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Abstract

Metal-ceramic nanocomposites containing nominal 15% wt. Ni were produced by a
smart, scalable process involving a suitable thermal treatment of Ni-exchanged zeolite
precursors, and were investigated by dc magnetic techniques between 2 and 300 K.
Two main magnetic phases were detected in all studied materials: globular magnetic
nanoparticles with average diameters in the 10-20 nm range, and Ni** ions embedded
in the host ceramic matrix. The blocking temperature of Ni® nanoparticles is well above
room temperature. The magnetic signal from nanoparticles dominates at high
temperature; however, a clear paramagnetic signal from Ni** ions emerges when the
temperature is decreased. The magnetic moment per Niion is in agreement with
typical values found in Ni-containing zeolites. Magnetic susceptibility and FC/ZFC

curves point to the existence of a weak interaction among Ni** ions (Néel temperature
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Tn < 15 K) which results in the formation of ferrimagnetic-like clusters below about 30
K. In each cluster, the individual magnetic moments respond in a collective way with

blocking temperatures less than 5 K.

Keywords

B Nanocomposites; C Magnetic properties

1. Introduction

In the last decade, the scientific interest towards magnetic nanostructured /
nanocomposite materials has steadily increased owing to their functional properties
associated with widespread applications ranging from electronics [1], magneto-optics
and photocatalysis [2-5] to supercapacitors [6,7], hyperthermia [8], drug delivery
[9,10], water remediation [11], energy harvesting [12]. Oxides of transition metals /
rare earths have received particular attention because of the concurrence of magnetic

effects and semiconducting-like properties [3,12,13]

Magnetic metal-ceramic nanocomposites, consisting of a dispersion of Fe®, Co°, or Ni°
nanoparticles into a prevailingly amorphous silica and alumina ceramic matrix, are an
important sub-class of nanomaterials whose fields of application are typically
associated with their porous structure, which makes them particularly suitable for use

in environmental protection [14-22], catalysis [23—28] and biomedicine [29-33].

The metal-ceramic nanocomposites studied in this paper were obtained from zeolite
precursors by means of a smart and scalable process. Such a patented process [34—36]

is essentially based on two simple operations:
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1) Fe?, Co*, or Ni** exchange of commercial zeolites;
2) Thermal treatment under reducing atmosphere of Fe-, Co-, or Ni-exchanged

zeolites at relatively moderate temperatures (500-850 °C).

Recently, preparation methods involving off-equilibrium thermal treatments have
been successfully exploited to produce nanostructured magnetic materials of high

prospective impact in applications ranging from optics to asepsis [13,37—39]

The thermal process used to produce the nanocomposites investigated in the present
work turn out to be inexpensive on account of the low cost of the raw materials and of
its intrinsic simplicity and exhibits large potential for practical applications. On this
basis, a long-term study on the production of magnetic metal-ceramic nanocomposites
and on their various applications was undertaken [40—42]. For instance,
nanocomposites formed by a dispersion of Fe’ nanoparticles into a prevailingly
amorphous silica and alumina ceramic matrix were produced and used in the
Escherichia Coli DNA separation [40] and in pesticides removal from water by
adsorption [41], obtaining very encouraging results. Preparation details, morphology
and prospective applications of nanocomposites containing Ni° nanoparticles have
been discussed elsewhere [42]. In this case, different nanocomposites formed starting
from Ni-exchanged zeolites A and X were fully characterized in order to determine the
impact of the operative conditions on the application-oriented properties of the final

products.

An important part of the characterization involves the magnetic behavior of such

products. The effect of the precursor zeolite on the standard magnetic properties at
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room-temperature (high-field magnetization M, coercivity H¢) has been briefly
discussed [42]; however, the magnetic properties of these materials pose a challenge
because of their complex structure and morphology as deduced from dedicated
analysis. As a matter of fact, an accurate picture of the magnetism of multi-phase
materials can only be achieved by means of a detailed study of magnetization and
magnetic susceptibility as functions of temperature, systematically exploiting the

available knowledge of their structure, composition and morphology.

In this paper, we focus on four different ceramic nanocomposites, obtained under
identical thermal treatments starting from both zeolite A and zeolite X. Despite the
differences between precursor zeolites and heat treatments, the samples exhibit
remarkable similarities in their magnetic behavior and allow one to draw a full picture

of the magnetic phenomena in these nanomaterials over a wide temperature range.

Moreover, the present study shows how to generally interpret the complex magnetic
behavior of a variety of nanocomposites containing transition metals, where the
entities responsible for magnetism may experience different environments, or
different ionization states, or different degrees of aggregation, typically resulting in a

variety of entangled magnetic phases.
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2. Material and Methods

2.1 Sample preparation and structural/morphological characterization

Full details of the preparation of metal-ceramic nanocomposites have been published
elsewhere [42]. A short summary of the various steps in the preparation process

follows:

a) preparation of Ni**-exchanged zeolites

The parent A/X zeolites were contacted with a [Ni2+] = 0.1 M solution at a wt.
solid/liquid ratio of (S/L) = 1/20, temperature (T) = 60 °C, and contact time (t) = 2 h.
The solid was separated from the liquid through filtration and contacted anew with a
fresh solution; the procedure was iterated 10/6 times in A/X zeolite, respectively. The
resulting powders, washed in distilled water, were dried for about one day at 80 °C,
and stored for at least 3 days in an environment with about 50% relative humidity to
allow water saturation of zeolites. Cation-exchange operations are accurately

described in refs. [43—45].

b) preparation of metal-ceramic nanocomposites

Two Ni2+—exchanged zeolites A and X were submitted to thermal treatment under a

reducing atmosphere under the following conditions:

1) Heating from room temperature up to 735 °C (15 °C/min heating rate) and
subsequent isothermal treatment for 12 min. The heating system of the furnace was

then switched off and the sample was left to cool down to room temperature within
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the furnace. These samples are referred to as NiA735C-12min and NiX735C-12min,

respectively.

2) Heating from room temperature up to 750 °C (15 °C/min heating rate). As soon as
the temperature of 750 °C was attained, the heating system of the furnace was
switched off and the sample cooled down to room temperature within the furnace.

These samples are referred to as NiA750C-0min and NiX750C-Omin.

Composition, structure and morphology of the four samples were studied by atomic
absorption spectrophotometry, synchrotron radiation powder diffraction, X-ray
powder diffraction, transmission electron microscopy (TEM) and high resolution TEM;

the results have been published in Ref. [42].

2.2 Magnetic measurements

Hysteresis loops were measured using a Quantum Design MPMS SQUID magnetometer
(maximum field: 70 kOe) operating in the temperature range 2 K —300 K. FC/ZFC
curves were measured between 2 K and 300 K using the same magnetometer under an

applied field of 50 Oe at a constant dT/dt rate of about 6 K/min.
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3. Results

3.1 Structure and morphology

A complete study of structure, composition and morphology of the present metal-
ceramic nanocomposites is found in Ref. [42]; the interpretation of our magnetic

results will be based upon the following facts:

a) the weight percentage of Ni of the parent Ni-exchanged A and X zeolites is 15.0 and

14.4 %, respectively, as referred to dehydrated samples;

b) the thermal treatment of the Ni-exchanged zeolites under reducing atmosphere
results in different nanocomposite systems; the quantitative phase analysis (QPA) of
powder diffraction patterns under synchrotron radiation is reported in Tab. 1 (taken
from [42]) and indicates the presence of: 1) a residual fraction of untransformed
zeolite in nanocomposites resulting from A zeolite (this fraction being almost negligible
in nanocomposites resulting from X zeolite); 2) a considerable fraction of metallic Ni
(Ni®) constituting the observed nanoparticle phase; 3) some Ni-oxide contribution
(larger in nanocomposites resulting from X zeolite) and 4) some Nickel Hydride HNi, (in
nanocomposites resulting from A zeolite only). All these phases are embedded in a
dominant amorphous phase produced by collapse of Ni**- exchanged zeolites by effect
of furnace treatments. A comparison of these results with the weight percentage of Ni
of dehydrated Ni-exchanged A and X zeolites clearly indicates that a significant fraction

of Ni** ions is still contained in the amorphous phase.
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c) a selection of unpublished micrographs of samples NiA735C-12min (panel a),
NiA750C-Omin (panel b), and Nix735C-12min (panel a), NiX750C-Omin (panel b) is
reported in Figures 1-2, respectively. Nanocomposite materials obtained according to
the above outlined procedure are made up by metal nanoparticles, with globular
shape, in which Ni is in the cubic crystalline phase [42]. In all samples, the analysis of
the TEM images shows that the average size of the Ni nanoparticles ranges between
13 and 18 nm [42]. In particular, the Ni® particle size distribution of NiA735C-12min
(mean diameter=17.6 £ 5.8 nm) is slightly broader than the one obtained for NiA750C-
Omin (mean diameter= 16.7 £ 4.2 nm). This is originated by the instantaneous drop of
the temperature at 750 °C, favouring crystal nucleation rather than crystal growth.
Independently of the thermal treatment conditions, homogeneously dispersed Ni
nanoparticles embedded in hedgehog-like agglomerates were observed in NiX735C-
12min (mean diameter= 12.7 + 3.7 nm) and NiX750C-Omin (mean diameter= 13.5+ 3.6

nm) samples.

3.1 Magnetic properties

The hysteresis loops M(H) of samples NiA735C-12min and NiX750C-Omin are shown in
Figure 3 after subtracting the weak diamagnetic signal from the nonmagnetic fraction
of the nanocomposite and from the sample holder. The curves are representative of
the M(H) behavior in all samples. The loops are generally characterized by a nonzero
temperature-dependent coercive field H, (see insets in Figure 3 for details of the
hysteretic features of the curves) and by a non-saturating behavior at high fields,

which becomes particularly evident below 100 K. The temperature dependence of the
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coercive field is shown in Figure 4; H. increases with decreasing temperature and is
quite independent of the heat treatment during sample preparation. Nanocomposites
resulting from A zeolite exhibit a slightly larger coercivity at all temperatures, in
agreement with previous results [42]. The non-saturating behavior of the M(H) curves
is mirrored by the behavior of the magnetization measured at H = 70 kOe (Myqkoe) as a
function of temperature, as reported in Figure 5. All curves exhibit a marked upward

bending as the temperature becomes lower than 100 K.

The FC-ZFC magnetization curves of all samples are shown in Figure 6. The FC and ZFC
curves become separate exactly at room temperature, indicating that the blocking
temperature of Ni° nanoparticles is well above room temperature [46]. Both FC and
ZFC curves are almost featureless over nearly all the examined temperature range
(typically, above 30 K): FC curves are almost flat whereas the ZFC magnetization
increases almost linearly with T. A low-temperature anomaly is observed for all
nanocomposites; the details of the low-T anomaly are put in evidence in Figure 7 for
two representative samples: a monotonic increase of Msgoe(T) and a bump of Msgoe(T)
appear to be superimposed to the featureless FC and ZFC curves, respectively. The
effect can be singled out by extrapolating the FC/ZFC curves down to low temperature,
as shown by the dashed lines in Figure 7, and by subtracting the baseline
(corresponding to the low-temperature extrapolation of the featureless FC/ZFC curves)
from the experimental data; the result is shown in Figure 8 for all nanocomposites. In
samples NiA735C-12min, NiX735C-12min, NiA750C-Omin (panels (a) to (c)) the
subtracted FC and ZFC curves become separate immediately above a sharp maximum

of the subtracted ZFC curve, which occurs between 4 and 5 K; in sample NiX750C-Omin
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(panel (d)) the data were taken starting from 5.5 K and the subtracted FC/ZFC curves

appear to be still merged.

The non-saturating behavior of the magnetization of all nanocomposites has been
studied by evaluating the differential dc susceptibility yur at high fields (H = 60 kOe) for
each experimental M(H) curve. The reciprocal of the susceptibility XHF'l is reported as a

function of temperature in Figure 9.

4. Discussion

4.1 Contribution from Ni nanoparticles

Isothermal hysteresis loops (Figure 3) indicate that a substantial contribution from a
non-saturating magnetic phase gradually emerges when the temperature is lowered,
distinctly adding to a saturating contribution. Such an effect is observed in all samples
and is reflected by the behavior of the Mgkoe(T) curves shown in Figure 5. It should be
noted that the non-saturating contribution to M(H) is initially linear, but a downward

curvature appears at sufficiently low temperatures.

The saturating contribution — predominant above 100 K - is attributed to Ni
nanoparticles. Densely packed Ni° nanoparticles have been put in evidence by TEM
observations (Figures 1-2 and [42]). In the materials considered here, the content of Ni
hydride (HNi, ) which contributes to the magnetic signal as well, is very small ( max 0.7

wt% [42]); moreover, it is known [47] that nickel hydride nanoparticles are

10
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characterized by a ferromagnetic behaviour even at high H concentrations (up to
[H]/[Ni] = 1), indicating that this contribution adds to the one from the dominant Ni°

phase.

In spite of the lack of distinctive features in FC/ZFC curves over most of the explored
temperature range (the low-temperature anomaly will be considered in paragraph
4.5), there is a good general agreement between the nanoparticle size distribution
obtained from TEM and the one derived from the standard method of analysis

exploiting the difference between FC and ZFC curves [42].

4.2 Paramagnetic phase in metal-ceramic nanocomposites.

Generally speaking, controlled introduction of specific magnetic ion species such as
Mn?*, Ni** in magnetic/nonmagnetic hosts, such as doping of ferrite nanoparticles

[48,49] brings about interesting changes in their magnetic properties [50-54].

In the present case, the Ni** ions non concurring in the formation of zerovalent Ni

nanoparticles are dissolved in a non-magnetic host and are responsible for the non-
saturating magnetization observed at low temperatures which could originate from
either an antiferromagnetic phase with random anisotropy axes, or a paramagnetic

phase.

Although multi-phase magnetic nanosystems can exhibit specific antiferromagnetic
features [50], the hypothesis of an antiferromagnetic contribution in these zeolites is
contradicted by structural and magnetic results: X-ray diffraction rules out the

presence of a large fraction fyjo of Ni oxides in nanocomposites resulting from A
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zeolites (fnio= 1 wt%); although a slightly larger fraction is found in materials deriving
from X zeolites (fniox® 5 Wt% [42]), this is not enough to explain the observed effect in
terms of antiferromagnetism; moreover, the Ni oxide phase present in these
nanocomposites has no definite stoichiometry and is expected to be in nanoparticle
form; the ideal antiferromagnetic order typically disappears in Ni oxide nanoparticles
giving rise to uncompensated magnetic moments [55]. In addition, no trace of
metamagnetic transitions (such as spin flip or spin flop transitions [56]) are observed
here. These transitions would arise from antiferromagnetic nanocrystals with
anisotropy axis having a substantial component parallel to the applied field; finally, the
hypothesis is contradicted also by the presence of a downward curvature in the high-

field M(H) curves at low temperatures.

12
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Indeed, such a curvature is typical of a paramagnetic response (corresponding to the
non-linear behavior of the Brillouin function at sufficiently high fields and sufficiently
low temperatures). Another fact pointing to a paramagnetic effect is the strong
reduction of the non-saturating signal in the high temperature limit. The paramagnetic
phase is therefore related to the presence of independent, bivalent Ni cations
embedded in the ceramic matrix. Isolated Ni** ions are often found in Ni-exchanged
zeolites [57-59]; their magnetic moments can take a variety of values, roughly ranging
from 1.9 to 3.9 Bohr magnetons (ug) in dependence of the degree of quenching of the
orbital momentum - which crucially depends in turn on the nature and symmetry of
the immediate surroundings of the cations [60—64]. Indeed, both nature and symmetry
of the environment vary in dependence of the actual localization on Ni** jons within
the zeolite structure (Ni** sites can be found either in the supercage or sodalite

cavities, or in exagonal cavities, or inside particles or clusters of NiO) [59].

The existence of a paramagnetic phase is strongly supported by the XHF'I vs. T curves
reported in Figure 9 *. These curves exhibit common features, namely: high-
temperature data (T > 200 K) lie on a straight line intersecting the horizontal axis at
small, negative values (red lines in Figure 9); at intermediate temperatures (50 K< T <

200 K) the experimental curves deviate from the linear behavior, showing a downward

A As a matter of fact, the standard analysis of a material’s paramagnetic response

o I . M .
makes use of the initial susceptibility onhmH—md—H instead of the quantity
dMm
XHF = (—) . However, the latter parameter was preferred because of the
dH/ H=60k0e

masking effect of the Ni-nanoparticle contribution, which dominates at low fields.

13
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concavity; at even lower temperatures a broad minimum is observed. Such deviations
from the linear behavior indicate that a weak interaction exists among paramagnetic
units in our samples. From the linear fit it is possible to extract the Curie constant and
the Néel temperature for all samples; these are reported in Table |. The downward
concavity of the XHF'l vs. T curves at intermediate temperatures indicates that the
interaction among paramagnetic units is basically ferrimagnetic; this can be put in
evidence by plotting the product yufT as a function of temperature [65-68], as done in
Figure 10 (symbols). The onset of a ferrimagnetic ordering is marked by the
appearance of a shallow minimum in the yuT curve, followed by an increase at lower

temperatures [66—68]. The drop of y T below 50 K will be discussed later.

The effective magnetic moment per paramagnetic unit is obtained from the

1
3k,C |2
experimental Curie constant using the standard expression 1 =[ NBf } . The

number of paramagnetic units per gram is Nx f, N being the total number of Ni
atoms/ions per unit mass in our nanocomposites; starting from the Ni%* meq/g values
reported in Ref. [42], one gets N = 1.238 x 10°* at/g and N = 1.123 x 10°* at/g in
nanocomposites resulting from A/X zeolite, respectively. The paramagnetic fraction fis
easily obtained from the QPA data of Ref. [42] and is reported in Table I. The resulting
effective number of Bohr magnetons per paramagnetic ion ne is reported in Table |
also. The quantity L = Nesr U turns out to be compatible with the magnetic moments
on Ni** ions dispersed in zeolites available in the literature [60—64] and indicates that

the paramagnetic units in our nanocomposites are single bivalent Ni ions (at high

14
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temperatures at least). In nanocomposites resulting from zeolite A, the effective
magnetic moment is lower and closer to the ideal value for isolated Ni ions with almost

complete quenching of the orbital angular momentum.

An estimate of the saturation magnetization of Ni nanoparticles can be obtained
considering that the sample magnetization measured at high-fields and at high

temperature, M, can be approximately written as:

ﬂgffHMax "
Mexp ENf—'{'l\/INP(]-_f) (1)

3kpTMax

where Hyax = 70 kOe, Tmax = 300 K. In Eq. (1) the total magnetization is thought to be
the sum of the contribution from paramagnetic Niions (whose response at 300 K is
basically still linear even under fields as large as Hg) and the contribution from
magnetic nanoparticles, which is presumed to be fully saturated at H = Hy. The only
unknown parameter in Eq. (1) is the intrinsic magnetization of Ni nanoparticles M*yp;
using the results for L.f, one gets for M*yp the values shown in Table I. These are
remarkably similar to each other and in very good agreement with the data available in
the literature (~ 35 emu/g [69]) for a mean NP diameter comparable to the one
observed in these materials, i.e., ranging between 12.7 nm (our sample NiX735C-

12min) and 17.6 (our sample NiA735C-12min) [42].

4.3 Magnetic clusters of Ni** ions at low temperature

The low-temperature structure observed in the FC/ZFC curves (Figures 7 and 8)

indicates some blocking effect at temperatures Tg of the order of 3-4.5 K; in sample

15
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NiX750C-Omin the absence of low-temperature measurements prevents T to be
observed. As previously stated, the magnetic nanostructures which undergo this
blocking cannot be the Ni° nanoparticles. As a consequence, we infer that at low
temperatures the interaction among individual Ni** ions put in evidence by the Tyt
curves (Figure 10) results in the formation of ferrimagnetic-like clusters of interacting
Ni** ions; the magnetic moments in each cluster are thought to be collectively
responding to the magnetic field. The distribution p(Tg) of Tg values is quite narrow
although not delta-like, as put in evidence by applying the standard analysis involving
the derivative of the difference between ZFC and FC curves [70,71]. An example of the
p(Tg) distribution estimated in this way is shown in Figure 11 for sample NiA750-Omin.
The mean blocking temperature of clusters <Tg> is reported in Table Il along with the
mean barrier height expressed in Kelvin, U/kg , obtained from the usual expression
U/kg = In(Texp/T0)<Tg > taking Texp = 100 s and 1o = 1 x 107 sor 1o = 1 x 107 s (the first
value being appropriate to single molecule magnets and small clusters [72], the second

one being the usually accepted value for magnetic nanoparticles [73]).

These barrier heights have values comparable to the ones observed in many single-
molecule magnets [72], and confirm that the clusters formed by interacting Ni%* ions
are very small. The presence of a large magnetic contribution from Ni° nanoparticles
prevents typical quantum effects related to the response of magnetic clusters or
molecules, such as quantum tunneling of magnetization and definite hysteresis-loop

steps [72] to be observed in the present case.

16
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4.4 Magnetic moment of low-temperature clusters

An estimate of the net magnetic moment of Ni**-rich clusters can be obtained from a
study of the high-field magnetization as a function of temperature. The experimental
M>okoe (T) curve of Figure 5 is written as the sum of two contributions, from Ni°
nanoparticles and from Ni** ions respectively, the latter term being in principle

proportional to a Brillouin function:

M7ok0e(T) = (1 — f)Myp(T) + Nf,uoB](x)
,UO = g]]:uB (2)

_ __gjupJH
x=x() ="
B H=70 kOe

In this expression Myp(T) is the saturation magnetization of the Ni nanoparticles
(magnetic moment per gram of material) which is directly related to the intrinsic
magnetization M*yp by the relation Myp = aM*yp with o= 0.15 or 0.144 in
nanocomposites resulting from A/X zeolites, respectively. The temperature
dependence of Myp(T) is taken equal to the one of bulk crystalline Ni [74]; the
assumption is justified by the large size of our Ni nanoparticles and from the features

of the FC/ZFC curves. The available literature confirms this assumption [75].

The nefs values of Table | indicate incomplete orbital quenching (J =1, g, = 2 for
complete quenching ; J = 4, g, = 5/4 for no quenching). In fact, all Myooe (T) curves of

Figure 5 can be accurately fitted at high temperatures by using either the B)-1(x) or the
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B,-4(x) function, which are almost completely overlapping there; however, both curves
fail to fit the low-temperature region of the experimental curve (below about 80 K). A
typical example is shown in Figure 12 for sample NiX735C-12min; this behavior is
representative of all investigated samples. On the contrary, the low-temperature

region of the Mygkoe (T) curve is well fitted by the following expression:

M7okoe(T) = (1 = f)Myp(T) + Nf tiepyse L(x)
— UclustH (3)
keT lg=70koe

where L(x) is the Langevin function (blue line in Figure 12). The effective magnetic
moments emerging from the low-temperature fit (Ucust) turns out to be considerably
larger than the p.f values obtained at high temperature, as shown in Table I. This
result (which supports the choice of using a Langevin function instead of a Brillouin
function in Eq.(3) ) is in good agreement with our interpretation of low-temperature
data in terms of magnetic clusters rather than from isolated magnetic ions. In the
intermediate region (30 K < T <70 K) neither Eq. (3) nor Eq. (2) correctly fit the
experimental data, indicating a broad transition between the single-ion and the cluster

regimes.

In the studied nanocomposites, the average magnetic moment of a cluster turns out to

be of the order of 9.2 and 10.5 g for materials obtained starting from A/X zeolites,
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respectively (Table I). Both values are compatible with the presence of magnetic
clusters carrying a net magnetic moment. Indeed, first-principles calculations indicate
that clusters or ultra-small particles of Nickel compounds may exhibit a net magnetic
moment of the order of a few Bohr magnetons originating from either imperfect
pairing of antiparallel moments or competition between ferromagnetic and

antiferromagnetic exchange integrals [61,76,77].

The present results provide an independent evidence of the appearance of magnetic
clusters made of correlated ionic moments; the net magnetic moments associated to
each cluster can be viewed as individually responding to the magnetic field and
undergo blocking at the temperatures derived from the ZFC/FC curve analysis of the

previous section.

The ferrimagnetic features put in evidence by the XHF'l (T) curve and by the behavior of
the product y T (Figures 9 and 10) suggest that an imperfect antiferromagnetic order
exists among the individual ionic moments contained in each cluster; as a result,
clusters exhibit the net magnetic moments shown in Table I. Remarkably, this view is
supported by the behavior of the yuT data at low temperature. The blue curves of
Figure 10 are generated by assuming that the magnetic moments are non-interacting
and take the value pyst instead of pess; these curves fit very well the experimental y e T
data in the low-temperature region (up to about 40 K), supporting the picture of
interacting single-ion moments forming magnetic clusters at low T. On the contrary,
the red curves, generated using Llesr = Nesrltg Under the assumption of non-interacting

moments, fit the same data at high temperatures; the slight discrepancy between
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experimental data and red curves indicates that single-ion moments are

ferrimagnetically interacting. A transition region between the two regimes is observed.

4.5 Range of existence of low-temperature clusters

Analysis of the FC/ZFC curves (Figure 8) and fits of the Mygkoe(T) curves (Figure 12)
consistently indicate that magnetic clusters are stable at very low temperatures but
gradually lose their identity above 30 K. The temperature where the ferrimagnetic-like
clusters vanish can be viewed as a sort of Curie temperature (T¢qust = 30 K); such a
temperature is larger than the (absolute value of) the Néel temperature (Table I). Now,
in macroscopic ferrimagnets containing two magnetic sublattices (A e B), Tc and Ty are
given by different expressions containing many compositional and physical parameters
[78,79] and are in general different from each other; when the A and B sublattices
have similar numbers of ions per unit volume it is often found that Tc = Ty [78,79].
However, the result T¢ > Ty is easily obtained when the balance between numbers of A
and B ions is uneven [78]. In the present case the macroscopic formulas based upon
the assumption of perfect, infinite magnetic sublattices clearly do not apply; the
present results (Tc qust = 30 K, whereas Ty~ 3-13 K) may be related to an imbalance

between the numbers of up and down magnetic moments in each cluster.

5. Conclusion
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Thermal treatment under reducing atmosphere of Ni*-substituted zeolites A and X
produces ceramic nanocomposites made up by zerovalent Ni nanoparticles embedded
in an amorphous ceramic phase resulting from decomposition of the zeolitic
precursors. The nanoparticles keep their morphological identity and give the
guantitatively dominant contribution to the magnetic signal at all temperatures.
However, the process leading to nanoparticle formation is incomplete, and a
substantial fraction of Ni** cations appears to be sparsely trapped in the amorphous

ceramic phase.

A combined study of FC/ZFC curves, isothermal M(H) loops and high-field susceptibility
vs. temperature curves supported by morphologic and structural data makes it
possible to disentangle the contributions from the various magnetic phases, allowing a
detailed picture of the magnetic system to be drawn. In particular, the disperse Ni%*
cations give a paramagnetic response at high temperature, the magnetic moment per
ion being found to be comparable to the values typically observed in similar systems.
However, the presence of interactions among ionic moments results in the appearance
at low temperature of ferrimagnetic-like clusters which group a small number of
nearby ionic moments. Our measurements indicate that the clusters bear a net
magnetic moment of about 10 Bohr magnetons, i.e., about 5 times larger than the
moment on a single Ni ion; however, the number of ions involved in each cluster can
be larger than 5 because of the ferrimagnetic nature of the spin arrangement. The
clusters undergo individual blocking at very low temperatures (< 5 K); the

corresponding barrier energy is of the same order of magnitude of similar quantities
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obtained in some molecular magnets, again confirming that these clusters involve a

small number of magnetic ions.

The following overall picture of the magnetic regimes in these ceramic
nanocomposites emerges: the magnetic signal from the nanoparticle phase mostly
comprised of Ni° and — to a much lesser extent - HNi, nanoparticles is characterized by
featureless FC/ZFC curves and by saturating isothermal magnetization loops, whereas
the fraction of dispersed Ni** ions exhibits a more complex, temperature-dependent
behavior: at sufficiently high temperature the units responding to the magnetic field
are the individual, disperse Ni** ions; the weak interaction among ions leads to the
onset of a ferrimagnetic order and to the appearance of clusters characterized by a net
magnetic moment. Below the ordering temperature, the magnetic units individually
responding to the applied field are these clusters and not the single Ni** ions; the

cluster magnetic moments become blocked at a very low temperature.
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Figures Captions

Fig. 1 — TEM images of NiA735C-12min (panel a) and NiA750C-Omin (panel b) samples.
Insets: Ni particle size distributions. Instrumental magnification: 100000X.

Fig. 2 — TEM images of NiX735C-12min (panel a) and NiX750C-Omin (panel b) samples.
Insets: Ni particle size distributions. Instrumental magnification: 100000X.

Fig. 3 — Temperature behavior of the hysteresis loops of ceramic nanocomposites
obtained from different zeolite types. The insets show the low-field behavior.

Fig. 4 — Coercive field H. as a function of measurement temperature for all studied
samples.

Fig. 5 — Temperature dependence of the magnetization at H = 70 kOe in all studied
samples.

Fig. 6 — FC/ZFC magnetization curves of all studied samples measured under a field of
50 Oe between 2 and 300 K (in sample NiX750C-Omin the starting temperature was 5.5
K). Top panel: nanocomposites resulting from precursor zeolite A; bottom panel:
precursor zeolite X.

Fig. 7 — Magnification of the low-temperature structures of FC/ZFC curves measured in
two selected nanocomposites; the displayed behavior is representative of all studied
samples.

Fig. 8 — Low-temperature structures of all nanocomposites resulting after subtraction
of the baseline (dashed lines in Fig. 7)

Fig. 9 — Reciprocal of the high-field susceptibility XHF'l as a function of temperature in
metal-ceramic nanocomposites. Symbols: experimental data; red lines: high-
temperature linear fit. See text for details.

Fig. 10 — xue T product as a function of temperature in metal-ceramic nanocomposites.
Symbols: experimental data; red lines: expected behavior of yxeT using Lt (values on
Table 1); blue lines: expected behavior using pgust (values in Table I).

Fig. 11 — Distribution of blocking temperatures of ferrimagnetic-like clusters in sample
NiA750C-Omin as obtained from the FC/ZFC curves of Fig. 8, panel (c).

Fig. 12 — Magnetization at H = 70 kOe in a typical metal-ceramic nanocomposite. Full
dots: experimental data; red dashed lines: high-temperature fitting curves using the
Brillouin functions appropriate to Ni** ions with complete angular-momentum
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quenching (B,=1) and without quenching (B,-4); blue full line: low-temperature fitting

curve using Eq. (3) and the pqyst value reported in Table I.

Table |

Sample Tn(K) | C(cm’Kg?) |f Nefr M*yp Heust (Hs)
(emu/g)

NiA735C-12min 13.5 6.01x 10™ 0.46 2.25 35.4 9.17

NiX735C-12min | 9.5 8.99x 10™ 0.33 3.44 35.6 10.93

NiA750C- Omin | 3.4 9.99x 10™ 0.53 2.72 36.4 9.19

NiX750C- Omin | 6.6 7.10x 10™ 0.33 3.02 35.4 10.00

Table I: Paramagnetic-phase parameters in magnetic zeolite nanocomposites: Néel

temperature Ty, Curie constant C, paramagnetic fraction f (from Ref. [42]), effective

number of Bohr magnetons per single Ni** ion (at high temperature) nef, saturation

magnetization of Ni nanoparticles (per unit mass of Ni) at T = 300 K M*yp, net magnetic

moment of a cluster of Ni** ions clust-

Table Il
Sample <Tg>(K) | U/ks (K) U/kgs (meV)

To=1x107s | 16=1x107s | 15=1x10"s | 1o=1x107s
NiA735C-12min | 4.5 93 114 8.0 9.8
NiX735C-12min | 3.0 62 76 5.4 6.6
NiA750C- Omin 3.3 68 84 5.9 7.2
NiX750C- Omin - <93 <114 <8.0 <9.8

Table Il: Mean value of the blocking temperature and estimates of the anisotropy

energy barrier for magnetic moment reversal in Ni 15% zeolites containing magnetic

clusters.
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