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A recent paper' examines zero field-cooled/field-cooled (ZFC/FC) susceptibility curves for
nanoparticle assemblies with a size distribution. It is explained that the “volume and number
weighted distribution are equally valid for the representation of distribution functions in nanoparticle
magnetic systems” and the usual modelling approach (abrupt transition from a blocked to a
superparamagnetic regime, at a given temperature) is compared to the more elaborate one (the
“progressive crossover model (PCM)”) introduced in our previous articles.”* The importance of the
fo value is also stressed. In this article, several statements are made in opposition to some of our
previously published results. Because we like to believe that these words were driven by a simple
“misunderstanding” of our models and analysis, we would like to clarify some points in the present
comment. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823813]

|. DISCRIMINATION OF PARTICLE SIZE
DISTRIBUTIONS WITH A SUPERPARAMAGNETIC
MAGNETIZATION LOOP

Based on his own numerical calculations shown in
Fig. 2 of Ref. 1, the author states that his results “are in dis-
agreement” with ours. He adds “the Tamion et al. finding
that the magnetization curves are not sensitive to the particle
size distribution parameters is not correct” and “any analysis
of the room temperature magnetization curve should clearly
and unambiguously provide information concerning the par-
ticle size distribution.” Unfortunately, Fig. 2 cannot be com-
pared to our results in Ref. 4 since the author of Ref. 1 only
modifies the median diameter D,, of the distribution keeping
the standard deviation op constant, while we had changed
these two parameters jointly. Of course, if one parameter is
modified, the magnetization curve will not be the same.
Moreover, the ability of a superparamagnetic magnetization
loop to discriminate different particle size distribution had
been further discussed in our response” to a comment® of our
paper (Ref. 10 in Ref. 1). We demonstrated that the superpar-
amagnetic loop alone is much less sensitive to the details of
the size distribution than zero field-cooled/field-cooled
(ZFC/FC) curves, that the best fit of a superparamagnetic
loop alone will not give the same result as with the “triple
fit” procedure and that, as shown here in Fig. 1, the room
temperature magnetization loop will definitely not provide
unambiguous information (that is, several particle distribu-
tions can correctly fit the experimental curve).

Il. PARTICLE SIZE DISTRIBUTION AND PROBABILITY
DENSITY FUNCTION (PDF)

In Ref. 1, it is written that our supposed “failure to
recognize the different definitions for the volume and num-
ber weighted distribution functions” led us to “mistaken
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conclusions like stating that the equation for the initial sus-
ceptibility in Refs. 1416 is erroneous.” This has already
been discussed in a previous paper by El-Hilo and
Chantrell.” It is possible to use either the particle size distri-
bution p(V) or the “volume weighted distribution” f(V) [or
with the diameter as the variable, p(D) and f(D)]. The num-
ber of particles having a diameter in the interval [D; D + dD|
is given by N(D,D + dD) = Ny p(D)dD, while f(D)dD rep-
resents the volume fraction corresponding to particles having
a diameter in the interval [D;D + dD]. This means that only
p(D) is the PDF of the particle diameter. This is a mathemat-
ical definition and not just a question of usage:® for a given
random variable, there is only one PDF. It is then incorrect
to state' “four types of probability density functions are fre-
quently used when dealing with particle size distributions in
magnetic nanoparticles systems.”

We perfectly agree that the two formulations using ei-
ther the particle size distribution p(V) or the “volume
weighted distribution” f{(V) are equivalent’ [it can be seen
directly by setting (V') = Vp(V)/V]. Unfortunately, the fact
is that many authors’ did not notice in the original paper'®
the important difference between f(V) and the particle size
distribution p(V). The consequence is an erroneous interpre-
tation of experimental data, and this was what we wanted to
point out in our article.” To make it short, it was not the for-
mula which was erroneous, but its (frequent) usage.
Therefore, pointing towards a “frequent error met in the liter-
ature” was not a misconception. We believe that the choice
of p(D) (the “number distribution”) is the most judicious:
p(D) is the particle size probability density function (which
then allows easy computation of mean values'"), it is much
more familiar to experimentalists because it is usually acces-
sible from observations, and in fact we did not find in the lit-
erature any other studies using the original expression of
Ref. 10 together with the volume fraction definition of f(y).
Furthermore, a lognormal size distribution is often experi-
mentally observed: this justifies the common assumption that

© 2013 AIP Publishing LLC
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FIG. 1. Superparamagnetic m(H) magnetization curves calculated for differ-
ent particle size distribution (shown in insert: lognormal distribution corre-
sponding to the best m(H) fit, lognormal distribution corresponding to the
best “triple fit,” and unphysical flat distribution), compared to an experi-
mental curve (points). This demonstrates the poor ability of a superparamag-
netic loop alone to discriminate between different particle size distributions
(the corresponding ZFC/FC curves would be very different).

p(D) is a lognormal; but considering the volume fraction, we
do not see any particular reason for f{D) to be lognormal.

lll. PROGRESSIVE CROSSOVER MODEL

In Ref. 1, the ZFC analytical expression that we had
established in Ref. 2 is used, but the author erroneously con-
siders a constant “measurement time” 7,,. In Ref. 2, it was
clearly explained that a measurement at a constant tempera-
ture sweeping rate ry corresponds to an ‘“‘effective waiting
time” ¢,, or t,, with the notation of Ref. 1, which varies with
the temperature and the magnetic anisotropy energy (MAE)
K = KV (i.e., with the particle volume V). We have thus
established

0.9
T (kT
tm =~ 0.6727 — (%) .

rr

The purpose of our derivation of an (approximate) analytical
expression of ZFC/FC susceptibility curves” was to consider
the situation of a temperature sweep as in the experiments, in
order to obtain an improved description compared to the
“abrupt transition model” (ATM). Therefore, using a
exp(—ty,/7) term with a constant 7, is not at all our “PCM.”
Simulated curves of Ref. 1 with a constant #,, = 1's (in par-
ticular Figs. 4 and 5 of Ref. 1) do not correspond to any
experimental situation'? and thus cannot be compared to our
simulations where ¢,, varies along the curves (¢,, dependence
on T) and among the particles in an assembly (¢, dependence
onK = Keffv).

Furthermore, stating that' “defining new transition
crossover temperatures like T, in order to improve the criti-
cal approach has no physical meaning” does only reflect the
misunderstanding of our previous article. Our proposition of
an “improved two-state model” stems from the fact that 7,
is not constant. As it can be seen on Figs. 3 and 4 of Ref. 3,

J. Appl. Phys. 114, 126101 (2013)

using a carefully defined transition temperature Tx rather
than the usual T expression (where the temperature sweep-
ing rate is not considered at all) results in different curves
and appears to be necessary to get a good agreement with the
“exact” curves (in particular for the FC at low temperature).
This “improved two-state model” is then not only physically
sound, but also useful from a practical point of view. We had
also shown® that for broad enough MAE distributions (most
of the realistic cases), this two-state model is equivalent to
the PCM, what is stressed again in Ref. 1.

IV. “BLOCKING” TEMPERATURE DISTRIBUTION

In Ref. 1, the author claims that Egs. (22) and (23), relat-
ing the “blocking™ or “transition” temperature distribution to
the FC-ZFC difference, are both valid but simply give dif-
ferent physical quantities. However, there is only one PDF
for the transition temperature and it corresponds to the
Fy(T) of Ref. 1: this is what anyone would call the
“blocking temperature distribution.” The other distribution
Fy(T) would be a “volume fraction distribution of the block-
ing temperature,” which is not trivial and can lead to some
confusions.'® For example, some authors (Refs. 23-25 of
Ref. 3) have used Eq. (22) to derive a distribution which
they call the “blocking temperature distribution,” what is in
fact erroneous. (Sometimes, this distribution is then com-
pared to the particle volume distribution, not the volume
fraction distribution.)

V. INFLUENCE OF f,

At the end of Ref. 1, it is written that one of our result
from Ref. 3 is “obviously incorrect.” We had shown that two
different sets of parameters can result in almost the same
ZFC/FC curves (see Fig. 1 of Ref. 3): with the conditions
considered, f = 10° Hz and K. = 100kJ/m? gives ZFC/FC
curves very similar to fy = 10°Hz and K. = 72.5kJ/m?>.
With the “critical approach,” i.e., the abrupt transition
model, the author of Ref. 1 does not find the same conclu-
sion: the two different sets of parameters correspond to
slightly different transition temperatures. This is perfectly
normal, since in our case, we use the more elaborate progres-
sive crossover model (to reproduce an experimental ZFC/FC
measurement), where as reminded above the effective mea-
surement time ¢,, depends on several parameters and in par-
ticular the magnetic anisotropy constant K.;. This is in
contrast with the situation examined in Ref. 1 where #,, was
fixed to a constant value. Therefore, it cannot be stated in
Ref. 1 “the exact y(7T) variation for the two sets of values
was re-calculated, and the obtained data (.) clearly show that
the two variations are not identical.” Anyone can verify,
using the formula given in our previous articles,>” not by
mixing different models like Ref. 1 did, that our conclusions
are correct.

It is also surprising to read in Ref. 1 “Another confusing
result in Ref. 12 is the effect of f; on the y(T) variation,
which was considered not to be an important issue,” whereas
the influence of f;, had been examined in our articles>? (the f;
dependence is explicitly given in the expression of Tg and Ty
for instance) and we had written “many couples of f, and
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Keir values can provide a good fit: the lack of information on
fo thus results in an uncertainty on K¢. The indetermination
existing for ZFC/FC curves can be removed, at least partly,
by adjusting simultaneously different magnetization curves
sharing common parameters.”

VI. CONCLUSION

The doubt that Ref. 1 tries to shed on our previous con-
clusions only comes from a misunderstanding of some of our
published results. The categoric statements of the author of
Ref. 1 are based on calculations which are in fact not compa-
rable to what we did, even if they look similar (in particular,
we insist on the fact that the author makes a bad usage of the
ZFC analytical formula that we have derived, because he
considers a constant 7,,). Finally, a careful examination of
our previous articles®™ will give a clearer view on the points
discussed in this comment.
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