement with the JCPDS data (file 
no. 821533) corresponding to Fe3O4 with fcc (face-centered cubic) 
structure. The average grain sizes are 10(1), 11(1), and 12(1) nm for 
Co0, Co1, and Co3, respectively. It is evident that Fe3O4 and Co-doped 
Fe3O4 samples are devoid of impurities and possess closer average 
grain sizes. The lattice parameters for Co0, Co1, and Co3 are found to be 
8.334(5), 8.319(5), and 8.337(5) Å, respectively. The lattice parameter 
for Co0 is in concurrence with the value of 8.33 Å obtained by Pati et al. 
[26] for their magnetite sample prepared using the co-precipitation 
method. The slight decrease in the lattice parameter of Co1 may be 
due to the smaller ionic radius of Co2+ (0.74 Å) that substitutes in the 
Fe2+ (0.77 Å) lattice sites [27]. The results are in agreement with the 
report by Fantechi et al. [7], where a reduction in lattice parameter was 
observed up to 7% Co substitution and increased thereafter. It is to be 
noted here that the lattice parameter may vary based on the synthesis 
conditions that result in surface distortion and changes in cation dis
tribution. Yang et al. [28] suggested a decrease in the lattice parameter 
by 0.2 Å per vacancy. The other factors reported to affect the lattice 
parameter are surface oxidation, lattice strain due to the large surface to 

Fig. 1. XRD patterns of (a) Co0, (b) Co1, and (c) Co3.  
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volume ratio and cation distribution [11,29,30]. 
Fig. 2 shows the TEM images of (a) Co0, (b) Co1, and (c) Co3 with 

their corresponding particle size distributions (middle row) and SAED 
patterns (bottom row). The TEM images show particles in the size range 
of 4–24 nm for Co0, Co1, and Co3, where the average particle sizes are in 
the closer range of 10–12 nm. The SAED patterns show lattice planes 
corresponding to the fcc structure of Fe3O4. The lattice parameters ob
tained from SAED for Co0, Co1, and Co3 are 8.333(5), 8.317(5), and 
8.336(5) Å, respectively. The lattice parameters are in close agreement 
with the results obtained from XRD. 

The magnetic anisotropy constant can be obtained from ESR in 
which the magnetic materials respond to the microwave excitations in 
applied fields [31,32]. Fig. 3 shows the ESR spectra of Co0, Co1, and Co3 
at room temperature. The spectrum for Co0 is sharp and symmetrical, 
while a tenuous broadening is witnessed in Co1. Co3 displays a sub
stantial broadening, where the augmentation in broadening with Co 
substitution arises due to the enhanced ferromagnetic interactions be
tween adjacent spins induced by the high magnetic anisotropy of Co 
[33–35]. The magnetic anisotropy constant was calculated from HA =

2K
Ms

, where HA is the anisotropy field obtained from the angular resonant 
frequency, ωo = γe HA with the gyromagnetic ratio, γe = 2.002 × 105 

Fig. 2. TEM images of (a) Co0, (b) Co1, and (c) Co3 with their particle size distribution histograms (middle row) and SAED patterns (bottom row).  

Fig. 3. ESR spectra corresponding to Co0, Co1, and Co3.  
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mA− 1s− 1 and K is the effective magnetic anisotropy [36,37]. 
The K value obtained in our study is 16 kJm− 3 for Co0, which is close 

to 15 kJm− 3 estimated by Fantechi et al. [7] in the size range of 8–9 nm 
prepared by thermal decomposition method. Owing to the presence of 
surface anisotropy in the MNPs, the obtained K values are usually higher 
than the bulk values [38,39]. The K values for Co1 and Co3 are 21 and 
31 kJm− 3, respectively, which arise from the intrinsic contribution of 
Co-doping. Although our attempt with a higher concentration (x = 0.5) 
enhanced the K to 25 kJm− 3, it was lower than x = 0.3 due to negligible 
surface anisotropy, as the average particle size was much larger about 
40 nm resembling asymmetric flakes. Few of the reports in Co-based 
nanoparticles are not comparable since the estimated K is as high as 
17 × 105 Jm− 3, which probably could be an outcome of variant synthesis 
conditions, composition, and particle size [8,40]. The K values of 26–42 
kJm− 3 reported for CoxFe3-xO4 (x = 0.7 to 1) synthesized using the 
co-precipitation method with particle sizes between 13 and 14 nm [20] 
are reasonably closer to our values. The K value is influenced by the 
occupancy of Co2+ in either octahedral (B) or tetrahedral site (A) that 
undergoes asymmetric distortion and changes in the spin-orbit energy 
[9,41,42]. The K value also plays an important role in determining the 
critical superparamagnetic size. 

The critical superparamagnetic volume of MNPs can be evaluated 
using the expression 

V = ​ 25kBTB

K
(1)  

where kB is the Boltzmann constant and TB is the blocking temperature 
[10]. Using Eq. (1) with the K values obtained from ESR, the calculated 
TB values are 50, 110, and 160 K for Co0, Co1, and Co3, respectively. 
With Co-doping, the TB value usually increases, as reported by Fantechi 
et al. [7] and Mohapatra et al. [8]. The TB values suggest that all the 
samples are superparamagnetic at 300 K, a condition required for heat 
generation as per the linear response theory [21]. The critical super
paramagnetic size (Dspm) was also computed employing Eq. (1) with TB 
as 300 K. The Dspm for Co0, Co1, and Co3 are 23, 21, and 18 nm, 
respectively. It is apparent that all the samples are superparamagnetic at 
room temperature, with average particle sizes well below the critical 
Dspm. 

Fig. 4 shows the temperature-dependent magnetic weight loss curves 
of (a) Co0, (b) Co1, and (c) Co3. The magnetic weight loss corresponds to 
the weight loss encountered by a magnetic sample under the influence of 
an applied magnetic field in a TGA. All samples show a considerable 
weight gain, known as the Hopkinson peak [43,44] followed by weight 

loss corresponding to the Curie temperature (Tc) of the samples. The Tc is 
found to decrease with Co-doping exhibiting 863, 857, and 849 K, cor
responding to Co0, Co1, and Co3, respectively. While the Tc of Co0 is 
close to the bulk Fe3O4 value of 858 K, the values of Co-doped Fe3O4 
samples decrease towards the bulk CoFe2O4 value of 793 K [10]. 
Substituting a smaller concentration of Co corresponding to x = 0.03 in 
Fe3O4 decreases the Tc by 10 K [45]. Nevertheless, Tc was found to 
decrease noticeably with Co-doping, as seen in our study, that may be 
correlated to the reduction in the intersublattice exchange coupling 
between A and B sublattices. 

The hysteresis curves of Co0, Co1, and Co3 were investigated at 300 
K (Fig. 5) with a maximum field of 800 kAm− 1. The magnified region of 
room temperature coercivity for all the samples is shown as an inset in 
Fig. 5. The saturation magnetization (Ms) values of all samples are nearly 
58(2) Am2kg− 1. The observed Ms is lower than the bulk value of 92 
Am2kg− 1 due to the surface spin effects attributing to the smaller par
ticle size [10,46]. The hysteresis exhibited by Co0 is characteristic of 
superparamagnetic nanoparticles with a low coercivity (Hc) of 1 kAm− 1 

consistent with the lowest K. The Hc values increase for Co1 and Co3 to 8 
and 27 kAm− 1, respectively. Though Co1 and Co3 show comparatively 
larger coercivity, the TB values estimated from ESR show that they are 
superparamagnetic in nature. Since a distribution in sizes is witnessed in 
all samples, the particles beyond the critical superparamagnetic regime 
could have contributed to the augmentation of magnetic anisotropy that 
resulted in enhanced coercivity in Co-doped Fe3O4. The coercivity re
ported for x = 0.2 was 9 kAm− 1, which enhanced with Co-doping and 
reached a maximum of 24 kAm− 1 for x = 1 [47]. For x between 0.1 and 
0.4, Ms and Hc values were reported as 74–78 Am2kg− 1 and 28-47 
kAm-1, respectively [27]. The Co-doped Fe3O4 (0.7 ≤ x ≤ 1) in the size 
range of 13–14 nm showed an increase in Hc from 21 to 44 kAm− 1 

compared to the undoped sample of similar size [20]. These studies 
point to the enhancement in coercivity with Co-doping, as observed in 
our measurements. 

Though Co1 and Co3 possess the same average particle size of 12 nm, 
Co1 presents lower coercivity, and K when compared with Co3. Since 
low dopant concentration is preferred from the biocompatibility aspect, 
Co1 is suitable for surface modification. However, surface modification 
would influence the dipolar interactions [23]. Hence, to examine the 
effect of dipolar interactions, Co1 was ex-situ surface modified using 
dextran and the influence of interaction was studied with different 
sonication times. Larger sonication duration would induce much better 
particle separation and dispersion as in D2-Co1. 

The TGA curves of Co1, D-Co1, D2-Co1, and pure dextran are shown 
in Fig. 6. In the case of pure dextran, the decomposition primarily takes 

Fig. 4. Temperature-dependent magnetic weight loss curves of (a) Co0, (b) 
Co1, and (c) Co3. 

Fig. 5. Room temperature hysteresis loops of Co0, Co1, and Co3. Inset shows 
the magnified low field region of the hysteresis loops. 
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place in the range 533–593 K. The weight losses for D-Co1 and D2-Co1 
witnessed in the same range are 10% and 20%, respectively, whereas, 
for the uncoated Co1, the curve is almost flat with no sign of physical or 
chemical change. Therefore the presence of dextran in the ex-situ coated 
samples (D-Co1 and D2-Co1) is confirmed from the TGA curves. 

The investigation of hysteresis curves of D-Co1 and D2-Co1 at 300 K 
(Fig. 7(a)) and those of Co0, Co1, D-Co1, and D2-Co1 at 15 K (Fig. 7(b)) 
were carried out with a maximum field of 800 kAm− 1. The magnified 
region of RT coercivity for D-Co1 and D2-Co1 is shown as an inset in 
Fig. 7(a). The Ms for D-Co1 and D2-Co1 at 300 K are 53(2) and 46(2) 
Am2kg− 1, respectively. The Ms values are lower than the unmodified 
samples due to the presence of non-magnetic dextran. 

At 300 K, the Hc of D-Co1 and D2-Co1 are 4 and 0.8 kAm− 1, 
respectively. The decrease in Hc with the sonication time and with 
dextran suggests that the particles are well separated where interparticle 
interactions are reduced [48,49]. From Fig. 7(b), the irreversible 
behavior below the blocking temperature is evident at 15 K, which ex
plains the increase in Hc value of 27 kAm− 1 for Co0. Though the hys
teresis curves of Co0 and Co1 at RT (Fig. 5) look similar, at 
low-temperature, the Hc adopts a sharp increase (Fig. 7(b)) with a small 
amount of Co-doping. A comparatively higher Hc of 290 kAm− 1 at 15 K 
was obtained for Co1 due to the drastic increase in the low-temperature 
magnetocrystalline anisotropy. Since particles are aggregated in the 
absence of dextran, the larger anisotropy energy (KV) results in the 
enhancement of coercivity [50]. 

The Hc for D-Co1 and D2-Co1 at 15 K are 246 and 37 kAm− 1, 
respectively. D2-Co1 at 15 K (Fig. 7(b)) exhibits a constricted hysteresis 

loop near zero applied fields. The dipolar interactions play an increas
ingly important role in explaining the shape of hysteresis [51]. The 
reason for this behavior is explained by Lee et al. [52], as observed for 
L10 FePt coated with SiO2. The abrupt relaxation of magnetic moments 
arises when the applied field is reversed in D2-Co1, unlike Co1 and 
D-Co1. This kind of abrupt relaxation can be ascribed to the distribution 
in size or composition of the sample, which is generally found in samples 
with a combination of soft and hard magnetic phases. 

The MNPs with random orientations rotate in the applied field di
rection, which explains the gradual rise in magnetization in higher field 
regions. On the other hand, the moments relax to their easy axes as the 
field is reduced to zero. Furthermore, coercivity is related to surface 
modification as the dextran layers weaken the magnetic dipolar 
coupling between the MNPs and lead to increased interparticle separa
tion [53,54]. Fig. 8 illustrates the dipolar interactions between (a) un
modified and (b) surface modified MNPs in an applied magnetic field. 
The interparticle distance (d) affects the magnetic response such that 
with an increase in interparticle separation, the dipolar interaction is 
diminished [51]. In the absence of the applied field, uncoated MNPs 
tend to agglomerate due to the dipolar coupling between the particles. 
At very low temperatures, the presence of the field makes the strongly 

Fig. 6. TGA curves of Co1, D-Co1, D2-Co1, and pure dextran.  

Fig. 7. Hysteresis loops of Co1 and the surface-modified samples at (a) 300 K and at (b) 15 K along with Co0.  

Fig. 8. Dipolar interactions between (a) unmodified and (b) surface modified 
MNPs in an applied magnetic field. 
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dipolar system more stable by enhancing the Hc, as observed by 
Blanco-Andujar et al. [55], which is also witnessed in Co1 at 15 K. 

With surface modification, the dipolar coupling between the parti
cles is forbidden that ensued in lessening the effects of dipolar interac
tion, allowing the MNPs to rotate freely in the direction of the applied 
field, thereby resulting in constricted hysteresis for D2-Co1 (Fig. 7(b)). 
This effect, to an extent, is observed in D-Co1, which explains the slight 
constriction close to the zero-field regions. This probably could be due to 
the short sonication time where the agglomerated particles got trapped 
within the dextran threads rather than individual particles during ex-situ 
surface modification. Though dextran offers a slight constriction, the 
dipolar coupling of the agglomerated particles gives rise to large coer
civity. It is to be noted here that the particles are superparamagnetic at 
room temperature, and therefore, the low-temperature magnetic prop
erties shall give further information about the particles. 

The ratio between remanence (Mr) and Ms is given as the squareness 
ratio, R = (Mr/Ms). At 15 K, R for Co0 is 0.2, which is less than the 
theoretical value of 0.5 estimated by the Stoner-Wohlfarth model [10]. 
Theoretical simulations by Kechrakos and Trohidou [51], have sug
gested that R decreases drastically below 0.5 when the anisotropy en
ergy decreases. Since the Co0 sample has lower anisotropy energy than 
Co1, the R value is reduced to 0.2. R for Co1 and D-Co1 is 0.7, which is 
the characteristic of an assembly of MNPs coupled to each other by 
dipole-dipole interactions [56]. On the other hand, for D2-Co1, the R 
value is 0.4, which indicates the reduction in the dipolar interaction 
with prolonged sonication that separates the particles. 

Although the MNPs which meet the requirement for tumor ablation 
is established considerably, the heating mechanism of the MNPs suitable 
for MNH is being pursued rigorously [4,7,8,21,23,57–63]. The total 
power dissipation in a magnetic material can arise due to various losses 
such as hysteresis, eddy current, and anomalous losses. For hyperther
mia applications, single-domain MNPs are only preferred, and eddy 
current losses are negligible in these particles [5,64]. Carrey et al. [21] 
reported that while evaluating the power dissipation factor, the sepa
ration between hysteresis loss and Néel-Brown relaxation loss should not 
be undertaken. The hysteresis losses in single-domain MNPs can be 
accounted for by applying the LRT for superparamagnetic nanoparticles 
and Stoner-Wohlfarth model (SWM) for the ferromagnetic nano
particles. It is to be accentuated that the superparamagnetic particles 
have to be in the optimum size as per the Rosensweig model for 
maximum power dissipation [5]. 

The power dissipation of MNPs due to the Néel-Brown relaxation 
mechanism in an alternating magnetic field is expressed as 

PNB = πμoχoH2
o f

(2πf τ)
1 + (2πf τ)2 (2)  

where μo, χo, Ho, f, and τ are the permeability of free space, suscepti
bility, applied field strength, frequency, and effective relaxation time, 
respectively. 

The Néel (τN) and Brownian (τB) relaxation times are given by the 
following equations, 

τN ​ =
̅̅̅
π

√

2
τo

exp(σ)
̅̅̅
σ

√ (3)  

σ =
KVM

kBT
(4)  

τB =
3ηVH

kBT
(5)  

where τo is the relaxation time constant, VM is the magnetic particle 
volume, T is the temperature, η is the viscosity of the medium, and VH is 
the hydrodynamic volume of MNP [5]. 

The specific absorption rate, also known as the specific loss power 
(SLP) of the MNPs represented in Wg− 1 is not suitable for comparison 

since the dependence on the frequency and the square of the applied 
field is not taken into consideration. This drawback can be overcome by 
evaluating the ESAR or intrinsic loss power (ILP) expressed in 
Wg− 1Oe− 2Hz− 1 or nHm2kg− 1 [23,55,65–68]. The difference could be 
understood from the fact that although SAR of Co ferrite reported is 145 
Wg-1, the ESAR is only 0.34 nHm2kg− 1 [17]. The computed ESAR is low 
due to the large applied field and frequency of 25 kAm− 1 and 700 kHz, 
respectively. On the other hand, when f and Ho are intermediate at about 
260 kHz and 13 kAm− 1, respectively, the SAR values tend to be in the 
range of 80–140 Wg-1 while the ESAR values are 1.92–3.26 nHm2kg− 1 

[69]. 
The ESAR values could be obtained using Eq. (6) as 

ESAR ​ = ​ Σicimi

mMNP

ΔT
Δt

1
H2

o f
(6)  

where c is the specific heat capacity taken as 670 and 4186 Jkg− 1K− 1 for 
cFe3O4 and cH2O, respectively, m is the mass of each component, mMNP is 
the mass of the magnetic nanoparticles, and ΔT/Δt is the initial slope of 
the time-dependent heating profile. The small amount of doping with Co 
does not alter the specific heat capacity substantially and hence c for Co1 
and Co3 is also taken as 670 Jkg− 1K− 1. The product of the applied field 
and frequency, Hof is 2 × 109 Am− 1s− 1, and it falls within the allowed 
limit of electromagnetic radiation for biomedical applications. 

Fig. 9 shows the comparative theoretical heating rates of Fe3O4, 
Co0.1Fe2.9O4, Co0.3Fe2.7O4, and CoFe2O4 with the applied field and fre
quency of 4 kAm− 1 and 500 kHz, respectively. The K values of 
Co0.1Fe2.9O4 and Co0.3Fe2.7O4 obtained from the ESR studies were used 
in the calculation, while bulk values are considered for the others. The 
major difference between the heating curves arises due to the magnetic 
anisotropy constant. It is apparent that the heating rate decreases with 
an increase in K when the MNPs comply with the LRT. In addition, the 
optimum radius suitable for high power dissipation shifts towards 
smaller sizes with an increase in K. This could be observed from Fig. 9, 
where the optimum sizes for maximum heating rate are found to be 14, 
11, and 10 nm for Fe3O4, Co0.1Fe2.9O4, and Co0.3Fe2.7O4, respectively. It 
is to be noted here that the intensity of the heating rate decreases with K, 
whereas the fraction of particles generating heat from the distribution in 
size increases. 

Fig. 10 (left) shows the experimental thermal patterns of (a) Co0, (b) 
Co1, (c) Co3, and (d) D2-Co1 at t = 0 s (left panel) and (e) to (h) at t =
180 s (right panel). The rf induced heating of the samples could be seen 
from the central high-temperature region at t = 180 s where the samples 
are located. The heating from the coil did not interfere with the heat 

Fig. 9. Theoretical heating rate as a function of particle size of Fe3O4, 
Co0.1Fe2.9O4, Co0.3Fe2.7O4, and CoFe2O4. 
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generated by the samples, as depicted in Fig. 10 (left). Co0 and D2-Co1 
presented significant heating, as shown in the thermograms, whereas 
Co3 exhibited the least heating. The decrease in heating with Co-doping 
can be witnessed from the thermal image of Co3 (Fig. 10(g)). Also, the 
enhancement in heating with surface functionalization (D2-Co1) can be 
distinctly observed. 

The convection losses can give rise to inhomogeneity in the experi
mental determination of initial heating rates. Studies by Rodrigues et al. 
[25] have shown an agreement between thermography and the fiber 
optic measurements within a 5% error, where the discrepancy was 
related to the skin emissivity angle of dependence in the experimental 
setup. Lahiri et al. [70] explicitly studied the difference between the 
fiber optic temperature sensor and IRT and showed that the SAR ob
tained using the latter was higher owing to the convection losses. They 
had also shown that the error was reduced to less than 5% when the 
convection loss correction was applied to the IRT based results. The 
proximity of initial heating rates employing fiber optic thermometer and 
IRT was reported by Lahiri et al. [24], where the dissimilarity 
commenced after a specific time interval. The above reports show that 
the measurement protocol, including the emplacement of the IR camera, 
also plays a crucial role in subduing the errors due to convection losses 
that must be scrupulously enforced while evaluating the heating char
acteristics. The convection correction was applied to the samples and the 
error calculated for Co0, Co1, and Co3 are 3, 2, and 2%, respectively, 
which are within the 5% limit obtained by Lahiri et al. [70]. 

Another essential aspect that has to be noted is the uncertainty that 
may arise during the ac field-induced non-adiabatic heating. Under
standing the thermodynamic uncertainties like peripheral heating, 
delayed heating, and spatial variation of temperature profile within the 
sample is essential for acquiring reliable and reproducible SAR. It was 
observed by Lahiri et al. [71] that when the coil temperature was low, 
inhomogeneity in the temperature of the medium also reduced. From 
the comparison of data obtained from fiber optic sensor and IRT, delay 
in heating was prominent in the measurements employing the former 
and uncertainty of nearly 1% may arise from the spatial variations. All 
these parameters are to be prudently weighed while probing the hy
perthermia efficiency utilizing IRT. 

The heating characteristics of Co0, Co1, Co3, and D2-Co1 for a time 
period of 180 s plotted from the thermograms are shown in Fig. 10 

(right). D2-Co1 showed the highest heating, while Co3 showed the 
lowest among the samples under study. The heating rate of the un
modified samples was found to decrease with Co-doping. The SAR and 
corresponding ESAR of Co0 are 25 Wg-1 and 3.16 nHm2kg− 1, respec
tively. The ESAR of Co0 is consistent with the values reported in the 
literature for Fe3O4 nanoparticles synthesized via co-precipitation route 
[4,72], whereas it is only 0.33 nHm2kg− 1 for the sample of similar size 
(11 nm) synthesized through thermal decomposition method. The 
higher SAR of 132 Wg-1 [8] is a result of a very high Ho of 39 kAm− 1, 
which when normalized, resulted in a poor ESAR (0.33 nHm2kg− 1). The 
SAR for Co1 and Co3 are 24 and 23 Wg-1, respectively. The ESAR for Co1 
is 3.00 nHm2kg− 1, which is higher than 0.49 nHm2kg− 1 (SAR = 200 
Wg-1, Ho = 39 kAm− 1, f = 265 kHz) reported for the sample of similar 
size synthesized via thermal decomposition [8]. The Co0, Co1, and Co3 
exhibited ESAR of 3.16, 3.00, and 2.84 nHm2kg− 1, respectively, 
showing a decreasing trend with Co substitution as per LRT. The LRT is 
valid for the particles in the superparamagnetic regime if ξ < 1, where 
ξ =

μoMsVMHo
kBT is a dimensionless parameter [21,22]. All the samples in this 

study have ξ between 0.4 and 0.6. For ξ > 1, LRT is no longer applicable, 
and the SWM is only pertinent for the MNPs in the ferromagnetic regime. 

The ESAR for D-Co1 and D2-Co1 are estimated to be 3.63 and 4.42 
nHm2kg− 1, respectively. D2-Co1 showed better heating due to the larger 
interparticle separation that reduces the dipolar interaction affecting the 
Néel relaxation time [73–77]. In a previous report, 11 nm dextran 
modified Fe3O4 nanoparticles exhibited an ESAR of 5.68 nHm2kg− 1 

[23], whereas surface-modified 7 nm cobalt ferrite showed 2.90–3.22 
nHm2kg− 1 [78]. The reduction in ESAR with Co-doping is also apparent 
in the surface-functionalized superparamagnetic nanoparticles that 
adhere to LRT. In the presence of dipolar interaction, the mean-field 
model [79] suggests the modification of the anisotropy energy barrier 
which is given as 

σeff = σ + γσ2 (7)  

where σeff replaces σ in Eq. (4) and 

γ =
9N
100

(
μoμ2

4πKVM

)2( 1
d6

)

(8) 

Here, N is the total number of particles in the system, μ is the 

Fig. 10. Thermograms of (a) Co0, (b) Co1, (c) Co3, and (d) D2-Co1 at t = 0 s and the respective samples (e) to (h) at t = 180 s (left). Time-dependent heating 
characteristics of Co0, Co1, Co3, and D2-Co1 (right). 
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magnetic moment, and d is the interparticle distance, as illustrated in 
Fig. 8. Thus, the dipolar interaction term, which is highly dependent on 
the interparticle distance, in turn, will affect the Néel relaxation time 
given in Eq. (3). 

As polydispersity is always present during the synthesis of MNPs, it 
has a deciding role to play in the heating characteristics besides opti
mum size and suitable anisotropy. Hence, theoretical simulations of the 
samples under study were executed for the particle size distributions 
obtained from TEM analysis. The theoretical SAR as a function of par
ticle size (Fig. 11(a)) and ESAR as a function of anisotropy energy 
(Fig. 11(b)) for polydispersions of Co0, Co1, and Co3 are represented as 
histograms. Savg indicated using dashed lines in Fig. 11(a) and (b) is the 
average SAR and ESAR, in the respective plots computed using Eqs. (2) 
and (6). The theoretical results are proportionate to our experimental 
results. The histograms were fitted to suitable distributions and the 
average diameter for optimum SAR (Dopt) weighing polydispersions was 
computed. Dopt for Co0 is 13 nm, whereas, for Co1 and Co3, it is 12 nm. 
The narrow distribution in particle size and the lower K resulted in 
better heating efficiency for Co0 that falls under the LRT regime. 

Although the average size of Co1 and Co3 matches with Dopt, the 
peak of Co3 in Fig. 11(a) seems to be much lower than Co1. This is in 
accordance with the theoretical simulation considering the particle size 
distribution and particles within the ambit of LRT. The decrease in SAR 
with magnetic anisotropy is once again demonstrated. In Fig. 11(b), the 
KV was deduced by substituting the K values estimated from ESR. Co0 
and Co1, with the majority of MNPs in the low energy region, seem to 
exhibit better ESAR. Co3 presents a distribution of the significant 
number of MNPs in the high energy region, which accounts for the 
average ESAR closer to Co1. MNPs having lower anisotropy with an 
average particle diameter corresponding to the optimum size fall into 
the lower KV region and exhibit higher ESAR, whereas the high aniso
tropic particles present reduced ESAR. 

Calculations of Carrey et al. [21] show that the maximum achievable 
SAR increases with a reduction in anisotropy for the nanoparticles of the 
same size since the volume is inversely proportional to anisotropy. 
However, this is applicable only to superparamagnetic nanoparticles 
that obey LRT. The TB for Co-doped Fe3O4 with x = 0.1 reported by 
Mohapatra et al. [8] is 340 K, which means that the moments are 
entirely or partially blocked at room temperature. This sample is under 
the ferromagnetic regime and can only be explained by SWM rather than 
LRT. For the MNPs that obey SWM, the SAR increases with an increase in 
anisotropy, which was well observed by Fantechi et al. [7] and Moha
patra et al. [8]. The ESAR values estimated by us for the previously 
reported Co-doped Fe3O4 in the size range of 6–12 nm are between 0.05 
and 1.53 nHm2kg− 1 [7,8,17,80–82]. These ESAR values are much 
smaller than 2.84–3.16 nHm2kg− 1 obtained in the present studies due to 

difference in the heating mechanism. The studies suggest a better 
heating rate with low K particles that are in the LRT regime or with 
reduced interparticle interaction. 

4. Conclusions 

Fe3O4 and Co-doped Fe3O4 nanoparticles with an average particle 
size of 10–12 nm show an enhancement in magnetic anisotropy constant 
from 16 to 31 kJm− 3, respectively. Infrared thermography has been used 
to probe the effective specific absorption rate (ESAR) of the nano
particles. The specific absorption rates and magnetic properties reported 
in the literature were examined and reanalyzed comparing the ESAR. 
The Fe3O4 nanoparticles show an ESAR value of 3.16 nHm2kg− 1 that 
decreases up to 2.84 nHm2kg− 1 with Co-doping. The ESAR could be 
enhanced to 4.42 nHm2kg− 1 by reducing the interparticle interactions 
with dextran modification. The effect of ESAR on the particle size dis
tribution has been estimated theoretically and compared with the 
experimental results. The decrease in heating for the Stoner-Wohlfarth 
particles with reducing size could be overcome by diminishing dipolar 
interaction strength. The results of this study propose surface-modified 
particles with low magnetic anisotropy that comply with linear 
response theory for better heating efficiency. 
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