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Relevance of magnetic moment distribution and scaling law methods to study the magnetic
behavior of antiferromagnetic nanoparticles: Application to ferritin
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The analysis of magnetization of antiferromagnetic nanoparticles is not straightforward due to the presence
of a linear componeniyagH superimposed on the saturation and the inexistence of a simple relation between
size and magnetic momept We present a method, based on scaling laws, to determine the variatigp of
with temperature and to find the temperature dependen¢e)pfvithout any assumption on both the magne-
tization dependence on the magnetic field and the moment distribution function. We have applied this method
to ferritin nanoparticle$with very narrow size distributiorand found that, independently of the magnetization
law, (u) 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
(uy=120 ug (at 30 K), decreasing to about 70% of this valueTat250 K, in agreement with the scaling
method estimations, and a Ipg variances?=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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[. INTRODUCTION susceptibility. The saturation magnetization is equal to the
. . . _.product of u, with the number of particles per volume or
M_agr?etlc.nanppartmles. are of muph interest due t.o the'(Enass(depen‘c)Jling on thé/ dimensiong N. In nanoparticles
application in high density magnetic storage media andysiems; volume distributions are ubiquitous and several
emergent applications in biomedicine as magnetic cell Sorty ks consider size or moments distribution in the magneti-
ing and magnetic fluid hyperthermia. Finite-size and surfacgation curves analysi&-13 Further deviations to this simple
effects dominate the magnetic properties as size decreasgangevin behavior occur due to mechanisms such as inter-
leading to unusual properties, distinct from bulk material.particle interaction5 and anisotropy® In antiferromag-
While in the framework of superparamagnetisthe mag- netic nanoparticles, the relevance of these deviations is not
netic properties of ferromagnetic nanoparticles are well Unyet fully understood.
derStOOd, antiferl’omagnetic nanoparticles show further peCU' In th|S Work we analyze the magnetization curves Of fer_
liarities, namely the dependence of magnetization with sizgjtin, a biological system where the iron oxide hydroxide
and temperature, not yet explained. . ~ ferrihydrite (FeOOH nH,0) nanoparticle core with-5 nm
The magnetization of antiferromagnetic nanoparticlesyf giameter and narrow size distribution is wrapped up in a
arises from uncompensated/canted spins, and their numbEFotein templatd” In Sec. Il A, we compare parameters ob-
depends on size and on disorder. Unlike the case of ferrqgineq after fitting the magnetization curves of ferritin with
magnetic particles, in antiferromagnetic particles the depengng without a moment distribution and we show that the
dence of magnetic moment with volume is not straightfor-parameters variation with temperature is drastically different.
ward, as discussed by Né’eBa§ed on Langevin analysis, | Sec. I B, we present a method to separate the bulklike
several studies above a blocking temperatﬂg_é‘ﬁ found  antiferromagnetic and the superparamagnetic components in
that the magnetic moment of antiferromagnetic systems antiferromagnetic nanoparticles that allows us to estimate the
increases with temperature, unlike the expected decreasgependence of the magnetic moment with temperature. This
This increase was then used to model microscopiG¢s gone by a scaling law approach, without considering a
characteristic$,derive deviations from the Curie laéwand  gpecific magnetization law and distribution function for the
was recently attributed to thermoinduced magnetizatim.  gyperparamagnetic part, which avoids errors due to the use of
these studiesyu,(T) was obtained abov@g by fitting the a5 inadequate fit function. This separation is useful because
total magnetization of the antiferromagnetic nanoparticles t@he linear component usually complicates the fit of experi-
the sum of a saturation LaHQEVin Compon@ﬁSOCiated with mental data and is the reason Why the Var|at|om9fvv|th
uncompensated momepnd a bulklike linear terd temperature cannot be qualitatively inferred in a simide
— versusH/T plot. Applying this method to ferritin we con-
MH,T) = Mol (pH/KT) + XaeH, @ Clude that(,up) decrggsyesgwith temperature and that a distri-
whereL(x)=coth(x) - 1/x is the Langevin functionn, is the  bution cannot be disregarded. In Sec. lIl, the parameters es-
saturation magnetization, ang\e is the antiferromagnetic timated from applying the scaling law method to ferritin
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FIG. 1. Magnetization of ferritin as a function of applied field at

the indicated temperatures. Solid lines represent fits to the Langevinangevin functior?* The simultaneous increase % and

law [Eq. (2)]. Below: fit residues. decrease ofn, is puzzling and would imply a strong de-
crease of the particle densitd, which has no physical

magnetization data are compared with those obtained frorground.

fitting the data with distributed and nondistributed Langevin As a second approach we have investigated the existence

functions. We show thaju) follows aT? temperature depen- 0f a magnetic moment distribution, with the total magnetiza-

dence, associated with antiferromagnetic magnons. We aldion expressed by:

investigate the existence of a magnetic moment distribution u

. i . . . . . . max :U/H

in ferrltln cores _not directly r_elate_d t(_) th(_—:qr size dls_trlbuuor}. M(H,T) = Nf ML<—)f(M)dM+XAF(T)H, 2)

This system, with narrow size distribution and with negli- KT

gible interparticle interaction$;1° is appropriated to study _ . . .

the influence of disorder in the magnetic moment distribu-Whereu is the particle moment anfi) its normalized log-

Hmin

tion. In Sec. IV we point out the conclusions. normal distribution expressed by:
2
o
Il. MAGNETIZATION ANALYSIS |:|Og(ﬁ>:|
A. Magnetization curves fit Fp) = - SV,ZTGXF) T2 (3)

The ferritin samples used in these experiments were ob- —
tained from Sigma Chemical Company and prepared in powIhe mean particle momexit) is equal tonyw with w=e,
der samples accordingly to Ref. 7. Magnetization was meawheres? is the variance of the normally distributed (pg In
sured with a Quantum Design superconducting quantunideal ferromagnetic superparamagnetic systemis, propor-
interference device(SQUID) magnetometer in magnetic tional to the volume and the moment distribution arises only
fields up to 50 kOe at several temperatures in the superpargue to a volume distribution. In that case it is possible to
magnetic regimé30—250 K), after field cooling(5 kOe). consider volume distributions instead of moment distribu-

Ferritin is a system with low interparticle dipolar fields tion. However, in real systems, surface disorder, frustration,
due to the protein shell that prevents aggregation and to th@nd spin canting may contribute to moment distributions dis-
low particles net magnetic moment. In fact, Allet all8  tinct from volume distributiond. This distinction becomes
concluded there was a weak interparticle interaction at 5 Knore relevant in the case of antiferromagnetic or ferrimag-
and Luis and co-worket8have shown negligible differences netic particles. A much improved fitting is obtained using
in ac susceptibility curves of ferritin samples with different EGs. (2) and (3), resulting in residues on the order of data
concentrations, from diluted to solid samples. In addition,scattering. We note that by using the “random magnetic ori-
ferritin has a narrow size distribution and therefore one exentation” functiod®2’ together with the lognormal distribu-
pects a small moment distribution that can be reasonabl{fon we obtain nonlinear least square values of about 5%
ignored37 Within this approximation, we have fitted ferritin higher than using a lognormal distributed Langevin function.
magnetization curves with a Simp|e Langevin funct[ﬁq_ As the particle densitj\l obtained in these individual fits is
(1)] and we have obtained an oscillatory residBig. 1) and 'essen'tially the same for all curves, we performed a global fit
my and u, decreasing and increasing with temperature, reimposing the samél for all data. The contrast betwe¢p)
spectively (Fig. 2), in accordance with earlier resultsA  andN(u) thus obtained andy, and u, from the nondistrib-
similar systematic oscillatory fit was observed in uted fit is shown in Fig. 2. Thus, to consider a moment dis-
ferromagneti€®-?? and antiferromagnetic nanoparticte®?®  tribution is not just a matter of deriving more accurate pa-
Such behavior of residues and fit parameters is also founchmeters but it can drastically change the physical
when intrinsic distributed data are fitted with the simpleinterpretation of the characteristics of superparamagnetic
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nanoparticles and deserves a more detailed study, as shown S 6k
in the following sections. + é
33 4
B. Scaling-law method 2§
. o . )
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 gixgg in
excess and, more drastically, successively distant from the

200-30 K

250-30 K
155-30 K

120-30 K

90-30 K
65-30 K

-
34
T

A(T dM/dH)
(10° emu K/Oe g)
P

accurate value as the temperature is higher. This is the reason 4530K D)
why the method of using linear fits to the asymptotic law and 0.0 P S
high field regions, suggested by Hares al,?® does not 0 500 HH}OO?K) 1500

avoid the errors introduced by the nondistributed Langevin

fit, also noting thatm, and x,, decrease and increase with g 3 (a) Representation ofdM/aH)T as a function oH/T
temperature, respectively. At the same time, the variation ofy; horse-spleen ferritin angb) difference between each of the

XaF With temperature has not been modeled yet, although gpove curves and the=30 K curve as a function dft/T.
T-12 variation has been proposed by Gillesal?> Second,

in antiferromagnetic systems, the superparamagnetic COMPQRy stant withH/ T [Fig. 3(b)]. xa=(T) can then be determined

nent can be modeled with different functions: the Langevin . _ : ;
function, as expressed in Eqd) and(2), a Langevin func- considering the values ¢6M/dH)T—(dM/JdH) Ty in the high

. . o u . H/T region and estimatingsr at the lowest temperature.
28 AF

gﬁgnvtv;tri]or?” %%‘i'{ilggrégrﬁi:?r{) ﬂé??egg?hn?_g: g/?r?rgac This value can be obtained from the extrapolation to zero of
. : y o 9 .. IM/JH as a function of T/H and was estimated agar

Néel functions have the same asymptotic behavior but diffef | _ 5 : .

) : ) . ; . ETO)—2.6>< 107 emu/Oe g. We find tha,r decreases with

in the intermediate field zone, with the latter function satu—tem eraturdsee Fig. %)]. The superparamagnetic compo-

rating at lower fields. Since the use of a distribution function peratu '9. ' uperp gneti P

critically changes the parameters temperature variation, inent of the magnetization curve of antiferromagnetic par-

the following paragraphs we present a method to derivéICIeS (Msp can then be eagily .obtainec.i by subt.racti.ng
qualitative and quantitative information about antiferromag-XAF(T)H from the total magnetization and is plotted in Fig.

netic particle parameters variation. This is obtained indepen(® for feritin. As noted, the variation ofldM/oH)T

dently of the magnetization and magnetic moment distribu= (?M/JH)T is not constant wittH/T and thus the curves
tion functions. The method is then applied to ferritin.

In the case of antiferromagnetic nanoparticles Wwitt) 1.0
constant with temperature and with negligible interparticle 5 08 R e 90K
interactions, the superparamagnetic component scales with 3 - - 120K
H/T, independently of the existence of any moment distri- E 06 —a— 155K
bution and of the law that describes the system. JheH :«% 04 - —o—200K
component would scale witH/T only if yar 0beyed a Curie 02l —e—250K
law. In general, the first derivative of the magnetization with a)
respect to the field multiplied by temperature has a compo- 0.0 o 5(')0 : 10'00 : 15'00 :
nent that collapses in af/T scale and another component HIT (Oe/K)
associated withyag, in accordance with 5 10
3 e R R
ﬂT: F<ﬂ) + XarT, (4) E 08 - 1.0
JH T = I g L
g 06 Xosr i\\\i
whereF is an unknown function oH/T. Thus, if yag does X o4l E i
not follow a Curie law, a constant difference between the % - 08 : '
magnetization data obtained at different temperatures will = 0.2 0 1°°T(K)2°° b)
appear in an(dM/gH)T versusH/T plot, as shown in Fig. 2 00 PR I I B
3(a) for ferritin. The increment ofacT in relation to a given 0 500 1000 1500
temperature T, can be evaluated in a(dM/dH)T H ATV A30)T (OerK)

_(aM/‘?_H)TO represemat'_on' At this point, the accuracy of FIG. 4. (a) Ferritin superparamagnetisaturation component
supposing(u) constant with temperature can be checked bYivis, as a function of H/T: (b) Msp in the scaling plot
the constancy ofoM/dH)T—(dM/dH)T, with temperature.  Mgo/[u(T)/w(30)] vs H[u(T)/w(30)]/T. The nondistributed

In the case of native horse-spleen ferritin we chd%e Langevin fit is shown as a dotted line. The inset shows the relative
=30 K and we observe a region whége) can be considered () temperature variation.
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do not superimpose ohl/T, meaning thatu) varies with _ 3o a)
temperature. An important observation is that the curves o 25 —o—eq. 2 fit
saturate successively at high#fT values as the temperature g 20 —s— scaling method
of measurement is higher. We can therefore conclude that in EL

ferritin (u) decreases with temperature, without any assump- "Ps_> 15 N

tion of a particular function or distribution. In a general case, :} 10 |-

if the Mgpcurves scale, a single fit to all temperatures can be 05 | 1
performed and several laws and distribution functions can be

tested, avoidingar and knowing beforehand thgt) andN 12 - b)
are constant with temperature. In antiferromagnetic systems >

where (u) is found to be temperature dependent, as in our g 10}

ferritin samples, we can still distinguish between situations T | —o—eq 2fit

where au distribution can or cannot be ignored. On the S 08 —8—scaling method

condition that the distribution is narrow or the variationgof T L, s

with temperature is small compared with the distribution de- 0 50 100 150 200 250

viation, there is a scaling factor for each curve such that TK)
dividing Mgpand multiplyingH/T by this same factor scales
all curves. In other words, it is possible to findVisp/ wu(T) FIG. 5. xar (above and(u) (below) obtained with a lognormal

versusHu(T)/T scaling plot. In order to find this scaling function in Eq.(2) compared with the values obtained with the
plot, the lower temperature curve can be set as a referensealing method.
and the ratiow(T)/ w(Ty) derived. In our ferritin magnetiza-

tion curves there are no such scale factors and thus a distpHface moment intrinsic behavior. Our results show that care
bution function cannot be ignored. However, ferritin ap_must be taken to ensure that sucmgvariation has physical

proaches the case where the variation Gf) with meaning and does not come from ignoring a magnetic mo-

temperature is small compared with the distribution devia-ment distribution. At the same time, the increasg.gbased

tion. Accordingly, a good scalinfFig. 4(b)] and an estima- on a nondistributed analysis was also observed in artificial
tion of the u(T)/ (30 ratio [inset of Fig. 4b)] are obtained. ferritin with different core mean siz& and ferrihydrite

S articles*® A closer look reveals that the strongest variations
The (u) decrease ratio is 0.78+0.03 when the temperaturé)eported take place in powder ferrihydrite samplasd in

increases from 30 to 250 K. _ _ . the smaller artificial ferritind® where a wider volume and

In summary, without knowing the particular distribution y, ;s , gistribution are likely to occur. Such an apparent tem-
function or the individual particle magnetization law, this herare assisted onset of magnetic moments was associated
method gives information about ther and u temperature it weaker exchange, strong radial anisotropies, frustration,
dependence. The absolute scalexgf and(w(T)) are deter- 1, iiple sublatticegRef. 28 and references thergiand in-
mined by x,r and w at the reference temperatuiig. The  terparticle interaction$.In addition, recent work interprets
subsequent ferritin magnetization curves analysis is thereforgis anomalous behavior as dynamic thermoinduced
enlightened by the information derived here, namely that thenagnetizatiod. Despite the possible contribution of all these
distribution function cannot be ignored and thaT) de-  features in the referred systems, we show that the existence

creases with temperature. of a u distribution leads to an analogoys, artificial tem-
perature variation that must be carefully analyzséde also
Ref. 24. Thus, the structure informatidn/ the spin

I1l. DISCUSSION

arrangement$,the thermoinduced magnetizatidrand de-
An agreement between thgr and (u(T)) variation ob-  viations from the Curie lafvderived based on that increase

tained with the fit using a distributed Langevin function andraise severe doubts.
the scale methodthe latter giving a smoother variation at  Since the mean magnetic moment results from the
higher temperaturg¢gs observedFig. 5. A decrease of the uncompensated/canted moments of the antiferromagnetic
average magnetic moment with temperature was alreadyonfiguration, we may expect that, in a first approximation,
found by Gilleset al. for artificially reconstructed ferritin  (u(T)) follows the bulk antiferromagnetic magnons f&w
cores, using a “random magnetic orientation” function and &.(0))(1-aT?) (Fig. 6). Extrapolating to{x)=0 one obtains
lognormal distribution function, imposing the size distribu- gn estimation of the Néel temperatufg,~ 500 K, in accor-
tion and a power-law relation between magnetic moment angance with the value derived in Ref. 25. Recent neutron dif-
V0|ume.25 Therefore, based on the Scaling and on the diStribfraction investiga‘tions performed on 2.8 nm d|am ferrihy_
uted fits we conclude thafu) decreases with temperature gyite powder particles show thafy=330+30 K30 The
and that ignoring the existence of a moment distribution isdifference between this value and ol estimation may be
the cause of the artificial increase @@f) and decrease afy,  due to the difference in the particles sizmir ferritin sample
previously reported in ferritid.” The decrease ofiy was also  has a diameter of up to 5 nnsince it is likely thatTy in-
found by several authors in other anitiferromagnetic particlegreases with size. However, 500 K is probably an overesti-
systems as ferrihydrite® ferrihydrite doped with Ni, Mo, mation of Ty, because tha@? law is not expected to hold up
and Ir?® and NiO%” and was tentatively associated with a to such high temperature. The value (pf(30 K))=120 ug
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1.2 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
10 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-
ofl——L 1 1 . 1 . ceptibility yar and mean uncompensated momé&mnt with
temperature from the magnetization curves of antiferromag-
netic nanoparticles. I{u) depends on the temperature, we

FIG. 6. Plot of (x) againstT?, where the agreement with an can also determine whether the system can or cannot be de-
antiferromagnetic magnons lagolid line) can be observed. scribed without a distribution function. Applying this method

to ferritin we found thatu) decreases with temperature and
obtained with the distributed Langevin fit is about five timesthat a distribution function cannot be ignored. This is in con-
lower than the value obtained using a nondistributed Langetrast with some previous results, whefe) was found to
vin function[Eq. (2)] and about 0.8 of the value obtained in increase with temperature after fitting the magnetization
Ref. 25. This value corresponds to a mean number of fullycurves with a nondistributed Langevin function. This dis-
uncompensated EeionsN,, of 23. The number of Féions  agreement arises from ignoring a moment distribution in the
involved in the superparamagnetism is obviously greater, asnalysis of the magnetization curves and emphasizes the
a range between fully compensated and fully uncompensateatked to evaluate the effect of distributions in ferritin and in
configurations is expected. Since the mean horse-spleen festher antiferromagnetic systems as ferrihydrite and NiO. The
ritin core has a total number of Fe ions, of about fit of ferritin magnetization curves with Langevin and log-
2000-3000, N, is on the order ofNP with 1/2<p<1/3, normal functions yielded parameters on the order of those
which suggests that the uncompensated spins are not only estimated with the scaling method and confirmed the de-
the surface but also randomly distributed through the volcrease of(u) with temperature. The moment distribution
ume. The values o$ obtained with the fit procedure vary thus obtained is not simply related to the narrow size distri-
from 0.9 at 30 K to 1.3 at 65 K and to 1.0 at 250 K. Thesebution characteristic of ferritin. Therefore we are led to con-
values are about ten times greater than the typical value aflude that the existence of important intraparticle magnetic
the ferritin diameter distributio®:?>Such a difference is not disorder is the source of moment distribution.
compatible with the assumption that the uncompensated mo-

T (10°K)
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