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Abstract We present a versatile diagram to envisage

the dominant relaxation mechanism of single-domain

magnetic nanoparticles (MNPs) under alternating

magnetic fields, as those used in magnetic fluid

hyperthermia (MFH). The diagram allows estimating

the heating efficiency, measured by the Specific Power

Absorption (SPA), originated in the magnetic and

viscous relaxation times of single-domain MNPs for a

given frequency of the ac magnetic field (AFM). The

diagram has been successfully applied to different

colloids, covering a wide variety of MNPs with

different magnetic anisotropy and particle size, and

dispersed in different viscous liquid carriers. From the

general diagram, we derived a specific chart based on

the Linear Response Theory in order to easily estimate

the experimental condition for the optimal SPA values

of most colloids currently used in MFH.

Keywords Magnetic hyperthermia � Magnetic

losses � Néel relaxation � Brown relaxation �
Nanoparticles � Specific power absorption �
Superparamagnetism

Introduction

Magnetic fluid hyperthermia (MFH) also known as

magnetic thermotherapy is currently being used in

clinics as a technique for cancer treatment, either alone

or in combination with chemo- and radio-therapy

(Maier-Hauff et al. 2007). MFH consists in locally

generating heat in a target tissue, previously loaded with

magnetic nanoparticles (MNPs), by applying alternating

magnetic fields (AMF) to the tissue. There are limita-

tions on the use of MNPs to generate heat from AMFs in

biomedicine, based on physiological considerations that
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suggest that the delivered power should be limited in the

amplitude H0 and frequency f, through the limit product

value of f. H0 = 4.85 9 108 A/m.s (Brezovich 1988).

Despite these limitations, MFH has many advantages

related to the ability of preserving healthy surrounding

tissues by locally heating the cancer cells that absorb or

are in contact with MNPs (the heating agents). It is thus

clear the need of a tool for foreseeing the requirements

of the magnetic materials that can respond with

maximum efficiency within the acceptable range of

f and H0.

The heating efficiency of a colloid in a MFH

experiment is measured by the specific power absorp-

tion (SPA), which is the capability to absorb the radio-

frequency power by the nanoparticles and the sub-

sequent conversion into heat. The SPA values mea-

sured for a ferrofluid containing magnetic

nanoparticles exposed to a AMF with given f and H0

are strongly dependent on the magnetic, morpholog-

ical, and rheological properties of the system, specif-

ically to the saturation magnetization (MS), the

effective anisotropy (Keff), the magnetic volume

(Vmag ), the viscosity of the liquid (g), and the

hydrodynamic volume (Vhyd). It is imperative to

understand the heating mechanism acting in the MFH

experiment to optimize the SPA for different experi-

mental conditions.

For single-domain MNPs in the presence of AMF

with moderated f and H0, the magnetic loss is

promoted by the delay between applied field and

magnetic moment of the system (Usov and Liubimov

2012). The relaxation of magnetic moment is usually

modeled with two mechanisms (Laurent et al. 2011),

the Brown relaxation process associated with the

physical rotation of the whole nanoparticle in the fluid

(Brown relaxation time), and the magnetic one related

to the fluctuation of magnetization through the mag-

netic energy barrier (Néel relaxation time). Brown

relaxation time depends on the rheological properties

of the system and can be calculated as sB = 3gVhyd /

kBT, where g is the viscosity of the liquid, Vhyd is the

hydrodynamic volume of the nanoparticles, and kBT is

the thermal energy. Néel relaxation time depends on

the magnetic properties and it is given by sN =

s0exp(KeffVmag /kBT), where Vmag is the volume of the

magnetic single-domain nanoparticle (magnetic vol-

ume), Keff is the effective anisotropy of the magnetic

single-domain, and s0 is the characteristic relaxation

time (10-9–10-11 s). The value of KeffVmag represents

the anisotropy energy barrier in the case of non-

interacting nanoparticles. Both mechanisms take place

simultaneously in the system; however, they depend

on different parameters: sB is proportional to the

hydrodynamic volume and viscosity while sN depends

exponentially on the anisotropy and the magnetic

volume of the particle.

In the literature, several models are presented looking

for the optimization of the SPA of magnetic nanopar-

ticles considering the two heating mechanisms dis-

cussed above. Rosensweig (2002) proposed a model

where both Neel relaxation (‘‘magnetic mechanism’’)

and Brown relaxation (‘‘viscous mechanism’’) are taken

into account as independent mechanisms that take place

in parallel. The proposed effective relaxation time is

seff
-1 = sB

-1 ? sN
-1, but the use of seff is not completely

justified since it assumes that magnetic and mechanical

relaxation mechanisms are independent. This assump-

tion is not true, however, the functions of the relaxation

times present continuity, and the incongruence in the

definition of seff takes importance only in the region

where both relaxation times have similar values, a

delimited region in terms of diameters of the nanopar-

ticles. From this expression of seff, the SPA is calculated

with using the Linear Response Theory (LRT). The

Rosensweiǵs model is valid only for the region where

the LRT is valid, i.e., when the magnetization response

to the applied field is linear (Haiwen Xi et al. 2006).

Carrey et al. (2011) have performed calculations of

the SPA to describe the case where only Néel

relaxation is relevant, proposing the approximation

of the minor hysteresis loop area to an elliptical area in

order to estimate the SPA value of such a system.

Recently, Usov and Liubimov (2012) and Mamiya and

Jeyadevan (2011) calculated numerically the hyster-

esis loop produced by a system of single-domain NPs

under an ac magnetic field, taking into account both

Néel and Brown magnetic relaxation mechanisms.

Usov and Liubimov (2012) coined the terms viscous

mode and magnetic mode to identify the situations

where the Brown relaxation or Neel relaxation is the

dominant mechanism, respectively. These two modes

were defined by the ratio between the applied field H0

to the anisotropy field HK. These theoretical models

for the SPA in magnetic fluids represent a clear

advancement in the understanding of the physics of

magnetic single-domains under AMFs, and also of the

complex relationship between magnetic, rheological,

and thermal parameters. However, there is still an
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increasing need for a comprehensive landscape that

compiles the theoretical output from these models and

translates them into the expected behavior regarding

heat generation in MFH. Such a tool would be helpful

for a non-specialist in magnetism working on MFH for

identifying the actual relaxation mechanism for a

given type of sample and experimental conditions. It

could be helpful to find the predicted SPA value in that

situation, and consequently foretelling the heat gen-

eration efficiency expected for that sample in a given

in vivo or in vitro MFH experiments.

In this work, we propose a versatile diagram to

identify the dominant heating mechanism of magnetic

single-domains in MFH, based on the previous

knowledge of the physical parameters involved in

the magnetic relaxation times: magnetic anisotropy,

liquid viscosity, hydrodynamic particle volume, and

the ‘‘magnetic diameter’’. Working as a ‘phase

diagram’, it indicates the dominant heating mecha-

nism through the relaxation times sN and sB of the

magnetic single-domain at the condition of H0, f of the

applied AMF. Thus, it can predict the expected heating

mechanism of a ferrofluid in a MFH experiment on the

bases of the important parameters of the system,

specifically Keff, Vmag , g, and Vhyd. Once we know the

dominant mechanism, an appropriate model or theory

can be used to calculate the expected SPA value of this

system. We tested this diagram by predicting the main

heating mechanism and the experimental SPA values

of six ferrofluids containing ferrite nanoparticles

hydrophobic and hydrophilic Fe3O4, NiFe2O4, and

CoFe2O4 systems. Finally, we built a second diagram

based on LRT, which is valid for several systems and

experimental conditions, allowing us to estimate and

to optimize the SPA value for a particular system.

Proposed diagram

Figure 1 presents the proposed diagram, where the

axes y and x correspond to the dimensionless quanti-

ties KeffVmag /kBT (proportional to ln(sN/s0)) and gVhyd /

kBT (proportional to sB), respectively. The main idea is

the division of the diagram in different regions where

the Neel relaxation, Brown relaxation, or both mech-

anisms are important. In this way, the curves sN = sB,

10sN = sB, and sN = 10sB are plotted. We consider

two values of s0 = 10-9 s and 10-12 s (dashed and

solid lines respectively). As expected, changes in s0

act as a constant proportional to ln(s0) that is added or

subtracted to the curves. The probabilities of viscous

and magnetic relaxation are proportional to 1/sB and 1/

sN, respectively, and the shorter time determines the

dominant mechanism. So, the diagram can be divided

in three regions: (1) sB \ 0.1sN, where viscous mech-

anism is dominant (viscous region), (2) sN \ 0.1sB,

where magnetic mechanism is dominant (magnetic

region), and (3) sB * sN, where both mechanisms

play an important role. This practical diagram allows

the easy estimation of the significance of each

mechanism in heat generation. By knowing the main

mechanism and using the proper model, it is possible

to estimate the value of the SPA for the system and

predict its value for different experimental conditions.

The diagram presented in Fig. 1 further contains

practical relevant information: the region where the

SPA value corresponding to each mechanism should

be a maximum. For example, the dashed-dotted lines

parallel to x and y axes correspond to the respective

values of sN and sB that are equal to 1/2pf (in this case

we chose f = 300 kHz). Thus, the optimal SPA values

are localized along these dashed-dotted lines. Hence,

each line corresponds to the asymptotic value of the sB

and sN where the SPA is maximum, restricted by the

condition that each mechanism acts individually,

without being influenced by the other.

The diagram of Fig. 1 also allows us to predict the

influence of magnetic and rheological properties of a

system on its SPA value according with the dominant

Fig. 1 Proposed diagram where y and x axes correspond to the

dimensionless quantities KeffVmag /kBT (proportional to ln(sN/s0))

and gVhyd/kBT (proportional to sB), respectively. Black, blue, and

red lines correspond to sN = sB, sN \ 0.1 sB and sN [ 10 sB,

respectively, when considering s0 = 10-9 and 10-12 s (dashed

and solid lines, respectively). (Color figure online)
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heating mechanism. For very low values of KeffVmag /

kBT, the Neel relaxation dominates and g and Vhyd are

not relevant to the SPA. In addition, sN has an

exponential dependence with KeffVmag /kBT, and con-

sequently the SPA dependence with this quantity will

be strong, presenting a very narrow maximum. In

opposition, for high values of KeffVmag /kBT, the Brown

relaxation is the dominant one and the SPA strongly

depends on g and Vhyd. For intermediate values of

KeffVmag /kBT, where sB * sN, both mechanisms are

relevant and the importance of each one for the heat

generation is dependent on Keff, Vmag , g, Vhyd, and H0.

However, in this situation the correlation between the

relaxation times sB and sN must to be considered in

order to understand the dominant heating mechanism.

This discussion is better understood in the particular

case of the ferrite nanoparticles, which are the most

frequently used in MFH experiments. The effective

anisotropy of ferrite systems varies in the magnitude

with the composition Keff * 3–6 9 104 erg/cm3 for

NiFe2O4, 1–5 9 105 erg/cm3 for Fe3O4 and

4–5 9 106 erg/cm3 for CoFe2O4 (Brabers 2007,

Arelaro et al. 2007, Lima et al. 2010). According to

our diagram, for a usual nanoparticle size (10–30 nm),

the Neel relaxation dominates for NiFe2O4, while the

Brown relaxation is the dominant for CoFe2O4. For

Fe3O4, both mechanisms are important. With respect

to Vmag , for monodomain nanoparticles, it can be

considered equal to the crystalline volume of the

nanoparticles. In this work, dmag is considered equal to

the diameter obtained from TEM images.

In real MFH experiments involving magnetic

nanoparticles, the hydrodynamic radius is generally

greater than the magnetic one because of the func-

tional layer attached to the surface of the magnetic

material, generally an organic layer, which influences

the relation between sB and sN. In addition, it is

observed that the absorption of nanoparticles by cells

and tissues leads to the formation of agglomerates

(Marcos-Campos et al. 2011, Fortin et al. 2008). As a

consequence, there is a drastic increment of Vhyd and,

simultaneously, g is larger than that of the as-

synthesized ferrofluids. These facts lead to the reduc-

tion in the efficiency of this mechanism of heat

generation. For a system where the heat generation is

dominated by Brown relaxation (according to the

diagram in Fig. 1, systems with large values of Keff, as

CoFe2O4 nanoparticles), a drastic reduction in the

value of the SPA is expected. Despite other consid-

erations, such as the toxicity, and only considering the

efficiency in the heat generation, the nanoparticle

systems to be chosen for in vivo and in vitro exper-

iments are those with an energy barrier small enough

that Néel relaxation is predominant. For these systems,

the large Vhyd and g do not play an important role in the

heat generation. At the same time, the possible

agglomeration during or after the internalization of

the nanoparticles by the cell makes necessary to

consider the interparticle interactions in order to

estimate the best SPA response of the system. For

moderate interparticle magnetic interaction, the value

of KeffVmag corresponding to the maximum SPA

differs from the equivalent of a non-interacting system

(Lima et al. 2013a,b; Branquinho et al. 2013; Mamiya

2013). As sN a exp(KeffVmag ), the dependence of the

SPA with dmag is very strong and presents a narrow

maximum. Thus, the value of dmag must be controlled

with precision and the interparticle interaction must be

perfectly known to obtain a large SPA for a specific

value of frequency.

Validation of the diagram

In order to test the predictions of our diagram, we

measure the dependence of the SPA with the fre-

quency of the applied field for six different nanopar-

ticle systems. Once the main heating mechanism in the

diagram is identified, we use the appropriate model to

calculate the SPA values as function of frequency, and

these values are compared with the experimental SPA

of each system. The six systems are either hydrophilic

or hydrophobic nanoparticle suspensions (variation of

Vhyd and g) of three ferrite systems with different

anisotropy energy barrier distribution: Fe3O4 (11 nm),

CoFe2O4 (13 nm), and NiFe2O4 (29 nm). The hydro-

phobic nanoparticles were synthesized by a chemical

method similar to that described in (Arelaro et al.

2007), presenting a lognormal diameter distribution

with mean diameter d = 11, 13, and 29 nm, and

diameter dispersion r = 0.22, 0.15, and 0.25 for

Fe3O4, CoFe2O4, and NiFe2O4, respectively, as

obtained from transmission electron microscopy

images in a PHILIPS CM200 microscopy operated

at 200 kV. These mean diameters were chosen in order

to obtain the maximum SPA for each system.
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The energy barrier distributions of these systems

were obtained from magnetization measurements as

function of the temperature in zero-field-cooling and

field-cooling conditions (ZFC and FC curves, see

Fig. 2) in a commercial SQUID magnetometer

(MPMS QUANTUM DESIGNs) with H = 100 Oe

for CoFe2O4 sample and 50 Oe for the samples

NiFe2O4 and Fe3O4. The energy barrier distribution

was obtained from the plot of (1/T)d(MZFC-MFC)/dT)

versus T (inset of Fig. 2). For further calculations we

use the mean value of the distribution. For the ZFC and

FC magnetization measurements, we dispersed the

nanoparticles in a polymeric matrix (PEI—polyethy-

lenimine) in a concentration of 0.5 % w./w. in order to

avoid the interparticle interactions. Saturation mag-

netization values MS were obtained from the magne-

tization curves as a function of the applied field

measured at T = 300 K in the SQUID magnetometer.

Here, MS takes into account the mass of the whole

particle (magnetic core ? organic layer).

The as-synthesized nanoparticles are hydrophobic,

coated with an oleic acid monolayer and the hydro-

dynamic diameters of these samples are 20 nm

(Fe3O4), 15 nm (CoFe2O4) and 30 nm (NiFe2O4), as

measured by dynamic light scattering (DLS) in a N5

Particle Size Analyzer (Beckman and Coulter). In

order to change the values of gVhyd /kBT of these

systems, the nanoparticles were turned into hydro-

philic in a post-synthesis procedure. For NiFe2O4 and

Fe3O4 systems, the hydrophilic coating was obtained

by adding a phospholipid-PEG2000 conjugate that

forms a bilayer with the oleic acid, while for the

CoFe2O4 system it was obtained by substituting the

oleic acid with PMAO (M. Moros et al. 2010). DLS

measurements led to a hydrodynamic radius of

hydrophilic samples of 60 nm for CoFe2O4, 50 nm

for Fe3O4, and 70 nm for NiFe2O4.

SPA measurements were performed on a commer-

cial equipment (DM100, nB Nanoscale Biomagnet-

ics). The external ac magnetic field has an amplitude

of H0 = 200 Oe and a variable frequency f = 229,

355, 580, and 828 kHz. The SPA was obtained from

the temperature versus time curves of each system by

the expression SPA = (cliq.mliq /mNPs)(dT/dt), where

mNPs is the mass of nanoparticles, cliq and mliq are the

specific heat and the mass of the liquid used in the

experiment. The value of dT/dt is obtained from the

maximum increment rate of temperature observed in

the curve of T versus t. The mass of the nanoparticles

was measured for dry sample, thus, mNPs includes the

magnetic component (Fe3O4) and the organic layer.

SPA measurements were always performed in sus-

pensions with a concentration of 1 % w/w. of nano-

particles, which were diluted in hexane in the case of

the hydrophobic systems and in water in the case of the

hydrophilic ones. The experimental results for the

hydrophilic and hydrophobic samples are presented in

Fig. 3a–c as triangles and squares, respectively.

The diagram in Fig. 1 shows the well-known fact that

the Brown relaxation is the dominant heat generation

mechanism in highly anisotropic CoFe2O4 nanoparti-

cles, whereas for Fe3O4 both viscous and magnetic

relaxations contribute to the SPA. Accordingly, we used

the LRT to simulate the dependence of the SPA on f, by

considering seff
-1 = sN

-1 ? sB
-1 for Fe3O4 (both mecha-

nisms) and seff = sB for CoFe2O4 (viscous mechanism).

The dependence of the SPA with the frequency

Fig. 2 Magnetization versus temperature curves of CoFe2O4,

Fe3O4, and NiFe2O4 nanoparticles, measured in ZFC and FC

conditions. The insets show the corresponding anisotropy

energy barrier distribution as estimated from the

1
T

dðMZFC�MFCÞ
dT

h i
versus T plot
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(SPA(f)) obtained for samples in hexane and water

are shown in Fig. 3a,b as solid and dashed lines,

respectively. It can be noticed that the calculations

are in excellent agreement with the experimental data

for the two systems under different colloidal condi-

tions. Furthermore, from the large change in the SPA

values of the hydrophilic CoFe2O4 sample when

compared to those of the hydrophobic one, the strong

dependence of the SPA value on gVhyd /kBT can be

inferred, as corresponds to the Brown relaxation

being the dominant heating mechanism. For the

hydrophobic Fe3O4 sample, our diagram predicts that

both mechanisms are important. In fact, the experi-

mental SPA values can be well fitted with the LRT

and assuming the Rosensweig model to calculate seff.

For the hydrophilic Fe3O4 sample, there is a strong

increment in sB as consequence of the increment of g
and Vhyd. Thus, the SPA of the hydrophilic Fe3O4

sample is basically produced by the magnetic relax-

ation. As a consequence, it is expected to have a

small SPA value in comparison to the hydrophobic

sample, in accordance with the experimental results.

For the system NiFe2O4, our diagram predicts that

Néel relaxation will be the dominant one, irrespective

of the gVhyd /kBT value. Thus, the effect of the Brown

relaxation will have little impact on the measured SPA

values, in agreement with the experimental data shown

in Fig. 3c. However, for a low-anisotropy system as

NiFe2O4, the LRT framework is not appropriate to

calculate the SPA under the experimental conditions

of this work: the HK value of this system, as estimated

from the energy barrier and particle size distributions,

is close to the maximum value of H0 used in

hyperthermia experiments (Saenger et al. 1998), and

under these conditions the LRT is no longer valid for

describing the relaxation process (Usov and Liubimov

2012). In addition, the comparative larger diameter of

the NiFe2O4 nanoparticles increases the deviations of

the experimental SPA values from the values obtained

by LRT (Carrey et al. 2011; Verde et al. 2012).

Therefore, for the NiFe2O4 samples the SPA was

calculated as the product of the frequency and the area

of the hysteresis loop of the system for a maximum

field of H0 = 200 Oe, which was numerically calcu-

lated as described in (Lima et al. 2013a) neglecting the

interparticle interactions. We note that in this case this

approximation is valid since sB [ sN for both hydro-

philic and hydrophobic NiFe2O4 nanoparticles. The

SPA curves simulated considering Keff = 3 9 104 and

2.5 9 104 erg/cm3 (Fig. 3c) showed that small vari-

ations in the value of Keff can strongly affect the SPA

of the system when magnetic mechanism dominates.

As observed, the calculated values of SPA (solid line)

with Keff = 2.5 9 104 erg/cm3 are in good agreement

with the experimental ones for hydrophilic and

hydrophobic samples. The difference between the

SPA values of hydrophobic and hydrophilic NiFe2O4

samples, which is much smaller than the observed for

the other two ferrites, can be attributed to the

interparticle interactions in these samples or to a less

significant contribution of the viscous mechanism to

the heat generation in the case of the hydrophobic

nanoparticles, with lower hydrodynamic diameter. In

order to consider these effects, the SPA should be

evaluated within a more complete theory than what

that was used (Branquinho et al. 2013; Mamiya 2013).

According to the diagram, for the six ferrite samples,

which is reinforced by our experimental results, systems

with anisotropy energy barrier similar to the NiFe2O4

Fig. 3 a–c experimental (symbols) and calculated (lines) SPA

values of nanoparticles of CoFe2O4, Fe3O4, and NiFe2O4,

respectively, measured with H0 = 200 Oe and f = 229, 355,

580, and 828 kHz. Triangles and solid lines correspond to

hydrophobic samples, while squares and dashed line corre-

spond to hydrophilic samples
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are the most appropriate for in vitro and in vivo MFH

experiments, since the magnetic mechanism is the

desirable one for this kind of experiment, where the

agglomeration and the increment in the quantity

gVhyd /kBT of the particles are expected. For these

systems with low-anisotropy energy, it is expected

that the SPA values do not change significantly with

the increment in Vhyd promoted by the hydrophilic

character or the agglomeration. Since agglomeration

of the MNPs in colloids leads to important magnetic

interparticle interactions, it is thus mandatory to

consider the interparticle interactions effects on the

magnetic losses of these systems within an ac

magnetic field with determined H0 and f (which are

important for the effects of interparticle interactions).

However, other considerations must be taken into

account for in vitro and in vivo MFH experiments,

such as the toxicity of the nanoparticles. In this case,

NiFe2O4 is not recommended and a system with

similar anisotropy and lower toxicity is necessary.

Different ferrites have a similar anisotropy than that

of NiFe2O4 (Gonçalves et al. 2001; Verde et al.

2012). Among them, c-Fe2O3 and ZnFe2O4 are best

suited for in vivo magnetic hyperthermia, because

they present lower toxicity than that of NiFe2O4, and

recent studies have shown their potential for mag-

netic field hyperthermia (Verde et al. 2012; Mendoza

Zelis et al. 2013).

On the other side, a system with energy barrier

similar to that of CoFe2O4 is the less appropriate for

in vitro and in vivo experiments, since a drastic

decrease of the SPA is observed with the increase of

the quantity gVhyd /kBT. Fe3O4 nanoparticles with small

size (*10–13 nm) are also interesting candidates for

in vitro and in vivo MFH experiments with moderate

values of H0. In this case, the SPA is dominated by

magnetic relaxation. In addition, moderate values of

SPA can be obtained for agglomerated nanoparticles

with magnetic diameter of 10–15 nm for

H0 = 150–200 Oe (Lima et al. 2013a). These are

interesting predictions from our diagram for future

studies involving in vitro and in vivo experiments.

Optimization of the SPA with Linear Response

Theory

Although the diagram presented on Fig. 1 is a very

practical guide to determine the main mechanism of

heat generation in a MFH experiment with a MNPs

system characterized by the parameters Vmag , Vhyd, g,

and Keff, it does not determine the SPA value. Thus, we

build a diagram of equipotential SPA curves in order

to easily estimate and to optimize the SPA of the

system as function of the relevant parameters. As

mentioned before, once the main heating mechanism

is identified, we need to use an appropriate model or

theory to calculate the SPA value and its dependence

with the characteristic parameters of the system. We

consider the LRT, where the relation M = vH is

assumed, which is valid when the anisotropy field (HK)

is higher enough than H0. This assumption is valid for

the region in the diagram where the Brown mechanism

dominates (region (1)) independently of the value of

H0, and it is also valid for the region (3) (sB * sN) if

we consider the typical values of H0 used in the

hyperthermia experiments. For region (2), where

magnetic mechanism is dominant, the validity of this

assumption depends on the value of H0 in comparison

to HK. The most important parameter in the LRT is the

effective relaxation time (seff). In the region (1), seff

can be considered equal to sB. For region (3), where

the use of LRT is conditioned by the value of H0, seff

can be considered equal to sN. For region (2), where

both Brown and Néel relaxation mechanisms are

relevant, the effective relaxation time is more difficult.

According to Rosensweig’s model (Rosensweig

2002), both mechanisms are independent and take

place in parallel, consequently seff can be easily

defined: seff
-1 = sB

-1 ? sN
-1. Despite the limitations of

this model (Haiwen Xi et al. 2006), it can give a

correct description in the limits where each mecha-

nism is dominant. In addition, the region where both

mechanisms coexist is relatively small (due to the

exponential dependence of sN with KeffVmag /kBT) and

the continuity of the time functions makes that the

actual relaxation time does not differ much from that

calculated by Rosensweig’s model. In fact, there are

experimental results reported in the literature (Kallu-

madil et al. 2009, Lima et al. 2013b, Gonzales-

Weimuller et al. 2009, Eggeman et al. 2007) that are

relatively well fitted with Rosensweig’s model.

We based the diagram of equipotential SPA curves

on three main assumptions: (i) non-interacting nano-

particles system, (ii) the validity of the LRT, i.e. the

anisotropy field HK is greater than the ac applied field

H0, and (iii) magnetic relaxation mechanisms (Néel

and Brown relaxations) are independent and take place
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in parallel (Rosensweig’s model). According to the

LRT, the SPA is given by: SPA = pv0fH0
22pfseff /

(1 ? (2pfseff)
2), where v0 is the initial susceptibility of

the system. Calling u = sf /seff (where sf = 1/2pf is the

inverse of the angular frequency of excitation), a

reduced expression of SPA can be written:

S ¼ 2u=ð1þ u2Þ; ð1Þ

where S = SPA/SPAM and SPAM = pH0
2fv0/2 is the

highest SPA value.

The diagram of equipotential SPA curves is

presented in Fig. 4a. It was constructed by using as

variables x = sf /sB and y = sf /sN in a logarithm scale

for simultaneous visualization of those samples with

coordinates that span a wide range of x, y values. The

curve where SPA = SPAM (or S = 1) corresponds to

the red solid line. The plotted green dashed curve

corresponds to Eq (1). As an example, we used the

coordinates (x0,y0) = (2,3) (symbol * in the Fig. 4, on

the dotted blue line). With these coordinates, we

calculated the value u0 = x0 ? y0 = 5, and according

to Eq. (1) we obtained S * 0.38.

In addition, the diagram of equipotential SPA

curves of Fig. 4a easily gives the optimal frequency

(f*) for the maximum SPA for a system with a

determined u0 value. This frequency is given by

f* = u0f. In other words, if we perform an experiment

at f = f*, the point (x0,y0) becomes (2/5,3/5), and then

in the new diagram it ‘‘points out’’ at the optimum

curve S = 1. From this example it is evident that if the

u0 value is greater/lower than 1, it would be necessary

to increase/decrease the frequency of the experimental

setup in order to get the optimal S value. In some cases

it could be very difficult to change the operation

frequency of the experiment, and the only way to

obtain the maximum SPA would be to tune the the

sample parameters (Vmag , Vhyd, Keff, and g) in order to

work at the ideal condition.

In order to test the usefulness of the proposed

equipotential diagram, we apply it to hydrophobic and

Fig. 4 a, b, c Diagrams of equipotential SPA curves (x = sf /sB

vs. y = sf /sN). In a, the dotted blue line is the curve of the

equipotential surface corresponding to the hypothetical point

with (x0,y0) = (2,3) (*), which is used as example. In b, symbols

correspond to the (x,y) experimental values for our nanoparti-

cles: Fe3O4 (11 nm), CoFe2O4 (13 nm), and NiFe2O4 (29 nm).

In c, symbols (x,y) correspond to experimental values for Fe3O4,

CoFe2O4, and NiFe2O4 nanoparticles presented in the literature

(triangle in (Kallumadil et al. 2009), filled triangle in (Eggeman

et al. 2007), circle in (Lee et al. 2011), and filled circle in (Torres

et al. 2010)). The curve where SPA = SPAM (or S = 1)

corresponds to the red solid line. The plotted green dashed

curve corresponds to Eq (1). d Normalized experimental SPA

value versus the theoretical one (S) for our Fe3O4 (filled triangle

and triangle) and CoFe2O4 (filled circle and circle) nanoparti-

cles. (Color figure online)
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hydrophilic ferrite nanoparticles case. Figure 4b

presents the values of x and y for nanoparticles of

CoFe2O4 (13 nm), Fe3O4 (11 nm), and NiFe2O4

(29 nm) plotted on the diagram of Fig. 4a. In order

to calculate Vhyd, we have considered an organic layer

of 2 nm thickness for the hydrophobic nanoparticles

(solid symbols) and a layer of 20 nm thickness for the

hydrophilic nanoparticles (open symbols), and we

used g = 0.03 and 0.1 g/cm.s, respectively. The

measured length of the oleic acid chain is about

2 nm (Zhang et al. 2006), and that is why this value has

been used in the calculations. For the hydrophilic

coatings (PE-mPEG2000 and PMAO), it is more

difficult to use reference lengths to calculate the

thickness of the coating, since the morphology of the

molecule may change. Therefore, we decide to use

values close to the experimental ones obtained from

DLS measurements. Finally, we used a frequency of

580 kHz for the applied field.

As observed in Fig. 4b, the values corresponding to

the CoFe2O4 nanoparticles with both coatings are

localized in Brown relaxation region, which means

that the Brown relaxation mechanism dominates the

SPA of both samples. In opposition, the values

corresponding to the hydrophobic and hydrophilic

NiFe2O4 nanoparticles are in the Néel relaxation

region, so Néel relaxation mechanism plays the

fundamental role in the SPA. The main heating

mechanism for hydrophilic Fe3O4 nanoparticles is

the Néel relaxation, while for the hydrophobic nano-

particles both Néel and Brown relaxations are

important.

Other noteworthy feature observed in Fig. 4b is that

the values corresponding to the three hydrophobic

systems are close to the curve SPA = SPAM, indicat-

ing that these nanoparticles have the most suitable

magnetic parameters to obtain the best response in

terms of SPA, always taking into account whether the

LRT is valid or not (specially for the Ni Ferrite).

However, the hydrophilic systems present different

features: the SPA expected for the CoFe2O4 system is

much smaller than expected; the point (x,y) of Fe3O4

nanoparticle system presents a disruption from the

curve SPA = SPAM, indicating a reduction in the SPA

of the hydrophilic Fe3O4 system.

The proposed diagram of equipotential surfaces is

totally valid in the frequency range typically used in an

MFH experiment, since the power absorption mech-

anisms for a magnetic nanoparticle colloid will not

vary if the frequency is in the range of 50–900 kHz;

for any of these values the lines delimiting the regions

of validity of the SPA mechanisms will be parallel to

the black dashed lines in the diagram.

Figure 4c gives the SPA (x and y values) in the

diagram for different ferrite samples presented in the

literature: Fe3O4 (D by (Kallumadil et al. 2009) and m

by (Eggeman et al. 2007)) and CoFe2O4 (s by (Lee

et al. 2011) and • by (Torres et al. 2010)). As observed,

both the Néel and Brown mechanisms play a role in the

case of samples of Fe3O4, with a maximum SPA

expected for nanoparticles of 11–13 nm magnetic

diameter and about 15 nm of hydrodynamic diameter.

In the case of CoFe2O4, the main dominant mechanism

is always the viscous one, with an optimal perfor-

mance for hydrodynamic diameter about 12–16 nm.

The maximum magnetic response is found for

CoFe2O4 nanoparticles with a magnetic diameter of

5 nm, with a maximum SPA significantly lower than

that observed for 12–16 nm where viscous mechanism

dominates.

Figure 4d plots the comparison between the exper-

imental SPA values of our hydrophilic and hydropho-

bic CoFe2O4 and Fe3O4 nanoparticles (presented in

Fig. 3a,b, respectively), normalized by the calculated

SPAM, versus the expected value of S given by Eq. (1)

(i.e., it represents SPAexp/SPAM vs. S). SPAM and

S were calculated by using the parameters measured

for our samples (the mean blocking temperature

\ TB [ , Vhyd and MS, given in Table 1) and assuming

s0 = 10-10 s and the tabulated values of viscosity g for

the hexane and water. If SPAexp values are close to the

predicted ones of the diagram of equipotential SPA

curves, then SPAexp /SPAM = S. This relation is rep-

resented as the solid line in the graphic and it

corresponds to the prediction of the LRT for the

SPA of our nanoparticles. As expected, the values for

CoFe2O4 and Fe3O4 systems fit very well with the

predicted values (close to the solid line). Thus, the

diagram of Fig. 4a is able to predict the SPA value of

our Fe3O4 and CoFe2O4 nanoparticles suspension, and

we can use this diagram to determine the experimental

conditions in order to optimize the SPA. In our case,

the hydrophobic Fe3O4 and CoFe2O4 nanoparticles

have diameters that lead to a SPA close to the

maximum. We have not plotted the values for NiFe2O4

nanoparticles, because the LRT is not valid for this

system for the frequency values used in the

experiment.
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Conclusions

In summary, we have developed a SPA diagram that can

be used to foresee the heating mechanism of single-

domain magnetic nanoparticles suspensions, before

they are used in MFH experiments. This diagram takes

into account the viscous (Brown) and magnetic (Neél)

relaxation times of the system, and that the heating

mechanism depends on the parameters KeffVmag /kBT and

gVhyd /kBT. By this diagram, the main heating mecha-

nisms for a particular nanoparticles system can be

inferred. We have verified this approach on samples

with different magnetic and physicochemical proper-

ties. For magnetic colloids composed of CoFe2O4

nanoparticles, we have demonstrated that the ‘‘viscous

relaxation’’ and thus the SPA strongly depend on g and

Vhyd. For NiFe2O4-based colloids, the ‘‘magnetic relax-

ation’’ has been found to dominate, making the SPA

independent of g and Vhyd, but strongly dependent on

KeffVmag /kBT. For the Fe3O4 system, the main heating

mechanism depends on the values of g and Vhyd;

magnetic mechanism dominates for high values of

gVhyd, while both mechanisms are important for low

values of these parameters. In fact, these predictions are

confirmed by the measurements of SPA values of

hydrophobic and hydrophilic ferrite nanoparticles as a

function of the ac magnetic field frequency. Fe3O4

hydrophilic system presents a reduction in the SPA in

comparison with that measured for the Fe3O4 hydro-

philic sample. However, significant values of SPA can

be obtained for this system for moderate values of H0

(*200 Oe). Our results suggest that CoFe2O4 nanopar-

ticle systems are not suitable for MFH since a strong

reduction in the SPA is expected for agglomerated and

interacting nanoparticles in in vitro and in vivo MFH

experiments. We also proposed a diagram of equipo-

tential SPA curves based on the LRT and on the

Rosensweig’s model, which allows us to estimate the

SPA value for a system with a simple calculation. This

diagram also gives us visual information in order to tune

f for obtaining an optimum SPA. Our results presented

here have a range of validity, especially the diagram for

predicting the heating mechanisms and the diagram of

equipotential curves. First of all, both of them refer to

non-interacting systems, i.e., without magnetic inter-

particle interactions. In the specific case of the diagram

of equipotential curves, for the optimization of the SPA,

the calculations are based on the LRT. In addition, for

the region where both mechanisms, Neel and Brown

relaxation, play an important role we have made the

approximation of assuming that both mechanisms are

independent and take place in parallel.
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