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The temperature dependent initial magnetizationyefFe,0; (maghemit¢ mineralized inside
ferritin protein cages has been investigated with a vibrating sample magnetometer up to 8 T. The
data are fit to different magnetic models to extract values of the magnetic moment of each cluster.
It is found that the application of a simple Langevin model with a first and second order term in the
susceptibility greatly enhances the quality of the fit to the data suggesting that the inclusion of
crystalline anisotropy is important in extracting the magnetic moment of each cor&00d
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I. INTRODUCTION sociated with the two sublattices, as well as unpaired spins in
. . . . the particles. In order to model the behavior of an ensemble
The synthesis of monodisperse and highly uniform mag- . . :
. . . of these nanopatrticles, both a simple Langevin madet),
netic nanoparticle sized structures has been made more pas: : o 1)

with an added linear susceptibility termgi™’ X H, and a ran-

sible with the help of biological containers as constraining : . . oy .
vessels. Native ferritin, an iron-storage protein found nearlydorn magnetic orientations mo IG(x), also with the
' ’ dded linear susceptibility termy")xH, are used. Both

ubiquitously in nature, has a spherical shell with an extern hese two models are further modified with the inclusion of a

diameter of 12 nm and an inner core diameter of 8'nin. () 12 g
: . o . second order termy'“’ X H* to include the presence of crys-
fully loaded, naturally occurring mammalian ferritin protein ;- .
talline anisotropy.

will possess an antiferromagnetic 8 nm iron oxyhydroxide ; .
P g yny The Langevin model assumes an ensemble of noninter-

core [Fe(O)OH] with roughly 4500 Fe atontsThese cores o ) i . . .
. . . acting isotropic magnetic moments. With the inclusion of a
form a noninteracting monodispersed, superparamagnetic

system, but because of the presence of structural defects aﬁgramagnetlc linear susceptibility terfdue to the mineral-

. —Jzed cores, the filled and unfilled protein cages, and the em-
uncompensated surface moments, each iron oxyhydroxidg

X : . - edding medip the simple magnetization model that is
particulate will possess a net magnetic moment arising from . )
unpaired Fe spins. It has been found that the ferritin protein(,:aIIeOI here the Langevin modeh (T), is
and other similar protein cages, can be emptied of its con-
tents and mineralized with a multitude of different materials,
forming highly uniform nanoparticles.®

In this article the temperature dependent initial magneti
zation curves ofy-Fe,0O; mineralized in ferritin is modeled.
A similar behavior in native ferritin has previously been .
studied®’” Each maghemite core possesses a net magnetﬂ:arm_)art'Cle core.. . . .
moment arising from the ferrimagnetic structure of the ma- Since our ferrimagnetic particles might not follow a

terial and from additional uncompensated iron spins, whicf"f"trICtIy Il_ange(\j/ml bgt;]awor, |tdrT|16}y be uslclaful t.cf) compare the
are due to defects and finite size effects. Since the minerakaqgﬁv'ndmto N .W'; ba %%0?12 or jmﬁ ant erroma?nenc
ized cores are roughly the same size as the native ferritin b articles determined by and shown in recent ar-

with a larger moment per core, they have a higher superpar icles to describe superantiferromagnetic partiéfeshis
magnetic blocking temperatur@s=24 K, compared to 15 model, based on an Ising model, takes into account random
K for the native® 8 ' magnetic orientations by assuming the uncompensated mo-

ments of the spins in a particle fluctuate between two anti-

parallel directions along the antiferromagnetic axis. This axis
Il. MODELING can assume a random orientation with respect to the applied
field and the moment is treated as an Ising spin pointed along
dhat axis. In this model there is a linear tergi})x H, asso-
ciated in part with the antiferromagnetic susceptibility, which
accounts for weak canting of the two sublattices. This model
dElectronic mail: resnick@physics.montana.edu will be called the random magnetic orientations model

Man(T)=mgX L(x)+ x'xH, 1

wheremg is the saturation momengY) is the linear suscep-
tibility, the Langevin functionL(x)=cothk)—1/x and x
=u(T)H/kgT, with w(T) as the magnetic moment of each

The magnetization of single domain ferrimagnetic nano
particles arises from the unequal magnitude of the spins a
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[(RMO) model and the magnetic momentguo(T) is
given by

-3

Memo(T) =MsX G(X) + xM' X H,

_ 2
G(x)= %J sin @ cosé tanh(x X cos@)d 6,

0

wherex is againx= u(T)H/kgT, exceptu(T) is now more
specifically the moment due to the uncompensated spins in
each core, and is the random direction of the axis with
respect to the applied field. THg(x) function is similar to 040l
the Langevin function but saturates at half the value.

Magnetic moment (emu) x1¢

-3

030f

o

A major shortcoming of both these models is that they :;‘7 000l
fail to take into account the crystalline anisotropy of the E
particles to a high enough degree. In fact the Langevin model 3 g.a0r
includes no anisotropy and the RMO model assumes ex- é 0.00r
tremely large anisotropy for the Ising model. To incorporate & -0.10
this concept into the models another susceptibility teyff, 0200
second order in field is added. A Taylor series expansion in o
the applied magnetic field of the anisotropy energy would Field (Tesla)

create terms of first and second order in the field. The ﬁrs;tqe L Ton: Iniia o 200 K forFe.0. artiicial
order term is added tq the S.USC.epthlllty term Izeavmg OnIymin(.erallizg(?inr}glrar‘itirr?(fj\iﬂgztltzc)a:;]oenfga:Vrfloegels. The ?jfott%d,ssﬁlrit:j,lc(lizs);l-dot,
the second order term in the field: an adQé%PX H* term to and dash—dash curves represent, respectively, the Langevin model, Lange-
Egs.(1) and(2). This term neither reflects the full contribu- vin model with second order susceptibility, RMO model, and RMO model
tion of anisotropy, nor is anisotropy the only effect contrib- with sgcond orde_r s_usceptibility. Bottom: Residuals of the_four models il-
uting to this parameter. However, it provides a starting poin{ltﬁstre_atl_ng the deviation from exp_enmental results. T_he residuals show that
. . . . e fit is in poorest agreement with the data at low fields.
for including magnetic anisotropy.
In order to compare the quality of the fits of different
models with different numbers of parameters and data points,
it is useful tg compare thze reduced chi squared (_)f the fitsy,, RESULTS AND DISCUSSION
Reduced chi squared ig%q=x*/(N—p), whereN is the
number of data points anpl is the number of free param- Vibrating sample magnetometry measurements were
eters. made on the maghemite nanoparticles at several different
temperatures. Shown in Fig. 1 is an initial magnetization
curve at 200 K4 The plot of residuals shows that, of the four
IIl. EXPERIMENT different models, th_e Langevin with the second or_der_ _term
provides the best fit. This plot also reveals the significant
Commercial apo-ferritin, from Sigma-Aldrich, was used contribution tox? incurred between zero and 0.4 T. This field
as the growth chamber for the ferrimagnetic Fe,0; range is where anisotropy would have its greatest affect as
(maghemitg nanoparticles, which were mineralized, precipi- shown by Hanson, Johansson, and Mdrup.
tated, and then dried out. The detailed preparation of the Previous articles have reported good fits to the native
samples has been described in detail elsewhePC mag-  ferritin using both the Langevin or RMO models without
netization measurements, running betweshT, were taken second order susceptibility termiS.However, it should be
at several temperatures from 5 to 300 K and were performedoted that the data presented in this manuscript were taken
on a 1.89 mg quantity of sample, pressed into a small pelleput to significantly higher field values. If truncated at the
using the vibrating sample magnetometer option of thehigh field limit used in other article&-5 T), high quality
Quantum Design PPMS. Rough core sizes of 5—7 nm weréts can be obtained without need for the second order term.
determined with transmission electron microscopy. Only by including this high field data, is the poor fit at low

TABLE |. Extracted best fit parameters of the saturation monmmapt,the moment per corg4(T), and the first
and second order susceptibilitigd? andx(?, for the four models. Also shown is the topgl., for the four fits.

my(x10 3 emu) w(T) (ug) XM(X10*emu/T) ¥P(x1075emu/®) x2i(emEXT)

MLAN 4.71+0.02 2046-30 2.09:0.03 NA 6.02x10°°
Mian+ x@ 4.21+0.01 2596-25 4.270.06 —2.23+0.06 1.3%x10°°
Mamo 8.76x0.03 99320 2.46+0.03 NA 12.6<10°°
Memo+ x@ 7.62+0.03 1336:20 5.33-0.07 —3.05+0.08 2.85¢10°°
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soxt0’fy T T T T V. CONCLUSION
i i my ] The fi . .
[ ] e field dependent magnetic behavior ¢fFe,O;
25:_".‘ —=—m .yt x(z) E (maghemitg mineralized inside ferritin protein cages was fit
L -@-m ] to four models. The best fit, over a wide temperature range,
N2 20; o RMO - was consistently produced by a Langevin function together
s R . O Mgy + X( ) with a first and second order susceptibility term, suggesting
] o - . that the inclusion of a crystalline anisotropy energy is criti-
D Q "'“'-.,.‘. ] cal. The requirement of the inclusion of crystalline anisot-
o g '_\\%..W T . . ropy confirms the single crystal nature of the mineralized
A\ e cores.
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