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The paper reports a detailed experimental study on magnetic relaxation of natural horse-spleen ferritin. ac
susceptibility measurements performed on three samples of different concentration show that dipole-dipole
interactions between uncompensated moments play no significant role. Furthermore, the distribution of relax-
ation times in these samples has been obtained from a scaling of experimpéuiaia, obtained at different
frequencies. The average uncompensated magnetic moment per protein is compatible with a disordered ar-
rangement of atomic spins throughout the core, rather than with surface disorder. The observed field depen-
dence of the blocking temperature suggests that magnetic relaxation is faster at zero field than at intermediate
field values. This is confirmed by the fact that the magnetic viscosity peaks at zero field, too. Using the
distribution of relaxation times obtained independently, we show that these results cannot be explained in terms
of classical relaxation theory. The most plausible explanation of these results is the existence, near zero field,
of resonant magnetic tunneling between magnetic states of opposite orientation, which are thermally populated.
[S0163-182699)08817-1

. INTRODUCTION both magnetic sublatticé&!! The total spin of an antiferro-
magnetic particle is therefore much smaller than that of a
The study of quantum phenomena in materials having meferromagnetic particle of the same size. Energy Qifferences
soscopic size magnetic units has been a fruitful research fielpetween adjacent energy levels are correspondingly larger
for the past ten yearsRecent experiments performed on for the antiferromagnetic case. Thus these particles offer the

samples of Mg, acetate show that the nonequilibrium mag- possibili.ty t0 observe resonant quantum phenom(_ena at a
L e larger size scale. Unfortunately, single domain particle sys-
netization and the ac susceptibility approach abruptly the'fems are rather complex. Usually, assemblies of such par-

equilibrium limits at several values of the applied f|éTd. ticles have considerable size distribution and their easy axes
These field values fulfill resonance conditions, that is, someg magnetization are randomly oriented. Therefore only at
spin-up states are degenerate with some spin-down onegerg field the spin states of all particles are doubly degener-
Concurrently, experimentally obtained relaxation rates havete, Another obstacle is that theoretical expressions for the
sharp maxima at the same field valde$These data give measured quantities can only be obtained if the particles do
strong evidence for the existence of quantum resonant tumot interact magnetically. A precise characterization of the
neling between degenerate spin states. Since it is found thatagnetic behavior of a sample with various experimental
the relaxation rates still follow Arrhenius’ law at any value techniques is therefore advisable.
of the applied field, tunneling must take place between states The aim of this paper is to present a detailed experimental
which are thermally populated. Different theories have beestudy of magnetic relaxation in natural horse-spleen ferritin.
proposed in order to account for the above-mentionedrerritin is a protein which stores iron in mammétdt con-
experiments® sists of a magnetic core of ferrihydrite surrounded by a pro-
The existence of resonant tunneling is directly related taein shell** Each core is about 7 nm in diameter and can
the discreteness of the energy-level spectrum of a,Mo-  contain up to 4500 Fé ions!* It is antiferromagnetic be-
etate molecule. Therefore it seems reasonable to expect thiav 240 K, but the protein may have a little uncompensated
similar effects can also occur in single domain particles havmagnetic moment which arises from finite-size effects. It has
ing a limited amount of discrete energy levels. Particlesbeen shown by different experimental technigues that ferritin
made of antiferromagnetic materials are ideally suited folbehaves as an ideal superparamagnet above 20 K, whereas
this purpose. The total spin of these particles is the result ofnagnetic moments become progressively frozen below that
a noncomplete compensation, due to finite-size effects ofemperaturé®=2
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Awschalomet al?® used ferritin in research on quantum ticles. We extend previous calculations of the ac susceptibil-
tunneling. They observed a resonance, centered about ity to the case in which a nonzero magnetic field is applied to
MHz, in x"(w) curves measured below 200 mK. They as-the sample. The experimental data are shown in Sec. Ill.
cribed the resonance to the existence of coherent tunnelingpecial care is taken of the characterization of the sample in
between degenerate spin states. Later, ferritin was also usége classical relaxation regime. In Sec. IV we show that our
in relaxation experiments of Ref. 16. It was observed that thélata are compatible with the existence of resonant tunneling
magnetic viscosity, which measures the average relaxatioft Zero field. Finally, we list the main conclusions which
rate of a sample, becomes temperature independent beld@llow from our work.

2.4 K. This result could be seen as an experimental evidence
of incoherent spin tunnelinf. Although both sets of experi- Il. THEORETICAL BACKGROUND

mental data point to the existence of quantum relaxation in We consider here a system of noninteracting single do-

ferritin, there is an apparent contradiction between them. OMain magnetic particle¢SDP) dispersed in a nonmagnetic
one hand, the resonance experiments suggest that most mf?%‘ld matrix. We restrict ourselves to a case where magnetic

netic moments tunnel at frequencies of the order_of 1 MHZ,anisotropy gives rise to a single preferred direction for the
below 200 mK whereas, on the other hand, relaxation experi: agnetic moment of each particle. Our aim here is to give

ments show that almost all the particles are already blocke xpressions for the magnetic viscosity and ac susceptibility

at 4 K and obser_vauon t|mes_of 100 s, approxmately. De<yhich can be compared to experiments, pointing out the dif-
spite other experimental details, which mainly concern the, ant behavior of ferrofF) and antiferromagnetieAF) par-
sample preparation, the crucial difference is that the fiel icles. The magnetic momept of an AF particle arises from
applied to the sample in relaxation experiments is about SiN uncompensated atomic momems that is, u=N,cm.
orders of magnitude larger than the ac field of Ref. 23. It i ﬁ; magnitude oN.,. depends on the type of,atomigcdisor-
tempting to associate the slowing down of magnetic relaX'der which is at the uc():rigin of such lack of compensation. For
ation to the detuning, induced by the applied field, bem’ee%implicity, we assume thal,.~ NP, whereN=pV, p is the

the_two lowest-lying energy staté‘é.'l’hls_ldea received ex- density of atomic spinsy is the particle’s volume, ang
perimental support recently, when Tejada and co-workers

found that magnetic viscosity of natural ferritin increasesgl' It has been proposed thpt=1/2 if disorder extends
markedly as the final field is reduced towards Z%o. through the whole particl® whereap= 1/3 if it is restricted

1
In this paper, we give additional experimental evidenceto the surface:

that resonant tunneling occurs in natural ferritin at zero field.
It is shown that when the concentration of ferritin in the
samples is increased by an order of magnitude, the ac sus- Let us first consider a set of SDP of voluravhose easy
ceptibility is not affected significantly, therefore magnetic axes are aligned and make an anglewith respect to the
interactions between different protein cores should play applied fieldH. The relaxation ratd for the evolution to-
minor role in explaining our experiments. The ac susceptiwards the equilibrium magnetization is given by

bility provides independent information about the distribu-

tion of relaxation times and the average magnetic moment in ror ;{

A. Magnetic viscosity

. 1)

our samples. Therefore, using this crucial information, we T
have been able to compare the experimental results with the- B

oretical predictions for classical thermally activated relax-|_|(_:.rerO is an attempt frequency is an activation energy,
ation that take into account the antiferromagnetic charactefnq T+ is an effective temperature which depends on the
of the particles. Our two main findings ai® that the block-  rg|axation mechanisni* equalsT if relaxation takes place
ing temperature, obtained from dc and ac susceptibility expy thermally activated transitions over the energy barrier,
periments, increases as the applied field increases(2And \yhereas it becomes equal to a constagt that depends
that magnetic relaxation, either obtained from hysteresi%my weakly onV, if quantum tunneling between lowest-
gg&iuéfr;:rgtsﬁe?é Z?thmoutgr? g;aglrr‘gggy‘\’I'\;S;S‘);'gr’]tgéogjteid@ing states is most probable. The crossover between both
Refs. 22 and 25, an increase of the blocking temperatu:fge)?;:l)ens(;)]ccg|l|J rstg:niCTSQ - In -bOth cases, assuming unlfo_rm
, e ) ; pins in the particle and that the field
with the applied field can be explained classically as an efy,qkes an angley with respect to the easy axes)
fect due to the_dlstrlbutlon_ of_ relaxatlon times, we observ_ed: KoVg(V,H, ), whereK, is the density of anisotropy en-
that the experimental variation is faster than the Classwaérgy andg is given by®
prediction. Furthermore, the magnetic relaxation measured
close to zero field clearly differs both quantitative and quali- 9V, H, ) =[1—HIH ()], 2
tatively, from the classical prediction that, on the other hand,
explains reasonably well the data measured at higher fieldslere,H () =H (0)[ (siny)*3+ (cosy)?®] ~32is the anisot-
Thus we conclude that the combination of ac and dc suscepopy field, andk=0.86+1.14H,(¢)/H,(0)]. A few words
tibility data and the magnetic viscosity cannot be understoo@bout the physical meaning ¢1,(0) may be appropriate
in terms of classical relaxation, and needs the concourse offsere. Equation2) is only valid at low enough fields such
magnetic quantum tunneling mechanism to be interpreted. that the magnitude of. does not differ appreciably from its
The paper is organized as follows. In the next section wezero-field value. In this field rangd,(0)=2KyV/u. Conse-
give suitable expressions for the magnetic viscosity and aquently,H, is independent of only if w is proportional to
susceptibility of a set of independent antiferromagnetic parit, which is not the case for an AF particle. At higher fields a
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decrease of the effective anisotropy field is expected, due to B. ac susceptibility at zero field

the f_|eld mduced.lncrease of. However, thI'S effect can be The zero-field ac magnetic susceptibiligyof noninteract-
relatl\_/ely _smgll if the exchange interaction betwe_:en themg ferromagnetic particles has been calculated elsewflere.
atomic spins is large enough. It follows that the anisotropyere e will only rewrite the expressions given in Ref. 30 in
field of a single domain AF particle can be much largsy e 1o take into account the antiferromagnetic character of
a factor ofN/N,¢, approximately than it is for each mag-  territin. We also consider that the easy axes of magnetization

netic sublattice of the bulk material. _ _ are randomly oriented. Using simple approximatiSristhe
For a sample containing particles of different size, thefollowing expressions apply:

magnetizatiorM of the sample is a superposition of contri-
butions, each decaying exponentially in time towards its Vi 2 (o

equilibrium value, with a differenk given by Eq.(1). Since X'ZJ’ Xeq(V,T)f(V)dVJrgJ’ x,. (V,TDf(V)dV+ xas,
magnetization decay is measured during several hours and 0 Vo

I'o~10°-10" s, the expTt) factor is essentially the theta ©)
function of U—Uy, whereUy(t)=T*In(T'qt) is the activa-
tion energy of the particles that contribute most to the mag- Y=
netic relaxation. If the easy axes of all particles are aligned it 6Ko
is possible to calculate the evolution &F with time ag’

T KeT* xeo(T Vo) f(Vp), %)

whereVp(w) now simply equaly /Ko, xeq=5X. +3X|
. X|» x. are the equilibrium zero-field susceptibilities along
M(t)=Mqq(H,T)+ f [Mo(V) = Meg(V,H, T)IF(V)dV. directions parallel and perpendicular to the anisotropy ¥xis,
Vp respectively, andy,s is the antiferromagnetic susceptibility.
) As explained in Ref. 30, the response to the component of
the applied field which is parallel to the easy axis involves
overcoming the energy barrier and it leads to irreversibility
whenV>V,. In contrast, foiwI"3<<1, the response to a field
perpendicular to the easy axis is fully reversible. The first
two terms in Eq(6) give the contribution of the uncompen-
sated moments.
If KoV=kgT then xeq~u?3VkgT. Thus, according to
) o . X Eq. (7), if all magnetic moments reverse by a thermally ac-
is the magnetization of this subsettaio, after all reversible tivated relaxation process;” is a function only ofV, be-
magnetization processes have died out. causeKoV,>kgT. Since the value of/, for a given tem-

. tlf th;a parFL(r:]Ies’ eas|3_/ g)ﬁ-e? dare obrlentded ‘?rt] r%r.]dtqgn’t.th%erature depends dn,, best superposition of experimental
interaction with an applied field can broaden the distribu Ion)(”(T) curves measured at different frequencies gives an es-
of energy barriers with respect to the distribution of

. . . timation of this parameter. Fitting experimental data to Eq.
volumes #226:28.2%quation(3) can still be used provided the P g exp q

applied field is small enough in comparison to the anisotrop 7), the distribution of volumes in a given sample can be
. . btained. This experimental technique was first applied to
field H, . In this case[Mo(V) —Mgy(V,H,T)] must be av- P 9 PP

. : ) obtain the fraction of particles of a CgQrecording tape

eraged over all _par_t|c|e orientations. which are superparamagnetic at room temperature.
The time derivative oM is given by From Egs.(6) and (7) it follows that ' and x” have a
maximum centered abotg(x') and Tg(x"), respectively.

Here f(V) is the fraction of total sample’s volume that is
occupied by particles of volum¥ and V, fulfills KoV,g
=U,. We assume thdt(V) is a smooth function oY/, as it
is indeed the case for ferritifsee below. Note that
Mey(H,T) is the equilibrium magnetization of the whole
sample at the fieltH whereas, in contrasM¢y(V,H,T) re-
fers only to a subset of particles having a given siMg(V)

M kgT* A L
- F(V) [ Mo(Ve) = Meoo(Ve H)T. It can also be shown that, within a good approximation, these
ain(t)  Kog(V,H,¥) (Vo)[Mo(Ve)=Meq(Vo.H)] maxima shift withw according to
4
r U
Here,both \j, and[M(Vp,) —Me(Vy,H) ] depend on tem- In —O) =2 (8)
wo ksTe

perature and field. We note, as another important feature dis-

tinctive to AF particles, that the saturation magnetization\y/e shall denote by ., andU’, the effective energies foy’

MgxN,./N, therefore it depends on the particles’ vqume.anan’ respectively. They are, respectively, solutions of
Accordingly, [Mo(Vy) —M¢o(Vy,H)] depends on tempera-

ture for almost any experimental condition. It is therefore Ul o
convenient to estimate experimentally this temperature de- f “(pU)F(U/Kp)dU
pendence before we extract frgqmiM/J In(t)] any informa- Ul= 0 (9)
tion concerning the natur@uantum or classicabf the re- (UL THUL (UL
laxation process. A more convenient definition of magnetic
viscosity follows: an
1 IM gy Of
S(TH)= - . ® (2p=DilUe)+ Ve =0 10
[Mo(Vp) =Meq(Vp,H)] dIn(t) U=Ug

which, according to Eq(4), is independent of equilibrium which follow from a straightforward derivation of Eqé5)
magnitudes. and (7). We emphasize that, in general, neitlgl; nor UZ;
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' ' ' the applied field andy= /4. We see that the magnitude of
\ H/H = Xirr decreases ad increases whereag,, (not shown was
| ——0 found to depend weakly on the applied field and temperature.
_ o Tx 107 There is still another important feature of Fig. 1 which must
%‘) 2r \. e 14x102 b_e qc_)nsidered. Even at relatively low fieldg,, deyiates
g \ e 1x10? S|gn|f|cantly from the Ir depen(_jenge. Moreover, it hgs a
D o % : R peak at a finite temperature which increases as the field in-
= d Oo;\. —x—2.8x10° creases. From this calculation it follows that, even for pure
o5 0\30 —+—35x10" classical relaxation, the values @%(x') and Tg(x") not
° only depend on the relaxation times of the particles, but also
A on equilibrium properties. Thus they can either increase or
A/A&A(x decrease abl increases.
OOM” In order to compare numerical calculations of the ac sus-

ceptibility to our experimental results for ferritin it is still
necessary to introduce a distribution of particles’ volumes

FIG. 1. Irreversible component of the equilibrium susceptibility @nd orientations. We consider, as we did at zero field, that
of a set of noninteracting identical SDP calculated Jot =/4 and ~ the response of blocked particléshich fulfill »/I'>1) is
different values of the applied field in units of the maximum anisot-just equal tox,, (because reversible processes take place in
ropy field (these values correspond, respectivelyHte 0, 0.2, 0.4,  time intervals of the order of Iy~ 10" ' s, much shorter
0.6, 0.8, 1 kOe for ferritin The parameter&,V=324%gz, K, than the time scale I16<1/w<10 ! s of our ac measure-
=2.5%x10° erg/cn?, and u=334ug, which correspond to the av- ment3 and that superparamagnetic particléfer which
erage values for ferritin, were used in the calculations. The concenm/I"<1) are in equilibrium. Similarly, we only consider
tration of magnetic particles is the same as in sample S. contributions toy” of those particles which fulfilw/I'=1.
Using these approximations, it follows that

equal the average energy barrkeg(V) of a given sample.

Instead, they can depend strongly on the width of the vol- w2/ Uy EY;

umes’ distributionf. X’=Xrev+f f Xire (U, T,H, ) f[V(U,H, )] —dU
If, in contrast, magnetic moments tunnel between lowest-

lying states, localized on opposite sides of the anisotropy X sinyd, (12)

energy barrierV,, becomes temperature independent. In that
case, those magnetic moments which are superparamagnetic

atT=Tg remain in thermal equilibrium down to 0 K. These kg T* f”’z Xirr (Vp, T,H, ) (V) sinydy
particles give therefore the most important contributiory to at 2Ko Jo g+k(1-p)(1— gl/K)(g)1—1/K° '
below Tq. Moreover, x"=(Tq/T)x"(Tg) [see EQq.(7)]. (13

Thus, irrespective of the details 6V) and of the equilib-
rium susceptibilitiesy’ and x” must increase as T/below  whereg has been defined in EQ).
To- Equationg12) and(13) are, in fact, direct generalizations
of Egs.(6) and(7), respectively. For thermally activated re-
laxation, it follows thaty’ tends toy,e, , which we found to
A magnetic field destroys the symmetry around the easpe weakly dependent on the applied field,Tagoes to 0. In
axis of each particle. Therefore reversiljg, and irrevers-  contrast, since the irreversible contribution of the superpara-
ible xi;; responses to the ac field are no longer given bymagnetic particles to the susceptibility decreasedias-
parallel and perpendicular susceptibilities, respectively. creases, botly’ and x” must decrease too at finite tempera-
Let us denote byd{}) and 6{2). | the position of the two tures. Below, we shall use these theoretical developments to
energy minima of a given SDB,., appears as a result of interpret our experimental results.
the small variation, induced by the ac field, a3}, and (2.,
whereas the change of their relative equilibrium populations . EXPERIMENT
gives rise toy;,, . At low temperatures, when occupation _ _
probabilities of excited states within each anisotropy energy A. Experimental details
well are very small, we can roughly estimatg,, as follows: The samples used in these experiments were obtained by
varying the concentration of commercial ferritin from horse
“ g cod y— O, J cog 05— ) spleen(Fluka Biochemika, 46230 Sample D(diluted) is
Xreo™ g/ Pa JH +P; 9H ' just the commercial one. Samples (Eoncentratedand S
(11 (solid) were obtained from this one by reducing the amount
) of solvent using two different methods. For sample C, the
where  P;=(1/Z)exp{—[E() —E(6)VkeTh,  Z=1  original diluted solution was mixed with 46i0, and then
+exp{—[E(62) —E(65))ksT}, and ¢ is the angle of the centrifuged for about one hour. Sample S was obtained using
applied field with respect to the easy axis. Using this expresa microconcentrator MICROSEP, which has a cutoff mass at
sion x;,, can be estimated agq— xre, » Since itis relatively 30 KD. Magnetic measurements were performed in a Quan-
easy to calculate numericaljsyeq.S?’ We have plotted in Fig. tum Design superconducting quantum interference device
1 xi,r as a function of the temperature for several values ofmagnetometer with the ac susceptibility measurement option.

C. ac susceptibility under an applied dc magnetic field
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FIG. 2. Comparison betweep' (T) measured av=9 Hz for
the three samples investigated in this work. Susceptibility curves

have been normalized to their respective maximum values.

The sample holder for sample D was made of quartz, and its

magnetic signal was undetectable. For samples C and S, the FIG. 3. Frequency dependence of the ac susceptibility of sample
diamagnetic signal of the sample holder was, in any case). (& In-phase component; the continuous line is a least-squares
negligible with respect to that of the sample. Hys’[eresisﬁtting to Curie’s law of data measured above 30 K; the dotted line
cycles and ac susceptibility were measured after cooling théepresents the contribution due to uncompensated spinsv for
sample at zero applied field. Magnetic relaxation experi-=9 Hz calculated numerically with on6)_ and the par_ameter_s of
ments were performed as follows: first the sample Wagable II..AtT=5 KandT=4Q Kthe antiferromagnetic contribu-
cooled in zero field from the superparamagnetic state dowHon. estimated from magnetization measurement_s, has been added
to the measurement temperature, then the field was applidd the calculated valuedarge square dofs(b) Imaginary compo-
and we observed the ensuing evolution of the magnetizatio®™

to its equilibrium state, determined by the field and tempera-

ture. This frequency dependence can be fitted to @By.in order

to estimatd’y, U/; andUg;. Fitting parameters obtained in
this way for samples D, C, and S are listed in Table I. We
note thatU/; andU¢; are clearly different from each other,

_ o ) ) ~which results from the finite width of (V).

Dipolar magnetic interactions between different particles  sjnce dipolar interactions are negligible we can obtain
can moQ|fy the height of energy barner; separating d|ff.eren§=(v) [actually we obtainf(K,V)] in our sample fromy”
orientations of a magnetic moment. It is therefore des'rab|%xperimental data making use of E(). Indeed, as pre-
to obtain samples where such mteraqﬂon effects may safelyicted in the previous sectiory”(T) data measured at dif-
be neglected. We next show that it is indeed the case fofarent frequencies merge into a single curve when repre-

natural ferritin. Experimentak’ data, normalized to their sented as a function of the scaling variabk,V,
respective maximum values, for samples D, C, and S are T |n(I,/w) for ['y=10" s ! (see Fig. 4 This value for

shown in Fig. 2. The ratio between normalization factors forp | agrees reasonably well with that obtained fitting the shift
sample_s D,C,and S is 1:5:17, from which we directly obtaings Ta(x') and Tg(x") with frequency to Eq(8), and with
the ratio between their concentrations. These curves neatljrevious estimations obtained from different experimental

superimpose one on each other. Thus the magnetic respongghniqued®28 It is advisable to have an analytical expres-

and relaxation times of the particles are not affected as W8&on of f(V) which can be used to calculate other physical

increase the concentration by more than an order of magnjsroperties. We have tried to fit our experimental data using a
tude. Therefore our experimental data give the magnetic re-

sponse of a set of independent magnetic particles. This _ -

agrees with the fact that the zero-field cooled magnetization TABLE I. Parameters obtained by fitting the frequency depen-

data follow Curie’s law above the blocking temperature. ~ dence ofTg(x’) andTg(x") to Eq.(8) for the three samples inves-
In-phasey’ and out-of-phasg” components of the mag- tigated. Calculated values follow from Eq®) and (10) using the

netic susceptibility for sample D are plotted in Fig. 3 as ad'strioution of volumes obtained experimentalee below.

function of temperature. Above 30 K’ follows approxi-

B. Sample characterization in the thermally activated
relaxation regime

2 " —1
mately Curie’s law and, correspondingly=0. That is, Sample Uelks(K) Uerlks(K) Fo(s )
magnetic moments are superparamagnetic in the time scaie 418(50) 26970) 1x 1042
of our experiments. Below 30 K, the blocking of progres-c 40950) 27220) 1x 1049
sively smaller magnetic moments leads to a decreasg of s 39650) 267(25) 2% 101D
and to the onset of a nonzexd value.Tg(x') andTg(x") Calculated 417 270

increase as the frequeney2 of the applied field increases.
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FIG. 4. Plot of " for sample S as a function of the scaling

. T4 a1 . S
;’,a“ableKOVb /ka for_FO/; 101, s . The cont'!nuogs line is the best _ 45k Results of numerical calculations for two different values
It to _Eq. (7) or p—l_ using a gafnma unctlo_EE_q. (14)] to of the anisotropy energy densi, are also shown. The parameters
descr_lbe t!‘lerlkS)Trlbllljtlon of particles’ volumes. Fitting parameters ¢ o calculation are those of Table lb€1/2) and p=2.5
are given in fable fl. X 1072 ions/cn?, and y,;=10"% emu/g.

log normal, a Gaussian, and a gamma functionf{&f). The
best fit has been obtained using a gamma functeee

FIG. 5. Isothermal magnetization curve for sample D Tat

xmpPVP~1 being therefore sensitive to the fraction of un-

Fig. 4): compensated atomic moments. Moreover, it is relatively easy
to calculate the equilibriunM (H) magnetization curve at a

x [KoV\Pexp(—KoV/Ur) given temperaturé We have used the parameters obtained
f(KOV):U_F Ur r(g+1) 14 from the susceptibility, which are given in Table Il, and

_ _ _ _ _ taken p=2.5x10? ions/cn?, m=5ug and Ky=2.5
wherex is the magnetic fraction of the sample. Since, in oury qp erg/cn? from the literaturéd22°The antiferromagnetic
case, only the total mass, and not the volume, of the samplgiripution y,H has been estimated from the high-field
is measuredx is given in terms of volume of magnetic cores slope of the experimental magnetization cur¢esich, for
per un.it mass of the sample. The parametéfsand 8 are |~ o0 kOe gives xo;=10"¢ emulg for sample D aff
listed in Table I forp:/’1/2 andp=1/3. It follows from  _ 40 k). A good agreement with experimental data for 40 K
Egs. (9) and (10) that Ug=(B+2p—1)Ur and thatU¢; s obtained fop=1/2 (see Fig. 5, whereap=1/3 led to a
={Ur, where{ is a solution ofy(¢)=/gy(z)dzandy(z)  completely wrong result. That is, only=1/2 is compatible
=27°P"F~1exp(~2). Calculated values for these two param-with both the temperature dependence/diand the value of
eters are compared to experimental ones in Table I. The1 . Thus it seems that not only surface atoms deviate from
agreement is satisfying. the perfect antiferromagnetic order in natural ferritin.

Once the distribution function is knOWn, numerical inte- We have also observed that magnetic anisotropy does not
gration of Eq.(7) gives directlyy’. The result of this calcu- modify drastically the equilibrium magnetization curves of
lation (dashed lingis compared to the experimental results ferritin samples(the curve calculated foK,=0 is only
in Fig. 3(a). As shown in the figure, the difference betweengjightly above the experimental data at intermediate field val-
experimental data and the calculated curv&at and 40 K yeg. It explains that, within the experimental errors, equilib-
equals approximately,; that was estimated from the high- rijum M(H/T) data measured between 10 and 100 K scale on
field slope of magnetization curvésee below We found 3 single curvé®
that y,¢, estimated either from dc and ac experimental data, From Ko(V)=324g and K,=2.5x 10° erg/cn?, which
decreases as the temperature increases, as pointed out figve been just determined, it follows that the average diam-
cently by other author§’ Néel associated this behavior to the eter of ferritin cores is about 7 nm. This value is nearly
decrease of the polarizability of surface magnetic moments. jdentical to the one obtained from previous TEM

Independent experimental results can be useful to estexperiments? The average net magnetic moment is then
mate which value op is most appropriate to ferritin, that is, 334, per protein core.
to determine the atomic spin arrangement in the protein
cores. The saturation magnetizatibh, of a sample of anti-

ferromagnetic  particles is approximately equal to C. Effect of the applied field on the magnetic susceptibility

o o We have measured the temperature and frequency depen-

TABLE II._P_arameters of_the distribution o.f particles’ volumes 4o ce ofy’ and " under a dc applied field. Experimental
obtained by fitting the experimental data of Fig. 4 to EQ. results forw/2m=9 Hz are shown in Fig. 6. The maximum
value of both components decreases as the applied field in-
creases, whereas the low-temperature limity6fis nearly
1/2 9.7716)x 103 5 54.02) field independent. As we discussed at the end of Sec. Il, this
1/3 6.713)x 102 5 57.81) field dependence can be qualitatively explained taking into
account the different effect that the applied field has on the

p mxKom?(pkg/Ko)?PI6ki(emu K ~P/g0Oe) B Ur/kg(K)
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0 10 20 30 40 ef

T(K) The open symbols represent the classical predictions including the
effect of the distribution of sizetsee text
FIG. 6. Ac susceptibility of sample S measured'at9 Hz and
four values of the applied fielda) In-phase componentb) out-of-  kOe in our numerical calculationsreaches a maximum and
phase component. Continuous lines() represent the results of decreases at higher fields, in qualitative agreement with the
numerical calculations of Eq13) at the same fields, performed experimental data. We note th@g obtained from ac or dc
with the parameters of Table II. susceptibility experiments can increase with field even for a
classical relaxation mechanism. Thus definite conclusions
irreversible and reversible equilibrium susceptibilitisee ~ about the existence or not of resonant tunneling cannot be
also Fig. 3. Thus, only a quantitative comparison betweendrawn just from the sign 0bTg/dH nearH=0. However,
the classical predictions of Sec. Il and the experimental reboth the slope at low fiel@as in the calculations of Hanson,
sults can help to infer how the applied field modifies mag-Johansson, and Moré and the increase betweei=0 and
netic relaxation. 3 kOe(1 kOe for the ac dajaare much smaller than what is
We calculated numerically” with Eq. (13). The volume  observed experimentally.
distribution that we have previously obtained at zero field We have observed that the frequency dependence of
was used in the calculation. The numerical results are comFg(x’) and Tg(x") obtained experimentally can be fitted
pared to the experimental data in Figbp Although the reasonably well to Arrhenius’ law. The corresponding en-
theoretical curves reproduce the main features of the experergy barrierdJ; andU; have minima at zero field too. The
ments, there are some quantitative differences between theinset of Fig. 7 shows, as a function of the applied fild;
First, the measured susceptibility decreases faster at intermeata obtained experimentally and those deduced from nu-
diate fields and, secondig(x") shifts with field appreciably merical calculations for classical relaxation. It is clear again
more than it is predicted classically. This is more clearlythat, although both sets of data present a minimum at zero
seen in Fig. 7. We emphasize that Ef3), that we used to field, the variation ofU., that we observed experimentally
calculate the theoretical curves, has been obtained assumiBgtweenH=0 and H=1 kOe is appreciably larger than
that the uncompensated moments do not change apprecialifjhat follows from a classical model.
with the applied field. As discussed in Sec. I, the field in-  Briefly, the above data clearly indicate that, in contrast to
duced increase of tends to decrease the value of the an-the predictions which follow from classical relaxation theo-
isotropy field, thus increasing the effect of the applied fieldries, the magnetic relaxation in ferritin occurs faster at zero
on the energy barriers. Therefore this effect would even enfield. We note that the same conclusion follows from the
large the difference between the experimental data and thgbservation thatdM/dH, obtained from hysteresis loops
classical predictions. measured beloW g, presents a sharp peaklt=0.2 It is
In Fig. 7 we also compare the classical predictions withtherefore interesting to measure magnetic viscosity at differ-
the blocking temperaturég obtained previously from zero- ent field values, which we show next. We stress that the
field cooled dc susceptibility, that presents a minimum afpbserved behavior cannot be due, as in other previous
zero field t00?®?* In the calculations, we followed the examples® to interactions between different particles, which
method described in Refs. 25 and 34 but makigV'?  have been shown to play no significant role in our experi-
that, as we have shown just before, is appropriate for ferritinments.
Furthermore, we consider a random orientation of the easy
axes and, as for the ac case, we made use of the distribution
of volumes obtained independently for the same sar(gae
Table 1l). The time was taken equal to 1 min. The calcula- As reported in Ref. 20, the magnetization decay is well
tions show thafl g increases with, as suggested in Refs. 25 described by a logarithmic dependence at all values of the
and 34, when nonlinear effects become importabbve 0.5 applied field. According to Eq4), the slope of these curves

D. Relaxation measurements
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6 T — T IV. DISCUSSION
—4a— 42K 3P —A—42K W . . . .
o O ES'S —x—sK e next give a simple explanation to our experimental
X 8K = 1% . . . "
z, [ SVE SNV data. The spin Hamiltonian for a ferritin molecule at zero
o &%& g applied field has two terms:
- r Al
g X\x\ IMA/A/
. X—x H=Hq+Hg.,. (15
o \ 0 1 2 3 ex an
= Xy X | H (KO€)
~— T . . .
c,J T The first term in Eq(15) represents the exchange inter-
2F - action between the atomic spins. It gives rise to a ground
state with two sublattices of total spi®, and S,, respec-
BV YV —— 4] tively, coupled antiferromagnetically. The second is a mag-
netic anisotropy term. If, as it is the case for ferrtththe
0 . . . L anisotropy energy per spin is much smaller than the ex-
0 Hi 2 3 change energy this term just induces a zero-field splitting of
(kOe) g gy thi Just indu z I plitting

the ground state. Statess and —mg, corresponding to op-
FIG. 8. Magnetic viscosity as a function of the magnetic field posite projections of the total uncompensated spinS;

obtained by a new normalization meth¢ske text at two different  —5, on the anisotropy axis, are nearly degenerate. Off-
temperatures. The experimental data are compared to classical P@agonal terms in Eq(15) induce tunneling between these
dictions that follow from Eq(5), averaged over a random distribu- nearly degenerate spin states. M be the tunneling split-
tion (_)f easy a>_<e$fu|l lines). _The inset shovx_/s the viscosity that was ting at maximum resonance, that is, when the longitudinal
obtained previousf? by a different normalization method. local field is equal to zero. Quantum tunneling between two

nearly degenerate spin stateag and —mg is blocked if the
depends not only on the relaxation mechanism, but on thiocal field fulfills Zg,uBH'ZOCmS>AET. SinceAE+ increases
initial state of the sample, and the equilibrium magnetizatiorexponentially as the energy of the states increases, quantum
too. It is therefore important to estimate hoq(Vy) tunneling can proceed through states, of endggy, which

—Meq(Vp,H,T)] depends orH and T in order to obtain ~ are close to, but below, the top of the classical energy
S(T,H) [see Eq.(5]. Since this magnitude cannot be di- harrier’-° As the temperature decreases, these states are
rectly measured, we had to use reasonable approximationshermally depopulated and the relaxation rate decreases ex-
We show next that the ac susceptibility brings the infor-ponentially. Consequently, as it is observed experimentally
mation needed in order to compare the viscosity with classiby susceptibility measurementsee Fig. 3, more and more
cal predictions. We have calculated numericdliM o(Vy) particles become blocked.
—Mey(Vp,H,T)], using that Vp=KkgT In(I'et)/K, at low Coupling of the uncompensated magnetic moment to an
fields. We take the parametefg=10'* s, p=1/2, andK,  applied magnetic field breaks the degeneracy of the spin
=2.5x10° erg/cn, which were determined previously, and states. At the same time, the field reduces the energy of
fixed t=10> s, which is approximately the centén loga-  higher excited statewith largers) with respect to the en-
rithmic scale of our experimental time window. Data ob- ergy of the ground state. Let's estimate the magnitude of the
tained with this method are shown in Fig. 8. Above 3K, smallest field that induces a new crossing of spin levels. For
decreases initially as the field increases from zero. This resuimplicity, we neglect the field induced variation®fin this
suggests that magnetic relaxation is faster at zero field than gfmplified situation, matching of spin levetss and my, lo-
moderately large fields, in agreement with the anomalouggjized on opposite sides of the energy barrier, occurs ap-

field dependence of the ac and dc blocking temperatures, arftoximately at a longitudinal fieléi ,=H,, given by the fol-
with the peak observed idM/dH at zero field. Moreover, |owing expression:

since the distribution of volumes is known, the viscosity ob-
tained by using this normalization method can be compared H,
directly to the prediction for thermally activated relaxation HFE- (16)
that follows from Eq.(5) (averaged over the random orien-
tations of the easy axesNVe see that the classical prediction Using the average diameter of ferritin cores, it follows that
reproduceswith no adjustable fitting parametgreasonably S, andS, are of the order of 19 which is much larger than
well how the magnetic viscosity depends on the applied fieldhe uncompensated spin- 100, deduced from susceptibility
above 1 kOe. However, the classical theory predicts alata. Consequently, in ferritin is of the order of the an-
smooth decrease & asH decreases towards zero, in con- isotropy field for each sublattice=(s/2S;)H,], that is, its
tradiction with the increase observed experimentally at bottvalue is of about some kOe. Using the magnetization data
temperatures. measured atT=40 K and that y,;=10"® emu/g, we

In the inset of Fig. 8 we show viscosity data that wereroughly estimate that, in averagg,ncreases by at most a
previously obtained by dividing aM)/[dIn(t)] by [Mg 2% fromH=0 toH=1 kOe. Thus Eq(16) should give the
—Mgy(H,T)], obtained experimentally for the whole correct order of magnitude.
sample?® The fact that both normalization methods lead to  As the field increases from zero, quantum tunneling
the same result indicates that the peak observed at zero fiefdrough progressively higher excited levels becomes
is probably due to the field dependence of the relaxatiomlocked, therefore the effective energy barrier increases as
times in the sample, and not to an improper normalization ofvas observed experimentallgee Fig. 7. Thus relaxation
the data, as has been suggested recéhtly. rates of all particlesand, consequently, the magnetic viscos-
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ity) must decrease, in agreement with experimental G&a  which conserve energl. The field dependence @ that is
Fig. 8. When the magnetic field is so large that tunneling isobserved experimentally follows from the fact that this tun-
blocked for all levels below the classical energy barrier, in-neling mechanism isiot resonant, that is, its probability is
creasing further the field value just reduces the effective baminimum at zero field but increases ld$ approximately for
rier height. Consequently, the viscosity presents a minimuneach particle. It also explains thgt’ does not show any
at a finite field and then increases, as expected for a classicaldication of quantum superparamagnetism, becauseat
relaxation behavior. This is precisely how the experimentalow (but large enough to block coherent tunnelirfiglds
S(T,H) data behave abev3 K and also explains why the must be below our lowest experimentally accessible tem-
classical prediction reproduces well the data of Fig. 8 at higlperature.

fields but fails near zero field. We note that resonant tunnel-

ing can be observed near zero field in ferritin becadse to V. CONCLUSIONS

the discreteness of the energy-level specirthm next reso-
nance should occur at a field; which is not negligibly
small. This and the following resonances are not observe
experimentally since, as follows from E(L6), the crossing

We have presented a detailed experimental study of natu-
Eal ferritin. ac susceptibility experiments show that dipolar
magnetic interactions are negligible. Therefore we have used
field depends on the value of the uncompensated magnetmese data to obtain the distribution of activation volumes in'

our samples. Moreover, we have found that dc and ac experi-

moment that is different for each molecule. . ; O .
We discuss now, using the information obtained from themental data are compatible with magnetic disorder extending

ac susceptibility, the viscosity data obtained below 3 K. 1t° . whc_)le ferritin core, and not only 1o the .surface. LS
was observed thas increases monotonically as the applied average diameter obtained from our results is in good agree-

field increases from zef®and that it becomes temperature ment .W'th the value obseyved by TEM. . .
independent belowo~2.4 K.® It is tempting to attribute This careful characterization of the samples is useful in

this behavior to the existence of quantum tunneling from theord_er fo interpret suscep';ibility a’?d magnetic rglaxation ex
lowest energy eigenstates. However, a platea(if) can periments performed at different field values. It is clear from
also be explained, on claésical term,s if the distribution ofPY" data that the relaxation mechanism that dominates above

ey e e ) e oo b Soer s e 1 e o . T
KVy(To),?? that is, if the number of particles contributing to P

the viscosity increases quickly as we decrease the temperranﬁgnerg(\:/i(;il?t(g[r']ones%tghC\évint?ﬁéeggirsete%%?;:dzeerghﬁélgugf
ture. Since relaxation experiments last for 100—4000 s P 9

X . fesonant tunneling between excited spin states in ferritin. Be-
KVp(Tq) ranges from 97-107 K, approximately. It is clear low 3 K, thermal population of spin states where tunneling is
from Fig. 4 thatf is a smooth decreasing functionk¥ near ' pop P g

X . X not blocked is so small that incoherent tunneling from the
this energy interval. The same should apply for low f'elds'lowest-l ing states takes place
Thus the observed temperature independent viscBsisy ying P '
most probably due to quantum tunneling from the ground
state[see Eqgs(1) and(4)]. J.T. and J.M.H. acknowledge support from the CICYT
Now, for any reasonably large off-diagonal term in Eq. Project No. IN96-0027 and the CIRIT Project No. 1996-
(15), AE; for the ground state should be many orders ofPIRB-00050. F.L. and J.B. acknowledge Grant No.
magnitude smaller than the Zeeman energy induced by th®1AT96/448 from CICYT. The authors are grateful to the
smallest measuring field. Thus coherent tunneling from théeparment of BiochemistrgUniversity of Zaragozafor as-
ground state is blocked and it must be assisted by phonorsistance during the preparation of the samples.
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