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Here, we report on the results of an electron magnetic resonance (EMR) study of a series of Ni/ZnO and
Ni/ y-Fe,O3 nanocomposites (NCs) to probe the resonance features of ferromagnetic (FM) Ni nanoclusters
embedded in metal oxides. Interest in these NCs stems from the fact that they are promising for implementing
the nonreciprocal functionality employed in many microwave devices, e.g., circulators. We observe that the
EMR spectrum is strongly affected by the metallic FM content and its environment in the NC sample. We
report the existence of broad and asymmetric features in the EMR spectra of these NCs. Our temperature
dependent EMR data revealed larger linewidth and effective g factor, in the range of 2.1-3.7 (larger than the
free electron value of =~2), for all samples as temperature is decreased from room temperature to 150 K. The
line broadening and asymmetry of the EMR features are not intrinsic properties of the metallic nanophase but
reflect the local (nonmagnetic or magnetic) environment in which they are embedded. Furthermore, the results
of a systematic dependence of the room temperature EMR linewidth and resonant field on the Ni content and
the corresponding effective microwave losses measured in previous works show a remarkable correlation. This

correlation has been attributed to the dipolar coupling between magnetic nanoparticles in the NCs.
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I. INTRODUCTION

Interest in the polarization and magnetization mechanisms
in nanocomposites (NCs) is on the rise. From the fundamen-
tal point of view, the main scientific drivers are the multi-
plicity of new and interesting effects, e.g., product property
such as magnetoelectricity,'* and the observation that many
of the ideas central to the understanding of two-dimensional
electromagnetism and magnetism indicate the need for new
theoretical and experimental approaches. Respective systems
might be realized in granular mixtures, layered compounds,
thin films, or artificial multilayers. Another reason to give
some attention to magnetic NCs is the current increase in
interest in biological physics and in the development of new
pharmaceutical products.> The particular interest among
the biophysical and chemical sciences is triggered by the fact
that plasmonic NCs can provide promising platforms for the
development of multimodal imaging and therapy
approaches.!%!! From the practical side, such studies are im-
portant for developing techniques that are able to produce
nanostructures in a controlled manner. However, expecta-
tions for integrated nanoelectronic devices exhibiting new
functionalities will become more realistic when there is com-
plete understanding of the microscopic mechanisms that con-
trol changes in electronic structure that scale with the cluster
dimensions.

While much attention has focused on exploring the micro-
structure of materials by using conventional methods of char-
acterization, recent work has recognized the value of conven-
tional electron magnetic resonance (EMR) techniques (see,
e.g., Refs. 12-14) which can reveal both the average mag-
netic behavior and its microscopic inhomogeneity. These
techniques have proven to provide reliable approaches to the
stability of nanoparticle dispersions which can be affected by
aggregation and agglomeration due to their high surface en-
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ergy, secondary crystallization, and Ostwald ripening, just to
name a few indicative ones.'?!>-1° At this length scale, con-
duction and magnetic properties considerably deviate from
bulk, e.g., by showing a significant enhanced magnetic mo-
ment for sizes up to a few hundred atoms.*° Within this
context, a powerful attribute of the EMR is its ability to
experimentally probe local scale.

As yet, few experimental approaches for the EMR analy-
sis of magnetic NCs have been discussed. Only a few se-
lected magnetic nanoparticle systems, including y-Fe,O5
(Refs. 12, 15, and 16) and ferrites,>*>3 were investigated by
the EMR methods. So far, hardly any data exist on the EMR
characterization of magnetic metal and/or metal oxide NCs.
It is also worth emphasizing that several analytical** and
numerical®>?® approaches have been put forward to analyze
the resonance spectra of magnetic submicron particles. De-
spite this motivation to develop a full understanding of fer-
romagnetic (FM) metallic nanoclusters dispersed into a vari-
ety of (magnetic or not) hosts from EMR, several basic
features in the gigahertz EMR modes remain unclear. In par-
ticular, there is no simple theory which allows the measured
spectrum to be related to the underlying microstructure. An-
other basic issue is to determine whether the linewidth is an
intrinsic feature of metallic clusters or arises as a conse-
quence of surface interactions or other perturbations.

Our original intent for the present work was to investigate
Ni/ZnO and Ni/ y-Fe,03 NCs. A series of recent microwave
frequency-domain spectroscopy (gigahertz) studies of the
quasistatic effective permittivity and magnetic permeability
posed fundamental questions concerning polarization and
magnetization mechanisms in these NCs.?’-32 Here, these
materials were chosen because our group has previously pub-
lished detailed accounts of experimental and modeling ap-
proaches on the static magnetic and microwave response of
the samples under study.’*® This analysis allowed us to
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TABLE 1. Selected physical properties of the powders investigated in this study.

Powder ZnO y-Fe,03 Ni
Average particle size*™d 49 nm 23 nm 35 nm
Powder color White Brown Black
Specific surface area BET* (m? g™!) 22 51 15.6
Morphology*® Elongated Nearly Spherical
spherical,
faceted

Crystal phase®4 Waurtzite Maghemite Fm3m (225)

(Cubic spinel) cep
Density? (g cm™) 5.6 52 8.9

“From manufacturer product literature.
"Determined from specific surface area.
“Checked by TEM images.

dDetermined by XRD. In the XRD analysis, the possible influence of strain on the online broadening was
neglected. This may result in an underestimate of the particle size.

simulate magnetization dynamics on solving the Landau—
Lifshitz—Gilbert equation coupled to the Bruggeman effec-
tive medium approach. Traditionally, particle and aggregate
size information are considered irrelevant to the wave trans-
port since rapid oscillations of the electromagnetic wave on
length scales larger than any scale ¢ of the medium inhomo-
geneities are integrated out in the conventional effective me-
dium analysis, where it is specifically assumed that é<\
with N\ the wavelength of the probing wave, and thereby the
NC can be treated as a structureless continuum
medium 30-31:34-36.39.40 §ome very recent work has demon-
strated that ferromagnetic resonance (FMR) measurements of
these NCs,*”38 or of hot isostatic pressed (hipped) polycrys-
talline yttrium iron garnet*! are very sensitive to details of
the spatial magnetic inhomogeneities. Although these studies
have advanced the understanding of wave transport phenom-
ena in granular NCs, striking discrepancies remain between

experiments and corresponding results obtained from exist-
ing phenomenological models and numerical simulations. An
important question of broad fundamental interest is why the
effective permittivity and magnetic permeability appear to be
very sensitive to the details of the nanoparticle cluster struc-
ture, thus suggesting a breakdown of the continuum-level
modeling and bringing NC physics concepts to light. The
answer to this question constitutes the key for understanding
the response of magnetic clusters to electromagnetic probes.

In the present study, we report on a detailed EMR study of
magnetic metal and/or metal oxide NCs. This paper provides
two main results. By varying the Ni volume fraction in the
samples, we observed that the EMR signal reflects the prop-
erties of the metallic FM nanophases as well as the local
nonmagnetic or magnetic environment in which they are em-
bedded. Our data also indicated an empirical correlation be-
tween the systematic dependence of EMR linewidth and

TABLE II. Overview of NCs compositions: f, denotes the volume fraction of the X species, f, is the
porosity of the samples and f ., is the volume fraction of resin. The uncertainty on f, is typically of the

order of 5%.

Material designation i fzno I Fresin f y-Fe,03
nNiZ1 0.49 0.08 0.28 0.15
nNiZ2 0.42 0.17 0.27 0.14
nNiZ3 0.38 0.21 0.26 0.15
nNiZ4 0.33 0.26 0.25 0.15
nNiZ5 0.29 0.30 0.26 0.15
nNiZ6 0.25 0.35 0.25 0.15
nNiZ7 0.18 0.44 0.23 0.14
nNiZ8 0.09 0.54 0.22 0.15
nNiZ9 0 0.63 0.21 0.16
1-nNiF 0.08 0.26 0.13 0.53
2-nNiF 0.17 0.25 0.14 0.44
3-nNiF 0.29 0.27 0.12 0.32
4-nNiF 0.50 0.26 0.15 0.09
5-nNiF 0.04 0.26 0.25 0.55
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resonant field on the Ni content and the corresponding mi-
crowave loss features.

The rest of the paper is organized as follows. Section II
gives some background on the samples we have investigated
and discusses technical details on the EMR characterization.
This is followed in Sec. III by a presentation of an experi-
mental analysis of the effects of varying the Ni content in the
NCs on the EMR spectra. A comparison with previous FMR
linewidth data and effective microwave losses is given in
Sec. IV. Next, Sec. V presents the main conclusions of this
study and we make some comments regarding possible im-
plications of these results.

II. EXPERIMENT

The same samples were used as in a previous study.®
Room temperature-pressed NC compacts were made under
the application of a uniaxial pressure of 64 MPa for 2 min.
The morphology and size of the starting powders (Table I)
were determined by transmission electron microscopy
(TEM) by using a 200 kV Phillips apparatus. Bright field
TEM images indicate that y-Fe,O5; and Ni particles are ho-
mogeneous with nearly spherical shape, whereas the
wurtzite-type ZnO particles are rod shaped with an aspect
ratio of about 3:1. The phase purity was checked by x-ray
powder diffraction (XRD) by using Cu K, radiation, and
the crystallite sizes were determined from the full width at
half maximum of the strongest reflection by using the
Williamson-Hall method after applying the standard correc-
tion for instrumental broadening. The average crystalline
sizes of the samples were also determined from analysis of
bright field that cross-sectional TEM images were found to
be consistent with the ones obtained from XRD
measurements.’*3* The XRD analysis of spherelike clusters
suggests that Ni existed in the form of metal. These clusters,
composed of Ni nanoparticles, are randomly and uniformly
distributed in the matrix and are isolated from each other by
the metal oxide and epoxy phases. The Ni cluster size in-
creases with the Ni content. The metallic nanoparticle tends
to be oxidized, arising from the large surface-area-to-volume
ratio and the high electronegativity of metallic nickel. Al-
though not studied in detail, the presence of secondary
phases, e.g., NiO, was estimated to be less than 0.3 vol %
from XRD. In addition, Ni nanoparticles can be protected
from oxidation by encapsulation in the epoxy phase.

The EMR experiments were performed in two sets of
samples (see Table II). The first series (Ni/ZnO) comprising
nominal Ni volume fractions in the range of 0%—49% con-
sisted of mixtures of Ni and ZnO nanoparticles and epoxy
resin (15 vol %). The second series (Ni/ y-Fe,05) had nomi-
nal Ni volume fractions in the range of 4%—-50% and y-Fe,O
fractions were chosen to maintain the total content of the
magnetic phase constant =~60 vol %. For the two sets of
NCs, the residual porosities were estimated to be between 21
and 28 vol %.

For the present EMR measurements, samples were cut to
pieces of about 1X1X 1 mm?. EMR signals were recorded
on a heterodyne spectrometer in a continuous wave mode
X-mode microwave (F=9.4 GHz) with a 500 mW Varian
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klystron, a Bruker resonance TE, cavity, a Varian electro-
magnet with maximum field amplitudes of 800 mT, and a
nitrogen flux cryosystem (Oxford Instruments) for low-
temperature measurements in the range from 150 K to room
temperature (RT). For g-factor calibration, the 1,1-diphenyl-
2-picrylhydrazyl standard has been used (g=2.0037). The
EMR signals recorded were the first derivatives of the power
absorption, dP/dH, as a function of the applied magnetic
field H by using 100 kHz modulation amplitude and lock-in
technique (EG&G Princeton) for calculations of g factors,
peak-to-peak linewidths (AH,,;), and resonance field (H.).
For the g-factor measurements, the cavity frequency v was
measured at each temperature and H,. is determined by the
location of the zero of the absorption derivative. Then, g
=0.714 48 X 10~°v/ H,,, where v is in gigahertz and H,,, in
kilo-oersted. The EMR measurement was performed on cool-
ing the sample.

EMR signals were also obtained for neat nanoparticles by
using either powders placed in an EMR tube, and pumped to
<1073 Pa in order to eliminate the moisture and oxygen ef-
fect, or in loose packed form with 15 vol % epoxy. For both
samples, the EMR line cannot be accurately fitted to a single
Lorentzian line shape (not shown). Figures 1 and 2 show that
H,, (AH,,,), for both neat and compacted powders of Ni and
v-Fe, 03, appreciably increases (decreases) with T for T in
the range of 150—300 K. The broadening of the EMR feature
is sharply decreased by upshifting the resonance field. Sys-
tematic EMR characteristics follow the same monotonic
trends; however, the data reveal that the dilution of nanopar-
ticle powder in the epoxy host matrix and compaction have
for effect to downshift the EMR line and to decrease its peak
width compared to the neat powder EMR features. The EMR
linewidth is affected by inhomogeneities and is quite large,
ie., 0.85-2.6 kOe. The difference between powder and
loose packed form with epoxy can be attributed to some
aspects of the microstructure, such as porosity, grain bound-
aries and other extended defects, the presence of local
strains, or anisotropy in the randomly oriented magnetic
clusters. Figure 3 illustrates that g rapidly decreases with
increasing T for the neat Ni powder, whereas for y-Fe,O3
powder, g shows little 7 dependence and does not signifi-
cantly deviate from g=~2.1-2.2. A similar behavior has been
reported in ferrite nanoparticles.'> For ease of comparison,
data are plotted as g(7)/g(RT). Part of the g shift with low-
ering T can be attributed to the increase in the demagnetizing
field. We would like also to emphasize that no measurable
EMR signal for ZnO nanoparticle powder was detected.

For our low conductivity NCs and considering the mea-
sured values of the effective electromagnetic parameters of
these NCs,3373 we find that the skin depth is in the
10°—10° mm size range in the gigahertz frequency range,
i.e., much larger than the sample thickness. Thus, one can
safely assume a full and homogeneous penetration of the
microwaves into our samples. In composites with uniform
dispersions of magnetic nanoparticles, the conductivity of
the NC is mainly determined by the interparticle distance and
eddy currents, produced within the particle is extremely
small at high frequency, which are limited to individual par-
ticles or aggregates. We note that Ramprasad et al.?’ have
shown, in their phenomenological modeling of the properties
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FIG. 1. (a) The line position, H,,, as a function of temperature
for neat Ni powder and a Ni (56 vol %) powder compact with
15 vol % epoxy (see text for details). The inset shows that the reso-
nant field H. is determined by the location of the zero of the
absorption derivative. The dotted and dashed lines serve as guides
for the eye. (b) Same as in (a) for the peak-to-peak linewidth AH,,,
corresponding to the peak-to-peak separation in the absorption de-
rivative [inset of (a)].

of magnetic nanoparticle composites, that in the 0.1-10 GHz
frequency range, particles with radii smaller than 100 nm are
expected to encounter negligible eddy current losses. This
was found true even at high particle volume fraction, when
clustering of particles could result in aggregates much larger
than the actual particles. Furthermore, no signature for per-
colation threshold is apparent for the data collected; thus, we
infer from the Ni content dependence of o, that the Ni nano-
aggregates should be separated in the ZnO matrix. It has
been recognized by now that in ferromagnetic NCs, the
shielding and dissipation due to eddy currents rapidly dimin-
ish with decreasing the particle size. This has for effect to
reduce the dielectric losses in metallic nanoparticles.

III. ELECTRON MAGNETIC RESONANCE LINEWIDTH
PARAMETERS

We now present the data underlying our conclusions sum-
marized above. Full sets of absorption versus field derivative
profiles, shown in arbitrary units, which correspond to rep-
resentative EMR spectra of Ni/ZnO and Ni/y-Fe,03 NCs,

FIG. 2. (a) The line position, H,, as a function of temperature
for neat y-Fe,03 powder and a y-Fe,03 (56 vol %) compact with
15 vol % epoxy. The dotted and dashed lines serve as guides for the
eyes. (b) Same as in (a) for the peak-to-peak linewidth AH,,,.

were obtained in the restricted temperature range from
300 to 150 K. Typical spectra are displayed in Figs. 4(a) and
4(b) at six different temperatures for Ni/ZnO (Ni content of
17.5 vol %) and Ni/y-Fe,O; (Ni content of 50.3 vol %)
NCs, respectively. Note first that the EMR spectra display a
severely distorted line shape suggestive of inhomogeneous
broadening, which is typical of superparamagnetic resonance
spectra.?> Unfortunately, the spectra cannot be meaningfully
deconvoluted. Possible explanations range from size and
shape distributions to magnetic anisotropy (see, for example,
Refs. 25 and 26). A consensus on the cause of these has yet
to be established partly because it is difficult to make quan-
titative evaluations of the EMR line in composites of fine
magnetic particles and also because there may not be a single
cause.

To analyze the temperature dependence of the EMR spec-
tra, AH,, and H,, are shown in Fig. 5 (Fig. 6) as a function
of temperature for the Ni/ZnO NCs (Ni/ y-Fe,03 NCs). The
inset of Fig. 1 indicates how AH, and H,, were actually
measured. The data of the lower panels of Figs. 5 and 6 serve
to make four important points. First, although different in
detail, the T dependence of AH,,, in Figs. 5 and 6 has impor-
tant features in common, namely, as 7 is increased, Apr
monotonically decreases. Also, the line shape becomes quite
asymmetrical at the lower temperatures. For the three lowest
Ni volume fractions in Ni/y-Fe,O5; NCs, a very weak de-
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FIG. 3. Effective g factor, normalized to the RT value g(RT), of
Ni/ZnO (open symbols), and Ni/y-Fe,05 (filled symbols) NC
samples as a function of temperature. The corresponding values for
the neat powders of Ni (open stars) and y-Fe,O5 (filled stars) have
been shown for comparison. The inset shows g(RT) versus the Ni
content in the Ni/ZnO (open circles) and Ni/y-Fe,0O5 (filled tri-
angles) NC samples, Ni powder compact (open square) with
15 vol % epoxy and y-Fe,O3 powder compact (filled square) with
15 vol % epoxy [phosphorus-containing (PCE)], and neat Ni (open
star) and y-Fe,0j5 (filled star) powder (NP) samples. The solid lines
serve as guides for the eyes.

cline around 1.1 kOe is observed. At low temperatures, the
spin-spin interactions cause spin dynamics to freeze out, and
spins essentially behave as static spins. At higher tempera-
tures, when the time scale of the dynamics of the spins is
fast, it might be expected that the conduction electron spin-
lattice relaxation time in metals, 7', is the characteristic time
for the return to thermal equilibrium of a spin system driven
out of equilibrium by the microwave field at resonance. It is
well established that in pure metals, 7; is limited by the
scattering of conduction electrons by the random spin-orbit
potential of nonmagnetic impurities or phonons.'* These
changes in AH,(T) and g(7T) are reflected in the motional
narrowing of the EMR line.'>?5 Second, when these values
are compared to the experimental data of neat and compacted
powder with epoxy, i.e., Figs. 1 and 2, it is seen that the
dependence of AH,,, on T matches rather well that for neat
powder, except for the Ni/ y-Fe,O; NCs containing the two
largest Ni volume fractions. We also notice that for the
Ni/ y-Fe,0O3 sample with 50 vol % Ni, one recovers very
similar values of AH,,, than for those displayed in Fig. 5 for
Ni/ZnO samples. Thus, the line broadening is not an intrin-
sic feature of Ni but arises as a consequence of surface in-
teractions, reflecting the fact that interaggregate interactions
induce collective behavior between the magnetic
nanophases. It seems likely that the interfaces play a key role
in determining the ultimate performance of magnetic nano-
structures: the surface anisotropy and magnetization signifi-
cantly modify the static states and dynamic properties.*> Fur-
ther, the broadening of the EMR features is sharply increased
for a large Ni content in Ni/y-Fe,O; NCs. That the H,
versus T dependences do not map the H,, of powdered
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FIG. 4. (a) X-band EMR spectra (absorption derivative) for a
representative Ni/ZnO NC sample (Ni content of 17.5 vol %) and
different temperature values. (b) X-band EMR spectra (absorption
derivative) for a representative Ni/y-Fe,O3 sample (Ni content of
50.3 vol %) and different temperature values.

samples is also a noticeable fact. A natural question is why
we observe a substantial downshift of the EMR line of the
magnetically diluted samples in comparison with neat pow-
ders. It is rather likely that this downshift is a manifestation
of powder compaction during sample fabrication. Indeed, we
observed (not shown) an apparent correlation between the
residual porosity and the effective density of the NC
samples, e.g., we simultaneously measured a 30% drop of
the porosity with a 10% increase in the density as the applied
pressure during the compact fabrication process is changed
from 33 to 230 MPa. Third, it is worth noting that Apr for
Ni/ZnO NCs is larger than the corresponding value of AH,,
for Ni/y-Fe,O5 NCs for a given Ni concentration. Interest-
ingly, there is also a clear trend toward lower H,., for smaller
temperature, as displayed in Fig. 5. Fourth, the EMR lines
continuously shift to high fields as the temperature is in-
creased. For the Ni/ZnO NCs, the temperature variation
H,.(T) resembles [see Fig. 5(a)] that observed for neat or
compacted powder, in stark contrast to what is observed for
Ni/y-Fe,03 NCs, i.e., Fig. 6(a).

Figure 3 summarizes the dependence of the lowering of
the effective g factor on temperature for the two kinds of
NCs. The inset shows the actual values of g(RT). For
Ni/ZnO NCs, these values rapidly fall to the g factor corre-
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FIG. 5. (a) The line position, H,, as a function of temperature
for Ni/ZnO NC samples. The number indicates the Ni volume frac-
tion. For the purpose of comparison, we have represented the values
of H,. for neat Ni powder and a Ni (56 vol %) powder compact
with 15 vol % epoxy as dashed and dotted lines, respectively. (b)
Same as in (a) for the peak-to-peak linewidth AH,,,. For the purpose
of comparison, we have represented the values of H,, for neat Ni
powder and a Ni (56 vol %) powder compact with 15 vol % epoxy
as dashed and dotted lines, respectively.

sponding to neat powder [g(RT) = 2.2]. By contrast, g(RT) is
practically constant for Ni/y-Fe,O3 NCs. The clear and sys-
tematic decrease in the g factor can be found up to the high-
est accessible temperature of 300 K. The experimental be-
havior could arise from several sources. First, there is
motional narrowing. Another possible mechanism is the in-
terplay of demagnetizing field effects and of the presence of
short-range magnetic ferrimagnetic ordering due to the
y-Fe, 05 nanoparticles.

Figure 7 (Fig. 8) illustrates how AH,, and H at RT
change as a function of the metallic FM nanophase content
for the Ni/ZnO NCs (Ni/y-Fe,03 NCs). For Ni/ZnO NCs,
AH,, significantly increases as Ni volume fraction is in-
creased followed by a sharp drop at Ni content of
~30 vol %, while in the same Ni fraction range, AHPP
monotonically increases for the Ni/7y-Fe,O3; specimens.
These data serve to make two further points. First, the broad-
ening of the EMR line for Ni/y-Fe,O3 samples is sharply
increased by increasing the Ni volume fraction. We interpret
the broadening of the EMR features in these samples as aris-
ing from the strong collective magnetostatic intergranular in-
teractions of the nanosized FM clusters with the surrounding
ferrimagnetic matrix. Second, it is interesting to relate the

PHYSICAL REVIEW B 77, 134424 (2008)

32[NitFe,0, - oL
——————————— A 17
@ 31 R
9 neat , " 4
~ 3.0} -
(7]
< 4 " "3 5
I 29} A ]
- " e
[ ]
28l ° g ]
O a
2.8 A:D } } } " }
50%
29
o 241 4 . 171
(@) A e 8
sx_aQZ.O- A, A, s 4
Q -
L 16} 5 ]
N /neat O .
& u]
e o -
1.2 .. : r\\.'\\\!. v
R
0.8 (b)

150 200 250 300 350
T(K)

FIG. 6. Same as in Fig. 5 for Ni/y-Fe,O; samples. For the
purpose of comparison, we have represented the values of H ., for
neat Ni powder and a Ni (56 vol %) powder compact with
15 vol % epoxy as dashed and dotted lines, respectively.

maximum of AH,,, to the electrical transport properties of the
Ni/ZnO NCs characterized by the four-point probe
technique.37 In Ref. 37, we discussed a set of electrical trans-
port data of these materials and observed that the RT dc
conductivity oy, versus Ni content data for Ni/ZnO NCs
collected at low field exhibit an S-shaped curve (not perco-
lativelike process) with an exponential increase between 10
and 30 vol % Ni and a change of slope at about 30 vol % Ni.

Generally, in the solid state, we classify EMR lines into
those that are homogenously broadened and those that are
inhomogeneously broadened.!*!% The main contributions to
homogeneous broadening are the magnetic dipolar coupling,
spin-lattice interaction, interaction with radiation field, and
motionally narrowing fluctuations of local fields.'>'* For the
inhomogeneous case, the line broadening mechanism distrib-
utes the resonance frequencies over an unresolved band, e.g.,
inhomogeneous external magnetic field, anisotropic interac-
tions in the randomly oriented set of spins, unresolved hy-
perfine structure, and strain distribution. Thus, the distribu-
tion in local fields will make the spins in various parts of the
sample feel different field strengths. Here, in the analysis of
our FMR spectra of the NCs under study here,>” we found
that inhomogeneity based line broadening mechanisms, due
to the damping of surface and/or interface effects and inter-
particle interaction, affect the FMR effective linewidth.
These remarks suggest that the AH,,, versus 7 and Ni content
is most likely associated with two contributions to the ob-
served EMR linewidth: on the one hand, there is the homo-
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FIG. 7. EMR line peak-to-peak width AH,, , and position, H.,
(9.40 GHz) plotted as a function of the Ni content in the Ni/ZnO
NC samples at RT. Comparison with FMR data (9 and 10 GHz)
from Ref. 39 and microwave loss data (9.40 GHz) from Ref. 40.

geneous line broadening mechanism involving dipolar inter-
action and spin-lattice relaxation, which is strongly
temperature dependent (motional narrowing). On the other
hand, the unsymmetrical line shape, especially at low tem-
peratures, is an indication that the EMR is broadened in an
inhomogeneous manner and the EMR linewidth is expected
to increase as a function of magnetic field.?’

IV. COMPARISON WITH FERROMAGNETIC
RESONANCE SPECTRA AND MICROWAVE LOSSES

It may be meaningful to compare our EMR parameters to
values of the linewidths measured over the 9-10 GHz fre-
quency range recently reported in FMR experiments, inves-
tigating the surface anisotropy contribution to the anisotropy
of Ni and y-Fe,05 nanoparticles,’’ and to effective micro-
wave losses measured in order to probe the evolution of
large-wave-vector spin wave modes in these NCs.’® The
FMR response of magnetic nanostructures is a rich area in its
own right, and several models,*3** e.g., two-magnon scatter-
ing theory, have been applied to the problem of magnetic
heterogeneities in coarse-grained heterostructures. From
these FMR measurements,>’ it was pointed out that the char-
acteristic intrinsic damping dependent on the selected mate-
rial and the damping due to surface and/or interface effects
and interparticle interaction were estimated. Inhomogeneous
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FIG. 8. Same as in Fig. 7 for Ni/ y-Fe,O5 samples.

damping due to surface and/or interface effects increases
with diminishing particle size, whereas damping due to in-
teractions increases with increasing volume fraction of mag-
netic particles (i.e., reducing the separation between neigh-
boring magnetic phases) in the composite.

Figures 7 and 8 summarize the main findings of this work.
The upper and lower panels in Figs. 7 and 8 provide a direct
comparison of AH,, and H, as a function of Ni content and
at RT between, on the one hand, the EMR (9.40 GHz) fea-
tures and the nominal (9 and 10 GHz) uniform FMR mode,
and on the other hand, the nominal (9.40 GHz) microwave
losses. A number of interesting features are worth remarking.
First, all of the curves show nonmonotonic variations. Sec-
ond, as can be realized from these graphs, the striking main
feature is the qualitative similarity in the three types of mea-
surements. Third, as seen in Figs. 7 and 8, substituting a
nonmagnetic by a magnetic host matrix not only shifts the
position of the resonance but also sensitively affects its line-
width. This is caused by locally changing the interactions
between magnetic nanoparticles. It has been recognized that
a shortening of 7 can result from weak dipole interactions,
whereas strong interactions may result in slowing down of
the relaxation.*> The analysis of the FMR spectra was inter-
preted in Ref. 37 as arising from aggregates of magnetic
nanoparticles, each of which resonates in an effective mag-
netic field composed of the applied field, the average (mag-
netostatic) dipolar field, and the randomly oriented magnetic
anisotropy field. The importance of the Ni concentration has
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also been discussed in relation to measurements of the spin
wave group velocity induced by the samples.’® The presence
of nonmagnetic phases of specific type and volume fraction
offers the possibility of controlling the magnetic and micro-
wave properties of NCs.

V. CONCLUDING REMARKS

In summary, a systematic EMR study in Ni/ZnO and
Ni/y-Fe,O3; NCs, for temperatures ranging from 150 up to
RT, has been presented. Two compounds with different prop-
erties (diamagnetic ZnO and ferrimagnetic y-Fe,05) and
structural disorder were chosen in order to vary the magnetic
interactions between the nanoparticles in these heterostruc-
tures. There are general reasons to expect that the EMR line
broadening and position are not intrinsic features of the me-
tallic FM content, but arise as a consequence of the interac-
tion between aggregates and other interface perturbations.
The motional narrowing offers an explanation for the wide
variation in the degree of broadening of the EMR line as a
function of temperature. The strength of the coupling, as
manifested by the EMR linewidth, can be significantly modi-
fied by the metallic FM content. One very interesting finding
is that there is a clear correlation between EMR linewidth,
the corresponding FMR features, and the effective micro-
wave losses measured in these heterostructures. The correla-
tion found here is far from trivial and we regard it as moti-
vation for the development of models underlying the process
of resonance in granular heterostructures in which all the
details take place. More specifically, although a large number
of theoretical calculations have been performed to under-
stand the phenomenon of resonance in nanostructures, no
first-principles theoretical calculation has been reported to
understand the role of the nonmagnetic phase in tuning the
FM of nanoclusters which can be a useful reference for ex-
perimentalists.

This study is part of a larger effort to identify essential
factors governing magnetoelectricity in dense nanostructured
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compacts and to explore control possibilities due to their rich
behaviors under magnetic and electric perturbations.*® There
are (at least) three directions in which the present work could
be extended. First, one wishes to know if our experimental
findings do extend to functional multiferroic NCs motivated
by the desire to be able to simultaneously manipulate differ-
ent combinations of microwave properties by the application
of external fields. Second, the question begs to be asked:
what is the impact of having extremely dense nanocompacts,
e.g., by using hot isostatic pressing in order to have a nearly
complete elimination of porosity, on EMR linewidths. Third,
numerous experimental challenges exist when considering
magnetic NCs because they offer a promising avenue toward
nanoelectronics and spintronics. EMR can give important in-
sights complementing information from direct studies of the
morphological structure of magnetic nanoclusters. Investiga-
tions at these length scales are in their infancy, and much
room exists for improvement. There remains significant work
ahead in continuing to understand the growth modes of nano-
particle aggregates, e.g., for Ni clusters containing up to 800
atoms, regularly spaced peaks in the mass spectra of a certain
magic cluster sizes have been interpreted as icosahedral
growth patterns.*’ The applicability of metals in nanoelec-
tronic and spintronic devices in which information is pro-
cessed by using electron spins will depend on a sufficiently
long spin lifetime, i.e., long T, or narrow EMR linewidth.*
We hope to discuss the magnetism of Ni clusters and the
resulting microwave frequency-domain spectroscopy in fu-
ture work.
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