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Experimental ac-susceptibility curves at different frequencies (0.1 Hz� f� 1 kHz) were performed

on samples prepared by physical and chemical pathways. By combining the triple fit method and a

careful analysis of ac-experimental curves, we demonstrate an unambiguous and consistent

determination method of both the magnetic particle size distribution and anisotropy for diluted

granular nanostructures of magnetic clusters. Specifically, we highlight the importance of the size

distribution in the determination of the magnetic anisotropy constant as well as the low relevance

of the deduced parameters by considering alternative measurements alone. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4768837]

I. INTRODUCTION

Magnetic nanoparticles (NPs) are currently the subject

of intense research because of their potential applications in

future ultrahigh-density magnetic-storage media1 but also in

biomedical applications.2,3 They are considered as the build-

ing blocks of the future nanotechnological devices through

bottom-up approaches. The knowledge of the properties of

NPs (particle size distribution and anisotropy) is of primary

importance for the further development of all these applica-

tions. Combinations of several methods are often necessary

to determine the specific NPs properties which may be

affected by dipolar interactions. Indeed when the NPs size

decreases, they become single domain, view as macrospin

and their potential is limited by the trade-off between the

blocking of the particles’ magnetic moments and the thermal

excitation, leads to the so-called superparamagnetic (SP)

limit.4 The reversal of the magnetic moment of an isolated

single domain particle with a volume V and an effective uni-

axial anisotropy constant Keff over an energy barrier DE is

characterized by the Neel relaxation time,5

s ¼ s0 exp
DE

kBT

� �
; (1)

where s0 is a pre-exponential relaxation time factor in the

range 10�12–10�9s,6 kB is the Boltzmann constant, and

DE ¼ Kef f V.

The anisotropy barrier DE is a determinative factor in

the static and dynamic behavior of NPs. Therefore, the

knowledge of DE is very important to predict and understand

the magnetic properties of NPs. In a system formed of fine

particles with a size distribution, one recurring problem is

the unambiguous determination of the nanoparticle magnetic

size distribution as well as of their anisotropy constant.7 A

possible way is to measure the size distribution from micros-

copy observations. However, this method can sometimes be

unreliable and the structural size obtained from microscopy

may be different from the effective magnetic size.8

In this paper, we first review a method to obtain anisot-

ropy barrier distributions from the temperature, time, and

magnetic field dependent magnetization/susceptibility (v)

measurements. The fit procedure is based on the alternative

susceptibility vac and includes size distributions effects. The

most accurate Keff determination is achieved by also consid-

ering static susceptibility and high temperature m(H) fits.9 In

addition, the obtained values of s0 are discussed. As an illus-

tration of the high applicability of this careful analysis on

magnetic nanoparticles, this model is applied to two different

benchmark samples of well-separated cobalt nanoparticles

(prepared by a physical way) and Fe3�xO4 nanoparticles

(synthesized by chemical way).

II. THEORETICAL DESCRIPTION

The two most common protocols used to detect the sig-

nature of the blocked to superparamagnetic regime crossover

in NPs assemblies are the static (dc) susceptibility measure-

ments versus temperature: measured after zero field cooling

(ZFC) and field cooling (FC). Assuming a random orienta-

tion of the easy axes and that the applied magnetic field is

small enough to be in the linear response regime, we can

write the ZFC magnetic moment for the two extreme

behaviors

mb ¼ Ntot
l0Hl2

3DE in the blocked regime,

m0 ¼ Ntot
l0Hl2

3kBT in the superparamagnetic regime,

where l is the magnetic moment of one single NP and Ntot is

the total number of particles.

In the “two state model,” the total susceptibility is given

by the sum of the contributions of the superparamagnetic
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and blocked particles weighted by the appropriate size distri-

bution function. This model has several limitations as listed

in Refs. 10 and 11. A more elaborate model, called

“progressive crossover model” has been recently devel-

oped10,11 and provides a continuous analytical formula

which can be used to describe the ZFC curve of NPs assem-

bly. For a single volume,

mZFC ¼ mbe��dt þ m0ð1� e��dtÞ; (2)

where �¼ 1/s is the macrospin relaxation frequency

(Eq. (1)) and dt is an effective waiting time which depends

on several parameters.10 A similar expression can be used

for the FC, which may be considered as a ZFC with a differ-

ent starting point in the case of a size distribution.

The ZFC/FC curves and the superparamagnetic m(H)

can be fitted using semi-analytical formulas. Moreover, it is

important to note that the curves share some common quanti-

ties, in particular the magnetic size distribution (diameter

probability density function) PDF(D) and the total number of

NPs (Ntot). A simultaneous fit of the three experimental

curves, the so-called “triple fit” procedure, is then subject to

stringent constraints so that any fortuitous agreement is very

unlikely leading to an improved accuracy of the inferred

results. The application of this model to characterize well-

defined Co and CoPt NPs has proven the robustness of this

technique.9,12–14 This procedure is a good way to test the

usual underlying hypotheses and to put into evidence subtle

effects such as an anisotropy constant dispersion in nano-

alloys.12

ZFC susceptibility curves can also be measured in the ac

mode. In this case, after having cooled down the sample

without any applied field, a small alternative magnetic field

with a pulsation x is applied. Then, the subsequent magnetic

moment oscillating at the same x pulsation is measured, as a

function of temperature. The induced magnetic moment can

be written as: m¼m0 – i m00. A theoretical expression of the

real and imaginary parts can be established15–18 and we

have, for a single volume V

m0 ¼ mb þ
m0 � mb

1þ x2s2
; (3)

m00 ¼ xs
m0 � mb

1þ x2s2
; (4)

where m0 and mb corresponds, respectively, to the equilib-

rium (superparamagnetic) and blocked magnetic moments

and s is given by Eq. (1). Experimental curves can be fitted

with the above theoretical expressions, by performing a nu-

merical integration in order to take into account the particle

size distribution. It is also possible, as for dc curves, to fit the

real part by using a two state or “abrupt transition” model

which assumes that a particle is either fully blocked or fully

superparamagnetic.15 The peak temperature Tmax should not

be confused with the mean or median blocking temperature

because it strongly depends on the shape of the size

distribution.

Moreover, the imaginary part of the signal is insensitive

to parasitic magnetic signals. And by varying the x pulsa-

tion, we have access to a quite wide range of timescales,

which can be used to estimate the relaxation time. The find-

ing of an unphysical value for s0 enables to detect the pres-

ence of significant interactions in a NPs sample.6,19,20

Besides, it is also quite common to derive a single energy

barrier value from the evolution of Tmax with x, using an

Arrhenius-type plot. We can write, for a single energy barrier

(in this case Tmax�TB)

ln
1

x
¼ ln s0 þ

Kef f V

kBTmax
: (5)

This means that a plot of �ln x as a function of 1/Tmax

should consist in a straight line where the slope is directly

related to the magnetic anisotropy energy, while the crossing

point with the Y-axis corresponds to ln s0.

III. EXPERIMENTAL ANALYSIS

The first system under study is composed of cobalt

nanoparticles synthesized by the low energy cluster beam

deposition technique (LECBD) as detailed in Ref. 21. Cobalt

nanoparticles around 3 nm in diameter are prepared in the

gas phase and deposited fragmentation-free onto a Si sub-

strate, together with a protective Au matrix. The independent

choice of the cluster and matrix fluxes ratio allows tuning the

particle concentration, necessary to avoid inter-particle inter-

actions. The cluster diameter PDF before and after deposi-

tion closely follows a log-normal distribution

PDFðDÞ ¼ 1

r
ffiffiffiffiffiffi
2p
p 1

D
exp � 1

2

lnðD=DmÞ
r

� �2
" #

; (6)

where D and Dm are, respectively, the diameter and the me-

dian diameter of the NPs and r is the standard deviation. All

the magnetic measurements have been performed using a

superconducting interference device magnetometer (Quan-

tum Design MPMS 5 XL).

We used the triple fit procedure9 in order to determine

the effective cluster magnetic anisotropy (Keff) and the mag-

netic size distribution (PDF(Dmag)). For the benchmark sam-

ple with Co nanoparticles embedded in gold matrix, we

derive the following values from the triple fit (cf. Figure 1):

a magnetic median diameter Dm,mag¼ 3.4 nm with a standard

deviation of rmag¼ 0.28 and an effective anisotropy

Keff¼ 178 kJ m�3, with a relative error around 10%. The size

distribution derived from the triple fit is in complete agree-

ment with TEM analysis.9

Typical thermal variations of the real part of the alterna-

tive susceptibility vac are shown in Fig. 2. As expected for a

system of SP particles, a transition from the blocked to the

SP regime is observed and the maximum temperature (Tmax)

is found to increase when increasing the applied field fre-

quency. The vac curves have been fitted simultaneously at

different frequencies using the log-normal size distribution

deduced from TEM and triple fit. As can be seen in Fig. 1,

experimental curves are well reproduced by fixing this value

and we obtain a value of Kef f ¼ 176610 kJ m�3 which is in

excellent agreement with the one deduced from triple fit.
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Besides, from the fit of the entire curves, we can deduce

s0¼ 5� 10�11 s with a large uncertainty because the curves

only weakly depend on s0. Figure 2 (inset) presents the varia-

tion of –ln x versus 1/Tmax, which is commonly used to

extract the magnetic anisotropy.22–27 Using this approach,

the fit of this curve with a linear function allows determining

the “average” energy barrier DE/kB¼ 1050 K and s0¼ 2

� 10�10 s. The two methods give a very close s0 in the range

expected for a sample without interactions. We can also

deduce Keff by using the relation DE ¼ Kef f :Vm, where Vm is

the mean volume of the particles. We obtain Kef f

¼ 590 kJ m�3, which is three times larger than the value

deduced from dc and ac fits. In fact, this analysis does not

take into account the size distribution and Tmax does not

reflect the blocking temperature of the mean size, which

leads to an overestimated Keff value.

Interestingly, we have found that even for our bench-

mark system, the fit of the vac curve alone is not unambigu-

ous to determine the particle size distributions. As an

example, different log-normal PDFs with median diameters

between 2.7 and 3.6 nm could equally reproduce the real part

m0 with different Keff (see Fig. 3); vac curves seem to be not

as sensitive to size distribution as the dc ZFC/FC curves.

Notably, we underline that the merging of the ZFC and FC

curves is the most sensitive regions to size dispersion.

Now, we use our procedure for magnetic iron oxide

nanoparticles synthesized by chemical way. The chemical

method has the advantage to produce large quantities of NPs,

thus ac-measurements are strongly facilitated. The imaginary

part, hidden in the noise in the previous sample, is in this

case exploitable. Spherical iron oxide nanoparticles of

�5 nm in diameter have been synthesized by thermal decom-

position of iron stearate in the presence of oleic acid in a

high boiling solvent.28,29 A size selective precipitation (SSP)

step is applied in order to reduce the size dispersion. The

nanoparticle composition is close to that of maghemite as

magnetite Fe3O4 oxidizes readily at such small sizes.

M€ossbauer spectroscopy under an applied field and magnetic

measurements after cooling under an applied field demon-

strated that these NPs display spin canting. In order to reduce

the effect of dipolar interactions, nanoparticle dispersions in

a polymer matrix (�0.1% wt./wt.) have been prepared by

mixing the iron oxide NPs suspended in chloroform to a so-

lution of PMMA in chloroform and by leaving the solvent to

slowly evaporate in order to obtain a NP/polymer

composite.30

As for the Co nanoparticle sample, a similar procedure

has been used to characterize magnetic Fe3�xO4 nanopar-

ticles. We emphasize that the magnetic anisotropy energy

(MAE) expression implicitly supposes that the clusters size

distribution is the major source of dispersion for the magnet-

ization switching energy barrier. As a matter of fact, this

assumption is not firmly justified, especially in the case of an

oxide: in addition to the usual surface and shape distribution

effects, spin canting can modify the MAE. Anyway, since

the simple relation DE ¼ Kef f :V appears to be satisfactory in

the present case, we will not go further into a cluster anisot-

ropy analysis in this study.

Figure 4 shows the good agreement between experi-

ments and fit for the ZFC/FC and m(H) at 300 K. In this

case, The PDF distribution follows a Gaussian function

PDFðDÞ ¼ 1

rDm

ffiffiffiffiffiffiffiffi
p=2

p exp �2
D� Dm

rDm

� �2
" #

; (7)

with a median magnetic diameter Dm mag¼ 5.4 6 0.3 nm in

good agreement with the size distribution measured on TEM

FIG. 1. ZFC/FC magnetization curves of the Co: Au sample (1% vol.). The

red lines correspond to the fit using the “triple fit.” The m(H) curve at 300 K

is shown in inset.

FIG. 2. Thermal variations of the real ac-magnetic moment (m0) plotted for

different frequencies for the Co: Au sample. The solid line corresponds to

the fit described in the text, using PDF deduced from the “triple fit.” Experi-

mental variation of �ln x as function of 1/Tmax and fit using the N�eel relaxa-

tion (Eq. (1)) with a constant s0 (inset).

FIG. 3. Thermal variations of the real ac-magnetic moment (m0) at 100 mHz

of the Co: Au sample. The experimental curve can be nicely adjusted using

Eqs. (3) and (6) with three different magnetic PDFs shown in the inset.
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micrographs and a standard deviation rmag¼ 0.28 6 0.05,

larger than TEM (see Fig. 4 (inset)). This increase of rmag

may originate from the magnetization dispersion due to spin

canting.31 The effective anisotropy is found to be

Keff¼ 31 6 4 kJ m�3 which is close to the bulk value.

Figure 5 shows the typical thermal variations of the real

and imaginary part of the vac. We observe the crossover

from the blocked to the superparamagnetic regime with

increasing temperature. Similarly, Tmax increases as the fre-

quency of measurement increases. All curves were fitted

simultaneously using Eqs. (3) and (4) and the size distribu-

tion deduced from triple fit. We derive, in good agreement

with the ZFC/FC triple fit, a value of Kef f ¼ 2564 kJ m�3

and a pre-exponential time s0¼ 3.9� 10�10 s. On the con-

trary, with the simple rule using the plot of the frequency

versus Tmax (Eq. (5)), we find s0¼ 1.3� 10�10 s and

Kef f ¼ 41 kJ m�3, which overestimates the effective anisot-

ropy constant.

IV. DISCUSSION AND CONCLUSION

We have shown that s0 and a precise Keff value can be

obtained from vac experiments, if and only if the size distri-

bution is determined from another technique such as TEM or

triple fit. The satisfactory results in the description of experi-

mental curves in that case allow concluding that this

approach gives more reliable results than the simple model

(plot of �ln x vs. Tmax) which neglects the size distribution

and leads to a clear overestimation of Keff. The fact that Keff

deduced from the vac fits is very close to the triple fit esti-

mated value is also an argument in favor of this approach.

Moreover, combining ac and dc analysis reduces the uncer-

tainties in the parameters simply by fitting a larger number

of curves. Similar experimental procedures can be applied

on different NPs based on physical or chemical way prepara-

tion. Finally, the reported experimental s0 values are in the

range usually reported in the literature around 10�9 to 10�12 s.

It is clear that s0 depends on the intrinsic magnetic properties

of the NP parameters (damping and temperature) and on

their environment. To go further, it would be interesting to

extend the range of the time measurement by using for

instance ferromagnetic resonance or M€ossbauer experiments.
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