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We have performed magnetic measurements on a diluted systear@fO; nanoparticlesd~7 nm), and
on a ferritin sample. In both cases, the zero-field coG#&C) peak presents a nonmonotonic field dependence,
as has already been reported in some experiments, and discussed as possible evidence of resonant tunneling.
Within simple assumptions, we derive expressions for the magnetization obtained in the usual ZFC, field
cooled(FC) and thermoremanent magnetizatid@RM) procedures. We point out that the ZFC-peak position
is extremely sensitive to the width of the particle-size distribution, and give some numerical estimates of this
effect. We propose to combine the FC magnetization with a modified TRM measurement, a procedure which
allows a more direct access to the barrier distribution in a field. The typical barrier values that are obtained in
this procedure show a monotonic decrease for increasing fields, as expected from the simple effect of anisot-
ropy barrier lowering, in contrast with the ZFC results. From our measurementd-epO; particles, we show
that the width of the effective barrier distribution is slightly increasing with the field, an effect that is sufficient
for causing the observed initial increase of the ZFC-peak temperaf@@563-18207)03746-9

I. INTRODUCTION of the various up and down energy levels in the different
particles, except in the symmetrical situation of zero field.
A rapid characterization of ensembles of small magnetidResonant tunneling has thus been suggested to produce an
particles (like ferrofluids is very commonly achieved by increase of the relaxation rate around zero ffelahich
“zero-field cooled” (ZFC) magnetization measurements. could (among other evidences, see Refs. 4 anshBw up as
The ZFC curve is measured by cooling the sample in zeréhe observed anomalous increase of the ZFC-peak tempera-
field, applying the field at low temperature and then measurture for increasing fields.
ing the magnetization while raising the temperature by steps. In the present paper, we want to address the question of
The ZFC curve peaks at a temperature that is related to e origin of this anomalous behavior, and to argue in favor
typical scale of the anisotropy energy barriers in the system@f characterization procedures other than the ZFC measure-
it is commonly referred to as the “blocking temperature” of ment. We first present a series of experiments on a sample of
the sample. For ZFC curves measured under increasing fielg-Fe,O; particles, which do indeed exhibit the ZFC
amplitudes, the peak is expected to reflect the lowering of thanomaly in the~65 K region, a rather high temperature
anisotropy barriers, and hence should shift towards lowerange for expecting evidences of quantum effects. Under
temperaturegas observed, e.g., in Ref).1 some simple approximations, we discuss the expression of
However, in several experimerfts, an astonishing in- the ZFC magnetization, and point out that the peak tempera-
crease of the ZFC-peak temperature with the field amplitudéure is strongly influenced by the width of the barrier distri-
has been reported. In the first pap&fsjo explanation was bution. We propose as a possible explanation of the anomaly
proposed for this apparent barrier increase under the effect dfiat this width increases under the influence of increasing
the applied field. In very recent works on antiferromagneticfield.
particles of ferritin*® interestingly, the effect has been dis-  In comparison with the ZFC-peak results, we use another
cussed as a possible indication of a resonant spin tunnelingxperimental procedure, which also gives access to a charac-
phenomenof.In brief, if the magnetic moment of the par- teristic temperature depending on the applied field ampli-
ticles can flip by quantum tunneling through the anisotropytude. This other characteristic temperature can be expected to
barrier(a process that should be favored in antiferromagneti®e much less sensitive to the width of the barrier distribution
particleg), then the flipping rate should be enhanced by a@nd even insensitive in an ideal log-normal gagur mea-
resonance effect when the up and down energy levels coirsurements ory-Fe,O3 particles indeed show that this char-
cide. In Mn-12 magnetic molecules, where the energy levelsicteristic temperature decreases for increasing fields, without
can be well defined, the resonances have been recently obny anomaly. We also extract from the Fe,O; measure-
served for the corresponding values of the ffeldn a sys- ments an approximate width of the barrier distribution,
tem of size-distributed particles, there can be no coincidencehich we find to slightly increase with field; the effect has
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FIG. 1. Histogram of they-Fe,O; particle diameters, as ob-
served in TEM imaging(symbolg. 454 particles have been
sampled. The dotted line is a fit to a log-normal distribution, with
do=7.05 nm andry=0.32.

FIG. 2. Example magnetization curves from theé-e,O; par-
ticles (H=80 Oe, obtained following the different experimental
procedures: Field-cooled, zero-field cooled, and reversed thermore-
manent magnetizatiotthe R-TRM curve has been multiplied by
] ] —1 in the figure.
the correct order of magnitude for reproducing the observed
ZFC anomaly. procedures. The ZFC curve is measured as explained above.
The majority of the present papéBecs. Ill and Iy is ~ The FC (field-cooled curve is obtained by cooling the
devoted to they-Fe,O; sample, which we have studied in sample in the field, and measuring while increasing the tem-
more detailt’®~**We use these results as an example for disPerature. We have used in addition a less common measure-
cussing the physical information which can be extractedNent procedure, which we denote as R-TRféversed ther-
from the various experimental procedures. Finally, in Sec. Vmoremanent magnetizatiprit consists in cooling the sample

we apply the same procedures to a ferritin sample. Th& the field, reversing the field at low temperature, and then

anomaly is found in the ZFC measurements around 3000 O@easuring upon increasing the temperature. Compared to the

in agreement with the other work®), and disappears with more usual _TRM procedur_e, in which the field is cutoff in-
'Ehe Oq[her procedure, making Iikelys?)ur “classi(l:ae?l” explana- stead of being reversed, it presents the advantage that the

tion of the ZFC anomaly field cqnditions_ for t_he initial and final states of the_particle

: relaxation are identical; the effect of the field amplitude on
the barrier distribution can be studied more directly, as we
argue below.

, L . ) ) Our second sample in this study is made of horse-spleen
Our first sample consists in small ferrimagnetic particles;gmmercial ferritin (Sigma Chimi¢. Ferritin is an iron-

of y-Fe,05 (maghemitg, which have been embedded in a storage protein; it consists in a protein shell of outer and
silica matrix obtained by a room-temperature polymerizationpnner diameters 12 and 7.5 nm, which is partially or com-
process?® Other samples of the same batch have recentlyletely filled with an antiferromagnetic iron oxide core
been used for studying the features of the magnetic relaxmaximum of ~5000 Fe ions per ferritin molecylé* The
ation in the limit of very low temperaturéS$:"* Here, the  concentration of our solution is 100 mg/ml, which again cor-
particles are diluted to the very low volume fraction of responds to a dipolar field of order 1 Qat saturation of the
f,=2X10 4 in order to favor independent relaxation pro- noncompensated momentés an example of antiferromag-
cesses of the particles. In a saturated santaleparticle  netic nanoparticles, ferritin is considered a good candidate
moments being aligned, which is far from our cagbe cor-  for the observation of quantum tunneling of thegNeector!
responding dipolar field would be of order 1 Oe. and has been the subject of numerous studies at low tempera-
We could not directly observe the-Fe,O; particles in  tures these last yeafsee Refs. 3-5, 15 and 16 and refer-
the TEOS matrix. However, TEM imaging of the particles ences therein
before their incorporation in silica has been made; Figure 1 Throughout the paper, we have chosen as a convention to
displays the resulting diameter histogram, which can be tenpresent the results in terms of magnetic moments, in cgs
tatively fitted (as is usually done in the literatyreo a log-  electromagnetic units; we have not divided the measured
normal shape, magnetic moments by the sample volume, which we estimate
for the y-Fe,0; particles to V,=2.1x10°
2 cm®. For ferritin, we only know the total mass, which
In d_o amounts to 8.4 10 3 g of ferritin particles. Coherently, in
-—— | (1) the following equations, we do not divide by integrals over
207y the particle volumes.

Il. EXPERIMENTAL PROCEDURE AND SAMPLES

1
f(d)= ———ex
( ) \/ﬁﬂ'dd p

yielding dg=7 nm ando3=0.3.

We have performed the magnetization measurements with
a commercial SQUID magnetometérom Cryogenic Ltd,
U.K.). Figure 2 presents example curves from th€e,05 We present now the ZFC measurements that we have per-
sample, obtained at a given field amplitude along variousormed on our sample of-Fe,O; patrticles, for field ampli-

Ill. ZFC MEASUREMENTS: ANOMALOUS FIELD
DEPENDENCE
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) ' ' ' ™4 1oe tion of a nonmonotonic behavior of the peak temperature in
- . e terms of the field influence on the barrier distribution.
g nnm N 2 5000 T The ZFC data being taken in a field, deblocking of
S Y0, s, s 11006 1 particles with anisotropy barridd (H) occurs at a tempera-
"?o Cogta, o bl ture Ty, such that the typical time for crossing the barrier
= s, -..:ggggagh U(H) is equal to the measurement tig~100 s, namely
S28aa,, AA. %Raﬁ‘i
z st U(H)
: ST K To =Tt/ 7o @
2 0000 m’ 70
0 R T S where the attempt timer, is of order 101° s, giving
0 50 100 150 200 Int,,/75=28. We assume that the anisotropy bartierof a
T (K) particle is proportional to its volumé/; in zero field,
(@) U=KYV, whereK is the energy density for uniaxial anisot-
—— — . T ropy [from other measurement&=6 10° erg/cn? (Ref.
T 12)]. In the general case of random orientations of the easy
70 - . axes of the particles, the question of the field dependence
Q E{E ] U(H) of the anisotropy barriers cannot be solved analyti-
= 65 } ] cally (approximations are discussed in Ref).1lf the easy
Q + . axes are parallel to the field, in contrast, it is straightforward
5 E ' to derive exactly
~% 604
= U(H —KV(l b )
551 1-Fe,0, : () He
] " ] 1 [l 2 ]

7 J J J with a=2. H. is the coercive field, at which the given bar-

0 0 100 150 200 rier vanishes. In Ref. 18, it has been observed that the disor-

(b) H (Oe) der of the easy axes orientations yields a distribution of the

H. values. We restrict ourselves to simply considering that
FIG. 3. (8) Measured ZFC magnetizations on theFe,O,  We can approximate the orientational disorder by E).
sample, normalized to the field amplitude. From top to bottom, thewith = 1.5 instead ofx=2,'° keeping the samél, for all

field values are 1, 10, 20, 50, 80, 110, 150, and 200(®ePeak particles.

temperatures of the measured ZFC magnetization curvesyfor At a given temperatur@, the magnetizatioM ¢ is the

Fe;0s. sum of the superparamagnetic contributions of the particles

. o . for which T,<T, or, in other words, of volume smaller than
tudes ranging from 1 to 200 Qn this sample, the effective 5 plocking valuev, such that

coercive field which brings the total magnetization to zero

after saturation is-300 Oe at 2 K(Ref. 12]. The curves are kgTInty,/ 7o

displayed in Fig. 8), and the peak temperature variation Vb(T,H)Zm- (4)

with the field is shown in Fig. ®). Surprisingly, the peak ¢

temperature increases with the field up+®0 Oe, before For the sake of simplicity, we approximate here the super-

decreasing for larger values as expected. paramagnetic behavior by anT1Curie shape, and do not
The initial increase of a ZFC curve reflects the additiveinclude a temperature dependence of the saturated magneti-

contributions of larger and larger particles, which are dezationMg. We do not expect these approximations to sig-

blocked as the temperature is raised; the maximum is obnificantly affect the present discussigsee more detailed

tained when these contributions are compensated by the sanalysis in Ref. 1P

perparamagnetic reduction of already deblocked moments. It Within this framework,M ze reads

is therefore clear that the peak temperature has no simple

relation with the peak of the size distribution. One may,

however, consider that it is related to some typical anisot-

ropy barrier; in that case, the effect of an increasing field

amplitude should be to lower the anisotropy barrier, in conwhereM, stands for the reversible contribution that is due to

tradiction with our result in Fig. ®). the canting of the moments from the easy axes towards the
A similar observation has already been reported for magfield direction. This term equal®!, =M?2V,H/3K in the

netite particleg, and also in ferriti® no explanation was T=0 limit; at nonzero temperatures, it is a correction to the

proposed. Again in ferritin, the phenomenon has recentlynain term, which accounts for the fact that the moments are

been quoted?® and discussed as a possible indication of anot exactly lying along the easy axes. As is usually done, we

resonant tunneling process at zero figlth our present neglectitin the present discussion of the ZFC peak; we show

sample, the temperature range of the ZFC peal6q K) below that this term disappears to first order in some other

does not favor an explanation of quantum origin. In the fol-quantities.

lowing, we write in more detail thd - expression under First, one sees in E@5) that the temperature dependence

simple assumptions, and propose a semiquantitative explanaf M ;¢ occurs(at least via V,(T,H) and the Curie term.

2

< Vp(T,H)
MZFC(T):Mr(H)+_Hf f(v)v2dv, (5)
3keT " Jo
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1.0 F———mr———7+——r7 possible explanation of th&,(H) increase at low fields,

- which could be due to a slight enlargment of the barrier
distribution under the influence of the field. A simple reason
for that can be the disorder of orientations. For randomly
=131 oriented particles of a unique size, the applied field lowers
differently the barriers with respect to their orientation, thus
] enlarging the barrier distribution. One may also imagine that,
6, =05 ) in relation with the defects of a particle, an increasing field
6 =0 - results in different coupling energies of the field to various
I v parts of the particle, thus yielding several energy barriers.

T (VO =28K Whatever its origin, which remains an open question, an en-
100 200 300 400 largement of the barrier distribution can indeed be found in
T(K) our R-TRM data(see below.

0.5

M, .. (arb. units)
Q
I
(=1
o

<@
=)

o)
o

L I B B IV. OTHER MEASUREMENT PROCEDURES
FOR PROBING THE BARRIER DISTRIBUTION

T~

A TRM measurement corresponds to the inverse field his-

/ ] tory of the ZFC procedure; the sample is cooled in the field,
the field is cut at low temperature, and deblocking is mea-

- sured for increasing temperatures in zero field. Keeping the

B . same assumptions as above, the TRM can be written as the

I T sum of the moments which are still blocked in the field-

i - 7 cooled state:

pe:

T__(ZFC)/ Tb(Vo)
~ W u S e =

0.0 0.4 0.8 1.2 Mrru(T) = == H

3kg dv (6)

V1o Tp(V,H)

Contrary to the ZFC case, rd, term appears, and now the
FIG. 4. (a) Calculated ZFC curves, using a log-normal volume 1/T term is replaced by T, since each particle has kept a
distribution, for various values of the standard deviatien. (b)) ~ Magnetization that is equal to the superparamagnetic value at
Ratio of the calculated ZFC-peak temperatures to the blocking temthe blocking temperatur€,(V,H). Ty, is obtained from Egs.
perature corresponding M, (reference volume of the log-normal (2) and(3), wheret,, now corresponds to the time scaleof
distribution, for different values of the standard deviatiop. blocking during the field-cooling process. An estimatergf
o ] o can be obtained from the cooling rate=dT/dt (=0.04
The temperature derivative cannot be written in simplex/s) As the temperature decreases, the Arrhenius relaxation
terms, and there is no explicit expression of the peak tMgme 7 for a given barrier abruptly increases, and freezing
perature(which, however, obeys a simple first-order differ- jcurs whenyr(t)/at~1. One finds that, satisfies
ential equatioff). Second, thef (V) distribution is here in- ¢
volved through aV?f(V) contribution, which clearly »Te U
emphasizes the effect of the largest particles; the sensitivity 7cln T Kev )
of Mzec to the standard deviatiom,= 304 is stronger than 0 BYe
that of other quantities that involve lower powers\aflike ~ Which yields 7.~ 30s~t, for U=KVy; the Int,,/7 term that
the one that we propose below. is involved inTy, for the TRM procedure is almost the same
In order to quantitatively estimate the sensitivityMf,c ~ @s above. Replacing no®,(V,H) in Eg. (6), we obtain
to o, , we have performed numerical calculations of £, 5
which are shown in Fig.(@). TheK andV, parameters have Mginty,/ 7o *
been adjusted to the values of the experiment; in this elemen- Mrrm(T)= 3K(1—H/H)® Hf
tary calculation, due to the various approximations, the shape ¢
of the ZFC curves is not completely realistic. However, one  The only temperature dependence of the TRM occurs in
sees clearly in Fig. @) that the ZFC peaks shifts extremely the lower boundV,(T,0) of the integral; this allows us to
rapidly towards higher temperatures whepis increased. In  take very simply the temperature derivative Bfgy,2*
Fig. 4(b), we present the ratio of the ZFC-peak temperatureyhich reads
to the blocking temperature for the typical volurag. For
our sample ¢,~0.9), the calculation yields a ratio of 4.4  IM1gy M2kgH  In?t,, /7o
[neglecting theM(T) variation should produce a slight JT  3KZ (1— H/Hc)avb(TvO)f(Vb(T’o))-
overestimaté In most cases found in the literature, the stan- (9)
dard deviation of the volume distribution is of this same
order of magnitude; the particle volume that is commonly Thus, the TRM derivative gives a direct access to the
deduced from the ZFC peak must, therefore, be divided by guantityVf(V); if f(V) is log normal, therVf(V) peaks at
non-negligible factor before being compared Witk V=V, independently of the width of the distribution. This
In our opinion, the result in Fig.(%) opens the way to a makes a crucial difference with the ZFC case, for which the

14./!/! : N . N : N N N : N M 2 foc f(v)vz

(b) v

f(V)vdV. (8)
Vp(T.0)
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peak rapidly shifts asr, increases. However, the blocking
volumeV(T,0) that is involved indM gy /dT is the block-

ing volume in zero field, because the measurement is per-
formed in zero field. The effect of the field amplitude only
appears through a multiplicative factor in E®); in other
words, dM1grm/dT does not give access to the field-
modulated barrier distribution.

This is our mativation for using another experimental pro-
cedure, which allows the study of the effect of the field am-
plitude on the barrier distribution. We have performed a se-
ries of R-TRM measurements for various field values; after

— N W R W
[P I NI R R

€ _d(FC+RTRM)/T / H (10°e.m.u.)
(]

field cooling in +H, the field is reversed to-H at low 0 40 80 120
temperature, and the magnetization is measured while in- T (K)
creasing the temperature. An example of such a curve has  (
been given in Fig. 2. Within the same framework as above, 30F T T T T
the magnetizatioM g.tgm at a given temperatur€ can be 'I
written as the sum of the contributions of the smaller par- ] EE
ticles, already deblocked atin —H, plus that of the larger - L
ones, still blocked in therH field-cooled state; again using —~ 20+ E T
the T,(V,H) expression for the blocked term, one obtains \M, E ]
MR_TRM(T,H) HQ 10' E 1
M2H[ 1 [V(TH) - +Fe O E
= — [ B 2 273
Mi(=H)* =3 { keT)o ~ TVIVIAV 0
In(t. /7o) 0 50 100 150 200
N(tm/ 7o f ” b H (Oe)
o f(V)Vdv]|. 10 (b)
K(1—-H/H)* Jvy(T.h) V) } (10

FIG. 5. (a) Temperature derivative of the sum of the measured
This expression looks rather complicated; but it is almosimagnetizationsVl ec+Mg.1ry, divided by the field amplitude, for
the same as that of the field-cooled magnetizalbr-, up  different fields (-Fe,0; sample. (b) Peak temperatures of the
to the respective signs of the superparamagnetic contribwurves in(a), for different fields; these temperatures do not show
tions (also, the reversible partd, are just of opposite sign  the nonmonotonic behavior that is found using the ZFC peaks.

In a +H field, Mgc reads _ ) )
In this quantity, the blocking volume corresponds to block-

M2H[ 1 [Vy(T.H) ing in a fieldH, a quantity that was not involved in simple
Me(T,H)=M,(+H)+ ; [ﬁj f(V)vadv TRM measurements. Using our R-TRM and FC measure-
B'JO ments, we have estimated the derivatiyEs. (13)] for our

1-200 Oe measurement fields; the resulting curves are dis-
f(v)vdv}_ 11 played in Fig. %a). If the f(V) distribution is log normal,
thenV{(V) is a simple Gaussian of iV, which peaks at
Vo whatever the distribution width. One may, therefore, ar-
The idea is to consider the suMg try+Mgc Of both  gue that the peak of this quantity in different fields corre-
magnetizations, and thus get rid of the superparamagnetigponds to the same objects. Obviously, the assumption of a
contribution(and of M,), which presents the most intricate log-normalf (V) remains questionableee below;, however,

In(ty/ 7o) o
K(1=H/H)* JvyTh)

temperature dependence: within this assumption that is the most commonly used, our
procedure allows a clearly more direct characterization of the
Mg1rm(T,H) + Mg(T,H) barrier distribution than the ZFC measurement.
M2H  In(t,./7) . . The peak.temperatures of Fig{a&Sa_re plotted versuBIlin .
—p_S m/ 70 F(V)VdV. (12) Fig. 5b), which can be compared with the ZFC data in Fig.
3 K(A=H/H)* vy 3(b). The peak temperatures monotonically decrease with in-

creasing field, whereas the ZFC results were exhibiting a
As in the TRM casdEgs. (6) and (8)], the temperature Striking nonmonotonic behavior. The peak temperatures can

derivative can easily be taken: be fitted to the expected field dependence, &) fixing
a=1.5 (Ref. 19 andV,=180 nn? from TEM (Fig. 1), we
I(Mg.1rvt Meo) obtainH =250 Oe and=6.4 10 erg/cn?, in good agree-
o ment with other estimatée'.
Another combination of R-TRM and FC data can be used
M2HKa In2t /7 for checking the overall coherence of our data and analysis.
=—2> B m Ovb(T,H)f(vb(T,H)), (13 According to Egs.(5), (10), and (11), the three kinds of

3K2(1—H/H)* experiments are related:
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FIG. 7. Temperature derivativ@ormalized to the peak ampli-
tude of the combination ¥ g+ Mg.try) Of measured magnetiza-
tions, as a function of the neperian logarithm of the temperature
(normalized to the peak positigrfor the y-Fe,O; sample.

the initial increase of the ZFC peak with increasing field be
related to an increase of the distribution width. This effect
can be searched in thé,f(V,) data that were presented in
Fig. 5a); in Fig. 7, we present differently this same data, in
a way that favors the comparison of the various curves. If
. . . . f(Vy) is log normal, allV,f(Vy) curves are simple Gauss-
! — 1 ians of IrT; their peak temperature corresponds to blocking

0 50 100 150 200 Vy in a field H, that is the peak temperatures are deduced
(b) H (Oe) from each other by a multiplicative factGwhich is the effect
of the field on the anisotropy barrjerin Fig. 7, the data is
presented as a function ofTnand the peaks are superposed
by aT affinity; also, for clarity, the peak amplitudes have
been normalized to one.

A slight but systematic asymmetry of the curves can be
noted; they are a little bit more spread out on the [bwide.
The derivative estimate of the first points can be less accu-
rate; apart from that difficulty, the effect suggests that the
log-normal approximation is not completely correct. This
may indicate a difference between the geometrical sizes
which are seen by TEM and the effective magnetic sizes.
L However, the accuracy with which the size histogram of
Mzrc= 2 (Mec—MgotrRM), (14 Fig. 1 suggests a log-normal shape is less than that of Fig. 7.

. . . The universal success of the log-normal shape for particle
or, in other words, given two of the measurements, the thirdjze gistributions could be more related to practical reasons

one can be Qeduced. Equatid_m} is thus the generalization han really scientifically grounded.
to the situation of a non-negligible field of the well-known  gyen though they are slightly asymmetric, the curves in
relation M zec=Mgc—M1ry. Following a remark by Fio-  Fig. 7 show that the width of the effective distribution in-
rani, we note that Eq(14) allows the reader who prefers to creases for increasing field. Within the present assumptions,
avoid the R-TRM measurements to use, in place of the surwe do not intend to reproduce in detail the observed ZFC-
Mr.1rmT MEc, the equivalent quantity Mc—Mzc). We  peak temperature variation, but we can roughly quantify the
have checked the validity of EqL4) with our y-Fe,05 data.  effect. For example, whell goes from 1 to 50 Oe, the
Figure G@a) compares the measured ZFC magnetizationgpproximativeo, that can be read in Fig. 7 increases from
(symbolg with the ones that are obtained by combining FC0.8 to 1.1. FoH =250 Oe as obtained above, and using Eq.
and R-TRM through Eq14). They are in rather good agree- (3) with a=1.5 for the field influence on the barriers, we
ment, except for a slight amplitude difference in the vicinity have computed the corresponding ZFC curves; the curve
of the peak for the lower field curves. In Figls, we com- ~ With (H=50 Oe,o=1.1) peaks at a 1.3 times higher tem-
pare the field variation of the ZFC peaks obtained in bothperature than the one wittH(=1 Oe, ¢=0.8). Hence, for
direct and indirect ways; they are fully compatible within the increasing field, the observed distribution enlargment is
errors bars, and, in particular, the nonmonotonic behavior ignough for producing an increase of the ZFC-peak tempera-
found in both cases, whereas it does not show up in thi/ré, despite the lowering of the barriers.
FC+R-TRM analysis of Fig. t).

The fact that the anomalous behavior of the ZFC peak
does not appear in &C+R-TRM) measurement, which is In ferritin, a nonmonotonic variation of the ZFC peak,
less sensitive to th&(V) width, prompts us to propose that together with other particular features of the magnetization

~-@-+ (FC-RTRM)/2
—e—7ZFC

v-Fe O,

FIG. 6. (a) Comparison for the/-Fe,0; sample of the measured
ZFC magnetizationgsymbols with the combination of measured
magnetizationsNl gc— M g.trm) /2 (s0lid lineg, showing the consis-
tency of the data and of our descriptigthe magnetizations are
normalized to the field amplitugieThe field values are the same as
in Fig. 3(@). (b) Comparison of the peak temperatures of the mea:
sured ZFC curvesfull circles) with the peak temperatures of the
combination Mrc—Mg.1rw)/2 of other measured magnetizations
(open squares

V. FERRITIN RESULTS



NONMONOTONIC FIELD DEPENDENCE OF THE ZERQ. .

500e

14 557

T T T R /;
—_ 6T % @ 2000e = N ' . 5(') O "
= 63 * 6000e o . 4 ¢
; 7N ° A 1000 0c | % - 4 0a @ 2000e -
E. 4 5. a v 2000 Oe % 4 40" %oy, . 600 Oe
L T P Y ° 3000 Oe™] .
® A PO « 45000¢ E > “s o 1000 Oe -
2 2 a a © 6000 Oe J - KA
~ Ty H 5 a e, 8 v 2000 Oe
get vgmmmn v 0} = 24 Trate b ° 3000 Oe -
S e R T B : E . s oty r 4500 Oe
2[\] I E 750000 vey AA.::ﬂﬂun ° 6000 0e
+ . . A%
0 : : : : 9 % -
0 10 20 30 40 50 £ 01
@) T (K) r 0
(a)
v T M T v T
14 - - M I M 1 M T
~ 6 i
)
=124 . ~ 51 1
N R4
e ]
= : Hi 4- E.
10 Ferritin Femit
] ] erritin |
R 3
0 2000 4000 6000 ; ; f
o H (O¢) 0 2000 4000 6000
(b) H (Oe)

FIG. 8. (a) Measured ZFC magnetizations on the ferritin sample, FIG. 9 T derivati f th f th d
normalized to the field amplitude. From top to bottom, the field N .(_a) emperature er!v_atlve of the sum o ¢ € measure
values are 50, 200, 600, 1000, 2000, 3000, 4500, and 600(bDe. magnetizationdM -+ Mg_1rm, divided by the field amplitude, for

Peak temperatures of the measured ZFC magnetization curves fSFfere“t fields{ferritin sampld. (b) Peak temperatures of the curves
ferritin [more data than ifa)] in (a) [ferritin sample, more data than @] for different fields,

which do not confirm the nonmonotonic behavior observed for the
ZFC peak.

relaxation, has been discussed in terms of resonant tunneling

at zero field"® A “pinch” of the hysteresis loop is observed . .
aroundH = 0:*° viscosity data can be interpreted as showingpart'des' In the region 0f-3000 Oe where the ZFC-peak
data show a clear maximum, the peak values of the deriva-

an anomaly (not yet clear in Ref. 4 but this latter point still tive monotonically decrease for increasing field. An anoma-
raises the question of a relevant normalization for the com: y 9 :

. : : . ! C lous behavior still remains possible within the error bars be-
parison of viscosity data at various fields, which is not yet s .
22 . .” “low 1000 Oe, but it is located far below the anomaly which
completely solved:** The observation of resonant tunneling

) . . - : : is seen in the ZFC results, and more accurate data would be
is more plausible in ferritin than in the-Fe,O5 particles, . . ; .
. . . . heeded for discussing this point. Thus, on both samples that
because of the antiferromagnetic character of the particles, . . .
; . } we have studied, the same nonmonotonic behavior is ob-
which makes their resultant moment smaller50 iron

moments; the energy level spacing is thus larger, makingtamed from the ZFC peak temperatures, and the anomaly is

) . not confirmed in the other procedure. The analysis of
wider the field range around zero where the effect can b%(M M )/oT seems, therefore, able to provide
i 6 H H H FC R-TRM ’ ’
visible.” Prompted by discussions with some of the authors hysical information that is of much more direct interpreta-

of Refs. 4 and 5 we have measure_d a commercial ferntnﬁOn than that extracted from ZEC measurements.
sample and applied the same analysis as above-fee,04

particles.

We have performed the measurements for fields ranging
from 50 to 6000 Oe. The ZFC curves are shown in Fi@),8
together with the field dependence of the peaks in Fig).8 In this paper, we have discussed the physical interpreta-
Here again a nonmonotonic variation is found, in agreemention of standard magnetic measurement procedures in sys-
with previous works—° Following the procedure of Sec. IV, tems of nanometric magnetic particles, on the basis of ex-
we have also measured the FC and R-TRM curves at thperiments performed with two very different samples. One is
same fields, and estimated the temperature derivative of th@ade of ferrimagnetic particlesy{Fe,O5), highly diluted,
sum, which is shown in Fig.(8) [peak values in Fig. @)].  with a ZFC-peak temperature of65 K, and the other of
The result is qualitatively similar to the case of thé~e,O;  antiferromagnetic particles of ferritin, less diluted but with

VI. CONCLUSIONS
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much lower magnetic moment, with a ZFC peak in theof the problem. On the other hand, the usual assumptions
10— 15 K range. that are commonly made for describing systems of
In both samples, the ZFC-peak temperature is found temall particles might become less applicable in the presence
initially increase with field, at variance with the common- of higher fields: Is each particle a single fixed macro-
sense expectation of an anistropy barrier lowering due to thehoment, or do some parts couple selectively to the field? Are
field. From a very simple description of the blocking andthe particles relaxing independently, or do they become in-
deblocking processes, we recall that the ZFC-peak tempergyenced by the field of their neighbors? On tieFe,O5
ture is not simply related to the typical volume of the distri- sample, which we have studied in more detail
bution f(V); it is influenced by the T/ behavior of the de- 4y the ferritin, the examination of the measured
blocked particles, and involves\&f(V) term that enhances I(M e+ M grri)/ T shows that, for increasing fielt,f(V)

:Ee anttrne?rl:SI(m Z‘; tht_e eligeirr]ev?jl'i?:%&tg:e fj't:hc t‘r:]uervee:knaturally peaks to lower values, but also becomes wider,
rauisdl Xshifts 3;03 hiSLgr tem eratlurelsuv:/her\lmthe,widtr? in.as already expected from the only effect of orientational
pidly g b disorder. The observed effect has the correct order of mag-

creases, an effect that we have quantified under simple ap- . : )
proximations d P nitude for compensating the barrier decrease at low fields,

We propose to understand the ZFC anomaly in the Iighf’md hence for producing the observed anomalous increase of

of another experimental procedure. As a first example, théhe ZFC pea_lk temperature. We therefore consider thgt the
temperature variation of the TRM, which is measured inNonmonotonic variation of the ZFC-peak temperature is re-

zero field, does not involve the T/ superparamagnetic lated to an enlargment of the effective barrier distribution

contribution, and contains\éf(V) term that yields a weaker under the influence of the field; no anomaly is found using

sensitivity to the distribution width. But the TRM does theT(r)]therr?rocsduret.h last dint tin th
not bring information about the effective distribution of an- ere has been these last years a renewed interest in the

isotropy barriers in a field. This point can be studied using ow-temperature dynamics of systems of small particles, mo-

reversed-TRM procedure, in which the field is reversed tolvated by a search for quantum tunneling phenomena in

its opposite value at low temperature. In the sum of thethese quasimacroscopic objeEBvidencing the quantum ef-

FC magnetization and the R-TRM, theTlterm is elimina- Lects Ifrc()jm visfc;;sityf;negsur:mgntsd?sthit?c{[gred bﬁ'. tEe Iac(:jk of
ted (together with the reversible magnetizatipand f(V) nowledge of the etiective barrier distribution, which modu-

comes in throughVf(V) (weak sensitivity to the width lates the temperature variation of the measured relaxation

. ) . . _ratest®!8 Very recently, observations of the nonmonotonic
in which V now stands for the volume that is deblocked |nfield dependence of the ZFC-peak temperature in febfitin

the field, thence the access to the field-modulated barriq;l . ; ; .
o . ave been discussed in terms of possible resonant tunneling
distribution. Note that one may also use the equivalent com-

effects in zero field. This has prompted us to extend the

The temperature derivativé(M gc+ M g.1rm)/dT oOf this ]E)re_s_ent WO”T’ mainly center:ed ﬁﬂ' Fe;05 Pallrtlcl_es,l”to al

sum is proportional t&/f(V), which peaks to a typical vol- erritin sample. It appears that the same -classical’ expa-
' nation of the ZFC anomaly should work in both cases. This

ume in the d|§tr|but|on,_ and our paint is th? following: for conclusion does not concern other possible evidences of the
different experiments with various field amplitudes, the mag-

netic objects that correspond to the peak value remain aImo% sonant tunneling effects in ferritin, such as e.g. the aston-
the sameexactly the same in the log-normal casshich is shingly pinched hysteresis cycl&s.Here again, as is the

far from being the case for ZEC measurements. Indeed. oti2Se for viscosity, it appears that the barrier distribution
measuremen?s on both samoles show that .the ee{k g‘ays a non-negligible role, and that the choice of physically
P P eaningful quantities for characterizing the low-temperature

9(Mect Mr.rra)/JT decreases for increasing field, in con- dynamics of magnetic nanoparticle systems remains a deli-
trast with the peak of the ZFC curves. cate matter

The effect of the field on the distribution of anisotropy
barriers is not easily described in detdilmainly for two We want to thank E. M. Chudnovsky for numerous stimu-
reasons. On the one hand, for random orientations of thkating discussions in the course of this work, and D. Fiorani
particle easy axes, there is no general analytical treatmembr a useful suggestion.

bination M c— M s, Which presents the same property.
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