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Metallic iron clusters dilutely supported in zeolite NaX have been studied by magnetization, ac susceptibil-
ity, and transmission electron microscopy. Their behavior is superparamagnetic at high temperatures with
negligible intercluster interactions and the cluster magnetic moments become blocked at low temperatures.
From the ac susceptibility data, at frequencies between 1 Hz and 1 kHz in the temperature range 1.8–300 K,
the distribution of activation energies has been determined. The results have been used to check a previously
proposed scaling of the ac susceptibility and justify the use of the Arrhenius law for these systems. Although
the obtained information is limited by the temperature and frequency window of the experiment, the quanti-
tative analysis of the ac susceptibility provides, with respect to the magnetization data, additional information
about the actual distribution of cluster sizes and it is a valuable tool to avoid misinterpretations about the
interaction effects.@S0163-1829~96!08619-5#

I. INTRODUCTION

Small magnetic particle research generally deals with
single domain entities that, according to their size, can be
classified into three groups:~a! those with sizes around
tenths of micrometers, as those typically used for magnetic
recording,1 ~b! the nanometric ones, approximately between
500 and 50 Å, that find application for example in
ferrofluids,2 and ~c! the still smaller ones, whose properties
clearly start to deviate from those of the bulk, which could
better be called clusters.3 Particles of the first group are rela-
tively large, hence, at room temperature, they keep a stable
magnetization while the second and the third types are gen-
erally superparamagnetic.

Among the many research lines in this field one would
mention the challenge of achieving a narrow particle size
distribution, the characterization of how properties of the
particle assembly start to deviate from the corresponding
properties of the bulk material as the particle size decreases,
and the study of the influence of particle inhomogeneities.
There are very beautiful examples of large particles with
remarkably narrow size and shape distributions,4 this quality
is, however, more difficult to attain on the nanometric scale.
The properties of the extremely fine particles~those on the
mesoscopic scale! are generally studied in experiments on
free clusters.5 Alternatively, magnetic data on supported
clusters correspond to the so-called cluster compounds.6

Nanometric particles have been studied extensively as the
main constituents of magnetic fluids7 or located into amor-
phous matrices such as silica8 or epoxy resins.9 Nevertheless,
from the point of view of their physical properties, little ef-

fort has gone into using crystalline hosts until now. In this
sense, zeolites, which are well known as very efficient alu-
minosilicate molecular sieves10 and meet the requirement of
crystallinity, may constitute a promising type of matrix in
order to obtain materials with novel properties. This idea is
supported by some recent discoveries, such as the observa-
tion of ferromagnetism in potassium when it fills the cavities
of zeolite LTA.11

Ferrofluids are very useful for fundamental studies on
small particles because, by dilution, many samples can be
prepared with a continuous variation of the dipolar interac-
tion but keeping the same size distribution. Zeolites might
constitute, however, a suggestive alternative. Their cavities
have a well-defined geometry and they are regularly arranged
in space, therefore particle dimensions would theoretically
be constrained, rather independently of the concentration of
particles. This is in fact one of the aims of the present study.

In this work an extensive magnetic characterization of
iron clusters in zeolite NaX has been performed. On the basis
of their magnetic properties, a combined discussion of sev-
eral granulometric methods, with a particular emphasis on
the application of techniques that involve magnetic relax-
ation, is presented.

II. SAMPLE PREPARATION AND EXPERIMENTAL
METHODS

The samples have been prepared by thermal decomposi-
tion of Fe~CO!5 in zeolite NaX. NaX is a Faujasite-type zeo-
lite and it contains cavities 13 Å in diameter connected by
pores of 8 Å. The structure is cubic with eight supercages per
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unit cell ~lattice parameter, 24.67 Å; density, 1.91 g/cm3!
~see Fig. 1!.10

After dehydration at 673 K the iron pentacarbonyl is ad-
sorbed at low temperature~77 K!, it is further decomposed
by heating up to 453 K under static vacuum and it is heated
up to 823 K under high vacuum.

The iron loaded zeolite powder is synthesized in a large
glass container. The synthesized powder was then moved to
one end of the glass container and this part of the container
was further sealed resulting in a small glass capsule. Before-
hand this capsule is filled with helium gas in order to im-
prove the thermal contact during the measurements and to
keep the iron free from oxidation. It should be taken into
account that, because of this encapsulation procedure, there
exist strong difficulties in determining the weight of the
samples, therefore the information obtained from the mag-
netic measurements will be limited slightly, as will be ex-
plained later.

Previous Mo¨ssbauer experiments on the same samples in-
dicated that at least 90% of the iron is in the metallic state.12

The rest is present as Fe~II ! but this fact is not relevant to get
the conclusions of this paper.

Three samples have been studied by magnetic measure-
ments. A fourth one, exposed to air and allowed to oxidize,
has been used for the transmission electron microscopy
~TEM! analysis~see Table I!. Sample Z1B was prepared in
the same way as sample Z1S but, because of being enclosed
in a smaller glass capsule, it was heated when applying the

flame during the sealing process. As will be shown later, the
magnetic behavior was altered for this reason.

The magnetization as well as the ac susceptibility have
been measured using a superconducting quantum interfer-
ence device apparatus~Quantum Design!. The TEM experi-
ments have been performed in a JEOL 2000 FX II micro-
scope, equipped with an Oxford/LINK energy dispersive
spectrometry~EDS! analytical system.

III. TRANSMISSION ELECTRON MICROSCOPY

The possible existence of particles much larger than the
zeolite supercages has been investigated by TEM. In Fig.
2~a! a representative region of the zeolite is shown. The pic-
ture is a high-resolution electron micrograph~HREM! of the
iron loaded zeolite after exposure to air and further oxidation
~sample Z3!. The previously existing iron particles have
partly been transformed to some iron oxide but they should
still remain in the zeolite. Therefore, if there is no trace of
large particles in Z3, the corresponding nonoxidized sample
Z1S must be free of them too.

In the TEM picture, it is not possible to distinguish any
other structure than the regular arrangement of supercages. It
is known that the raw HREM image, if no further image
treatment is performed,13 is not sufficient to assess whether
the cages are occupied or not. In our case the spatial resolu-
tion of the microscope~2.8 Å! together with the higher

FIG. 1. Schematic view of the Faujasite structure. The shaded
area indicates the location of the 13-Å-diam supercage, with tetrag-
onal symmetry, as it is viewed through the pores of 8 Å. The ver-
tices of polyhedra correspond to silicon or aluminum positions. The
truncated octahedra are the so-called sodalite units.

TABLE I. Description of the samples studied. The volumetric
fractione is defined as the fraction of the total volume occupied by
magnetic material, assuming all the iron is present asa-Fe.

Sample wt. % Fe e Color

Z1S 4 0.0064 Grey
Z1B 4 0.0064 Grey
Z2 2 0.0032 Grey
Z3 same as Z1S but oxidized in air Light brown

FIG. 2. Transmission electron microscopy~TEM! results. ~a!
High-resolution micrograph of sample Z3 showing the periodic ar-
rangement of the supercages.~b! X-ray energy dispersive spectrum
corresponding to the zone shown in~a!.
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atomic number of Fe compared to Si, Al, and other elements
in the zeolite make unlikely the existence of iron clusters
greater than two or three supercages because otherwise they
will be visible in the HREM image.

The TEM characterization has been completed by per-
forming a EDS microanalysis on the same area correspond-
ing to the HREM image. As expected, the spectrum@Fig.
2~b!# shows the FeKa and FeKb x-ray fluorescence lines
clearly indicating the presence of iron. The same microanaly-
sis was performed on a specimen of unloaded zeolite NaX
resulting in an identical spectrum except for the lack of the
peaks due to iron.

One should also keep in mind that the iron atoms did not
belong to the zeolite framework, instead they have beencon-
densed inside the cavities at the stage of decomposition of
Fe(CO)5. Therefore we should discard any eventual contri-
bution of in-framework iron to the EDS spectrum.

IV. MAGNETIC CHARACTERIZATION

A. Magnetization versus temperature

The magnetization of the three iron loaded samples has
been studied as a function of temperature with a dc applied
field of 10 mT ~see Fig. 3!. In the plot, the magnetization is
shown relative to the saturation magnetizationM sat. This one
has been calculated for each sample by making an approach
to saturation of theM (H) data~see next section!. Below a
given temperatureTd , the field-cooled~FC! and the zero-
field-cooled~ZFC! curves do not superimpose due to slow
magnetic relaxation of large particles. The temperatureTm ,
where the maximum of the ZFC curve takes place, is very
similar for samples Z1S and Z2, and the same happens for
Td . This can be interpreted as follows. In spite of having
different iron contents, samples Z1S and Z2 have a very
similar distribution of particle sizes while sample Z1B con-
tains larger particles. It may be caused by the mentioned
heating of sample Z1B, in fact the growth of clusters upon
thermal treatment is a well-known effect in zeolites.14,15

One should notice in Fig. 3 that, in the case of sample
Z1B, the measured FC and ZFC magnetization only coincide
at the highest temperature of the experiment. This means that
the so definedTd must be equal to or greater than 30 K,

indicating that Z1B contains a small amount of large par-
ticles already blocked at that temperature. For decreasing
temperature, belowTm , the FC magnetization still increases
in all the cases, indicating that there are still small unblocked
particles that behave independently of the rest of the par-
ticles, that is, there is no cooperative freezing of the magnetic
moments but an overall single-particle superparamagnetic
blocking.

B. Magnetization versus applied field

The field dependence of the magnetization has been mea-
sured at 77 K under applied fields up to 5 T. The results are
shown in Fig. 4. The magnetization is shown relative to the
saturation valueM sat of each sample.

Samples Z1S and Z2, as will be concluded from the ac
susceptibility analysis~see Sec. IV C!, are at 77 K in a full
superparamagnetic state while sample Z1B possesses a small
fraction of particles, generated during the thermal treatment,
which are large enough to undergo blocking around that tem-
perature range.

The magnetization curvesM (H) are often used to deter-
mine the particle size distribution. One generally considers
an assembly of noninteracting particles such thatM (H) fol-
lows a Langevin law for each particle size. At low tempera-
tures the single-particle anisotropy leads to deviations of
M (H) from the pure Langevin behavior,16 which limits the
use ofM (H) data to high temperatures. It is very common17

to use a log-normal distribution

f ~y!5
1

ysA2p
expF2

~ lny!2

2s2 G , ~1!

wherey5D/Dv , D is the particle diameter,Dv the median
value of the distribution, andf (y)dy is the fraction of the
total volume occupied by particles with reduced diameters
betweeny andy1dy. This functional form can be justified
in particulate systems such as ferrofluids where the actual
distribution is with a good approximation log-normal. Nev-
ertheless, it should be noted here that, in our case, the use of
such a distribution function must be considered as a first
approximation, given the well defined size of the matrix
cavities.

FIG. 3. Temperature dependence of the magnetization of
samples Z1S, Z1B, and Z2, using an external field of 10 mT. Field-
cooled FC~upper curves!, zero-field-cooled ZFC~lower curves!.

FIG. 4. Magnetization curves at 77 K of samples Z1S, Z1B, and
Z2. The fits of the experimental data in terms log-normal distribu-
tions are represented as continuous lines.

13 936 53F. J. LAZAROet al.



The parameters characterizing the log-normal distribu-
tions are shown in Table II. It is known that on the nanomet-
ric range the spontaneous magnetizationMs depends on the
particle size.18 However, in order to obtain the cluster sizes,
we have used in our case the approximationMs
~clusters!'Ms ~bulk a-iron!.

As can be seen, samples Z1S and Z2 exhibit a very simi-
lar size distribution while sample Z1B contains larger par-
ticles.

C. ac susceptibility versus temperature and frequency

The temperature dependence of the ac susceptibility is
shown in Fig. 5. The ac exciting field has been 0.11 mT and
the three frequencies used 1, 120, and 1000 Hz. The in-phase
component, in all the cases, presents a high-temperature tail
corresponding to superparamagnetic behavior and a
frequency-dependent peak, at a temperatureTB , due to re-
laxation, as it happens for small particle systems.8 A sizable
out-of-phase component is also observed at those tempera-
tures where there is a departure from superparamagnetism,
due to magnetic blocking. Susceptibilities of samples Z1S
and Z2 look very similar, with the relaxation anomaly at the
same temperature. On the contrary, Z1B shows a higherTB ,
in agreement to theM (T) results.

In paramagnetic and superparamagnetic systems, some in-
formation is often obtained by inspection of the 1/x8 versus
T line. When this line, assumed straight, presents a nonzero
intercept with the temperature axis, one generally speaks
about the existence of interactions between the magnetic mo-
ments. However, for fine particle systems, this way of rea-
soning must be accompanied by a great precaution because
several effects, and not only interactions, can be involved
simultaneously. A thorough discussion of this problem, with
particular emphasis on the dc case, has already been given.19

Figure 6 shows the temperature dependence of the recip-
rocal of the in-phase susceptibility. Samples Z1S and Z2
follow a Curie-Weiss law with intercepts with the tempera-
ture axis never exceeding about 2 K. These data are repre-
sented in arbitrary units, independent for each sample, due to
the problems in the mass determination mentioned in Sec. II.

At the highest temperatures 1/x8 is bended upwards in Z2.
The high-temperature susceptibility, and particularly its re-
ciprocal value, is affected by theMs(T) dependence of the
magnetic material constituting the clusters. It has been ob-
served that, for very fine particles, this dependence differs
from that of bulk iron and is size dependent.18 This effect
should necessarily be considered here, but its rigorous cor-
rection in the present case is not possible, given the existence
of a distribution of cluster sizes and the lack of reference
experimental data for each particle size. Definitely, for these
extremely small particles, we do not find it adequate to cor-
rect the data by using the spontaneous magnetizationMs(T)
of bulk iron.

In order to get information about any an additional con-
tribution due to the zeolite matrix, the susceptibility of un-
loaded zeolite NaX has also been measured~data not shown
here!. Its mass susceptibility is positive, almost temperature
independent, and of the order of 3.231023 m3/kg. From a
rough estimate of the masses of our samples we conclude
that this contribution represents about 10 and 20% of the
susceptibility at 300 K of Z1S and Z2 respectively, but only

less than 3% in the case of Z1B. Therefore, the apparently
straight 1/x8 versusT line, in the case of sample Z1S, should
not necessarily be understood as a pure Curie law but prob-
ably the result of cancellation of opposite effects such as the
just mentioned matrix contribution and the temperature de-
crease of the spontaneous magnetization.

Sample Z1B shows deviations from Curie-Weiss behav-
ior. 1/x versusT is by no means a straight line. In principle

FIG. 5. Temperature dependence of the in-phase and out-of-
phase components of the ac susceptibility.~a! Sample Z1S,~b!
sample Z1B, and~c! sample Z2.
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we could think about the existence of interactions between
particles or, alternatively, about the presence of a small frac-
tion of large particles undergoing blocking around 200 K. In
general, at sufficiently high temperatures interparticle inter-
actions are not expected to give rise to new relaxation phe-
nomena, while the blocking of large particles would indeed
be detected using a dynamic technique. To discern between
these two possibilities, the ac susceptibility has been mea-
sured at different frequencies. The behavior of Z1B is sub-
stantially different from that of Z1S and Z2. In the case of
Z1B, and above 100 K,x8 decreases for increasing fre-
quency: on the contrary, no dependence at all is observed in
the case of Z1S and Z2. Furthermore, the out-of-phase sus-
ceptibility of Z1B is positive in the whole temperature range
while for the other two samplesx9 is zero, within the experi-
mental accuracy, above approximately 50 K.

V. DISCUSSION

The experimental results onM (T) and x(T) indicate
magnetic relaxation in the three iron loaded samples at the
lowest temperatures. The results resemble those previously
published for other assemblies of magnetic particles. The
rounded peaks inMZFC(T) as well as inx8(T) are due to the
progressive magnetic blocking of the clusters.

The importance of dipolar interaction depends on the
amount of magnetic material in the sample. In our case, the
low magnetic volumetric factore suggests that this effect
must be negligible compared to the single-particle magnetic
blocking. This can be explained as follows. Let us define a
characteristic temperatureTdip5m2/(kBa

3) where m5MsV
~Ms is the spontaneous magnetization ofa-Fe andV is the
volume of the NaX supercage! and a represents the lattice
parameter of a hypothetical simple cubic lattice of the same
number of lattice points per unit volume as clusters in the
sample. After this, one getsTdip50.04 and 0.02 K for
samples Z1S and Z2 respectively, both well below their re-
spective average blocking temperatures. Furthermore,
sample Z1S has twice the iron content of Z2 but its suscep-
tibility peak is located at the same temperature, indicating

that for those iron concentrations we are in the noninteract-
ing regime. Within the experimental accuracy, the superim-
position of the FC and ZFC curves above 15 K and the
frequency independence ofxac above approximately 50 K, in
the case of Z1S and Z2, suggest that all the clusters are
superparamagnetic above these temperatures, that is, the 1/x
versusT slope is not simultaneously affected by compensat-
ing effects, like interaction and blocking, as was shown to
occur in some cases.19 Sample Z1B behaves in a different
manner but, as the volumetric factors of Z1S and Z1B are the
same, it can be concluded that, due to the thermal treatment,
larger particles are present in Z1B. In other words, the bend-
ing of the 1/x(T) line should not be associated to interaction
effects but to magnetic relaxation. This assertion is fully cor-
roborated by the frequency dependence of the susceptibility
shown in Fig. 6.

The effect of the magnetic dipolar interaction on the high-
temperature susceptibility can also be roughly estimated by
using a Lorentz approach. If the magnetic moments are ran-
domly located in the material, one can use the expression
~1/x!5(1/xm)2(N21/3)r, whereN is the sample demagne-
tization factor,r is the sample density, andx andxm are the
intrinsic and the measured mass susceptibility, respectively.
After this, the consideration of dipolar interaction effects
leads to a vertical shift of the 1/x versusT line. This shift
depends on the sample shape and its maximum value, in the
worst case, takes place for an infinite slab when the field is
perpendicular to the slab plane. It yields an equivalent hori-
zontal shift of around 1.4 K. This value, which should be
considered as an upper bound, is very low compared to the
intercept with theT-axis estimated for Z1B, therefore the
dipolar interaction can be excluded from causing the anoma-
lous behavior of this sample.

In the present case, the average effective magnetic mo-
ments cannot be calculated from the slopes of the 1/x8 versus
T data because of the inaccuracy in the mass determination.
Nevertheless, if the magnetic relaxation observed is only due
to thermally activated jumps over anisotropy energy barriers,
the distribution of activation energies can be determined
from the ac susceptibility. If the system is considered an
assembly of noninteracting particles, the Arrhenius law
t5t0 exp(E/kBT) holds, wheret is the single-particle relax-
ation time andE is the activation energy associated to the
change in moment direction. The activation energy depends
on geometric and magnetic particle parameters and, although
the preexponential factort0 introduces some uncertainty, the
distribution of cluster sizes could be obtained provided one
makes some additional assumptions about those depen-
dences.

The determination of activation energies fromx(T) data
is an issue handled a long time ago. Until now this problem
has been treated in the fields of fine magnetic particle sys-
tems as well as in spin glasses. The source of data has some-
times been the dc susceptibility20 and in others the ac sus-
ceptibility, this one treated either analytically21,22 or
numerically.23 Compared to the dc susceptibility,xac has the
advantage of probing the system with different measuring
times; therefore it provides substantial information about the
temperature dependence of the relaxation times. Letg(E)dE
be the fraction of the total number of particles with activa-
tion energies betweenE andE1dE. Assuming Debye-type

FIG. 6. Temperature dependence of the reciprocal of the in-
phase susceptibility. Data for sample Z1B include the three frequen-
cies studied. Data for samples Z1S and Z2 have only been shown at
1 Hz for clarity. The systematic frequency dependence observed
above 100 K for sample Z1B does not occur at all in samples Z1S
and Z2.
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relaxation, the complex susceptibility can be written as

x~T,v!5
m0

3kBT
E
0

`

dE
Ms

2@V~E!#2g~E!

11 ivt
, ~2!

where the particle volumeV is a function ofE and wherev
is the angular measuring frequency. Recently, within the re-
search on quantum tunneling of magnetization, a method
based on the scaling of the ac susceptibility data with the
temperature has been proposed.24 Using this method, which
assumes the Arrhenius law for the temperature dependence
of the relaxation times, one obtains a distribution of activa-
tion energiesn(E) that is proportional to the following ex-
pression:

n~E!;
1

ln~n0 /v!

]

]T
@Tx8~T,v!#, ~3!

wheren051/t0 andE5kBT ln~n0/v!. In our case, the result-
ing distribution functionn(E) has the meaning ofV2g(E)
because, as a slight variation with respect to Ref. 24, we have
admitted here a distribution of particle volumes. The func-
tion n(E) only depends on the characteristics of the sample,
hence it will not depend on the frequency used in the experi-
ment. Therefore, if the assumed temperature dependence of
the relaxation times is correct, then(E) points resulting from
xac data at different frequencies should be superimposed on a
master curve.

Instead of using the functionn(E), it is also possible to
carry out the scaling analysis by means of a function of the
particle size. For this purpose we have chosen the function
f (D), wheref (D)dD stands for the volume fraction of par-
ticles with diameters betweenD andD1dD. This function
is related ton(E) by the expression

f ~D !5
1

V
n~E!

dE

dD
. ~4!

With this type of representation it is possible, just in a
single plot, to check the goodness of thexac scaling and to
get some information about the particle size distribution. Of
course the transformation fromn(E) to f (D) can only be
made if one knows the dependence ofE on D. One should
bear in mind that the activation energy may not be simply
proportional to the particle volume due to surface effects.25

Nevertheless, as an approximation, we have considered here
an activation energy for each particleE5KV, whereK is an
effective anisotropy constant. This conversion has been per-
formed by usingK51.863105 J/m3, as was previously de-
termined by ferromagnetic resonance~FMR! measurements
for the same material.26,27 The results are shown in Fig. 7,
together with the distributions obtained from theM (H)
analysis.

In our case,n0 has been determined by fitting the peak
temperaturesTB of the in-phase susceptibility to the expres-
sion

ln~v!5 ln~n0!2
aĒ

kBTB
, ~5!

giving n051.2531012, 1.3531013, and 4.5631012 s21 for
Z1S, Z1B, and Z2, respectively. This formula, wherea de-

pends on the type of distribution andĒ is the average acti-
vation energy, has been derived previously.21We tried to use
other methods to obtaint0, such as the one proposed in Ref.
24. These other methods, which rely on numerical deriva-
tives of the experimental data, did not improve the scaling in
our case, but merely resulted in higher errors in the determi-
nation of the preexponential factor. It seems, however, that,
in the general case, the quality of the ac susceptibility scaling
can be very sensitive to the change oft0.

Using the preexponential factors indicated above, a very
good overlap of thef (D) distributions resulting fromxac at

FIG. 7. Scaling plots of the ac susceptibility.~a! Sample Z1S,
~b! sample Z1B and~c! sample Z2. The function shown isf (D),
related ton(E) by expression 4. The symbols represent data ob-
tained fromx8(T) at the following frequencies:d, 1000 Hz;h,
120 Hz; ands, 1 Hz. The continuous line represents the log-normal
distribution obtained by analyzing theM (H) data.

53 13 939IRON CLUSTERS SUPPORTED IN A ZEOLITE MATRIX: . . .



different frequencies is achieved. The size distributions of
samples Z1S and Z2 are very similar and in both cases they
drop to zero at approximately 40 Å@see Figs. 7~a! and 7~c!#.
On the other hand, the existence in Z1B of a small fraction of
large particles, with diameters up to about 90 Å, is neatly
observed in this kind of plot@Fig. 7~b!#.

In order to discuss the range of validity of the size analy-
ses performed from theM (H) andxac data, we should first
make the following considerations.

The distributions obtained fromM (H) represent in fact
the distribution of magnetic moments. Therefore, it is neces-
sary to make a transformation to particle sizes by assuming a
value forMs . This value has been taken as the spontaneous
magnetization of bulk iron but, although it is the best value
at hand, it may not be fully realistic in the case of very small
particles.18 On the other hand, in this type of analysis, the
size distribution function is forceda priori to be log-normal,
with the risk of biasing the results.

The analysis fromxac is based on magnetic relaxation and
the resulting distributions correspond to the spectrum of ac-
tivation energies. As explained above, the transformation
from activation energies to cluster sizes has been performed
by using an average value for the anisotropy constant~that
from FMR!. This constant may depend on cluster size but its
explicit dependence is unknown, hindering any further re-
finement of this analysis. Nevertheless, the virtue of this
treatment resides in thedirect obtainment of the distribution
of activation energies without imposing any functional form.

Although both methods are subjected to some limitations,
as has been discussed above, it is possible, however, to com-
pare the resulting cluster sizes with the physical dimensions
of the cavities and pores of the zeolite framework. The com-
parison can be made by using either the fraction of number
of clustersg(D) or the volume fractionf (D) distribution
functions. Table II contains the diametersDm corresponding
to the absolute maxima of the distributions obtained from
M (H) and fromxac. The temperature and frequency window
of the xac experiments were not ample enough to inform
about the maxima of theg(D) distributions, instead upper
bounds for these maxima are shown in the table. Due to the
assumption of a functional form, this difficulty does not exist
when using theM (H) data, although, for the same reason,
the so determinedg(D) maximum must be considered with a
limited confidence.

At this stage, we should also indicate that, although it is
informative, the localization of the maxima of the distribu-
tions~see Table II! is dependenton the chosen representation
@either g(D) or f (D)#. On the contrary, the distributions

themselvesdo actually containthe complete information
about the cluster sizes determined by both methods.

Although the structure of the zeolite lattice and hence the
dimensions and geometry of their pores and cavities is
known, there is nodirect evidence of the actual size of the
clusters. It is very likely the existence of clusters with very
particular geometries, for example, clusters occupying two or
three contiguous supercages, magnetically correlated by ex-
change interaction through the intercage pores.11 This possi-
bility is a natural explanation for the presence of particles
greater than about 13 Å. This criticism can also be extended
to understand previous experiments on sample Z1S, which
suggested a bimodal distribution of cluster sizes.26 Finally
we observe that the results obtained by means of both mag-
netic methods for Z1S and Z2 are congruous with the par-
ticle size upper limit determined by TEM. The sample Z1B,
as has previously been explained, may possess some damage
in the cavity structure in such a way that Z3, the sample
actually observed by TEM, may not be representative
enough.

To further characterize the experimentalf (D) data result-
ing from the ac susceptibility scaling~shown in Fig. 7! we
have tried to fit them to a log-normal function. This test
cannot be applied to sample Z2 because it lacks enough
points at low diameters~left side in the figure!. Data corre-
sponding to Z1B do not behave in a log-normal manner, due
obviously to the presence of a small shoulder at the right-
hand side of the distribution. Finally, a satisfactory log-
normal fit was also impossible to achieve with the Z1S data.

VI. CONCLUSIONS

In this work, the magnetic behavior of a dilute assembly
of magnetic clusters in a crystalline matrix is presented. The
paper mainly focused on the determination of the size distri-
bution of the clusters from magnetic data. Particularly, the
characterization of systems like zeolites, or inhomogeneous
materials obtained from thermal treatments, needs granulom-
etric methods able to give account ofanykind of distribution
without imposinga priori its functional form.

The ac susceptibility, because of its dynamic character,
has been evidenced as a useful tool in distinguishing between
relaxational and static effects as would occur, respectively,
between single-particle superparamagnetic blocking and
phase transitions due to dipole-dipole interaction. The analy-
sis of the frequency and temperature dependence of the ac
susceptibility appears to be a valuable method in obtaining
the distribution of activation energies.

Although the conversion from activation energies to par-

TABLE II. Parameters of the distributions of cluster sizes obtained fromM (H) and xac data.Dv and s are the parameters of the
log-normal f (y) distribution. Columns labeledDm(g) andDm( f ) contain the diameters corresponding to the maxima of the fraction of
number of particles and volume fraction distributions, respectively. Diameters are given in angstroms.

Sample

M (H) analysis xac analysis

Dv s Dm(g) Dm( f ) Dm(g) Dm( f )

Z1S 19.2 0.31 13.1 17.4 ,25 27
Z1B 23.1 0.36 13.8 20.3 ,25 30
Z2 19.2 0.30 13.4 17.5 ,25 28
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ticle sizes is subjected to practical difficulties, thef (D) dis-
tribution obtained from the scaling ofxac supplies informa-
tion otherwise invisible from standard analysis of the
magnetization curve. In particular, samples Z1S and Z2 are
good examples of systems with narrow distributions and full
absence of particles above a certain diameter. Besides, in
general, the method that assumes a log-normal distribution
seems not to be an adequate description of these cluster as-
semblies.

The meaning of the ac susceptibility scaling plot is related
to the traditional fit of the susceptibility peak temperatures at
different frequencies@Eq. ~4!#, but has the advantage of cov-
ering the whole distribution of activation energies, only lim-

ited by the frequency and the temperature window of the
experiment.
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