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Apparent magnetic energy-barrier distribution in horse-spleen ferritin: Evidence for multiple
interacting magnetic entities per ferrinydrite nanopatrticle
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Magnetic viscosity measurements were made on native horse-spleen ferritin in zero applied magnetic field at
temperatures between 2 and 21 K. The data have been used to calculate the apparent magnetic-moment-
weighted energy barrier distribution for the sample of ferritin. The distribution is composed of a log-normal
distribution plus a second distribution that is well described by an exponential decay of barrier frequency with
increasing barrier height. The two distributions contribute approximately equally to the overall distribution.
The log-normal distribution has its peak at an energy barrier of approximatey032*J, while the decay
constant for the second distribution has a value of approximatgly® 2*J. The existence of the low-energy
barrier distribution with exponentially decaying shape in conjunction with the observation of shifted field-
cooled magnetic hysteresis loops is interpreted as strong evidence for the existence of multiple interacting
magnetic entities within each ferritin particle.
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[. INTRODUCTION terms of superpositions of macroscopic quantum statées
these discoveries prompted other researchers to look for ad-
Over the past decade the iron storage protein ferritin haditional phenomena that may be related to quantum tunnel-
featured prominently in a debate on whether or not resonaritg of the ferritin moments:"®1213Four basic phenomena
guantum tunneling of magnetization can be observed in bulkave been identified for ferritin at temperatures above 1 K
measurements on polydisperse mesoscopic antiferromagnetiad have been interpreted in terms of quantum tunneling of
particles! 3 Ferritin proteins each consist of a hollow ap- magnetization in very small or zero applied fields. These
proximately spherical shell of polypeptide with external di- phenomena aréa) temperature-independent magnetic vis-
ameter 12 nm and internal diameter 8 nm. Ferritin proteinsosity S below a critical temperaturépproximately 2 K3
isolated from biological systems are usually found to contair(b) a nonmonotonic dependence of the superparamagnetic
up to 4500 iron atoms within the central cavity in the form of blocking temperaturd g on applied magnetic fieltd (tem-
a hydrated iroflll) oxyhydroxide particle(up to 8 nm in  peratures of approximately 15)K®!23(c) a maximum in
size) with trace amounts of phosphate. Horse-spleen ferritirthe rate of change of magnetizatidhwith H at zero applied
has been the ferritin of choice for study since it is commerield during constant rate sweeps ldf(at temperatures be-
cially available. Horse-spleen ferritin typically contains antween 5 and 13 K"*2 and (d) a nonmonotonic dependence
average of 3000 Fe atoms per protein shell when highlyf S on H at temperatures between 4 and 6.5 K wifn-
loaded with iron. creasing a#H approaches zero*?'3 Quantum tunneling is
Initial experiments designed to observe resonant quanturexpected to be suppressed above a certain temperature owing
tunneling of the magnetization of horse-spleen ferritin par-o the interaction of the environment with the systéithus
ticles were made at temperatures of approximately 30 mK bpbservations of these phenomena have important implica-
measuring the frequency-dependent magnetic noise artibns for the upper temperature limit at which quantum tun-
magnetic susceptibility of the particles using an integrated doeling of magnetization can be observed. However, it has
superconducting quantum interference devic8QUID) been pointed out by several workers that phenontanab),
microsusceptometér A sharply defined resonance near 1 and(c) can also be explained in terms of classical models of
MHz was observed at temperatures up to 0.2 K. The dataagnetic particle$!! Here we report data on the magnetic
were interpreted in terms of macroscopic quantum tunnelingiscosity of ferritin that sheds further light on its magnetic
of the weak magnetic moment of ferritin that is assumed taelaxation processes at temperatures above 1 K.
be coupled to the N vector of the generally antiferromag-
netic.iror(lll) oxyhydroxide particles. The adjgctive “macro- Il. MATERIALS AND METHODS
scopic” refers to the fact that the system being described is
significantly larger than atomic-scale systems which are well Native horse-spleen ferritin was obtained from Sigma
described by quantum mechanics. The tunneling refers to thehemical Company in the form of an aqueous solutis®
tunneling of the Nel vector through the magnetic anisotropy mg ferritin/mL). An aliquot of the ferritin was diluted to 1
energy barrier that separates easy directions of magnetizatiang/mL, and a drop of this diluted solution was allowed to air
for each particle. Although there were some objections to thelry on a carbon film supported by a 400-mesh copper trans-
interpretation of the microsusceptometer measurements imission electron microscog@EM) grid. TEM images of the
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mineral cores of the ferritin protein molecules were obtained 4.0
using a Jeol 2000 FX TEM operating at 80 keV. The core

size distribution was measured by photographically enlarging 3.5 3K
the TEM images and measuring the largest and smallest di-
mension of each corenE& 100) in the enlarged image using 3.0 — 5K
vernier callipers. Selected-area electron diffraction patterns —
were recorded from several regions on the TEM grid yield- 2.5¢ 6K
ing powder diffraction patterns.

A sample of the concentrated ferritin solution was freeze 2.0

T e 3K

dried. The iron content of the freeze-dried powder was de-

Specific magnetization (J T 1 (kg Fe) )

termined using atomic absorption spectrometry and was 1.5}
found to be 10.Z20.5% by mass. A sample of the dried e 10K
protein was then gently compressed into a cylindrical pellet 1.0f —
(diameter 4 mm, length approximately 1 mm, mass 0.0216 1K
H H 0.5 1 1 1 L L L
0). Magnetic measurements were made on the pellet using a D 4.5 5.0 5.5 6.0 6.5 7.0 7.5

SQUID-based magnetometry system with superconducting
solenoid (Quantum Design MPMSJ7 Magnetic viscosity

measurements were made in near zero fiaftbroximately 2 FIG. 1. Specific magnetization of the iron in native horse-spleen

Oe) over a range of temperatures from 2.0 K'up t0 21.0 K.ferritin against In(~t') at temperatures near the maximunts(T).

Temperature measurements were made using a germaniufie solid circles are experimentally measured data points on the

resistance thermometer. ferritin in zero field after removal of a 70-kOe applied field. The

For each measurement of the magnetic viscosity paranmsolid lines are fits of Eq(1) to the datat’ is obtained from fits of

eter S the sample was thermally demagnetized at 50 K 0fEq. (1) to the experimental data.

above and then cooled in zero field to the target temperature.

A large (70 kOg field was then applied and subsequently data appear to be well described by a linear decay of mag-

removed(by ramping down the current in the coils of the netic moment with the logarithm of time. The solid lines in

solenoid and then briefly heating the coils above their criticakig. 1 are least-squares fits of the equation

temperature to quench any remaining currémtyield a rem-

?;rir;;emrigrr‘:;tlc moment on the sample. The_ evolution of the o(t)=0o—SIn(t—t’) 1)
gnetic moment was then monitored over a pe-

riod of approximately 18s. All measurements o8 at o 1o the data, wheres(t) is the specific magnetization of the
below temperatures of 10 K were made at least twice in

. . , .

order to reduce the possibility of random instrumental errorsample at u_nlversa_l time and oo, S andt’ are \(arla}ble .

affecting the measurements parameteg'm 'ihe fgtlng procedure. The malg:netlzc X\ls:;(_)srl]ty
o R . parameteiSis plotted against temperature in Fig. 2. At hig

Both zero-field-cooled and field-cooled magnetic hySter.temperature$>25 K), Sis zero. As the temperature is low-

esis loops were measured at 5 K by cooling the sample N o4 S increases to a maximum at approximatél K and
zero field and then sweeping the applied field to 70 kOe an ' . P s )
en starts to decrease again. By 23@ppears to be tending

back to-70 kGe and by cooling the sample from 300 K in towards a nonzero value as absolute zero of temperature is
70 kOe before sweeping the field. approached P

An °Fe Mossbauer spectrum of the samplke5aK was
also recorded.

In(¢-¢t")

0.10 — T T T T

IIl. EXPERIMENTAL RESULTS 0.08 ‘.

TEM images of the native horse-spleen ferritin showed ~ .
well-dispersed electron dense particles qualitatively similar ‘s y
to those reported elsewhere® The mean aspect ratio of the o *%¢ [ N . 1
particle images was 1.2, suggesting that the mineral cores oF .
the ferritin molecules were approximately spherical. The i 0.04 | 3 . ]
mean effective diameter of the cores was 6.39 nm with a -
standard deviation of 0.78 nm. Powder electron diffraction
patterns from the ferritin cores yielded lattice spacings of 0.02F
0.255, 0.224, 0.173, 0.147, 0.106, 0.092, 0.088, and 0.08!
nm consistent with those reported previously for the ferrihy- 0.00 . . . ,
drite mineral cores of horse-spleen ferritth. o 5 10 15 20

Figure 1 shows the decay with time of the remanent
specific magnetization of the freeze-dried ferritin sample af-
ter removal of a 70-kOe applied magnetic field at a series of FIG. 2. Magnetic viscosity paramet8iplotted against tempera-
different temperatures ranging from 2.0 K up to 21.0 K. Theture for a sample of native horse-spleen ferritin.

Temperature (K)
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The results of zero-field-cooled and field-cooled magnetidies would then be expected to show an exponential decrease
hysteresis measurementssak are almost identical to those in magnetic moment with time after removal of an applied
measured by Makhlouét al?® The zero-field-cooled mag- static field. As noted earlier, however, a system with a range
netic field sweep results in a coercive field of approximatelyof activation energy barriers can lead to a linear decay of its
2.5 kOe, while the field-cooled sweep results in a shift of themagnetic moment with the logarithm of time because of the
loop by approximately 0.3 kOe. resulting spread in relaxation times within the system.

The Mossbhauer spectrum of the horse-spleen ferritin - Thus once the static field has been completely removed,
sample &5 K consisted of a superposition of a sextet and ahere will be a critical energy-barrier siZeE, above which
doublet with parameters very similar to those measured by magnetic entity essentially will be stable because of the
other workerg! The sample measured in the present studyapid increase of with AE [Eq. (3)]. The size ofA E; in-
yielded a spectrum with the doublet contributing 7% to thecreases with time in the following way:

total spectral area. .

AEC:In< )kT, (4)

IV. MAGNETIC VISCOSITY AND ENERGY-BARRIER

DISTRIBUTIONS wheret* is a point in time somewhere between the start and
Magnetic viscosity is the change in magnetization withfinish of the ramping down of the applied field. For magnetic
time of a system held in a constant applied magnetic fielntities With AE<AE,, 7 will be much less thant(-t*)
H.22 This time dependence of magnetization either is due t@"d rapid thermal activation of the magnetic moments of
the thermal activation of the magnetization direction ofthese entities will average their moments to zero, and hence
metastable magnetic entities over energy barfieading to they_W|II not conFrlbuFe to the magnetic moment of the sys-
temperature dependent magnetic viscosity due to te€m in zero applied field. - o
quantum-mechanical tunneling of the magnetization through In order to calculate the remanent specific magnetization
the energy barrier@eading to temperature-independent mag-Of the system at time during the observation, the distribu-
netic viscosity and nonzero viscosity near absolute zero ofon of activation energy barriers within the system must be
temperaturg taken into account. The magnetic moment of th_e system
First, we will describe the relationship between the mag-changes as a function of time becausg; is a function of
netic viscosity of a system in zero applied field and the magtime [Eq. (4)]. Thus, for a system that has recently had a
netic activation energy-barrier distribution within the systemSaturating applied field removed, the specific magnetization
assuming that all relaxation processes are thermally actRf the system at the start of the observation tirre ) can
vated. Later, we will discuss the effect that quantum tunnelP€ written as
ing of the magnetization vector of each magnetic entity may -
have on the experimentally observed magnetic viscosity. g(to):J q(AE)dAE, (5)
Generally, for a system with a broad and slowly varying AE(to)
distribution of energy barrierAE, the time dependence of
magnetizatiorM or specific magnetizatioor of the system is
well described by the relatiéh

70

whereq(AE)d AE is the quantity of magnetic moment per

unit mass of specific elemef¢.g., iron in the system that

resides on entities with activation energy barriers between

, AE and AE+dAE. The value ofAE.(ty) in Eq. (5) is
o(H,t)=0o(H) = S(H)In(t—t"), @ getermined by the time delay between removal of the applied

whereS(H), oo(H), andt’ are experimentally derived pa- field and the commencement of observation of the magne_tic

rameters. Note that Eq1) is related to the zero field{  moment of the system and by the rate of change of applied

=0) case of Eq(2). Thus it appears that the magnetizationf'eld d_unng its removal. The latter factor influences the value

processes giving rise to the magnetic viscosity observed iRf t* in Eq. (4). - o

ferritin are due to a broad distribution of activation energy  1he evolution of the observed specific magnetization of

barriers in the system. The magnetic viscosity behavior of 4'€ System as a function of tintecan then be written as

system of an ensemble of magnetic entities, each with a char- AEL(D)

acteristic magnetic moment and activation energy barrier can a(t)=o(ty) — f ¢ q(AE)dAE. (6)

be discussed in the following terms. AEc(to)

. qu an .ensem_ble.of magnetic en_tities in metgstable Stat%quationm) can be used to rewrite E¢6) as follows:

with identical activation energy barriefsE, there is a char-

acteristic relaxation time at temperaturd owing to thermal a(t)=~o(tg) —KT[In(t—t*)

activation over the energy barriers. The relaxation tirrie

Y ' 3 AE (1) —AE(t
related to temperature by the' &leArrhenius lav —In(to—t*]q( c(t) ; c(to) @
= TOGAE/kT, (3)
whereAE (t*)=0.
wherek is the Boltzmann constant ang is a characteristic For typical experimental time scaledAE_.(t) —AE.(tp)

time constant, which is of the order of 16-10%?s for = <AE(t). For example, a typical magnetometery measure-
native horse-spleen ferrittf~2° An ensemble of such enti- ment on ferritin would have —ty=7,,¢~1000s, witht,
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—t* being approximately 10 s, yielding a value [@fE(t) CThk (K)
_AEC(to)]/AEC(t) of 0.14 (012 forto_t* =20 S, 0.11 for 0 100 200 300 400 500 600 700
to—t*=30s, takingr, to be 5< 10 2s. Thus, ifq(AE) is 12.0 —— - - - - ' -
a slowly and smoothly varying function &E,
R 10.0 |
Q(AE.(tg))=q(AEL(1)) %n
% 8.0}
AEc(t)""AEc(tO) :/
%q =
2 e 6.0 |
=
~q((AE.)), 5 Of
where q([AE.(t) + AE.(to) ]/2) is an approximate average = 2ol
of the value of q(AE.) over the rangeq(AE.(ty)) to
q(AE((t)) and (AE.) is the mean critical energy barrier 0.0 .
probed by the measurement. 0.0 2.0 4.0 6.0 8.0 10.0
So Eq.(7) can be rewritten as CkT (10°21])
o(t)=[o(to) +a((AE)KTIn(to—t*)] FIG. 3. Plot ofS/kT againstCkT for native horse-spleen ferritin
represents the apparent specific-magnetization-weighted energy,
—[a({AE))KT]In(t—t*). (8)  barrier distribution for the sample. The solid circles are experimen-

i . tally measured data points. The solid curve is a fit of @€) to the
Inspection of Eq(8) shows that it has the same form as Eq'data with the dashed lines illustrating the log-normal and exponen-

(1) with Sbeing given by tial decay components of the fit.

do
S=- WZQ(<AEC>)kT- (9 energy barriers betweehE, and AE.+dAE, correspond-
ing to the temperature and time of observation of the mea-

Thus it is apparent from Eq9) that S/kT is a measure of suremenf{see Eq(4)]. This requirement will always be ful-
q((AEy)). filled since application of an applied field will always reduce

Recall that during measurements 8fcarried out with  the energy barrier that the moment needs to overcome in
identical field ramping rates and times of observatibR. is  order to gain greater alignment with the direction of the ap-
proportional tokT [Eq. (4)] with the constant of proportion- plied field. Thus, if the moment of the entity has a certain
ality beingC=In(t—t*/). probability of flipping in zero field during the experimental

In other words &/kT)d(CkT) is a measure of observation, it will have a much greater probability of flip-
q((AE.))d(AE.) which is the quantity of magnetic moment ping towards an applied field no matter how small is the
per unit mass of specific element in the system which expeapplied field.

riences energy barriers betweddkT and CkT+dCKkT. Finally, it should be noted that several researchers have
Thus, by measurin@/kT at different values oT, q(AE.) is  proposed that quantum tunneling of the macroscopic mag-
being measured at different values®E. . netic moment on each ferritin particle may be responsible for

So a plot of /KT againstCKT (Fig. 3 represents the the observed magnetic relaxation behavior of ferritin at low
activation energy barrier distribution of the system weightedemperature8? In such models, the magnetic entities within
by the quantity of magnetic moment per unit mass of specifi¢he system are considered to be noninteracting. Theories of
element associated with each activation energy value. Thguantum tunneling of the magnetic moment predict a critical
value of C used to calculate the values along the abscisséémperature known as the crossover temperaliyreAbove
was taken to be 32:50.5 using the values of I for T. the magnetic entity is considered to relax by thermal ac-
horse-spleen ferritin reported previousfy?>2’ tivation processes as described above, whereas bEldie

It is worth noting that the same analysis of experimentalmagnetic moment of the entity may quantum mechanically
data can be used even if the applied field that is removed iginnel from one orientation to another. The manifestation of
not saturatingas is the case for the measurements presenteglich quantum tunneling phenomena modifies the above de-
here. If the applied field is less than saturating, then thescription of the relationship between magnetic viscosity and
remanent magnetic moment of the system will be less. Howactivation energy barrier distributions by replacing the abso-
ever, the missing amount of moment would not contribute tdute temperaturd in Eq. (4) with an effective temperature
the measurement 0% over the limited experimental time T* whereT*=T at temperatures abovk, and T* =T, at
scale because it would be associated with larger energy batemperatures below.. The end result is that the magnetic
riers. Furthermore, measurementsSaft higher temperatures Vviscosity is predicted to be independent of temperature be-
(where the larger barriers are being sampleduld resultin  low T..?® Thus, if quantum tunneling of the magnetization
this missing moment being recovered because it will be revector was manifested in ferriti®/k T would be expected to
oriented by the applied field owing to thermal activation atvary as 1T below the crossover temperature and may not
these higher temperatures. Thus it is only necessary for theecessarily reflect the energy barrier distribution within the
applied field to reverse the magnetic moment of entities wittsystem.
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V. DISCUSSION barriersAE, g, is the maximum value of|;(AE), AE; is

trone most frequently occurring energy barrier in the log-

diffraction data are very similar to those measured by otheP.Ormal qhstnbupon,A IN(AE) is the width of th.e Iog-n(_)rmgl

workers for horse-spleen ferrithi:° confirming the pres- distribution, g, is the value of the exponential distribution
’ extrapolated to the zero-energy barrier, @, is the decay

ence of well-separated ferrihydrite nanoparticles in the . A .
sample. However, our measurement of the iron content ijonstant of the exponential distribution that characterizes

perhaps somewhat smaller than is usually found in hors jow rapidly the distribqtion decreases with .increasing energy
spleen ferritin. This is supported by the fact that théssto Parrier height. Th(g 'jtl yields _tlhe following parameters:
bauer spectrum of our samplé &K yielded a doublet ac- ql:g5214i 0.5)<10°°T * (kgFe) *, AE;=(3.28+0.04)
counting for 7% of the total spectral area. Previous™10 ~J or AEl/kf 2383 K; SAlln(AE)=2.48t0.12, 42
Mossbauer spectroscopic measurements on horse-spleen fe:rflfgzlli 0.13)x1C°*T ! (kgFe) !, and AE,=(1.8+0.2)

ritin at 4.2 K (Refs. 21 and 26have shown the doublet to be <10 “J orAE;/k=130+17K. The uncertainties on each
extinguished, thus implying that the sample of horse-spleeff these parameters are those returned by the Levenberg-

ferritin in the present study contains particles that may bd/larquardt algorithm used to fit the curve. This algorithm
smaller than usual for horse-spleen ferritin. It should be4S€S the assumption that the fitted parameters are described

noted that even within one animal species, the size and ddy muItivar@atg normal_distribution. Thus the true experimer)—
gree of structural order within the ferrihydrite nanoparticlest@! uncertainties are likely to be somewhat larger and will
of ferritin can vary considerably depending on factors sucHnclude a systematic error of at least 2% on values\&f
as the state of health of the animal and from which organ th@Wing to the uncertainty on the value @. The energy-
ferritin was isolated® The density of the ferrihydrite par- barrier distribution that we measure spans t.he estimates of
ticles also is known to vary depending on factors such as thif1® mean energy barrier for horse-spleen ferritin measured by
degree of hydration, phosphate content, and degree of strugther workers[AE/k=318K (Ref. 23 and AE/2I§= 400K
tural order within the particle® (Ref. 26] and tha; mferred b%‘/l Dicksoret al: (AE/_k

The magnetic viscosity behavior observed here in zerg-288K) and Mohie-Eldinet al™> (AE/k=244K). It is
field is also qualitatively similar to that previously observedWorth noting that the iron content of the horse-spleen ferritin
for horse-spleen ferritin in applied fieldsVe observe a peak Studied by Allenet al. was 23% by mass compared with the
in Snear 8 K and we also observe a change in sign of thd0-7% by mass in the sample in the present study. Both
second derivative aBwith T at around 4.5 K. However, the Samples were obtained from the same supplier, but were dif-
plot of S/IKT againstCKT (Fig. 3 represents the apparent ferent patche_s. This may explain why Allehal “=®> measured
activation energy barrier distribution within the sample of@ relatively high value fodE/k. _
ferritin weighted by the amount of magnetic moment expe-n ordgr to make a self-consistency checl_<, we have numeri-
riencing each energy barrier height. This is the first time thafally integrated the area under the experimentally measured
the apparent energy-barrier distribution for feritin has beerfPecific-magnetization-weighted energy barrier distribution
measured. The data clearly show that there is more than odEig- 3 from 8.97<10"°°J upwards. The value of 8.97
contribution to the energy-barrier distribution. For a simple X 10 ?2J corresponds to the lowest-energy barrier measured:
picture of an ensemble of thermally activated single-domair-€:, the results of the measurements at 2 K. Thus the integral
superparamagnetic particles with each particle undergoingf the curve from 8.9% 10°?*J upwards should yield the
coherent reversal of magnetization during activation, ondnitial remanent specific magnetization measure@ & be-
would expect a log-normal distribution of energy barriers.cause it represents the blocked specific magnetization at 2 K.
The log-normal distribution takes into account such factorsThe integral under the curve was found to be 3.87
as the distribution of particle sizes and distribution of mag-J T (kgFe %, while the initial measurement of specific
netic moments in the ensemble. However, in order to fit adMagnetization of the ferritint&2 K immediately after remov-
equately a log-normal distribution to the data, another coming the 70-kOe field was 3.95 J¥(kgFe * giving
ponent to the distribution clearly is requiréBiig. 3. We an agreement within 2% [NB:1JT *(kgFe)*
have found that an exponentially decaying curve, wher=1emu(g Fe)'].
added to the log-normal distribution, provides an adequate fit The origin of the log-normal component of the energy-
to the data(although a second log-normal distribution also barrier distribution most likely is due to the distribution of
gives a reasonable fitInterestingly, it was not possible to Particle volumes and moments within the ensemble. There is

obtain a good fit with a curve decaying ag 1The solid line ~ Nnot a unique relationship between particle volume and mo-

The transmission electron microscopy data and elec

in Fig. 3 is a fit of the equation ment per particle for ferritin, but on average the moment
rises with the square root of the number of Fe atoms within
q(AE)=0,(AE)+0q,(AE) the core®? The origin of the second component of the

) energy-barrier distribution is less clear. However, it is inter-
_ —[In(AE)—In(AEy)] « —AE esting to note that atomic-scale magnetic modeling of ferri-
— 2[A In(AE)]? 2 AE, magnetic nanoparticles with surface roughrigsssulted in
(10) energy-barrier distributions qualitatively similar to the expo-
nentially decaying distribution that we have measured for
to the data, wherg,(AE) is the log-normal distribution and horse-spleen ferritin. Thus it is possible that the exponen-
g,(AE) is the exponentially decaying distribution of energy tially decaying contribution to the energy-barrier distribution
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is due to surface spins or small groups of surface spins thajood fit of a sum of a log-normal curve and & Xdurve to

are less strongly coupled to the internal core of the ferritinthe data. It may be possible to explain the data in terms of a
mineral particles. Previous studies of energy-barrier distribudistribution of T, values.

tions in nanoparticles of BakgCoy gTig §019 M-type doped A further possible interpretation of the existence of two
barium ferrité* found a minor low barrier component to the distinct distributions of magnetic anisotropy energy barriers
energy_barrier distribution in addition to a major |Og_n0rma| is in terms of different .SpeCI.eS of ferritin mineral p-al’t|.C|.eS.
component. The low barrier contribution was modeled as fKecent electron nanodiffraction measurements on individual
second log-normal distribution around lower-energy barrierd1orse-spleen ferritin mineral partick$ias shown that while
and was attributed to the presence of weak demagnetizin]® majority have a hexagonal structure generally considered

interactions between the particles. In our study of horsel® Pe the major phase in ferrihydrite, several minor phases

spleen ferritin, the low-energy barrier component of the dis2re present including some that are similar in structure to the
tribution has a contribution to the overall distribution that is' 2" oxides magnetite and hematite and also some composed

approximately equal to that of the higher-energy barrier Iog_of a highly disordered material. In general, each core was

| £ Th latively | ributi £ th observed to consist of one single crystal of one phase. If the
hormai component. The relatively large contrioution of tN€qq a5 that have a structure similar to the mineral magnetite

low-energy barrier distribution may be due to the fact thatyis, haye a magnetization similar to magnetite, then they
the majority of the excess spin of ferritin particles is ex-\yjj| contribute disproportionally to the magnetic-moment-
pected to be at the surface where the density of uncompenyeighted energy-barrier distribution. Thus it could be that
sated spins is likely to be higher. Thus the magnetic entitiegne distribution belongs to the ferrihydrite particles while the
(individual spins or clusters of coupled spirat the surface other belongs to magnetite-like particles. This theory could
of ferritin mineral particles are likely to contribute far more pe tested by making zero-field magnetic viscosity measure-
per Fe atom to the magnetic-moment-weighted energyments on ferritin before and after passage through a magnetic
barrier distribution than the magnetic entities within the separation column.
cores of the particles which are likely to have a much lower On balance, we prefer an interpretation of the data in
magnetic moment per Fe atofowing to a more complete terms of multiple magnetic entities per ferritin particle. This
compensation of spins within each enlityhis picture of the interpretation fits better with the observations by us and
magnetic structure of horse-spleen ferritin is consistent wittptherg® of shifted magnetic hysteresis loops after cooling
the model proposed by Brookat al3® based on variable- horse-spleen ferritin in an applied magnetic field. These
temperature magnetic susceptometry measurements. shifted loops are an indication of the presence of exchange
The value ofAE, /k for 3"Fe Mosshauer spectroscopy at 5 anisotropy within the system under observation. Since the
K is 32 K, which is an energy barrier lower than any we havenanoparticles are well separated by the protein shells, the

measured by magnetic viscosity observations. The presen&XChange anisotropy must arise from interactions between
ndependent magnetic entities within each ferritin nanopar-

of the doublet in the spectrum indicates that apprommatel%cle It seems likely that the exchange anisotropy arises from

7% of the Fe atoms in the sample are within magnetic enti'exchan e interactions between the clusters of surface spins
ties that experience energy barriers less than 32 K. Thus th<e 9 P

magnitude of the Mssbauer spectral doublet 2K is con- with small energy barrle)san_d the low-moment corgwith
: . generally larger energy barrigrs
sistent with the magnetometery measurements.

h ible | ) f the | barri In conclusion, we have measured the apparent specific-
Another possible interpretation of the low-energy barriery,,qnetization-weighted energy-barrier distribution in horse-

contribution to the apparent energy—barrier_ distribution C°U|dspleen ferritin and have found that it is composed from two

be that quantum tunneling of the magnetic moments of thejistinct distributions. The evidence strongly points towards

ferritin particles is being manifested. As mentioned earlierihe existence of multiple interacting magnetic entities within

theories of the macroscopic quantum tunneling of the mageach ferritin mineral nanoparticle. These entities should be
netization vector of small particles predict tH&kT should  taken into account in any models developed to describe the
decrease as T/as the temperature is increased up until thedynamic magnetic behavior of ferritin, whether the models

crossover temperatufg.. This behavior is qualitatively ob- be based on quantum tunneling or on classical thermal acti-
served in our data, although we were not able to obtain @ation of magnetization.
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