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Nanometric magnetic systems are of growing importance, displaying novel magnetic
properties which are of both fundamentd scientific interest as well as of practica
importance. There are several types of system which can be classified as nanometric, which
depend on the fabrication process, for example, amorphous / nanocrystalline aloys,
immiscible aloys (e. g. Co — Cu), nanostructured films and discontinuous multilayer
systems. In whatever case, magnetic confinement effects and the interactions between
magnetic particles, via an intervening phase, give rise to the particular magnetic behaviour
and properties of the system in question. Ferromagnetic resonance (FMR) is a powerful
technique for the study of magnetic properties and has been applied to many different types
of magnetic system. FMR essentially measures the internal effective field to which a spin
system is subject and as such can reveal useful information on fundamental magnetic
properties such as the g — factor, magnetisation, magnetocrystalline anisotropies and shape
effects. In the present paper we present experimenta results of FMR studies of FeZrCuB
amorphous/nanocrystalline aloy, FeAl duster systems and the discontinuous multilayer
system Al,O5[CoFe(t)/Al,O4] 10, Where t is the effective thickness, ranging from 7 to 13 A.
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1. Introduction

In a magnetic resonance experiment, a spin, whether eectronic or nudear, will preccess
about the direction of an gpplied magnetic field when the resonance condition is satisfied by the
application of the appropriate strength magnetic (static and rf) fid d. In the case of nuclear spins this
is termed nuclear magnetic resonance (NMR), while in the case of €ectronic spins the phenomenon
islabdled in function of the type of material in question. For example, in paramagnetic materials it
is referred to as dectron paramagnetic resonance (EPR), also known as eectron spin resonance
(ESR) and in ferromagnetic materials as ferromagentic resonance (FMR). There are further
classifications, such as antiferromagnetic resonance (AFMR) and spin wave resonance (SWR),
which apply to antiferromagnetic and ferromagnetic systems (where confinement effects via
magnetic boundaries can permit the excitation of standing spin wave modes of oscillation),
respectively.
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In the simplest case, dectron paramagneti ¢ resonance, the spin system consists of eectronic
spins which precess around the direction of the applied magnetic fidd, the angular frequency of
which is given by the Larmor equation, « = JH, where yis the magnetogyric ratio and H the
applied fidd. In the case of ferromagnetic systems, where there is a strong exchange interaction
between neighbouring spins, corrections must be introduced due to the internal fidld created by, for
example, exchange fied, demagnetising effects and the various magnetic anisotropies which can be
present. In a typicd EPR/FMR experiment we measure the absorption of microwaves, of fixed
frequency, as a function of an externally applied sweep fidd. The maximum of this absorption is
defined as the resonance fidd. This is essentially a measure of the internal field of a ferromagnetic
sample. To assess the contributions to this fiedd we can perform angular studies, varying the
direction of the applied field with respect to the sample

In recent years there has been much research effort directed towards the study of
nanostructured magnetic materials. This class of materias generally applies systems where there are
two distinct phases, one of which has nanometric dimensions. There are many different preparation
techniques which determine the nature of the nanostructure of the samples. While we shall not
discuss the various techniques (see refs. [1, 2] for fabrication methods), we can distinguish between
the types of nanostructured materials of interest in magnetic studies: samples where there is a
definite ordered nanostructuring via precision fabrication (e.g. e-beam lithography) and randomly
oriented nanograins in dther a feromagnetic or nonmagnetic matrix. While the former is
specificaly designed to perform a certain application or study specific aspects of the nanostructure,
the latter have a certain intrinsic randomness with regards to size and orientation of the
nanostructures, the specifics of which depend on the preparati on technique used and any post growth
treatments.

Ferromagnetic resonance is a very sensitive magnetic measurement technique which has
been applied to virtualy all types of known magnetic materials. While FMR can revea bulk
magnetic properties of these materials from the resonance fidd, it can aso provide useful
information regarding the microstructure of the samples in question via resonance fiedd and
linewidth variations [3]. FMR studies in nanometric systems have been reported for regular ordered
nanostructured systems [2] and for certain random grain sysems [1]. The latter can be more
complex in interpretation due to the random nature of the materials and magnetic interactions
between magnetic particles, it is to this latter problem that we are concerned in this paper. In
particular we shall discuss some aspects of FMR measurements in materials with randomly oriented
nanograins, considering the following systems. Fesg;ZreBsCu; mdt spun ribbons after various
annealing treatments of the amorphous precursor; Fe Al met spun ribbons, where x varies from
0.695 to 0.725; the discontinuous multilayer system: [Al,Os/CoFe(t)]10Al.0s, where t indicates the
equival ent thickness which was varied between 7 and 13A.

2. Experimental

The FeZrCuB and FeAl samples were produced using the met spinning technique in a
controlled environment [4, 5]. The annealing treatment of the FeZrCuB samples was performed
isochronaly at a preset temperature (from 350 — 650 °C) for 1 h under an Ar atmosphere [4, 6]. For
the FeAl samples, the sampl es were subject to the following annealing treatment: 900 °C for 2h and
520 °C for 1 week to produce homogeneous samples which display the bulk like properties as
indicated in the FeAl phase diagram [7], the structures were polycrystalling as verified by x-ray
diffraction measurements. The melt spun ribbons were cut into roughly square shapes for
measurements. The [Al,O5(40A)/CoFe(t)]10Al,05 discontinuous multil ayers were prepared by Xeion
beam sputtering on to glass substrates, further details of the sample preparation are given in ref. [8,
9]. We note that t is the effective equivaent thickness of CogoFey without being a continuous film,
i.e form CoFeidandsin an Al,O; matrix. Therefore the sampleswitht =7, 9, 11 and 13 A represent
samples with increasing average island size and density, TEM measurements indicating that the
island sizeis of the order of 1.3 nm [8]. The Al,O; matrix is insulating, so we would only expect
magnetic interactions via a dipolar mechanism. Since the distance between the CoFe “layers’ is 40
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A, interactions between layers are expected to be almost negligible while those in the plane will be
dominant. Therefore we can view the system as virtually a 2D granular material.

The ferromagnetic resonance measurements were performed using a Bruker ESP300 X -
band spectrometer. The system is equipped with alow temperature cavity alowing measurements to
be made from room temperature down to 4K. For the FMR measurements performed on the melt
spun ribbon samples the externd fidd was varied in the ribbon plane over a range of 180°, while
those on the discontinuous multilayers, the fidd was varied from the in-plane to out-of-plane
directions.

3. Elements of ferromagnetic resonance theory

In genera, when we consider the dynamic situation which prevails in an FMR type
experiment we can apply the Landau - Lifshitz — Gilbert (LLG) equation of motion, which has the

form:
1 aM : eff a; 0M :
— =l =M, OH™ |- M O—1[, 1
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where M; indicates the magnetisation of phase i, ) its magnetogyric ratio, a; the Gilbert damping
parameter and H™ the effective fidd to which it is subject at resonance This effective field will
contain the various contributions which make up the fied felt by the magnetic spin system, such
that:

H¥ =H,+h+H, +H, -Hp, @)
where Hy is the static applied fidd at resonance, h the microwave (driving) fidd, Hk the anisotropy
fidd, He the effective exchange field and Hp the demagnetising fied arising from sample shape
effects. If we take a single phase system, the solution of the LLG equation yields the genera
resonance equation of the form:
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Here E represents the magnetic free energy of the system and will have contributions from
the Zeeman, demagnetising and magnetocrystalline energies [3]. In equation (3) k represents the spin
wave wavevectors and A the exchange stiffness constant. This equation is quadratic in the spin wave

term. In the case of pure FMR, k = 0 and eguation (3) reduces to the well known Smit — Bdjers
form.

To obtain a solution to equation (3) we need to take the partial derivatives of the magnetic
free energy. The first derivatives can be set to zero to obtain the equilibrium conditions while the
second derivatives are substituted into equation (3) to give the fully angular dependent resonance
equation [3, 10].

4. Results and discussion
4.1. FeZr CuB amorphous/ nanocrystalline ribbons

Amorphous and nanocrystalline materials are typically produced by the met-spining
technique, whereby amorphous ribbons are subject to partial devitrification by an appropriate
therma anneding treatment [11-13], and ultimately culminates in the production of a material which
consists of randomly oriented ultrafine ferromagnetic nanocrystalites (~20A) embedded in an Fe
rich ferromagnetic matrix. The magnetic exchange coupling between these two phases suppresses
locd magnetocrystdline anisotropy and results in the extremdy soft magnetic properties of this
class of magnetic materid [14]. In this section we shall discuss some results of FMR studies in the
FeZrCuB system. In this alloy the devitrification process produces a-Fe nanograins in an Fe
depleted but ferromagnetic amorphous matrix.
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In Fig. 1 we display the variation of the resonance fidds of the amorphous and
nanocrystalline Fe phases as a function of the annealing temperature, T,y In the as-quenched state
the aloy presents a single amorphous ferromagnetic phase with a single resonance peak. The phase
separation of the Fe nanocrystallites is clearly observed after an annealing treatment of 350°C, with
the appearance of a new resonance line at low fidds, i.e. that due to the a-Fe phase With further
annealing at higher temperatures, we observe a gradua evolution of the two magnetic phases,
whereby the Fe resonance gets stronger and shiftsto lower fidds, while that of the amorphous phase
decreases in intensity and moves up in fidd, consonant with a reduction of magnetisation as the Fe
content of this phase decreases.
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Fig 1. Resonance fidd position as a function of the annedling temperature for the
Fes7ZreCuiBs system for the a — Fe nanocrystalline phase and the remaining amorphous
matrix. The inset shows an expanded view of the a-Fe phase resonance line.

Using a two phase approach to the problem we can evaluate the strength of the magnetic
coupling between the amorphous and nanocrystalline magnetic phases and investigate its variation
with annealing temperature as the two magnetic phases change in magnetic properties [10]. After
annealing to over 475°C, the amorphous phase ceases to display a ferromagnetic resonance signal
and the system effectively resembles a granular alloy. However, it has been shown that there is an
Fe-rich interface region surrounding the Fe crystallites which plays an important role in the global
magnetic properties of the samples [4]. This can most readily be displayed by evduating the
effective magnetisation of the Fe phase, see Fig. 2. The effective magnetisation is evaluated by
fitting the variation of the resonance fidd as afunction of the direction of the applied fidd [15].
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Fig. 2. Variation of the effective magnetisation for the Fe phase as a function of annealing
temperature. The dashed line shows that experimental variation while the solid line indicates
the variation expected for simple Fe grain growth.

The reduction of M, instead of the expected monotonic increase for crystalite growth, is
due to the strong coupling with the interphase region, which has alower magnetisation than Fe. The
interphase volume reaches a maxi mum where Mgt is a minimum and then reduces as this disordered
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region gradually crystallises into the Fe grains and other phases. The effective magnetisation then
gradually meets the expected increase and the ferromagneti ¢ interphase region around the crystallites
vanishes. Here the effective magnetisation is given by [4]:
My =aMatVals @
VaAM  +VgMyg

where V represents the reative volume of the grains and the interphase regions, indicated by the A
and B subscripts, respectively. Angular studies have shown that we can evaluate the magnetic
constants, due to shape effects, and are given in ref. [15].

The linewidth aso provides some useful indications of the magnetic state of the sample as
a function of the annedling temperature, see Fig. 3. Any ferromagnetic sample will have an intrinsic
linewidth, AH,, due to relaxation processes. The observed linewidth is very often much broader than
this due to several broadening contributions. We can represent the measured linewidth in the
following form:

AH =AH +AH g + AH; +AH (5)

The second term represents brodening due to variaions in crystalline axes, the third termis
that due to magnetic inhomogeneities in the sample and the last term is the broadening due to
variationsin grain size.
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Fig. 3. Variation of the resonance linewidth for the Fe phase as a function of annesling
temperature, (0° and 90° refer to the in-plane direction of the applied field along and across
the ribbon direction, respectively).

In Fig. 3 we observe a substantial increase of the Fe resonance linewidth with a maximum &
Tam = 475 °C. Thisis mainly due to the presence of the interphase region formed in the proximity of
the a-Fe nanocrystallites: As the interphase increases in size, its resonance overlaps with that of pure
Fe phase. When the Fe-rich interphase region begins to crystalise into the pure Fe phasg, its
resonance becomes weake and the resulting spectra are narrower. This is evidenced by the sharp
drop in 4H above 500°C. With further annealing the Fe linewidth undergoes ancther increase dueto
increases in the second and fourth terms of equation (5), inhomogeneties may aso play arélein the
broadening. It is difficult to separate the various contributions to the broadening.

4.2. FeAl1x melt spun ribbons, 0.695<x<0.725

The binary FeAl system provides a rich spectrum of physicad properties with variation in
composition and has attracted much interest over the years due to its mechanical and magnetic
properties [16-18]. While at the Fe rich end of the phase diagram, the aloy is ferromagnetic, having
an A2 disordered bce crystalographic structure, with more than 30% Al the aloy becomes
paramagnetic with DO; bee ordering [17]. The ferromagnetic — paramagnetic (FM-PM) transition is
more complex than the FeAl phase diagram would suggest and has been the subject of recent studies
[5, 7] which indicate that the ferromagnetic breakdown is caused by a ferromagnetic clustering. That
is, the sampleis characterised by two regions, one of which consists of ferromagnetic d usters, while
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the remaining regions is paramagnetic. Neutron reflectivity measurements have indicated a FM
cduster size of the order of about 25A [19] for the FeyoAls, sample and this sample has been shown to
display superparamagnetic behaviour [7] due to the cluster like magnetic structure To study the
transition region (FM-PM) in further detail we have measured samples with x = 0.725, 0.705, 0.70
and 0.695 by ferromagnetic resonance as a function of sampletemperature. The Fer,sAlL75 sampleis
mainly ferromagnetic in character and is used to distinguish those samples in the transition region
while still expected to have paramagnetic regions. In Fig. 4 we show the temperature evolution of
the resonance fidd as a function of temperature. MOssbauer spectroscopy and magnetic
measurements on these samples have been reported dsewhere [5, 7] and are consistent with the
FMR measurements. It has been conjectured that the size of the ferromagnetic dusters vary
proportiondly with sample temperature and for the Fe;pAlsy sample there is a strong overlap in the
cluster network [7]. Bdow ~180K this overlap begins to recede and the dusters become
disconnected resulting in a magnetic isolation below 50K where the sample becomes completdy
superparamagnetic.
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Fig. 4. Variation of the resonancefield for the FeAl alloys as afunction of temperature.

While the sample with 27.5% Al shows a rather weak variation of H,e With temperature,
samples with Al concentrations at the FM-PM transition are extremely sensitive to temperature. The
small decrease of H,e for the 27.5% Al sample down to T ~ 40 — 50 K is most probably almost
entirdly due to the variation of the magnedisation, since the sample is characterised by mainly
ferromagnetic behaviour. Thisis not so for the samples at the FM-PM transition, where the samples
show a cluster like magnetic structure. The variations of H,.s are very large and we observe some
significant changes in the slope, one at ~150K, which marks the onset of disconnection between the
magnetic clusters as they begin to reduce in size and another at ~50K which is related to the
temperature at which the magnetic cluster become magnetically isolated. At lower temperatures a
very marked minimum (~10K) is observed in al samples. This maybe due to some surface effect at
the boundaries between the FM and PM regions of the samples. In general we aso note that the
resonance fidd is inversdy proportional to the Fe content as expected for samples with lower
magnetisations.

Angular studies in these samples are not as conclusive as those for the amorphous and
nanocrystalline materials of the previous section, where we are able to extract the material constants
from a fitting of the angular variation of the resonance fidd. In this case we are dealing with a
sample which is effectively a granular alloy and shape effects a one were not suffiecient aone. The
problem arises also from the fact that the magnetic character is effectively changing as a function of
temperature, as observed in Fig. 4. Recent studies by smdl angle neutron scattering (SANS) provide
clear indications that there is a change in cluster size and separation as a function of temperature
[20]. In light of these data we need to assess how the various effects of intercluster interaction and
size affect the overall properties of the sample and it is therefore not a simple task to retrieve the
sample's magnetic constants at one particular temperature from the FMR data alone. One of the
most important results from the SANS experiment shows the variation of the exchange corrdation
length as a function of temperature, where for the Fe,pAlzg sample the effective duster size reduces
strongly below 150 K. For temperatures below 50 K the cluster size is of the order of 20 A. A full
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discussion of this data is beyond the scope of the present article and will be the subject of a future
publication [20].

In Fig. 5 the resonance linewidth is shown as a function of the sample temperature. For the
samples in the vidnity of the FM-PM transition composition there are some very large variations,
while the sample which has a strong ferromagentic nature (27.5% Al), the changes are reatively
weak. The three samples in the region of the FM-PM transition display the same variations with
temperature, where decreasing T from room temperature we observe a significant increase of the
measured linewidth. A plateau region is evident where the linewidth reaches a maximum. This
would imply that the samples reaches a state of maxi mum inhomogeneity, arising from the last two
terms of equation (5). It should be clear that the variation in cluster size and the interaction between
ne ghbouring magnetic particles will have a strong effect on the linewidth as well as the resonance
field. From equation (5), we can deduce that the temperature varitaion of the linewidth should follow
the form:

AH (T) =AH; (T) + AH 4 (T) (6),
since we do not expect important variation of intrinsic and crystalline contributions as a function of
temperature. At low temperatures, T < 50 K, the cduster size effectivdy stabilises and become
magnetically isolated. Below 50K the linewidth reduces and we observe a minimum at around 10K,
as also evident in the resonance fidd variation with temperature. Such a deacrease in both the
resonance fidd and linewidth could therefore be due to the reduction and disappearance of the
interaction between magnetic particles. It is al'so worth noting that the linewidth increase for samples
with lower Fe content in the smadl compositional range in the FM-PM transition region. This is
probably related to the cluster size and the increased influence of the interface region at the FM
cluster surface. It is very likey that the surface effects are dominant in the changes at low
temperatures in the linewidth variation. A fuller anaysis of the FMR data will be presented in a
future publication [21].
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Fig. 5. Variation of the resonance linewidth for the FeAl alloys as afunction of temperature.

4.3. Discontinuous multilayer system, [Al,Os/CoFe(t)]10Al,03

As mentioned previously, this system can be envisaged as a quasi 2D granular material in
the t range studied. Since the intervening nonmagnetic matrix is insulating, we only expect
interactions being due to a dipolar mechanism with RKKY typeinteractions being excluded. We can
see that the strength of the dipolar interaction between the nanograins increases as we increase the
effective equivalent thickness of the CoFe layer as expected, see Fig. 6. This is seen from the
angular variation of the resonance fidd, in-plane to out-of-plane. Where we note that the larger the
variation, that larger the dipolar interaction. This is due to the presence of the dipolar field from
ne ghbouring islands and this will ater the interna magnetic fidd that is fdt by the grains, and the
field required to satisfy the resonance condition is therefore proportionally higher.
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Fig. 6. Angular variation of the resonance fidd fromin-plane (0°) to out-of-plane (90°).

In Fig. 7 we show the temperature dependence of the resonance fidd for the in-plane
orientation of the applied external fied. Whiletheinitia reduction of the resonance field, from room
temperature, is to be expected, the dramatic enhancement of H,es below 90K is not. It will be
immediately noticed that the size of this enchancement is inversdy proportiona to the effective
thickness, or more significantly to the surface areato volume ratio. Such an observation would point
to some grain surface effect, and most probably surface anisotropy, where we note that the influence
of the surface and hence surface anisotropy will be expected to be proportionatdy greater for smaller
islands since a larger proportion if its' atoms arein the region of the surface.
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Fig. 7. Temperature dependence of the resonance field for the discontinuous multilayers
[AlLOy/CoFe(t)]10Al,0; witht=7, 9, 11, 13 A.

At the lower end of the temperature range when the resonance field decreases, we observe a
small shoulder. It is aso curious to note that the resonance field tends to the same value for all the
samples at around 4K. These preliminary results show some strong evidence for the i mportance of
surface anisotropy in magnetic particulate systems. Theoretica studies have shown some of the
complex static spin patterns that can be expected, from throttle to hedgehog structures, due to the
effects of surface anisotropy [22]. The situation can therefore be expected to be equally complex in a
dynamic situation. In the static condition, each spin orientation in the magnetic particle will be
determined by the local internal fied. In the dynamic case, as in an FMR experiement, we can
expect that each spin environment will have its own partiduar resonance condition, which is
satisfied at slightly different applied externa fields. In this case it can be expected that the externa
(surface) spins will resonate at very different values of applied fidd to those in the interior of the
particle. This will produce the very broad resonances that are observed in these nanoparticlate
systems [23].
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5. Conclusion

We have shown that the ferromagnetic resonance technique is indeed very sensitive to
changes in magnetic structure. This senditivity is observed both through the direct measurement of
the resonance fid d and from the linewidth of the resonance itsef. Due to the nature of the samplesit
can be rather complex to extract all the material constants from just FMR measurements. In certain
cases, as in the amorphous and nanocrystalline materials, angular studies can be effective in
obtaining such information. In the cluster type materials, this can be more difficult and further
information and measurements are necessary.

As we noted above the very nature of nanoparticulate systems is likdy to produce
resonances which are very broad and extremely sensitive to external changes in environment
(applied fid d strength and orientation and sampl e temperature). In fact, in the temperature dependent
measurements on the FeAl and [Al,Os/CoFe(t)]10Al 205 disconti nuous multilayer system, we observe
some very large variations of the resonance field and linewidth. It is very likely that for nanometric
systems the surface effects are of vital importance in the overall properties manifested both in static
and dynamic situations. The fact that there is strong evidence for the complex throttle and hedgehog
like static spin structures in magnetic particles, we can expect an equally complex dynamic situation.
In fact we suggest that we can no longer apply the classicdl FMR theory, and a solution of the
resonance condition for each individual spinin the magnetic structure will be necessary since we are
inanon-saturated state. That is dueto the differencesin the local internal magnetic fied experienced
by the different magnetic sites in the particle, different resonance conditions will be satisfied for
different external fields. This means we should apply the LLG eguation separatdy for each spinin
turn, taking into account the various contributions to magnetic anisotropy and interactions and
coupling with neighbouring spins and other magnetic partides in the vicinity.
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