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Apparent magnetic energy-barrier distribution in horse-spleen ferritin: Evidence for multiple
interacting magnetic entities per ferrihydrite nanoparticle
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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 approximately 3310221 J, while the decay
constant for the second distribution has a value of approximately 2310221 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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I. INTRODUCTION

Over the past decade the iron storage protein ferritin
featured prominently in a debate on whether or not reson
quantum tunneling of magnetization can be observed in b
measurements on polydisperse mesoscopic antiferromag
particles.1–13 Ferritin proteins each consist of a hollow a
proximately spherical shell of polypeptide with external d
ameter 12 nm and internal diameter 8 nm. Ferritin prote
isolated from biological systems are usually found to cont
up to 4500 iron atoms within the central cavity in the form
a hydrated iron~III ! oxyhydroxide particle~up to 8 nm in
size! with trace amounts of phosphate. Horse-spleen ferr
has been the ferritin of choice for study since it is comm
cially available. Horse-spleen ferritin typically contains
average of 3000 Fe atoms per protein shell when hig
loaded with iron.

Initial experiments designed to observe resonant quan
tunneling of the magnetization of horse-spleen ferritin p
ticles were made at temperatures of approximately 30 mK
measuring the frequency-dependent magnetic noise
magnetic susceptibility of the particles using an integrated
superconducting quantum interference device~SQUID!
microsusceptometer.1,2 A sharply defined resonance near
MHz was observed at temperatures up to 0.2 K. The d
were interpreted in terms of macroscopic quantum tunne
of the weak magnetic moment of ferritin that is assumed
be coupled to the Ne´el vector of the generally antiferromag
netic iron~III ! oxyhydroxide particles. The adjective ‘‘macro
scopic’’ refers to the fact that the system being describe
significantly larger than atomic-scale systems which are w
described by quantum mechanics. The tunneling refers to
tunneling of the Ne´el vector through the magnetic anisotrop
energy barrier that separates easy directions of magnetiz
for each particle. Although there were some objections to
interpretation of the microsusceptometer measurement
0163-1829/2001/65~2!/024436~7!/$20.00 65 0244
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terms of superpositions of macroscopic quantum states,4,14,15

these discoveries prompted other researchers to look for
ditional phenomena that may be related to quantum tun
ing of the ferritin moments.3,7,8,12,13Four basic phenomen
have been identified for ferritin at temperatures above 1
and have been interpreted in terms of quantum tunneling
magnetization in very small or zero applied fields. The
phenomena are~a! temperature-independent magnetic v
cosity S below a critical temperature~approximately 2 K!,3

~b! a nonmonotonic dependence of the superparamagn
blocking temperatureTB on applied magnetic fieldH ~tem-
peratures of approximately 15 K!,7,8,12,13~c! a maximum in
the rate of change of magnetizationM with H at zero applied
field during constant rate sweeps ofH ~at temperatures be
tween 5 and 13 K!,7,12 and ~d! a nonmonotonic dependenc
of S on H at temperatures between 4 and 6.5 K withS in-
creasing asH approaches zero.7,12,13 Quantum tunneling is
expected to be suppressed above a certain temperature o
to the interaction of the environment with the system.16 Thus
observations of these phenomena have important impl
tions for the upper temperature limit at which quantum tu
neling of magnetization can be observed. However, it
been pointed out by several workers that phenomena~a!, ~b!,
and~c! can also be explained in terms of classical models
magnetic particles.9,11 Here we report data on the magnet
viscosity of ferritin that sheds further light on its magne
relaxation processes at temperatures above 1 K.

II. MATERIALS AND METHODS

Native horse-spleen ferritin was obtained from Sigm
Chemical Company in the form of an aqueous solution~50
mg ferritin/mL!. An aliquot of the ferritin was diluted to 1
mg/mL, and a drop of this diluted solution was allowed to
dry on a carbon film supported by a 400-mesh copper tra
mission electron microscope~TEM! grid. TEM images of the
©2001 The American Physical Society36-1
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mineral cores of the ferritin protein molecules were obtain
using a Jeol 2000 FX TEM operating at 80 keV. The co
size distribution was measured by photographically enlarg
the TEM images and measuring the largest and smalles
mension of each core (n5100) in the enlarged image usin
vernier callipers. Selected-area electron diffraction patte
were recorded from several regions on the TEM grid yie
ing powder diffraction patterns.

A sample of the concentrated ferritin solution was free
dried. The iron content of the freeze-dried powder was
termined using atomic absorption spectrometry and w
found to be 10.760.5% by mass. A sample of the drie
protein was then gently compressed into a cylindrical pe
~diameter 4 mm, length approximately 1 mm, mass 0.02
g!. Magnetic measurements were made on the pellet usi
SQUID-based magnetometry system with superconduc
solenoid ~Quantum Design MPMS-7!. Magnetic viscosity
measurements were made in near zero field~approximately 2
Oe! over a range of temperatures from 2.0 K up to 21.0
Temperature measurements were made using a germa
resistance thermometer.

For each measurement of the magnetic viscosity par
eter S, the sample was thermally demagnetized at 50 K
above and then cooled in zero field to the target temperat
A large ~70 kOe! field was then applied and subsequen
removed~by ramping down the current in the coils of th
solenoid and then briefly heating the coils above their criti
temperature to quench any remaining current! to yield a rem-
anent magnetic moment on the sample. The evolution of
remanent magnetic moment was then monitored over a
riod of approximately 103 s. All measurements ofS at or
below temperatures of 10 K were made at least twice
order to reduce the possibility of random instrumental er
affecting the measurements.

Both zero-field-cooled and field-cooled magnetic hyst
esis loops were measured at 5 K by cooling the sampl
zero field and then sweeping the applied field to 70 kOe
back to270 kOe and by cooling the sample from 300 K
70 kOe before sweeping the field.

An 57Fe Mössbauer spectrum of the sample at 5 K was
also recorded.

III. EXPERIMENTAL RESULTS

TEM images of the native horse-spleen ferritin show
well-dispersed electron dense particles qualitatively sim
to those reported elsewhere.17,18The mean aspect ratio of th
particle images was 1.2, suggesting that the mineral core
the ferritin molecules were approximately spherical. T
mean effective diameter of the cores was 6.39 nm wit
standard deviation of 0.78 nm. Powder electron diffract
patterns from the ferritin cores yielded lattice spacings
0.255, 0.224, 0.173, 0.147, 0.106, 0.092, 0.088, and 0.
nm consistent with those reported previously for the ferrih
drite mineral cores of horse-spleen ferritin.19

Figure 1 shows the decay with time of the reman
specific magnetization of the freeze-dried ferritin sample
ter removal of a 70-kOe applied magnetic field at a series
different temperatures ranging from 2.0 K up to 21.0 K. T
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data appear to be well described by a linear decay of m
netic moment with the logarithm of time. The solid lines
Fig. 1 are least-squares fits of the equation

s~ t !5s02S ln~ t2t8! ~1!

to the data, wheres(t) is the specific magnetization of th
sample at universal timet and s0 , S, and t8 are variable
parameters in the fitting procedure. The magnetic visco
parameterS is plotted against temperature in Fig. 2. At hig
temperatures~.25 K!, S is zero. As the temperature is low
ered,S increases to a maximum at approximately 8 K and
then starts to decrease again. By 2 K,Sappears to be tending
towards a nonzero value as absolute zero of temperatu
approached.

FIG. 1. Specific magnetization of the iron in native horse-sple
ferritin against ln(t2t8) at temperatures near the maximum inS(T).
The solid circles are experimentally measured data points on
ferritin in zero field after removal of a 70-kOe applied field. Th
solid lines are fits of Eq.~1! to the data.t8 is obtained from fits of
Eq. ~1! to the experimental data.

FIG. 2. Magnetic viscosity parameterSplotted against tempera
ture for a sample of native horse-spleen ferritin.
6-2
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The results of zero-field-cooled and field-cooled magne
hysteresis measurements at 5 K are almost identical to thos
measured by Makhloufet al.20 The zero-field-cooled mag
netic field sweep results in a coercive field of approximat
2.5 kOe, while the field-cooled sweep results in a shift of
loop by approximately 0.3 kOe.

The Mössbauer spectrum of the horse-spleen ferr
sample at 5 K consisted of a superposition of a sextet an
doublet with parameters very similar to those measured
other workers.21 The sample measured in the present stu
yielded a spectrum with the doublet contributing 7% to t
total spectral area.

IV. MAGNETIC VISCOSITY AND ENERGY-BARRIER
DISTRIBUTIONS

Magnetic viscosity is the change in magnetization w
time of a system held in a constant applied magnetic fi
H.22 This time dependence of magnetization either is due
the thermal activation of the magnetization direction
metastable magnetic entities over energy barriers~leading to
temperature dependent magnetic viscosity! or due to
quantum-mechanical tunneling of the magnetization thro
the energy barriers~leading to temperature-independent ma
netic viscosity and nonzero viscosity near absolute zero
temperature!.

First, we will describe the relationship between the ma
netic viscosity of a system in zero applied field and the m
netic activation energy-barrier distribution within the syste
assuming that all relaxation processes are thermally a
vated. Later, we will discuss the effect that quantum tunn
ing of the magnetization vector of each magnetic entity m
have on the experimentally observed magnetic viscosity.

Generally, for a system with a broad and slowly varyi
distribution of energy barriersDE, the time dependence o
magnetizationM or specific magnetizations of the system is
well described by the relation22

s~H,t !5s0~H !2S~H !ln~ t2t8!, ~2!

whereS(H), s0(H), and t8 are experimentally derived pa
rameters. Note that Eq.~1! is related to the zero field (H
50) case of Eq.~2!. Thus it appears that the magnetizati
processes giving rise to the magnetic viscosity observe
ferritin are due to a broad distribution of activation ener
barriers in the system. The magnetic viscosity behavior o
system of an ensemble of magnetic entities, each with a c
acteristic magnetic moment and activation energy barrier
be discussed in the following terms.

For an ensemble of magnetic entities in metastable st
with identical activation energy barriersDE, there is a char-
acteristic relaxation timet at temperatureT owing to thermal
activation over the energy barriers. The relaxation timet is
related to temperature by the Ne´el-Arrhenius law23

t5t0eDE/kT, ~3!

wherek is the Boltzmann constant andt0 is a characteristic
time constant, which is of the order of 10211– 10212s for
native horse-spleen ferritin.24–26 An ensemble of such enti
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ties would then be expected to show an exponential decr
in magnetic moment with time after removal of an appli
static field. As noted earlier, however, a system with a ran
of activation energy barriers can lead to a linear decay of
magnetic moment with the logarithm of time because of
resulting spread in relaxation times within the system.

Thus once the static field has been completely remov
there will be a critical energy-barrier sizeDEc above which
a magnetic entity essentially will be stable because of
rapid increase oft with DE @Eq. ~3!#. The size ofDEc in-
creases with time in the following way:

DEc5 lnS t2t*

t0
D kT, ~4!

wheret* is a point in time somewhere between the start a
finish of the ramping down of the applied field. For magne
entities with DE,DEc , t will be much less than (t2t* )
and rapid thermal activation of the magnetic moments
these entities will average their moments to zero, and he
they will not contribute to the magnetic moment of the sy
tem in zero applied field.

In order to calculate the remanent specific magnetiza
of the system at timet during the observation, the distribu
tion of activation energy barriers within the system must
taken into account. The magnetic moment of the syst
changes as a function of time becauseDEc is a function of
time @Eq. ~4!#. Thus, for a system that has recently had
saturating applied field removed, the specific magnetiza
of the system at the start of the observation time (t5t0) can
be written as

s~ t0!5E
DEc~ t0!

`

q~DE!dDE, ~5!

whereq(DE)d DE is the quantity of magnetic moment pe
unit mass of specific element~e.g., iron! in the system that
resides on entities with activation energy barriers betw
DE and DE1d DE. The value ofDEc(t0) in Eq. ~5! is
determined by the time delay between removal of the app
field and the commencement of observation of the magn
moment of the system and by the rate of change of app
field during its removal. The latter factor influences the va
of t* in Eq. ~4!.

The evolution of the observed specific magnetization
the system as a function of timet can then be written as

s~ t !5s~ t0!2E
DEc~ t0!

DEc~ t !
q~DE!dDE. ~6!

Equation~4! can be used to rewrite Eq.~6! as follows:

s~ t !'s~ t0!2kT[ ln~ t2t* !

2 ln~ t02t* #qS DEc~ t !2DEc~ t0!

2 D ~7!

whereDEc(t* )[0.
For typical experimental time scales,DEc(t)2DEc(t0)

!DEc(t). For example, a typical magnetometery measu
ment on ferritin would havet2t05tobs'1000 s, with t0
6-3



e

r

q

-

t
p

te
ifi
T
iss

ta
d
nt
he
ow

t

b
s

re
a
t
it

ea-

ce
in

p-
in

al
-

he

ave
ag-
for

ow
in
s of
cal

ac-

lly
of
de-
nd
so-

ic
be-
n

not
he

ergy,
en-

en-

ST. PIERRE, GORHAM, ALLEN, COSTA-KRA¨ MER, AND RAO PHYSICAL REVIEW B65 024436
2t* being approximately 10 s, yielding a value of@DEc(t)
2DEc(t0)#/DEc(t) of 0.14 ~0.12 for t02t* 520 s, 0.11 for
t02t* 530 s, takingt0 to be 5310212s. Thus, ifq(DE) is
a slowly and smoothly varying function ofDE,

q„DEc~ t0!…'q„DEc~ t !…

'qS DEc~ t !1DEc~ t0!

2 D
'q~^DEc&!,

where q„@DEc(t)1DEc(t0)#/2… is an approximate averag
of the value of q(DEc) over the rangeq„DEc(t0)… to
q„DEc(t)… and ^DEc& is the mean critical energy barrie
probed by the measurement.

So Eq.~7! can be rewritten as

s~ t !5@s~ t0!1q~^DEc&!kT ln~ t02t* !#

2@q~^DEc&!kT# ln~ t2t* !. ~8!

Inspection of Eq.~8! shows that it has the same form as E
~1! with S being given by

S52
ds

dln~ t2t* !
5q~^DEc&!kT. ~9!

Thus it is apparent from Eq.~9! that S/kT is a measure of
q(^DEc&).

Recall that during measurements ofS carried out with
identical field ramping rates and times of observation,DEc is
proportional tokT @Eq. ~4!# with the constant of proportion
ality beingC[ ln(t2t* /t0).

In other words (S/kT)d(CkT) is a measure of
q(^DEc&)d(DEc) which is the quantity of magnetic momen
per unit mass of specific element in the system which ex
riences energy barriers betweenCkT and CkT1dCkT.
Thus, by measuringS/kT at different values ofT, q(DEc) is
being measured at different values ofDEc .

So a plot of S/kT againstCkT ~Fig. 3! represents the
activation energy barrier distribution of the system weigh
by the quantity of magnetic moment per unit mass of spec
element associated with each activation energy value.
value of C used to calculate the values along the absc
was taken to be 32.560.5 using the values of ln(t0) for
horse-spleen ferritin reported previously.24,25,27

It is worth noting that the same analysis of experimen
data can be used even if the applied field that is remove
not saturating~as is the case for the measurements prese
here!. If the applied field is less than saturating, then t
remanent magnetic moment of the system will be less. H
ever, the missing amount of moment would not contribute
the measurement ofS over the limited experimental time
scale because it would be associated with larger energy
riers. Furthermore, measurements ofSat higher temperature
~where the larger barriers are being sampled! would result in
this missing moment being recovered because it will be
oriented by the applied field owing to thermal activation
these higher temperatures. Thus it is only necessary for
applied field to reverse the magnetic moment of entities w
02443
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energy barriers betweenDEc and DEc1dDEc correspond-
ing to the temperature and time of observation of the m
surement@see Eq.~4!#. This requirement will always be ful-
filled since application of an applied field will always redu
the energy barrier that the moment needs to overcome
order to gain greater alignment with the direction of the a
plied field. Thus, if the moment of the entity has a certa
probability of flipping in zero field during the experiment
observation, it will have a much greater probability of flip
ping towards an applied field no matter how small is t
applied field.

Finally, it should be noted that several researchers h
proposed that quantum tunneling of the macroscopic m
netic moment on each ferritin particle may be responsible
the observed magnetic relaxation behavior of ferritin at l
temperatures.28 In such models, the magnetic entities with
the system are considered to be noninteracting. Theorie
quantum tunneling of the magnetic moment predict a criti
temperature known as the crossover temperatureTc . Above
Tc the magnetic entity is considered to relax by thermal
tivation processes as described above, whereas belowTc the
magnetic moment of the entity may quantum mechanica
tunnel from one orientation to another. The manifestation
such quantum tunneling phenomena modifies the above
scription of the relationship between magnetic viscosity a
activation energy barrier distributions by replacing the ab
lute temperatureT in Eq. ~4! with an effective temperature
T* whereT* 5T at temperatures aboveTc and T* 5Tc at
temperatures belowTc . The end result is that the magnet
viscosity is predicted to be independent of temperature
low Tc .28 Thus, if quantum tunneling of the magnetizatio
vector was manifested in ferritin,S/kT would be expected to
vary as 1/T below the crossover temperature and may
necessarily reflect the energy barrier distribution within t
system.

FIG. 3. Plot ofS/kT againstCkT for native horse-spleen ferritin
represents the apparent specific-magnetization-weighted en
barrier distribution for the sample. The solid circles are experim
tally measured data points. The solid curve is a fit of Eq.~10! to the
data with the dashed lines illustrating the log-normal and expon
tial decay components of the fit.
6-4
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V. DISCUSSION

The transmission electron microscopy data and elec
diffraction data are very similar to those measured by ot
workers for horse-spleen ferritin,17–19 confirming the pres-
ence of well-separated ferrihydrite nanoparticles in
sample. However, our measurement of the iron conten
perhaps somewhat smaller than is usually found in ho
spleen ferritin. This is supported by the fact that the Mo¨ss-
bauer spectrum of our sample at 5 K yielded a doublet ac-
counting for 7% of the total spectral area. Previo
Mössbauer spectroscopic measurements on horse-splee
ritin at 4.2 K ~Refs. 21 and 24! have shown the doublet to b
extinguished, thus implying that the sample of horse-spl
ferritin in the present study contains particles that may
smaller than usual for horse-spleen ferritin. It should
noted that even within one animal species, the size and
gree of structural order within the ferrihydrite nanopartic
of ferritin can vary considerably depending on factors su
as the state of health of the animal and from which organ
ferritin was isolated.29 The density of the ferrihydrite par
ticles also is known to vary depending on factors such as
degree of hydration, phosphate content, and degree of s
tural order within the particles.30

The magnetic viscosity behavior observed here in z
field is also qualitatively similar to that previously observ
for horse-spleen ferritin in applied fields.3 We observe a peak
in S near 8 K and we also observe a change in sign of
second derivative ofSwith T at around 4.5 K. However, the
plot of S/kT againstCkT ~Fig. 3! represents the appare
activation energy barrier distribution within the sample
ferritin weighted by the amount of magnetic moment exp
riencing each energy barrier height. This is the first time t
the apparent energy-barrier distribution for ferritin has be
measured. The data clearly show that there is more than
contribution to the energy-barrier distribution. For a simp
picture of an ensemble of thermally activated single-dom
superparamagnetic particles with each particle undergo
coherent reversal of magnetization during activation, o
would expect a log-normal distribution of energy barrie
The log-normal distribution takes into account such fact
as the distribution of particle sizes and distribution of ma
netic moments in the ensemble. However, in order to fit
equately a log-normal distribution to the data, another co
ponent to the distribution clearly is required~Fig. 3!. We
have found that an exponentially decaying curve, wh
added to the log-normal distribution, provides an adequat
to the data~although a second log-normal distribution al
gives a reasonable fit!. Interestingly, it was not possible t
obtain a good fit with a curve decaying as 1/T. The solid line
in Fig. 3 is a fit of the equation

q~DE!5q1~DE!1q2~DE!

5q1 expH 2@ ln~DE!2 ln~DE1!#2

2@D ln~DE!#2 J 1q2 expH 2DE

DE2
J

~10!

to the data, whereq1(DE) is the log-normal distribution and
q2(DE) is the exponentially decaying distribution of ener
02443
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barriersDE, q1 is the maximum value ofq1(DE), DE1 is
the most frequently occurring energy barrier in the lo
normal distribution,D ln(DE) is the width of the log-normal
distribution, q2 is the value of the exponential distributio
extrapolated to the zero-energy barrier, andDE2 is the decay
constant of the exponential distribution that characteri
how rapidly the distribution decreases with increasing ene
barrier height. The fit yields the following parameter
q15(5.460.5)31020T21 (kg Fe)21, DE15(3.2860.04)
310221J or DE1 /k523863 K; D ln(DE)52.4860.12, q2
5(1.8160.13)31021T21 (kg Fe)21, and DE25(1.860.2)
310221J or DE2 /k5130617 K. The uncertainties on eac
of these parameters are those returned by the Levenb
Marquardt algorithm used to fit the curve. This algorith
uses the assumption that the fitted parameters are desc
by multivariate normal distribution. Thus the true experime
tal uncertainties are likely to be somewhat larger and w
include a systematic error of at least 2% on values ofDE
owing to the uncertainty on the value ofC. The energy-
barrier distribution that we measure spans the estimate
the mean energy barrier for horse-spleen ferritin measure
other workers@DE/k5318 K ~Ref. 25! and DE/k5400 K
~Ref. 26!# and that inferred by Dicksonet al.24 (DE/k
5288 K) and Mohie-Eldinet al.31 (DE/k5244 K). It is
worth noting that the iron content of the horse-spleen ferr
studied by Allenet al. was 23% by mass compared with th
10.7% by mass in the sample in the present study. B
samples were obtained from the same supplier, but were
ferent batches. This may explain why Allenet al.26 measured
a relatively high value forDE/k.
In order to make a self-consistency check, we have num
cally integrated the area under the experimentally measu
specific-magnetization-weighted energy barrier distribut
~Fig. 3! from 8.97310222J upwards. The value of 8.9
310222J corresponds to the lowest-energy barrier measu
i.e., the results of the measurements at 2 K. Thus the inte
of the curve from 8.97310222J upwards should yield the
initial remanent specific magnetization measured at 2 K be-
cause it represents the blocked specific magnetization at
The integral under the curve was found to be 3.
J T21 ~kg Fe!21, while the initial measurement of specifi
magnetization of the ferritin at 2 K immediately after remov-
ing the 70-kOe field was 3.95 J T22 ~kg Fe!21 giving
an agreement within 2% @NB: 1 J T21 (kg Fe)21

51 emu (g Fe)21#.
The origin of the log-normal component of the energ

barrier distribution most likely is due to the distribution o
particle volumes and moments within the ensemble. Ther
not a unique relationship between particle volume and m
ment per particle for ferritin, but on average the mome
rises with the square root of the number of Fe atoms wit
the core.32 The origin of the second component of th
energy-barrier distribution is less clear. However, it is int
esting to note that atomic-scale magnetic modeling of fe
magnetic nanoparticles with surface roughness33 resulted in
energy-barrier distributions qualitatively similar to the exp
nentially decaying distribution that we have measured
horse-spleen ferritin. Thus it is possible that the expon
tially decaying contribution to the energy-barrier distributio
6-5
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is due to surface spins or small groups of surface spins
are less strongly coupled to the internal core of the ferr
mineral particles. Previous studies of energy-barrier distri
tions in nanoparticles of BaFe10.4Co0.8Ti0.8O19 M-type doped
barium ferrite34 found a minor low barrier component to th
energy-barrier distribution in addition to a major log-norm
component. The low barrier contribution was modeled a
second log-normal distribution around lower-energy barri
and was attributed to the presence of weak demagneti
interactions between the particles. In our study of hor
spleen ferritin, the low-energy barrier component of the d
tribution has a contribution to the overall distribution that
approximately equal to that of the higher-energy barrier lo
normal component. The relatively large contribution of t
low-energy barrier distribution may be due to the fact th
the majority of the excess spin of ferritin particles is e
pected to be at the surface where the density of uncomp
sated spins is likely to be higher. Thus the magnetic enti
~individual spins or clusters of coupled spins! at the surface
of ferritin mineral particles are likely to contribute far mor
per Fe atom to the magnetic-moment-weighted ener
barrier distribution than the magnetic entities within t
cores of the particles which are likely to have a much low
magnetic moment per Fe atom~owing to a more complete
compensation of spins within each entity!. This picture of the
magnetic structure of horse-spleen ferritin is consistent w
the model proposed by Brookset al.35 based on variable-
temperature magnetic susceptometry measurements.

The value ofDEc /k for 57Fe Mössbauer spectroscopy at
K is 32 K, which is an energy barrier lower than any we ha
measured by magnetic viscosity observations. The pres
of the doublet in the spectrum indicates that approximat
7% of the Fe atoms in the sample are within magnetic e
ties that experience energy barriers less than 32 K. Thus
magnitude of the Mo¨ssbauer spectral doublet at 5 K is con-
sistent with the magnetometery measurements.

Another possible interpretation of the low-energy barr
contribution to the apparent energy-barrier distribution co
be that quantum tunneling of the magnetic moments of
ferritin particles is being manifested. As mentioned earl
theories of the macroscopic quantum tunneling of the m
netization vector of small particles predict thatS/kT should
decrease as 1/T as the temperature is increased up until t
crossover temperatureTc . This behavior is qualitatively ob-
served in our data, although we were not able to obtai
ce
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good fit of a sum of a log-normal curve and a 1/T curve to
the data. It may be possible to explain the data in terms
distribution ofTc values.

A further possible interpretation of the existence of tw
distinct distributions of magnetic anisotropy energy barri
is in terms of different species of ferritin mineral particle
Recent electron nanodiffraction measurements on individ
horse-spleen ferritin mineral particles36 has shown that while
the majority have a hexagonal structure generally conside
to be the major phase in ferrihydrite, several minor pha
are present including some that are similar in structure to
iron oxides magnetite and hematite and also some comp
of a highly disordered material. In general, each core w
observed to consist of one single crystal of one phase. If
cores that have a structure similar to the mineral magne
also have a magnetization similar to magnetite, then t
will contribute disproportionally to the magnetic-momen
weighted energy-barrier distribution. Thus it could be th
one distribution belongs to the ferrihydrite particles while t
other belongs to magnetite-like particles. This theory co
be tested by making zero-field magnetic viscosity meas
ments on ferritin before and after passage through a magn
separation column.

On balance, we prefer an interpretation of the data
terms of multiple magnetic entities per ferritin particle. Th
interpretation fits better with the observations by us a
others20 of shifted magnetic hysteresis loops after cooli
horse-spleen ferritin in an applied magnetic field. The
shifted loops are an indication of the presence of excha
anisotropy within the system under observation. Since
nanoparticles are well separated by the protein shells,
exchange anisotropy must arise from interactions betw
independent magnetic entities within each ferritin nanop
ticle. It seems likely that the exchange anisotropy arises fr
exchange interactions between the clusters of surface s
~with small energy barriers! and the low-moment cores~with
generally larger energy barriers!.

In conclusion, we have measured the apparent spec
magnetization-weighted energy-barrier distribution in hor
spleen ferritin and have found that it is composed from t
distinct distributions. The evidence strongly points towa
the existence of multiple interacting magnetic entities with
each ferritin mineral nanoparticle. These entities should
taken into account in any models developed to describe
dynamic magnetic behavior of ferritin, whether the mod
be based on quantum tunneling or on classical thermal a
vation of magnetization.
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