PHYSICAL REVIEW B 76, 174432 (2007)

Controlled magnetic properties of Ni nanoparticles embedded in polyimide films
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We have studied the magnetic properties of Ni nanoparticles incorporated in polyimide films using dc- and
ac-magnetization measurements. Transmission electron microscopy images reveal that both the mean particle
diameter (d,,,) and the volume fraction of particles (7,,.) in the composite layer can be controlled indepen-
dently. In a series of samples with fixed d,,,, the system with the lowest 7,,, behaves magnetically as an
ensemble of noninteracting superparamagnets. With increasing 7,,,, typical signatures of the dipole-dipole
interparticle interaction, such as an enhanced blocking temperature, are observed. In dense systems, with a
particle concentration above the threshold for geometrical percolation, the magnetic response is ferromagnetic
due to the exchange interaction between particles in direct contact.
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I. INTRODUCTION

Ferromagnetic-metal nanoparticles are good model sys-
tems for studying how a reduction in size changes the prop-
erties of a magnetic material. It is energetically favorable for
a particle smaller than a specific size to form only one mag-
netic domain, i.e., to become a magnetic single-domain
particle.! Single-domain ferromagnetic-metal nanoparticles
have received considerable interest due to their important
technological applications mainly in high-density magnetic
storage,? but also other applications based on collective mag-
netic behavior have been proposed.>* Moreover, an interest
within basic condensed matter physics concerns magnetic
dynamics and relaxation behavior of nanoparticle
ensembles.>0-8.7:9

For systems of magnetically isolated nanoparticles with
negligible interparticle interactions, the magnetic properties
are determined by the magnetic anisotropy of each nanopar-
ticle originating either from the magnetocrystalline aniso-
tropy, a nonspherical particle shape, or surface effects. For
any real system, dipolar interparticle interactions are inevi-
table and how to correctly model the magnetic relaxation of
dipolar-coupled nanoparticle systems is a matter of
debate.>""-1 While simplified models have been proposed to
understand the effects of weak to intermediate dipolar inter-
actions, a dense nanoparticle system is, in general, a disor-
dered system with random anisotropy and competing mag-
netic interaction. Such a strongly dipolar-coupled
nanoparticle systems may have a rich variety of magnetic
configuration with competing energy terms resulting in
superspin-glass dynamics.'!'"!® In order to understand the
physics underlying the collective phenomena of magnetic
nanoparticle systems, experiments on well characterized
nanoparticle model systems, in which the interparticle inter-
action can be tuned precisely, are crucial.

The magnetic interparticle interaction in a ferromagnetic-
metal nanoparticle system is determined by both particle di-
ameter (d) and interparticle spacing (r). The dipolar interac-
tion is ubiquitous, while close contacts between
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nanoparticles lead to direct exchange. Electron beam lithog-
raphy has been considered to be one of the best ways to
fabricate magnetic microstructures with highly controlled d
and r. The smallest d and r in the state-of-the-art lithographic
technique are, however, limited to several tens of nanometers
despite the demand for further miniaturization. Over the past
few years, remarkable progress has been made in the prepa-
ration of very small structures at scales beyond the current
limits of the lithographic technique by using, for example,
chemical decomposition,” sputtering,””!” and thermal
deposition.'® Nevertheless, independent and precise tuning of
d and r at the level of several nanometers still remains a
challenge.

Frozen ferrofluids have often been used as model systems
to study fundamental properties of magnetic-metal nanopar-
ticles. It is, however, difficult to increase the nanoparticle
volume fraction (#) uniformly and continuously; particles
may form long chains or other types of aggregates. By using
a sputtering technique, well characterized nanometer-sized
magnetic clusters have recently been prepared.”!”!° Luis et
al.” reported that sequential depositions of Al,O; and Co
layers bring about granular multilayers, in which the strength
of interactions between the Co clusters is controlled by vary-
ing the number of layers and their separation. Such a system
is ideal for studying phenomena related to two-dimensional—
three-dimensional (3D) crossover. However, it is difficult to
uniformly and continuously vary the particle concentration
for tailoring a 3D system with any strength of the dipolar
coupling from magnetically isolated to strongly interacting.

Very recently, we have embedded metallic Ni particles
several nanometers in diameter in a polymer film, namely,
polyimide (PI).?° Structural analysis based on transmission
electron microscopy (TEM) has demonstrated that d of the
nanoparticles remains constant while # is increased by
shrinking the PI matrix. Since % (d/r)3, this enables us to
monotonically decrease r, leading to a fine tune of the inter-
particle interaction in the Ni nanoparticle system.?! It is thus
possible to carry out a systematic study of the magnetic dy-
namics for 3D systems of single-domain Ni nanoparticles
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with 7 varying from a few percent to above the threshold for
geometrical percolation.

We will, in this paper, show that it is possible to control
the magnetic properties of ferromagnetic-metal nanoparticle
systems by using the Ni nanoparticles embedded in PI ma-
trices. For this purpose, ac- and dc-magnetization measure-
ments are carried out to probe the magnetization dynamics
on well defined Ni nanoparticles characterized by TEM. We
demonstrate that the magnetic properties of such Ni nanopar-
ticle systems can be tuned from superparamagnetic to ferro-
magnetic by increasing the volume concentration of nanopar-
ticles to above the percolation threshold.

II. EXPERIMENTAL DETAILS

PI films (Kapton 200-H) were first modified with aqueous
potassium hydroxide (KOH) of 5 mol/dm?. We prepared two
series of samples, one modified by KOH for 2 min (series I)
and the other for 7 min (series II). The surface modified
films were subsequently immersed in aqueous nickel chlo-
ride (NiCl,) of 50 mmol/dm?® in order to adsorb Ni**. The
amount of adsorbed Ni** (N) evaluated through inductively
coupled plasma atomic emission spectroscopy is 607
X 107 mol/cm? for series I and is 1973 X 10~ mol/cm? for
series II. The adsorption of Ni** was followed by thermal
annealing in H, gas. The temperature was elevated from
room temperature (RT) to 300 °C by 10 °C/min and kept
for 0—130 min at 300 °C. The Ni’>* were almost completely
reduced to Ni atoms at 300 °C and Ni nanoparticles were
grown,?? yielding surface nanocomposite layers consisting of
Ni nanoparticles embedded in PI matrices.

The cross sections of the films were observed using TEM
operated at 200 kV. Specimens for the cross-sectional TEM
studies (100 nm in thickness) were prepared by the standard
procedure that includes an embedding of the films in epoxy
resin and a sectioning with ultramicrotome. dc- and ac-
magnetization measurements at temperature ranging from
5 to 300 K were carried out using a superconducting quan-
tum interference device magnetometer. The magnetic field
was applied up to +7 T in the direction parallel to the film
surface. The ac magnetization was studied at frequencies
ranging from 0.17 to 170 Hz.

III. RESULTS AND DISCUSSION

A. Sample characterization

Figure 1(a) shows a cross-sectional TEM image of the
surface nanocomposite layer for the film in series II annealed
at 300 °C for 30 min. We see nearly spherical Ni particles
dispersed in the film. A selected-area electron diffraction pat-
tern was assigned to fcc-Ni (not shown here). Figure 1(b)
shows the size distribution of Ni particles determined from
TEM pictures. The average particle diameter (d,,.) is
7.5 nm, and the standard deviation (o) is 1.1 nm, indicating
a narrow size distribution. Figure 1(c) shows a TEM image
of a sample in series II annealed for 130 min at the same
temperature. We see that the shape of the particles does not
change after longer annealing. The size distribution of the
nanoparticles is presented in Fig. 1(d). The d,,, and o are

PHYSICAL REVIEW B 76, 174432 (2007)

60
0
% | Series Il
'g 0L Aave i7.5 r:m B
S Tve =55%
5 L ]
S 20 —
£
p=} o -
z
O ] ]
0 4 8 12
Particle diameter (nm)
2 %[ series |
@ eries
£ [ d,=81nm (d)'
‘g 40 Thve = 18 % 7]
5 L J
S 20| —
IS
5 L J
z
0 ]

0 4 8 12

Particle diameter (nm)

FIG. 1. Cross-sectional TEM images of the films in series II
annealed at 300 °C for (a) 30 min with 7,,,=5.5% and (c) 130 min
with 7,,,=18%. [(b) and (d)] Size distribution of the Ni particles
observed in (a) and (c), respectively.

evaluated to be 8.1 and 1.0 nm, respectively. These values
are almost the same as those in Fig. 1(b).

It is worth noting here that the concentration of nanopar-
ticle observed in Fig. 1(c) seems to be higher than that in
Fig. 1(a). We have revealed that the thickness of the compos-
ite layer (7,,,) decreases as the annealing time increases. This
is due to the volume loss of the PI matrix by the thermal
decomposition.?® Using t,,, (um), N, the atomic weight of
Ni (58.7), and the density of bulk fcc-Ni (8.91 g/cm?), the
average volume fraction 7,,, (%) is calculated using 7,,.
=(NX58.7X100)/(t,, X 8.91 X 1074). Since N, the amount
of adsorbed Ni2*, is constant for all the films in a series of
samples, a decrease in 7,,, with increasing the annealing time
brings about an increase in 7,,,.

The estimated d,,, and 7,,, for all series II samples are
summarized in Table 1. The 7,, of the nanoparticles in-
creases from 3.2% to 18% as the annealing time increases
from O to 130 min. The nanoparticles, however, maintain a
fixed diameter d,,, of about 8§ nm within the error of estima-
tion. For series I samples, we obtained a similar result. The

TABLE 1. Microstructures of series I samples.

Annealing time de Nave
(min) (nm) (%)
0 7.6+1.2 32
30 7.5+1.1 55
60 7.5+1.0 7.7
80 8.1+£1.0 10
120 8.4x1.1 12
130 8.1+£1.0 18
=180 Continuous Ni film
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TABLE II. Microstructures of series I samples.

Annealing time dape Nave
(min) (nm) (%)
0 4.9+0.8 3.0
30 54x1.0 5.6
60 5.6+0.8 15
80 5.0+0.7 23
90 5.1%x0.6 34
=100 Continuous Ni film

particles which maintain a diameter of 5 nm were embedded
in PI with 7, ranging from 3.0% to 34% as seen in Table II.
These results clearly suggest that we have succeeded in con-
trolling d,,, and 7,,, independently in the Ni nanoparticle
systems. We found that d,,, is dependent on the time of the
initial KOH treatment, i.e., longer KOH treatment time
brings about larger Ni nanoparticles, and on the temperature
during annealing but is independent of the annealing time.?

During annealing at 300 °C, the hydrogen-induced reduc-
tion of Ni?* is accompanied by diffusion and aggregation of
Ni atoms in the PI matrices to form Ni nanoparticles.>* A
smaller nanoparticle is less stable owing to a larger surface
energy. Larger nanoparticles are thus grown at the expense of
smaller particles within a so-called Ostwald ripening pro-
cess, which includes dissolution of smaller nanoparticles and
rediffusion of Ni atoms.?* It is thought that when the surface
energy of nanoparticles with a specific size balances the ther-
mal energy, the nanoparticles become stable. After the for-
mation of stable nanoparticles, they do not coalesce because
the temperature is lower than the glass transition temperature
of the PI matrix (7,=400 °C) and the mobility of the par-
ticles is quite low in the rigid PI matrix. This explains why
d . 1 independent of the annealing time.

For annealing times =100 min for series I and =180 min
for series II, we see a continuous Ni film in TEM images,
indicating that geometrical percolation is reached. The per-
colation threshold, at which a continuous path exists from
one end of the sample to the other, is theoretically 31% for
site percolation on a simple cubic lattice.?

B. Magnetic properties

Figure 2(a) shows the temperature dependence of the in-
and out-of-phase components of the ac susceptibility (xy' and
x") of the film with 7,,,=5.5% in series II. The measure-
ments were carried out with a probing field of 4 Oe in the
frequency range between 0.17 and 170 Hz after cooling in
zero field from RT. We see that the peaks in both ' and y”
shift toward a higher temperature with increasing frequency
f or, equivalently, decreasing the observation time r=1/27f.
The relaxation time for the thermally activated overbarrier
relaxation of an isolated nanoparticle is given by 7
= 1yexp(Eg/kgT), where the energy barrier Ep is the
uniaxial anisotropy energy barrier KV. K is the magnetocrys-
talline anisotropy, and V is the volume of a particle.

For an ensemble of noninteracting nanoparticles, y
curves can be used to determine the distribution of Ep by

]!
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FIG. 2. (Color online) Temperature dependence of the in- and

out-of-phase components of the ac susceptibility (xy’ and x”) of a
film with (a) 7,,,=5.5% and (b) 77,,,=18% in series II.

plotting x” vs Eg/kg=-T In(2mf7,).2° These curves are inde-
pendent of the measurement frequency if 7, is chosen cor-
rectly. For a sample with 7%,,=55% in series II, 7y=1
X 107'* s gives the best collapse of all " curves measured at
different frequencies. The resulting energy barrier distribu-
tion is shown in Fig. 3. The height of the x” peak for 7,,,
=5.5% is independent of f as expected for a noninteracting
nanoparticle system. Hence, the dipolar interaction is rela-
tively weak in this system and neglecting the dipolar inter-
action may be a crude approximation.

The energy barrier distribution is roughly consistent with
an anisotropy-energy distribution only determined by the
volume distribution. The estimated value of the anisotropy
constant K coincides with that of the magnetocrystalline an-
isotropy of bulk fcc-Ni at low temperature, K=8
X 10* J/m3.?7 This is consistent with the crystalline fcc-Ni
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FIG. 3. (Color online) x" vs E,=-TIn(2mf7,) for the two
samples with 7,,,=5.5% (solid symbols) and 7,,,=18% (open
symbols) in series II. 7y=1X10"'% s was used both for the 5.5%
and 18% samples. The inset illustrates the tail of large particles in
the 18% sample by plotting x” vs E,/E;.
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FIG. 4. (Color online) Blocking temperatures (7) as a function
of particle volume fraction in the composite layer (7,,.). Squares
and circles correspond to series I (d,,~5nm) and I (d,,
~8 nm), respectively.

observed by an electron diffraction pattern. For the sample
with the lowest 7,,, in series I, a similar analysis reveals the
anisotropy constant K= 13X 10* J/m?, about a factor of 1.5
larger than for series II. This increase in anisotropy for the
smaller particle size may be related to the increased surface-
to-volume ratio for the smaller particles making the surface
anisotropy important.

Temperature dependent measurements of the zero-field-
cooled (ZFC) and field-cooled dc magnetizations were made
for all samples. The probing magnetic field was 5 Oe, which
is within the linear response regime. We identify the block-
ing temperature (T) with the maximum in the ZFC magne-
tization. Figure 4 shows T} as a function of 7,,,. Both series
of samples exhibit the same trend: Ty increases with 7,,,.
The enhancement of T on decreasing the mean distance
between particles has commonly been observed for various
nanoparticle systems.®”!2!3:15 The increase of Ty can be at-
tributed to additional energy barriers created by the dipolar
interaction.'® In the noninteracting limit (7,,,— 0), consid-
ering that the time scale of the dc measurement is 7~ 100 s,
the expression for the relaxation time yields kzTp
=~ KV/In(7/ 7y) = KV/35. The values of the anisotropy con-
stant obtained in this way are roughly consistent with those
deduced from the ac susceptibility measurements.

In the range of strong dipolar interaction, a naive expec-
tation is that the blocking temperature is proportional to the
dipolar energy yielding kBTBOC,u,OManaW. Comparing the
two series, the slope of T(7,,.) is larger for series II than for
series I as expected, and for both series, T is approximately
linear with 7,,,. However, a quantitative analysis according
to this simple model cannot be made.

Figure 2(b) shows x’ and x” of a films with 7,,,=18% in
series II. We note here that the peaks in the ac susceptibility
appear at much higher temperatures compared to the 5.5%
sample. In addition, the peak height of x” increases slightly
with f, a commonly observed effect of the influence of dipo-
lar interparticle interaction. An attempt to collapse the x”
data using 7,=1X10"'* is shown in Fig. 3. The collapse is
less good than for the 5.5% sample, especially at low tem-
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FIG. 5. (Color online) M-H hysteresis curves at 300 K for a
sample with 7,,,=5.5% and the percolated sample in series II. The
magnetic field is applied along the film. Demagnetization effects
should therefore be small.

peratures, due to the increased importance of dipolar inter-
particle interaction. An even smaller 7,=1X 107! s gives a
bit better collapse of all x” curves. Such an unphysically?®
small value of 7, indicates the importance of dipolar interac-
tions in the sample. We expect weak dipolar interactions to
have slightly reduced the value of 7, also for the 5.5%
sample.

In dense nanoparticle systems, strong dipolar interactions
lead to spin-glass-like dynamics. In that case, new energy
barriers are created dynamically by the frustrated dipolar in-
terparticle interaction,'® and the onset of x” at the high tem-
perature side becomes sharper than in a dilute sample."
However, the x” curves for 7,,,=18% in Fig. 3 have a tail at
the high temperature side, as can clearly be appreciated from
the inset. This tail of large energy barriers indicates the ex-
istence of clusters of strongly exchange coupled particles be-
having as one large entity. We note that in the present sys-
tem, direct contact between particles is possible unlike for
surfactant coated nanoparticles in a ferrofluid. It is thus plau-
sible that in several parts of a sample, interparticle ferromag-
netic exchange coupling dominates over the dipolar interac-
tion in the range of large 7. Thus, the tail of y” for 7,,,
=18% can be regarded as a precursor of the percolation tran-
sition to a ferromagnet. According to a percolation theory,
clusters of linear size & (7.~ 7)~" exist below the percola-
tion threshold 7. The critical exponent v=0.88 in 3D sys-
tems, though we have not enough samples with 7 near 7, to
check this divergent behavior. For a sample with 7 above 7,
we do expect direct exchange coupling between particles to
be the dominating exchange mechanism.

Figure 5 shows magnetization versus magnetic field
(M-H) hysteresis curves for samples in series II annealed for
30 min (7),,,=5.5%) and for 180 min (the continuous Ni
film) at 300 °C. While the 7,,,=5.5% sample is superpara-
magnetic at this temperature, the percolated sample is ferro-
magnetic with a small coercivity of about 45 Oe. The satu-
ration magnetization (M) of the continuous Ni film is close
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to that for bulk Ni, 55 emu/g at 300 K, while it is lower,
about 30 emu/g, for the dilute sample at the same tempera-
ture. A decrease in M, for Ni nanoparticles has been
reported? and can be attributed to surface effects. In accor-
dance, M, of the smaller sized nanoparticles in series I is
even lower (M;=~26 emu/g) compared to M ~34 emu/g
for series II at low temperatures. It cannot be excluded that
the particle surface is oxidized after the annealing process,
which would explain the observed reduction of M. In addi-
tion, an enhanced magnetic anisotropy, as well as exchange-
bias effects, is expected30 in the case of a layer of antiferro-
magnet NiO on the surface of ferromagnetic Ni particles. An
enhanced magnetic anisotropy is observed for the 5.6%
sample of series I, while for samples both from series I and
II, weak exchange-bias effects exist, consistent with NiO be-
ing formed on the particle surface. However, if the crystal-
linity of the surface layer is different from the fcc-Ni core, a
reduced magnetic moment is also expected.’!

IV. CONCLUSIONS

In conclusion, we have prepared PI films incorporating Ni
nanoparticles. TEM studies demonstrated that the particle di-
ameter d,,, and their volume fraction 7,,, can be controlled
independently. dc- and ac-magnetization measurements
clearly show that the magnetic properties of these Ni nano-
particle systems can be controlled by tuning d,,, and 7,,,.
The samples with a low volume fractions of particles behave
as ensembles of superparamagnets, as expected for noninter-
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acting nanoparticle systems. With increasing 7,,,, i.e., de-
creasing the mean interparticle distances, the dipolar interac-
tion increases resulting in an enhanced 7. For dense
nanoparticle samples exhibiting spin-glass-like dynamics,
the onset of y” is sharper than for noninteracting nanoparticle
systems.!> However, the x” curves observed for 7,,,=18% in
the present study have a tail at the high temperature side. If
the particle concentrations exceed the threshold for geometri-
cal percolation, the magnetic response is ferromagnetic due
to ferromagnetic exchange interactions between particle in
direct contact. A tail at the high temperature side of the y”
curves for the 7,,,=18% sample can be interpreted as a pre-
cursor of such a critical percolation transition. The behavior
of the investigated Ni nanoparticle systems is hence different
from that of surfactant coated nanoparticle for which the
minimum interparticle distance is limited by the surfactant.
The magnetic properties of ferrofluids often change with
time due to chain formation and clustering of the particles in
a liquid medium. Here, we have shown that we can control
the magnetic properties of this materials with single-domain
particles dispersed three dimensionally in a solid matrix from
superparamagnetic to ferromagnetic simply by changing the
annealing time.
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