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Abstract. Low energy (16 keV) muons were used to probe the dynamic magnetic behaviour of
iron nanoclusters embedded in a silver thin film matrix. The silver film was 500 nm thick and
contained a volume fraction of 0.1% iron. Measurements were made in a field of 25 mT, applied
normal to the plane of the film, in the temperature range 4.7 K to 300 K. At temperatures above
20 K thermal activation of the cluster moments was seen as a narrowing of the field distribution
sensed by the implanted muons. An intrinsic cluster relaxation time ofτ0 = 12± 4 ns and an
activation energy of 51±9 K were deduced from fits to the data. SQUID magnetometry of thicker
(1.5µm) but otherwise identical films on graphite substrates showed the clusters to have a volume
of the order of 10−26 m3, from which a cubic anisotropy constant ofK = 2.3± 0.4× 105 J m−3

was calculated. Remanence measurements showed no evidence of a preferred orientation for the
magnetization of the cluster assembly.

1. Introduction

The magnetization vector of a sufficiently small, single domain ferromagnetic particle may be
observed to be unstable against thermal activation, a behaviour known as superparamagnetism
[1]. The characteristic relaxation time of this process is an important parameter in
contemporary magnetism, and has been extensively studied recently both experimentally
[2–7] and theoretically [8–14]. The relaxation time provides a signature of the mechanism
of magnetic reversal, allows the extraction of parameters such as anisotropy energies from
experimental data and determines the long term stability of recording media based on fine
magnetic particles.

Two widely used experimental techniques for studying superparamagnetic relaxation are
Mössbauer spectroscopy and AC susceptibility measurements, which allow the relaxation
to be probed over very different timescales. Recently, measurements of assemblies of iron
nanoclusters yielded an intrinsic relaxation time ofτ0 = 1.0±0.5×10−10 s and an anisotropy
constant ofK = 1.2±0.2×105 J m−3 [2]. Magnetization reversal in isolated cobalt particles
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has also been observed, and a close agreement found with a theoretical analysis based upon
thermal activation [3, 4].

Small angle elastic neutron scattering [5] provides a ‘snapshot’ of the magnetic order in thin
film cluster samples. The neutrons pass through the sample over timescales far shorter than the
relaxation times, providing a measure of the instantaneous magnetization. In addition, neutrons
are sensitive to magnetic correlations between the clusters. More recently, inelastic neutron
scattering and neutron spin echo spectroscopy have been used to observe superparamagnetism,
in iron nanoparticles in an alumina thin film at a concentration of 20% iron [6]. Below
40 K interaction effects were significant but at higher temperatures relaxation appeared to be
single-particle-like despite the high concentration. These authors discussed the importance of
obtaining samples without a distribution of particle sizes for definitive studies of the dynamic
magnetic behaviour.

Experiments have also been performed on bulk samples, prepared by metallurgical
methods. For example, muon spin rotation (µSR) measurements of the relaxation of cobalt
clusters embedded in a copper matrix showed intrinsic relaxation times at 35.4 K and 48.4 K
of 1.4× 10−9 s and 3.7× 10−10 s respectively [7]. The relaxation rate was found to follow
an Arrhenius law, i.e.τ−1 ∝ exp(−1/T ). In general, the relaxation time is often written in an
activated form

τ = τ0 exp(1E/kBT ) (1)

where in a domain of volumeV , with cubic magnetocrystalline anisotropyK, the energy
barrier1E is given by1E = KV/4 [8].

In most theoretical treatments, the relaxation time is written in the form

τ = 2τD
λ1

(2)

whereλ1 represents the slowest relaxation mode, which dominates the relaxation time, and
τD, the diffusion relaxation time, is given by

τD = VMs(1 +a2)

2kBT γ0a
. (3)

In equation (3),Ms is the saturation magnetization andγ0 is the gyromagnetic ratio,
(γ0/2π = 31.7 GHz T−1 in bulk iron). The parametera is a dimensionless, phenomenological
representation of the strength of dissipation processes which couple energy from the spin system
to the lattice. For bulk iron,a ≈ 0.01 but for small particles, or for particles which are highly
defective,a may be much larger, in the range 0.05< a < 5 [3, 4, 9].

Early considerations of cubic anisotropy [10] produced an expression forλ1 in the limits
1E/kBT > 5 anda1E/kBT > 1, and in zero applied field

λ1 = 8
√

2α exp(−α/4)a
π(1 +a2)

(4)

where the anisotropy parameterα = 41E/kBT . Equation (4) is included simply to show the
connection between equations (1) and (2). More recent calculations valid over wide ranges
of α anda have been published [11], and recently progress towards calculations including the
effects of an applied field has been reported [12]. In the limit1E/kBT 6 1,λ1 = 2, whatever
the value ofa [11, 13]. In this limit, on inserting typical values for the cluster samples reported
in this paper, relaxation times of the order of 10−9 s are predicted.

In this paper we present the first low energy muon spin rotation (µSR) measurements of
superparamagnetic relaxation in a thin film cluster sample. In muon spin rotation, a beam
of spin polarized muons is implanted in a sample. The muons occupy interstitial sites and
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precess in the local magnetic field at a rate determined by the muon gyromagnetic ratio;
γµ/2π = 135.5 MHz T−1. Muons are unstable, decaying with a lifetime ofτµ = 2.2µs into
a positron and two neutrinos. The positron is emitted preferentially along the spin direction
at the instant of decay, and so detection of the decay positrons yields a time spectrum from
which the muon precession frequencies may be deduced.µSR methods are discussed in
detail elsewhere [15, 16]. Thin film samples can not be investigated with conventionalµSR
spectrometers, because the kinetic energy of the incident muons is so high, at 4 MeV, that
they would penetrate the film and become implanted in the substrate. A low energyµSR
spectrometer has recently been developed at the Paul Scherrer Institut, specifically for studies
of magnetism in thin films. The main muon beam is moderated in a van der Waals bound
solid layer to energies of order 10 eV, and then accelerated to provide a beam of muons whose
kinetic energy may be chosen from the range 0.5–30 keV [17, 18]. In metals, these energies
correspond to implantation depths of order 5–300 nm [19]. The low energyµSR method
allows the extension of the known advantages ofµSR to very thin samples.

We used a thin film sample of iron clusters embedded in silver, with the clusters prepared
in a gas condensation source [20]. Ionization of the iron cluster beam, followed by filtering in a
mass spectrometer, allows a resolution of the order of two atoms in 500 to be achieved with this
source, but only at the expense of deposition rate. In the samples used in these first experiments,
the filtration step was omitted but the method still gives a tighter size distribution than can be
obtained by precipitation. The cluster beam was directed onto a substrate simultaneously with
a flux of evaporated silver, producing a film of randomly spaced clusters embedded in a non-
magnetic matrix. A 20 nm buffer layer of silver was first deposited onto the substrate, followed
by the 500 nm cluster-containing layer, capped with 5 nm of silver to protect against oxidation.
An effective iron concentration of 0.1% by volume was chosen to minimize dipole–dipole
interactions between the clusters. In such a dilute sample, most of the implanted muons stop
in the matrix material between the clusters. This contrasts with Mössbauer measurements,
where the probe nucleus would lie within a cluster

2. Low energyµSR measurements

The sample for the low energyµSR measurements was made up from a mosaic of nine, 1 cm2

films on polished silver substrates. The mosaic of films was bonded to a silver plate which was
bolted onto the cold finger of the cryostat. The geometry of the low energyµSR spectrometer
is indicated in figure 1. There are four positron detectors around the sample, in the±z and
±y directions. Only the±z detectors are shown in figure 1. The initial spin polarization of
the incoming muons is along the positivez axis. The field is applied with a Helmholtz pair
along the positivex axis, parallel to the incoming beam, and perpendicular to both the muon
spin and to the plane of the sample.

Muons with kinetic energy 16 keV were focused by electrostatic lenses to a spot 3 cm
in diameter and centred on the sample. Simulations of the stopping of 16 keV muons in
silver using the TRIM-SP code [21] showed a mean implantation depth of order 60 nm. The
implantation profile is shown in figure 2. The sample was field cooled from room temperature
in a field of 25 mT and muon decay spectra were collected at various sample temperatures
down to 4.7 K. The count rate of positrons emitted by muons decaying in the sample was of
the order of 20 s−1.

The timescale of aµSR measurement is set by the time over which the muon precession
and decay are observed, and is of the order 10µs. At low temperatures, the moments of the
iron clusters are static on this timescale. The static distribution of the local fields within the
sample causes the implanted muons to precess out of step, and leads to a damping of the decay
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Figure 1. Schematic diagram of the low energyµSR experiment. The magnetic field is applied to
the sample along thex direction by a Helmholtz pair. The sample lies in theyz plane. The incident
muons are spin polarized along thez direction.

Figure 2. Stopping distribution of 16 keV muons in silver. The profile was calculated with the
TRIM-SP code [21] modified to include a 0.5 keV Gaussian energy width introduced by the muon
detectors in the low energy muon apparatus [18, 19].

positron time spectrum. In the dilute limit, the field distribution due to the static dipole fields
of the clusters is Lorentzian, leading to an exponential damping [7, 22].
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The decay positron time spectra were fitted in the time domain with a signal of the form

[1 +GTF (t)] exp(−t/τµ) = [1 +Ai exp(−(σ t)β) cos(ωµt + φi)] exp(−t/τµ). (5)

The cosine term in equation (5) describes the precession of the implanted muons with lifetime
τµ at an angular frequencyωµ defined by the average local field.φi is the phase factor
for detectori; Ai represents the amplitude of the original muon decay asymmetry [15, 16].
A fixed background signal was included in the fits with an asymmetry of 0.035. This
background arose from muons which missed the sample and became implanted in the silver
plate. The parametersσ andβ are the muon polarization relaxation rate and relaxation exponent
respectively. Theoretical treatments [16, 22] provide justification for fixing the value of the
relaxation exponentβ.

For a static Lorentzian field distribution the appropriate value for the relaxation exponent
isβ = 1, corresponding to pure exponential damping. In this regime the muon relaxation rate,
σLorentz, is related to the half width at half maximum (HWHM)1B of the field distribution
by [16, 22]

1B = σLorentz/γµ. (6)

At higher temperatures, the implanted muons experience rapidly fluctuating random fields,
characterized by a relaxation timeτ . The correct form of equation (5) in this regime is a
‘stretched’ exponential with the relaxation exponentβ = 0.5 [16, 22]. The stretched form is a
consequence of averaging over different fluctuating local fields at different muon sites. In this
regime the muon relaxation rateσ(T ) is related to the cluster relaxation timeτ(T ) by

σ(T ) = 4(γµ1B)
2τ(T ). (7)

At first sight it may appear that both relaxation parameters,σ andβ can be treated as free
parameters in fits of the decay positron time spectra to equation (5). Such an approach may
produce spurious results, however good the statistics of the data, becauseσ andβ are highly
correlated. In this work we have followed the theoretical indications outlined above andfixed
the value of the relaxation exponentβ to that appropriate for the temperature range:β = 1 in
the range 4.7 K to 15 K, andβ = 0.5 in the range 20 K to 300 K.

Examples of fits of decay positron time spectra from the detector in the positivez direction
in figure 1, are shown in figures 3(a) and 3(b). The time independent backgrounds and the
exponential decay due to the muon lifetime have been removed in order to show the time
evolution of the muon asymmetry. The solid lines are the results of fits to equation (5).
Figure 3(a) shows data from the measurement at 4.7 K. In this case, the relaxation exponentβ

was fixed with a value of unity. The data clearly show an exponential relaxation. The increase
in the size of the error bars at long times results from the muon lifetime (2.2 µs). The total
data from each run was four such spectra, one from each detector. Figure 3(b) shows data
from the measurement at 300 K. In this case, the relaxation exponentβ was fixed with a value
of 0.5. The relaxation is much slower: thermal activation of the cluster moments produces an
effective narrowing of the field distribution experienced by the implanted muons.

The muon relaxation rateσ deduced from fits to equation (5) of all the data is shown as
a function of temperature in figure 4(a). The open symbols show the results of fits to the data
at temperatures up to and including 15 K, fits in which the value ofβ was fixed to unity. The
dark symbols show the results of fits to the data at 20 K and above, fits in which the value of
β was fixed to 0.5. The choice of these temperature intervals is seen to be consistent with the
data as viewed in figures 3 and 4(a). It is verified by the blocking temperature measured by
SQUID magnetometry and by simulations of the low temperature field distribution (sections 3
and 4 below). The fitting procedure was tested directly with artificial data constructed with
similar statistics and relaxation parameters.



1404 T J Jackson et al

Figure 3. Asymmetry plots,GTF (t) in equation (5), from the detector in the positivez direction
with the sample at (a) 4.7 K and (b) 300 K. The data have been packed into bins of width 30 ns for
publication purposes. In both figures, the solid lines are fits to equation (5), with fixed relaxation
exponentβ = 1 at 4.7 K and fixed relaxation exponentβ = 0.5 at 300 K.

The low temperature data show an average damping rate ofσLorentz ≈ 0.4 µs. This
relaxation rate corresponds to a static Lorentzian distribution of local fields with an HWHM
1B ≈ 0.5 mT.

The high temperature data in the range 20–300 K are re-plotted on an Arrhenius plot in
figure 4(b). The damping rate arising from a thermally activated process involving a single
activation energyEA should obey an Arrhenius law,

σ(T ) = σ0 exp(EA/kBT ) (8)

which may be re-arranged to give the standard Arrhenius plot

loge σ = loge σ0 +EA/kBT . (9)
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(a)

(b)

Figure 4. (a) The muon relaxation rateσ from fits to equation (5). The open symbols show the
results of fits of the data from 4.7 K to 15 K with the fixed relaxation exponentβ = 1. The dark
symbols show the results of fits of the data from 20 K to 300 K with the fixed relaxation exponent
β = 0.5. (b) Arrhenius plot of the muon relaxation rate at high temperatures (20–300 K). The
slope gives an energy barrier of 51± 9 K. They-intercept corresponds to a muon relaxation rate
of σ0 = 8± 3 ns−1, equivalent to an intrinsic cluster relaxation time ofτ0 = 12± 4 ns.

The intercept in figure 4(b) gives an intrinsic damping rate ofσ0 = 8 ± 3 ns−1. Using
equations (1) and (7), we deduce an intrinsic cluster relaxation time ofτ0 = 12± 4 ns. The
linear slope of the data in figure 4(b) gives an activation energy ofEA = 51± 9 K. If we
assume that the cluster volume is 1.2× 10−26 m3, as suggested by the magnetometry data
presented below, we find a cubic anisotropy constant ofK = 2.3± 0.4× 105 J m−3. This
enhancement by a factor of five over the bulk value is consistent with the enhanced orbital
moment found previously for similar clusters [23]. The enhancement arises from the reduced
co-ordination of the atoms at the surface of a cluster, which results in an incomplete quenching
of the orbital moment.
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3. Magnetization measurements

Measurements of the field- and temperature-dependent magnetization were performed in a
SQUID magnetometer with a 1.5 µm thick test sample deposited on a high purity graphite
substrate. The large perpendicular susceptibility of graphite precluded measurements with the
field applied perpendicular to the sample plane, other than remanence measurements in zero
field.

Magnetization loops at several temperatures, plotted against (Bapp/T ), are shown in
figure 5, together with a Langevin curve computed using a saturation magnetization of
2× 10−8 A m2 and a cluster moment of 2267µB . This moment corresponds to a volume of
1.2× 10−26 m3, if we assume the bulk density of atoms, 8.49× 1028 m−3, and an enhanced
moment per atom of 2.3µB [23]. The magnetization of each cluster is thenµ0M = 2.2 T. At
5 K the data in figure 5 deviate from superposition, indicating the presence of blocking at this
temperature.

Figure 5. Magnetization loops of the cluster samples, plotted against (Bapp/T ) to show the presence
of superparamagnetic behaviour above 5 K. The solid line is the prediction of the Langevin function,
at 10 K, for clusters of moment 2267µB .

Figure 6 shows the decay of the remanence, for fields applied parallel (full symbols) and
perpendicular (open symbols) to the plane of the sample. The data were taken by zero field
cooling to 4 K, followed by application of a 0.1 T field. The field was then removed and
the remanent moment measured. The application/removal procedure was repeated at each
temperature as the sample was warmed. The similarity between the sets of data in figure 6
indicates that the assembly of isolated clusters is not magnetically harder perpendicular to the
film plane than parallel to the plane. The absence of a preferred orientation, in or out of the
sample plane, is in agreement with x-ray magnetic circular dichroism measurements reported
previously [23].

The maximum remanent magnetization of randomly oriented, blocked clusters with cubic
magnetocrystalline anisotropy, has been calculated to be 0.832Ms [24]. We find (in figure 6)
that the remanence is already as low as one-fifth of the saturation moment at 5 K, so blocking
is not complete at this temperature. However, the remanence disappears completely by 10 K,
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Figure 6. In plane (solid symbols) and out of plane (open symbols) remanence data, showing lack
of a preferred orientation for the magnetization of the cluster assembly.

which is evidence for a tight size distribution amongst the clusters. We have not attempted to
fit a size distribution to these data because we have data only at relatively high temperatures.
Furthermore, at present we have no knowledge of the form of the distribution we expect for
these embedded clusters. However we note that work elsewhere onbareclusters has shown
the clusters to follow a log normal size distribution, with median diameter 2.8 nm and width
0.5 nm [20].

The zero field cooled (ZFC) magnetization was measured by zero field cooling the sample
from 120 K to 4 K, followed by data acquisition on warming in a field applied parallel to the film
plane. Measuring fields of 3 mT, 5 mT, 15 mT and 25 mT were used. The ZFC data are shown in
figure 7(a). At very low temperatures, the relaxation time of at least some of the clusters is much
longer than the measurement timescale (100 s per point). As the temperature is increased the
relaxation time decreases, so the susceptibility rises. At high temperatures, the relaxation time
is much smaller than the measurement time so the clusters show superparamagnetic behaviour
with a susceptibility which varies asT −1. The maximum in the susceptibility occurs at the
‘blocking temperature’, when the relaxation time and measurement time are equal [25]. The
temperature of the maximum in figure 7(a) appears to have increased with increasing field,
and to extrapolate to 4 K in zero field. However, the true effect of the field is to flatten the
equilibriumM(T ) curves, as described by the Langevin function [1]. In figure 7(b), we plot
the ZFC data normalized by the Langevin function, at each field. The deviations from the
Langevin prediction (which assumes the attainment of an equilibrium magnetization and a
negligible anisotropy parameterα) are independent of the applied field. This result shows the
fields used here to have a rather small effect on the blocking temperature and therefore on the
relaxation time. Theoretical work concerning uniaxial anisotropy potentials [14] has shown
that the relaxation time is decreased by application of a magnetic field. The influence of the
field depends on the ratioh of the applied field to the anisotropy field:h = MsBapp/2K. Using
the enhanced value ofK as determined for our clusters in section 2 above, we findh ≈ 0.09
when the applied fieldBapp = 0.025 T. This small value explains the weak influence of the
applied field on the ZFC measurements.
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(a)

(b)

Figure 7. (a) Zero field cooled magnetization data measured in 3 mT, 5 mT, 15 mT and 25 mT.
(b) ZFC data after division by the Langevin function. The Langevin function describes the
unblocked magnetic behaviour of superparamagnetic particles in the low anisotropy limit.

4. Simulations of the dipole field

Simulations of the dipole field within a cluster sample are important to understand theµSR
results. In the simulations, we calculated the (low temperature) field distribution given by the
muon decay positrons arriving at the±y detectors in figure 1, when a magnetic field of 25 mT
was applied along thex direction. The net local field at a muon site is the resultant of the
dipolar fields, due to a random arrangement of clusters of magnetizationµ0Ms = 2.2 T at



Supramagnetic relaxation in iron nanoclusters 1409

a concentration 0.1% by volume, and the applied field. Each muon precesses at a rate given
by the magnitude of this local field. To produce a simulated spectrum, the amplitude of the
precession was weighted by the sine squared of the angle between the local field and the initial
direction of the muon spin.

Two illustrative simulations were performed. When the dipoles were ordered along the
positive z direction, an FWHM of 1.4 ± 0.1 mT was calculated after averaging over five
simulations, each run with different random seeds. A second set of simulations, in which
random disorder was introduced into the orientation of the dipoles within thezy plane, produced
the same field width. The simulations indicate that the orientation of the clusters’ moments,
when the clusters are static at low temperatures, has a negligible effect on the distribution
of dipolar fields within the sample. The simulations gave the expected Lorentzian field
distribution, with an HWHM1B = 0.7 mT. The corresponding low temperature muon
depolarization rate, of approximately 0.6µs−1, is consistent with the value ofσLorentz derived
from the experimental data.

µSR studies of magnetic relaxation in spin glasses [22] are often performed in a
longitudinal geometry, where the applied field is parallel to the initial muon spin direction.
In this case the fluctuating magnetic moments at high temperatures cause a weak damping in
the muon decay spectra, due to the inducing of transitions which depolarize the muons. The
maximum damping rate is 4γµ(1B)2/Bapp, so damping due to this cause is suppressed by the
applied field.

In principle, the diffusion of muons within the sample could lead to a motional narrowing
effect on top of the effect produced by fluctuations of the clusters’ moments. Extrapolation
of the published data on muon diffusion in silver shows that below 200 K the muon occupies
a single octahedral or tetrahedral site within the silver lattice. At 300 K, where the muon
relaxation rate is already small, the diffusion length within the muon lifetime is of the order
of 5 nm [15], which should have a small effect. The nuclear moment of silver is known to be
too small to make any noticeable contribution to the observed field width.

5. Conclusions

The experiments reported here are the first measurements of dynamic magnetic behaviour in
thin films to be taken with the new low energyµSR spectrometer at the Paul Scherrer Institut.
We have shown that the method may be used to extract parameters such as the relaxation time
and activation energy of an assembly of ferromagnetic clusters displaying superparamagnetic
behaviour. In these experiments, on iron clusters in silver, we find an intrinsic relaxation
time of τ0 = 12± 4 ns and an activation energy of1E = 51± 9 K for clusters of volume
1.2× 10−26 m3. With the assumption of cubic anisotropy, we find an anisotropy constant of
K = 2.3± 0.4× 105 J m−3. The anisotropy parameterα in equation (4) then lies in the
range 0.2 < α < 3 between 300 and 20 K respectively. Therefore, at highest measurement
temperature, the relaxation time defined in equations (2) and (3) may be calculated by assuming
that the value ofλ1 is close to 2 [11, 13]. The theoretical relaxation time is given byτD in
equation (3), whereτD ≈ 10−11(1+a2)/a. The experimentally derived value for the relaxation
time at this temperature, of the order of 10−8 s, suggests a large value for the damping parameter
a, and that perhaps these nanoclusters are highly defective [9].

The lack of any preferred orientation in the cluster assembly allows direct comparison of
theµSR and SQUID data, which were taken with the applied field perpendicular and parallel
to the sample plane respectively. The two techniques examine the clusters’ behaviour over
very different timescales. In the SQUID the time taken to settle at the next temperature and
take three readings for averaging was of the order of 100 s. There was no change in the data
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above the noise during the time taken to make the three readings. The timescale inµSR is of
the order of 10µs and is determined by the muon lifetime. Equation (1) then suggests that the
blocking temperature for the muon data should be approximately three times that recorded in
the SQUID, or approximately 20 K. There is thus an internal consistency in our use of the low
energyµSR data above 20 K to determine the relaxation time and activation energy.

Recent developments of the gas condensation source used to deposit the clusters now allow
the deposition of clusters of diameter 2 nm with 5% resolution in time periods appropriate for
thin film deposition. Furthermore, the kinetic energy with which these highly selected clusters
are deposited onto the substrate may now be controlled with electrostatic acceleration grids.
This affords control over deformation of the clusters when they lose their kinetic energy and
come to rest on the substrate, and the possibility of control over the shape anisotropy. Since
the clusters arrive on the substrate at an angle of 45◦, the production of aligned samples may
be feasible, from which angular dependencies in the relaxation time may be measured and the
dissipation parametera determined more clearly [4].
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