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The analysis of magnetization of antiferromagnetic nanoparticles is not straightforward due to the presence
of a linear component,xAFH superimposed on the saturation and the inexistence of a simple relation between
size and magnetic momentm. We present a method, based on scaling laws, to determine the variation ofxAF

with temperature and to find the temperature dependence ofkml, without any assumption on both the magne-
tization dependence on the magnetic field and the moment distribution function. We have applied this method
to ferritin nanoparticlesswith very narrow size distributiond and found that, independently of the magnetization
law, kml decreases with increasing temperature and that a magnetic moment distribution function cannot be
ignored. The fit of the magnetization data with Langevin and lognormal moment distribution functions yielded
kml=120mB sat 30 Kd, decreasing to about 70% of this value atT=250 K, in agreement with the scaling
method estimations, and a logsµd variances2=1. This result shows that in ferritin there is no direct relation
between size and moment distribution and that disorder should play a major role in the moment distribution. In
general, if a moment distribution is ignored, the fitted magnetic moment presents an artificial systematic
increase with temperature, similar to some previous reports in the literature. This highlights the need for
evaluating the effect of such a distribution before drawing conclusions about the physical nature of the
parameters variation.
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I. INTRODUCTION

Magnetic nanoparticles are of much interest due to their
application in high density magnetic storage media and
emergent applications in biomedicine as magnetic cell sort-
ing and magnetic fluid hyperthermia. Finite-size and surface
effects dominate the magnetic properties as size decreases,
leading to unusual properties, distinct from bulk material.
While in the framework of superparamagnetism1 the mag-
netic properties of ferromagnetic nanoparticles are well un-
derstood, antiferromagnetic nanoparticles show further pecu-
liarities, namely the dependence of magnetization with size
and temperature, not yet explained.

The magnetization of antiferromagnetic nanoparticles
arises from uncompensated/canted spins, and their number
depends on size and on disorder. Unlike the case of ferro-
magnetic particles, in antiferromagnetic particles the depen-
dence of magnetic moment with volume is not straightfor-
ward, as discussed by Néel.2 Based on Langevin analysis,
several studies above a blocking temperatureTB

3–6 found
that the magnetic moment of antiferromagnetic systemsmp
increases with temperature, unlike the expected decrease.
This increase was then used to model microscopic
characteristics,7 derive deviations from the Curie law,8 and
was recently attributed to thermoinduced magnetization.9 In
these studies,mpsTd was obtained aboveTB by fitting the
total magnetization of the antiferromagnetic nanoparticles to
the sum of a saturation Langevin componentsassociated with
uncompensated momentsd and a bulklike linear term3,7

MsH,Td = m0LsmpH/kTd + xAFH, s1d

whereLsxd=cothsxd−1/x is the Langevin function,m0 is the
saturation magnetization, andxAF is the antiferromagnetic

susceptibility. The saturation magnetization is equal to the
product of mp with the number of particles per volume or
masssdepending on theM dimensionsd, N. In nanoparticles
systems, volume distributions are ubiquitous and several
works consider size or moments distribution in the magneti-
zation curves analysis.10–13 Further deviations to this simple
Langevin behavior occur due to mechanisms such as inter-
particle interactions14,15 and anisotropy.16 In antiferromag-
netic nanoparticles, the relevance of these deviations is not
yet fully understood.

In this work we analyze the magnetization curves of fer-
ritin, a biological system where the iron oxide hydroxide
ferrihydrite sFeOOH.nH2Od nanoparticle core with,5 nm
of diameter and narrow size distribution is wrapped up in a
protein template.17 In Sec. II A, we compare parameters ob-
tained after fitting the magnetization curves of ferritin with
and without a moment distribution and we show that the
parameters variation with temperature is drastically different.
In Sec. II B, we present a method to separate the bulklike
antiferromagnetic and the superparamagnetic components in
antiferromagnetic nanoparticles that allows us to estimate the
dependence of the magnetic moment with temperature. This
is done by a scaling law approach, without considering a
specific magnetization law and distribution function for the
superparamagnetic part, which avoids errors due to the use of
an inadequate fit function. This separation is useful because
the linear component usually complicates the fit of experi-
mental data and is the reason why the variation ofmp with
temperature cannot be qualitatively inferred in a simpleM
versusH /T plot. Applying this method to ferritin we con-
clude thatkml decreases with temperature and that a distri-
bution cannot be disregarded. In Sec. III, the parameters es-
timated from applying the scaling law method to ferritin
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magnetization data are compared with those obtained from
fitting the data with distributed and nondistributed Langevin
functions. We show thatkml follows aT2 temperature depen-
dence, associated with antiferromagnetic magnons. We also
investigate the existence of a magnetic moment distribution
in ferritin cores not directly related to their size distribution.
This system, with narrow size distribution and with negli-
gible interparticle interactions,18,19 is appropriated to study
the influence of disorder in the magnetic moment distribu-
tion. In Sec. IV we point out the conclusions.

II. MAGNETIZATION ANALYSIS

A. Magnetization curves fit

The ferritin samples used in these experiments were ob-
tained from Sigma Chemical Company and prepared in pow-
der samples accordingly to Ref. 7. Magnetization was mea-
sured with a Quantum Design superconducting quantum
interference devicesSQUIDd magnetometer in magnetic
fields up to 50 kOe at several temperatures in the superpara-
magnetic regimes30–250 Kd, after field coolings5 kOed.

Ferritin is a system with low interparticle dipolar fields
due to the protein shell that prevents aggregation and to the
low particles net magnetic moment. In fact, Allenet al.18

concluded there was a weak interparticle interaction at 5 K
and Luis and co-workers19 have shown negligible differences
in ac susceptibility curves of ferritin samples with different
concentrations, from diluted to solid samples. In addition,
ferritin has a narrow size distribution and therefore one ex-
pects a small moment distribution that can be reasonably
ignored.3,7 Within this approximation, we have fitted ferritin
magnetization curves with a simple Langevin functionfEq.
s1dg and we have obtained an oscillatory residuesFig. 1d and
m0 and mp decreasing and increasing with temperature, re-
spectively sFig. 2d, in accordance with earlier results.7 A
similar systematic oscillatory fit was observed in
ferromagnetic20–22 and antiferromagnetic nanoparticles.4,6,23

Such behavior of residues and fit parameters is also found
when intrinsic distributed data are fitted with the simple

Langevin function.24 The simultaneous increase ofmp and
decrease ofm0 is puzzling and would imply a strong de-
crease of the particle densityN, which has no physical
ground.

As a second approach we have investigated the existence
of a magnetic moment distribution, with the total magnetiza-
tion expressed by:

MsH,Td = NE
mmin

mmax

mLSmH

kT
D fsmddm + xAFsTdH, s2d

wherem is the particle moment andfsmd its normalized log-
normal distribution expressed by:

fsmd =
1

m ·sÎ2p
exp −

FlogSm

n
DG2

2s2 . s3d

The mean particle momentkml is equal tonÎw with w=es2
,

wheres2 is the variance of the normally distributed logsµd. In
ideal ferromagnetic superparamagnetic systems,m is propor-
tional to the volume and the moment distribution arises only
due to a volume distribution. In that case it is possible to
consider volume distributions instead of moment distribu-
tion. However, in real systems, surface disorder, frustration,
and spin canting may contribute to moment distributions dis-
tinct from volume distributions.2 This distinction becomes
more relevant in the case of antiferromagnetic or ferrimag-
netic particles. A much improved fitting is obtained using
Eqs. s2d and s3d, resulting in residues on the order of data
scattering. We note that by using the “random magnetic ori-
entation” function25–27 together with the lognormal distribu-
tion we obtain nonlinear least square values of about 5%
higher than using a lognormal distributed Langevin function.
As the particle densityN obtained in these individual fits is
essentially the same for all curves, we performed a global fit
imposing the sameN for all data. The contrast betweenkml
andNkml thus obtained andm0 andmp from the nondistrib-
uted fit is shown in Fig. 2. Thus, to consider a moment dis-
tribution is not just a matter of deriving more accurate pa-
rameters but it can drastically change the physical
interpretation of the characteristics of superparamagnetic

FIG. 1. Magnetization of ferritin as a function of applied field at
the indicated temperatures. Solid lines represent fits to the Langevin
law fEq. s2dg. Below: fit residues.

FIG. 2. Parametersmp andm0 sfilled symbolsd obtained with a
nondistributed Langevin functionfEq. s1dg compared with the cor-
responding parameterskml andNkml, respectively,sopen symbolsd
obtained with a lognormal distributed Langevin functionfEqs. s2d
and s3dg.
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nanoparticles and deserves a more detailed study, as shown
in the following sections.

B. Scaling-law method

In the analysis of magnetization curves of antiferromag-
netic nanoparticles several problems arise. First, these sys-
tems have an antiferromagnetic susceptibility component,
which is difficult to separate from the superparamagnetic
part, especially if the latter is far from saturation. One im-
portant fact is that the departure from saturation depends on
the temperature, and thus a high field linear fit givesxAF in
excess and, more drastically, successively distant from the
accurate value as the temperature is higher. This is the reason
why the method of using linear fits to the asymptotic law and
high field regions, suggested by Harriset al.,28 does not
avoid the errors introduced by the nondistributed Langevin
fit, also noting thatm0 and mp decrease and increase with
temperature, respectively. At the same time, the variation of
xAF with temperature has not been modeled yet, although a
T−1/2 variation has been proposed by Gilleset al.25 Second,
in antiferromagnetic systems, the superparamagnetic compo-
nent can be modeled with different functions: the Langevin
function, as expressed in Eqs.s1d and s2d, a Langevin func-
tion with a modifiedm0 factor,28 or the “random magnetic
orientation” function derived by Néel.27 Both Langevin and
Néel functions have the same asymptotic behavior but differ
in the intermediate field zone, with the latter function satu-
rating at lower fields. Since the use of a distribution function
critically changes the parameters temperature variation, in
the following paragraphs we present a method to derive
qualitative and quantitative information about antiferromag-
netic particle parameters variation. This is obtained indepen-
dently of the magnetization and magnetic moment distribu-
tion functions. The method is then applied to ferritin.

In the case of antiferromagnetic nanoparticles withkml
constant with temperature and with negligible interparticle
interactions, the superparamagnetic component scales with
H /T, independently of the existence of any moment distri-
bution and of the law that describes the system. ThexAFH
component would scale withH /T only if xAF obeyed a Curie
law. In general, the first derivative of the magnetization with
respect to the field multiplied by temperature has a compo-
nent that collapses in anH /T scale and another component
associated withxAF, in accordance with

]M

]H
T = FSH

T
D + xAFT, s4d

whereF is an unknown function ofH /T. Thus, if xAF does
not follow a Curie law, a constant difference between the
magnetization data obtained at different temperatures will
appear in ans]M /]HdT versusH /T plot, as shown in Fig.
3sad for ferritin. The increment ofxAFT in relation to a given
temperature T0 can be evaluated in as]M /]HdT
−s]M /]HdT0 representation. At this point, the accuracy of
supposingkml constant with temperature can be checked by
the constancy ofs]M /]HdT−s]M /]HdT0 with temperature.
In the case of native horse-spleen ferritin we choseT0
=30 K and we observe a region wherekml can be considered

constant withH /T fFig. 3sbdg. xAFsTd can then be determined
considering the values ofs]M /]HdT−s]M /]HdT0 in the high
H /T region and estimatingxAF at the lowest temperature.
This value can be obtained from the extrapolation to zero of
]M /]H as a function ofT/H and was estimated asxAF
sT0d=2.6310−5 emu/Oe g. We find thatxAF decreases with
temperaturefsee Fig. 5sadg. The superparamagnetic compo-
nent of the magnetization curve of antiferromagnetic par-
ticles sMSPd can then be easily obtained by subtracting
xAFsTdH from the total magnetization and is plotted in Fig.
4sad for ferritin. As noted, the variation ofs]M /]HdT
−s]M /]HdT0 is not constant withH /T and thus the curves

FIG. 3. sad Representation ofs]M /]HdT as a function ofH /T
for horse-spleen ferritin andsbd difference between each of the
above curves and theT=30 K curve as a function ofH /T.

FIG. 4. sad Ferritin superparamagneticssaturationd component
MSP as a function of H /T; sbd MSP in the scaling plot
MSP/ fmsTd /ms30dg vs HfmsTd /ms30dg /T. The nondistributed
Langevin fit is shown as a dotted line. The inset shows the relative
kml temperature variation.
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do not superimpose onH /T, meaning thatkml varies with
temperature. An important observation is that the curves
saturate successively at higherH /T values as the temperature
of measurement is higher. We can therefore conclude that in
ferritin kml decreases with temperature, without any assump-
tion of a particular function or distribution. In a general case,
if the MSPcurves scale, a single fit to all temperatures can be
performed and several laws and distribution functions can be
tested, avoidingxAF and knowing beforehand thatkml andN
are constant with temperature. In antiferromagnetic systems
where kml is found to be temperature dependent, as in our
ferritin samples, we can still distinguish between situations
where am distribution can or cannot be ignored. On the
condition that the distribution is narrow or the variation ofm
with temperature is small compared with the distribution de-
viation, there is a scaling factor for each curve such that
dividing MSPand multiplyingH /T by this same factor scales
all curves. In other words, it is possible to find aMSP/msTd
versusHmsTd /T scaling plot. In order to find this scaling
plot, the lower temperature curve can be set as a reference
and the ratiomsTd /msT0d derived. In our ferritin magnetiza-
tion curves there are no such scale factors and thus a distri-
bution function cannot be ignored. However, ferritin ap-
proaches the case where the variation ofkml with
temperature is small compared with the distribution devia-
tion. Accordingly, a good scalingfFig. 4sbdg and an estima-
tion of themsTd /ms30d ratio finset of Fig. 4sbdg are obtained.
The kml decrease ratio is 0.78±0.03 when the temperature
increases from 30 to 250 K.

In summary, without knowing the particular distribution
function or the individual particle magnetization law, this
method gives information about thexAF and m temperature
dependence. The absolute scale ofxAF andkmsTdl are deter-
mined by xAF and m at the reference temperatureT0. The
subsequent ferritin magnetization curves analysis is therefore
enlightened by the information derived here, namely that the
distribution function cannot be ignored and thatmsTd de-
creases with temperature.

III. DISCUSSION

An agreement between thexAF and kmsTdl variation ob-
tained with the fit using a distributed Langevin function and
the scale methodsthe latter giving a smoother variation at
higher temperaturesd is observedsFig. 5d. A decrease of the
average magnetic moment with temperature was already
found by Gilleset al. for artificially reconstructed ferritin
cores, using a “random magnetic orientation” function and a
lognormal distribution function, imposing the size distribu-
tion and a power-law relation between magnetic moment and
volume.25 Therefore, based on the scaling and on the distrib-
uted fits we conclude thatkml decreases with temperature
and that ignoring the existence of a moment distribution is
the cause of the artificial increase ofkml and decrease ofm0

previously reported in ferritin.3,7 The decrease ofm0 was also
found by several authors in other anitiferromagnetic particles
systems as ferrihydrite,4,5 ferrihydrite doped with Ni, Mo,
and Ir,29 and NiO,6,7 and was tentatively associated with a

surface moment intrinsic behavior. Our results show that care
must be taken to ensure that such am0 variation has physical
meaning and does not come from ignoring a magnetic mo-
ment distribution. At the same time, the increase ofmp based
on a nondistributed analysis was also observed in artificial
ferritin with different core mean sizes28 and ferrihydrite
particles.4,5 A closer look reveals that the strongest variations
reported take place in powder ferrihydrite samples4 and in
the smaller artificial ferritins,28 where a wider volume and
thusm distribution are likely to occur. Such an apparent tem-
perature assisted onset of magnetic moments was associated
with weaker exchange, strong radial anisotropies, frustration,
multiple sublatticessRef. 28 and references thereind, and in-
terparticle interactions.4 In addition, recent work interprets
this anomalous behavior as dynamic thermoinduced
magnetization.9 Despite the possible contribution of all these
features in the referred systems, we show that the existence
of a m distribution leads to an analogousmp artificial tem-
perature variation that must be carefully analyzedssee also
Ref. 24d. Thus, the structure information,4–7 the spin
arrangements,7 the thermoinduced magnetization,9 and de-
viations from the Curie law8 derived based on that increase
raise severe doubts.

Since the mean magnetic moment results from the
uncompensated/canted moments of the antiferromagnetic
configuration, we may expect that, in a first approximation,
kmsTdl follows the bulk antiferromagnetic magnons law25

kms0dls1−aT2d sFig. 6d. Extrapolating tokml=0 one obtains
an estimation of the Néel temperature,TN<500 K, in accor-
dance with the value derived in Ref. 25. Recent neutron dif-
fraction investigations performed on 2.8 nm diam ferrihy-
drite powder particles show thatTN=330±30 K.30 The
difference between this value and ourTN estimation may be
due to the difference in the particles sizesour ferritin sample
has a diameter of up to 5 nmd since it is likely thatTN in-
creases with size. However, 500 K is probably an overesti-
mation ofTN, because theT2 law is not expected to hold up
to such high temperature. The value ofkms30 Kdl=120mB

FIG. 5. xAF saboved andkml sbelowd obtained with a lognormal
function in Eq. s2d compared with the values obtained with the
scaling method.
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obtained with the distributed Langevin fit is about five times
lower than the value obtained using a nondistributed Lange-
vin function fEq. s2dg and about 0.8 of the value obtained in
Ref. 25. This value corresponds to a mean number of fully
uncompensated Fe3+ ionsNun of 23. The number of Fe3+ ions
involved in the superparamagnetism is obviously greater, as
a range between fully compensated and fully uncompensated
configurations is expected. Since the mean horse-spleen fer-
ritin core has a total number of Fe ionsNt of about
2000–3000,17 Nun is on the order ofNt

p with 1/2,p,1/3,
which suggests that the uncompensated spins are not only at
the surface but also randomly distributed through the vol-
ume. The values ofs obtained with the fit procedure vary
from 0.9 at 30 K to 1.3 at 65 K and to 1.0 at 250 K. These
values are about ten times greater than the typical value of
the ferritin diameter distribution.17,25Such a difference is not
compatible with the assumption that the uncompensated mo-
ments distribution is just a consequence of volume distribu-
tion and that the number of uncompensated moments is a
fixed powerp of the volume. In fact,s=1 implies the exis-
tence of particles with a maximum number of fully uncom-
pensated Fe3+ ions of about 100 ions, which would mean
10 000 total ions withp=1/2,while the ferritin maximum Fe
loading is about 5000 ions. Thus, if the Langevin or the
“random magnetic orientation” suitably describes the un-
compensated moment of ferritin cores, we are led to the con-
clusion that an important magnetic moment distribution ex-

ists even in a case where the size distribution is of minor
importance. This emphasizes the existence of particles with
approximately the same size but different degrees of inner or
surface structure/magnetic disorder.

IV. CONCLUSIONS

In this paper, we have presented a method based on scal-
ing laws to obtain the variation of the antiferromagnetic sus-
ceptibility xAF and mean uncompensated momentkml with
temperature from the magnetization curves of antiferromag-
netic nanoparticles. Ifkml depends on the temperature, we
can also determine whether the system can or cannot be de-
scribed without a distribution function. Applying this method
to ferritin we found thatkml decreases with temperature and
that a distribution function cannot be ignored. This is in con-
trast with some previous results, wherekml was found to
increase with temperature after fitting the magnetization
curves with a nondistributed Langevin function. This dis-
agreement arises from ignoring a moment distribution in the
analysis of the magnetization curves and emphasizes the
need to evaluate the effect of distributions in ferritin and in
other antiferromagnetic systems as ferrihydrite and NiO. The
fit of ferritin magnetization curves with Langevin and log-
normal functions yielded parameters on the order of those
estimated with the scaling method and confirmed the de-
crease ofkml with temperature. The moment distribution
thus obtained is not simply related to the narrow size distri-
bution characteristic of ferritin. Therefore we are led to con-
clude that the existence of important intraparticle magnetic
disorder is the source of moment distribution.
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