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Magnetic hysteresis anomalies in ferritin
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Ferritin, an antiferromagnetic nanoparticle with a net magnetic moment, exhibits some unusual magnetic
behavior. Above its blocking temperatufgs~12 K, the magnetization can be fit with the Langevin function
only by including an additional linear term. The saturation moment decreases linearly with increasing tem-
perature, and suggests an ordering temperature of about 460 K. Bglpwoth zero-field-cooled and field-
cooled hysteresis loops exhibit large coercivity 800 O¢ and irreversibility in the loops is found up to
H=35 kOe. An exchange field, of few hundred Oe is observed at low temperatures. The dependencies of
H. andH, on temperature were also studi¢80163-182@7)52022-4

INTRODUCTION mum in the ZFC curve at 12 K may be considered the aver-
ageTg. Various investigators have reported values of 11-13
Ferritin is the iron-storage protein of mammals, plants,K for the average blocking temperature of horse spleen fer-
and several bacteria; it functions to maintain iron in an avail<itin obtained by magnetization measureméri$The maxi-
able nontoxic formt. The molecule consists of an iron oxy- mum blocking temperature ef 20 K (bifurcation poinj re-
hydroxide core~70 A diam, surrounded by an-120 A lates to the largest particles in the sample.
diam external protein shell. The structure of the hydrous fer- Magnetization curves were measured at temperatures
ric oxide in mammalian ferritin is a hydrous ferric oxide aboveTyg in fields up to 55 kOe. Typical magnetic isotherms
phosphate with nominal formulaFeOOH g(FeOH,POy) are shown in Fig. 2. Magnetization curves M¢T at tem-
and resembles that of the mineral ferrihydfitéhe antifer-  peratures above the bifurcation temperature do not superim-
romagnetic ordering temperature of natural horse spleen fepose. This behavior is quite different from that usually ob-
ritin was reported to be=240 K23 Mossbauer spectra of served for very small ferro- and ferrimagnetic particlés;
ferritin at low temperatures display broad sexfets. however, it is similar to that reported for AF NiO
With its large surface/volume ratio, a magnetic momentnanoparticles? Since the data do not fit the simple Langevin
arising from uncompensated spins, and its roughly monodisfunction expected for superparamagnetic samples above
persed nature, ferritin provides an excellent noninteracting
antiferromagnetic (AF) nanoparticle systeri® In the
present study, we report on the magnetic properties of hors
spleen ferritin, with emphasis on hysteresis, exchange aniso
ropy, and ordering temperature.
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EXPERIMENTAL PROCEDURES

The sample was horse spleen ferritin, Ferritin type I, ob-
tained from the Sigma Chemical Company. Samples were
dried on a glass slide in air for24 h, removed from the
slide, and immobilized in epoxy for magnetization measure-
ments in a commercial superconducting quantum interfer-
ence devicdSQUID) magnetometer.
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RESULTS AND DISCUSSION

Figure 1 shows 50 Oe field-coold@C) and zero-field-
cooled (ZFC) magnetizations as functions of temperature. 0 1 1 1
The ZFC curve exhibits a maximum at about 12 K, and the 0 S0 100 150 200 250
ZFC and FC curves bifurcate at20 K. In a particle system Temperature (K)
such as this one, deviations from a monodispersed condition
exist. The resulting distribution of anisotropy energies gives FIG. 1. Magnetization for ZFC and FC ferritin in 50 Oe applied
rise to a distribution in blocking temperatui®; . The maxi- field as a function of temperature.
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H(kOe) FIG. 4. (M — xH)/Mq vs H/T for ferritin.

FIG. 2. Magnetization as a function of applied field at the indi- from one end of the particle to another. The additional sus-
cated temperatures. Solid lines are the fits. ceptibility is estimated by N to be of the order of the bulk
value and strongly temperature dependent, features which are
consistent with Fig. 3. Subtracting the linear portions and
normalizing byMg, [(M —xH)/My] vs H/T data fit on a
universal curve, as shown in Fig. 4. This implies that inter-
particle interactions are negligible and thgt is ~ constant.

Tg, we have fit the magnetization curves by a modified
formula? M=Mg[coth(x)—1/x]+ xH. Here, Mg is the
saturation magnetizatiofin emu/g; x= u,H/KT, whereu,

is the average magnetic _moment_of the ferritin core arisinq:igure 5 shows the temperature dependencM gfand u,,
from uncompensated spins; andis the susceptibility.x  gptained from the fitsu, is ~ constant, and, decreases
decreases vy|th1|3ncre§15|ng temperature as shown in Fig. 3. Afearly with increasing temperature. One possible explana-
noted by Nel,” x in AF nanoparticles can have two on for this unusual dependence is thg originates from

sources. One is the bulk susceptibility of randomly orientedy, t4ce moments. Surface moments should vary linearly with
AF grains. The other develops below the blocking temperaTN_T near Ty, whereTy is the Neel temperaturé* We

ture. It arises from the couple exerted by the applied field oR, 1y, using molecular-field calculations, that the linearity
AF nanoparticles with even numbers of ferromagnetic spin,giqs well down toT/Ty=0.22 Linear extrapolation to

planes. The result is a progressive rotation of the AF axqvlozo suggests an ordering temperature of about 460 K
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FIG. 5. Temperature dependencieshf and u, for ferritin.
FIG. 3. Temperature dependenceyofor ferritin. Dashed lines are guides to the eye. Solid line is the fit.
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FIG. 6. Hysteresis loopst® K of ZFC and FCferritin in 20

kOe. Inset is an expansion of the central portion of the loops. consistent with either surface or core sites.

A hysteresis loop measured after FC in 20 kOe is shown
in Fig. 6. The loop is irreversible for fields up te35 kOe. A
which is much higher than the reported valueTgf=240 K loop displacement, or exchange field, (in exchange
for ferritin obtained by using indirect metho@8.We have anisotropy® terminology, of ~325 Oe at 5 K ispresent.
also observed a similar linear temperature dependence dhe temperature dependenciedf andH, for the FC case
M, for 53 A diameter AF NiO particle$?'® The very slow are shown in Fig. 7. Botil, andH, decrease rapidly with
decrease oft, compared with that of the saturation momentincreasing temperature from 5 to 12 K, and more slowly for
Mo might be due to the formation of new uncompensatedl2<T=20 K, and both are negligibly small fdr> 20 K, the
moments via thermal disordér. bifurcation temperature in Fig. 1. This loop shift is similar to
Figure 6 shows FC and ZFC hysteresis loops measured #tat of spin glasses after FC below the freezing
5 K. A large coercivity,~1800 Oe at 5 K, is present; the temperature$! The spin frustration associated with this be-
magnetization is increasing &=55 kOe; and the loop is havior could arise from vacant spin-lattice sites, as discussed
open up to >~30 kOe, as observed by other above.
investigators:1® Extrapolation back toH=0 of the ZFC
magnetization vs field curve fdi =30 kOe gives an intrin-
sic magnetization of 0.836 emu/g. When saturated with iron,
the radius of the core is 40 A and it has a molecular weight SUMMARY
of 680000 amd, giving ~2.6x 10" particles/gm. This im-

. . . i Horse spleen ferritin exhibits anomalous magnetic prop-
plies a magnetic moment per particle,=345ug, in agree- b g brop

erties associated with uncompensated spins either on the sur-

ment with the h.igh-temp.erature_ values,otigained fro”.‘ the SUace or in the core of these AF nanoparticles. The magnetic
perparamagnetic behavitsee Fig. 5 Neel™ has predicted moment per ferritin molecule ig.,~345ug, representing

that antiferromagnetic r_natenals will have a net moment~5% of the moments of the surface ions. Saturation moment
from uncompensated spins. Hence the magnetic moment p

ticl b it _N h is th BEcreases linearly with increasing temperature and extrapo-
pa:_ icle can te wnitten ag, = N“O‘fi ’tr‘:v ere,uli) IS fe Mag- jates to an ordering temperature f460 K. Samples FC
Netic moment per iron 1on antly IS the num elq UNCoOm- - helow the blocking(or freezing temperature exhibit high
pensated spins per particle. Using. per F€™ ion, one

getsN,.= 70 ions. Since the ferritin core can store up to acoercwlty and shifted loops.

maximum of Nge~4500 iron ions,N,.~5% of the surface

ions. N, is also approximately the square root of the total

numpe; of ions, consistent Wlth previous results obtained for ACKNOWLEDGMENTS
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