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Direct Measurement of Superparamagnetic Fluctuations in Monodomain Fe Particles
via Neutron Spin-Echo Spectroscopy
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Using the technique of neutron spin-echo spectroscopy, we have conducted a direct measurement of
the superparamagnetic relaxation of nanoscale, magnetic monodomain iron particles in the time range
between 0.01 and 160 nsec and for momentum transfersq between 0.035 and0.15 Å21. Using a phe-
nomenological model which includes the effect of a particle size distribution, we are able to determine
the temperatureT and q dependence of the longitudinal superspin relaxation time spanning 4 orders
of magnitude. We find that forT & 40 K, interparticle correlations affect the longitudinal superspin
fluctuations. [S0031-9007(98)08356-2]

PACS numbers: 75.50.Tt, 61.12.Ex, 75.10.Hk, 76.60.Es
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The first attempt to describe the relaxation of isolate
magnetic particles was made by Néel to provide a theore
cal foundation for the study of paleomagnetism and t
dating of ancient pottery [1]. The theory of superpar
magnetic relaxation was later refined by Brown [2]. Th
small magnetic clusters which lie at the origin of supe
paramagnetism are found in many diverse systems
biology, geology, materials, and environmental scien
[3,4]. For a ferromagnetic system, reducing the size belo
that of a typical magnetic domain will drastically modify
its magnetic behavior due to the lack of domain wal
and lead to the existence of a superspin associated w
the particle as a whole. This can be seen as a s
renormalization of the paramagnetic constituents in a so

The relatively new nanoparticle fabrication technolog
makes it now possible to construct model systems for t
controlled study of the parameters which influence th
magnetic properties, such as size distribution and interp
ticle correlation effects. Of particular interest, from both
theoretical and a practical point of view, are the magne
fluctuations associated with the whole-particle magnetiz
tion. The dynamics of these systems has been studied
sentially through experimental techniques which are bas
on detecting the temperature at which the fluctuation ra
of the system becomes slower than the excitation fr
quency of the probe: this point is defined as the blockin
temperatureTB. Mössbauer spectroscopy can also pro
the particle dynamics via a detailed analysis of the spec
observed belowTB under certain conditions [5]. Com-
bining local probes such as Mössbauer spectroscopy w
ac and dc susceptibility, one can determine the blocki
temperature over a very wide frequency range (rough
1022 108 Hz) [6,7]. Qualitatively, these data are consis
tent with the picture of essentially isolated particles whe
0031-9007y99y82(6)y1301(4)$15.00
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the magnetic anisotropy creates an energy barrier aga
fluctuations between the equivalent easy magnetization
rections. This picture is probably oversimplified [3,7] du
to interparticle correlations which can appear at low tem
perature, and one needs to revert to more direct prob
such as inelastic neutron scattering (INS), if one is to r
fine this model.

A good model system for neutron scattering studies
monodomain iron clusters embedded in an insulating m
trix of Al 2O3. A substantial amount of experimental wor
has been performed to investigate the magnetic proper
of a sample with an average Fe particle diameter of 20
[8]. Transmission electron microscopy (TEM) determine
a body-centered cubic structure and a 4 Å standard de
tion for the particle diameter. Inelastic neutron scatteri
showed the existence of two distinct magnetic fluctuati
components both associated with the whole spin of t
particle (superparamagnetic fluctuations) [9]. The fas
relaxing component could be resolved using triple-ax
and time-of-flight INS spectrometers and was attribut
to transverse fluctuations [9]. The other component cou
not be resolved and appeared to be frozen due to s
fluctuations beyond the instrumental resolution.

This slow component is identified with the longitudi
nal superspin fluctuations, which to date have never be
directly measured for separated monodomain ferroma
netic particles. Although the measurements of the bloc
ing temperature are primarily governed by these slow
fluctuations, such experiments can only qualitatively i
fer their behavior. Neutron spin-echo (NSE) spectrosco
directly measures the dynamic structure factorSsq, td as
a function of momentum transferq and Fourier timet.
Ssq, td is the spatial Fourier transform of the pair corre
lation functionCsr , td, which is in principle a complete
© 1999 The American Physical Society 1301
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description of the space-time behavior of a system. F
thermore, the paramagnetic NSE technique [10] is se
sitive to the magnetic fluctuations only and has th
advantage to be essentially azero-field measurement.
Modern NSE spectrometers can access a wide range
Fourier times typically between10211 and 1027 sec and
also provide spatial information through studies of theq
dependence. NSE is therefore an ideal probe to inv
tigate the longitudinal fluctuations in superparamagne
systems.

The superspin fluctuations were measured on the sa
sample used in previous experiments [8,9]. This samp
was prepared by cosputtering of iron and Al2O3 on an
aluminum foil substrate. The volume fraction of iron
is 20% and the Al2O3 matrix is amorphous. The mean
diameter of the essentially spherical Fe particles is abo
20 Å as deduced from both magnetization measureme
and x-ray small angle scattering [8]. Assuming the bu
density of iron [8], this diameter corresponds to ove
300 Fe atoms per particle. SQUID measurements sh
a well defined blocking temperature of 15 K for a
characteristic measurement time of about 100 sec [1
The total sample volume was about150 mm3.

The measurements ofSsq, td were performed on two
NSE spectrometers IN11 and IN15 at the Institut Lau
Langevin in the time range oft ­ 0.01 160 nsec in an
applied field of about 5 G. Three different incident neu
tron wavelengths, 6.26 Å (IN11), 8.5 Å, and 14.88 Å
(IN15) were used to take advantage of the cubic depe
dence oft with wavelength (t , l3) [10] and thus provid-
ing the measurement range which extends over 4 ord
of magnitude int. The data were mainly collected a
q ­ 0.07 Å21but also atq ­ 0.035 and 0.15 Å21, for
various temperatures between 2 and 300 K. Polarizat
analysis was performed at eachT andq in order to nor-
malize the echo amplitude (see Fig. 1). The data we
corrected for instrumental spin-echo resolution by norma
izing each scan to the reference scan at 2 K where the
system is frozen on the time scales of interest here.

The choice to measure at these threeq values is
motivated by the work presented in Ref. [8], wher
the magnetic small angle scattering was separated i
three components: atq ­ 0.035 Å21 one is sensitive to
the signal arising from ferromagnetic interparticle (sho
range) correlations, whereasq ­ 0.15 Å21 probes essen-
tially only the dynamics arising from the single particl
(see Fig. 5 in Ref. [8]).

Figure 2 shows the normalized spin-echo amplitude
q ­ 0.07 Å21 as a function oft for various tempera-
tures. For 300 and 200 K,Ssq, td is well described by
a simple exponential decay exps2tytd [12]. The re-
laxation time t is in agreement with the quasielasti
linewidth G previously measured by time-of-flight (TOF)
INS (G ­ h̄yt) [9] (at 200 K,t ­ 0.062 6 0.003 nsec).
For T & 100 K the dynamics changes drastically with
decreasing temperature andSsq, td can no longer be de-
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FIG. 1. Ssq, 0d as deduced from the polarization analysis v
temperature for the three differentq values: 0.035 Å21 sdd,
0.07 Å21 ssd, and 0.15 Å21 snd. Lines are a guide for
the eye.

scribed by a simple exponential decay. This coincid
with the appearance of the resolution-limited slow com
ponent seen in the TOF experiment. However, it
also not possible to fit theT & 100 K data to a sum
of two exponentials; the apparent stretched-exponent
like decay is reminiscent of a system with a distribu
tion of relaxation times. In order to illustrate the origi
of the stretched relaxation and to extract a charact
istic relaxation time from these curves, we present
simplified model based on an idealized description
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FIG. 2. NormalizedSsq, td for q ­ 0.07 Å21 as a function of
time for various temperatures. The lines represent the fit
the model described in the text, except atT ­ 200 and 300 K
where a single exponential law is used.
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the magnetic particles: In an independent particle p
ture, the superparamagnetic relaxation timet is generally
described by [1,2]

t ­ t0sT , V d expsKVykBTd , (1)

where t0sT , V d is the inverse of a microscopic attemp
frequency,a priori temperature and volume depende
[1,2,13–15],K is the magnetic anisotropy energy per un
volume,V is the particle volume, andkB is Boltzmann’s
constant. Equation (1) implies that even a small spre
in particle size will generate a significant distribution o
relaxation times. In the following we outline how the
size distribution influences the line shape ofSsq, td. We
assume that the intrinsic relaxation for a monodispe
system remains exponential for allT , since the magnetic
correlations are short range. As a first approach one
therefore suppose that any correlations simply lead to
renormalization oft and not of the line shape itself
The cosputtering technique gives rise to a log-norm
distributionPsV d of the particle volume [7,16]:

PsV d ­
1

sV
p

p
exp

(
2flnsVyVmdg2

s2

)
, (2)

wheres is a measure of the size distribution andVm is
the mean volume. As a first approach one can theref
model the stretching of the relaxation for a givenq as
follows:

Ssq, td
Ssq, 0d

­

R`

0 V 2PsV d expf2tytsV dg dVR`

0 V 2PsV d dV
. (3)

Using Eq. (1) fortsV d, one can rewrite Eq. (3) as a
function of only three parametersb ; kBTyKVm, tm ;
t0 exps1ybd, ands:

1
p

p

Z `

2`

exp

√
2x2 2

t
tm

3 exp

(
1
b

£
1 2 exp

°
sx 1 s2

¢§)!
dx ,

(4)

where we neglect any possible volume dependence oft0.
This is justified, since by far the main effect of the siz
distribution is felt in the exponential term of Eq. (1). I
is important to note that Eq. (4) makes no assumptio
about theq and T dependence oftm or b. We now
have a phenomenological expression which allows one
extract the characteristic longitudinal relaxation time fro
a measurement ofSsq, td, without the artifact of the size
distribution.

To take into account the presence of the fast (tran
verse) component, we add to Eq. (4) a (particle volum
independent) termR exps2tyttd and normalize the entire
expression bys1 1 Rd. This adds two extra parameters t
the fit: the transverse relaxation timett and the ratioR be-
tween the two components. In any case, the weight of t
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term to the fit is fairly small below 60 K. The fitted value
for tt andR are consistent with the TOF results, and t
resultant fit using this model is in excellent agreeme
with the data as can be seen in Fig. 2. Independen
any quantitative analysis, it is clear from the data th
on a time scale of the order of0.1 msec, a measurable
relaxation exists at 20 K. This is to be contrasted with t
observation by SQUID magnetometry of a 15 K blockin
temperature for a 100 sec characteristic measurement
[11]. Since the magnetization is the magnetic respons
q ­ 0, the most evident explanation for this discrepan
is that the relaxation isq dependent, most likely due to
interparticle correlations.

As expected, the size distributions is T independent,
which for the final fits discussed below, we have fix
to the average value found:s ­ 0.6 6 0.1. This corre-
sponds to a standard deviation in the diameter of ab
3 Å, consistent with the particle-size spread estima
from our TEM measurements.

We know from small angle neutron scattering me
surements [8] that the system is weakly interacting
that b is not in principle simply proportional toT as in
the isolated particle picture. Therefore we fit each te
perature separately and plot the resultant effective l
gitudinal relaxation timetmsT d in Fig. 3. From this
semilog plot vs1yT , one can see thattmsT d is nearly
linear atq ­ 0.07 Å21 but exhibits a pronounced curva
ture atq ­ 0.035 Å21. The coefficientb (inset in Fig. 3)
is also highly linear in temperature but has a negat
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FIG. 3. Mean longitudinal relaxation timetm vs 1yT for q ­
0.07 Å21 (solid symbols) andq ­ 0.035 Å21 (open symbols).
The dashed lines are the fit using the expression propo
by Néel and Brown. The solid lines correspond to a
using the phenomenological formt0 expskyT 1 a2yT 2d for
eachq value. The data forq ­ 0.15 Å21 are not shown since
the low counting rates at thisq permitted only a qualitative
examination of the relaxation. The inset shows the coeffici
b for q ­ 0.07 Å21 as a function of temperature. The lin
corresponds tob as deduced from the fitted values fork anda.
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zero-temperature offset emphasizing the breakdown of
Arrhenius behavior at low temperature. To within the a
curacy of these data, one could describe theT dependence
of tmsT d by a Vogel-Fulcher-like expression, implying a
freezing transition at finite temperature. However, susce
tibility measurements ofTB on the same system do not se
any signature of such freezing at low temperature. The
fore, we prefer to use the approach based on interact
superparamagnetic particles having no finite temperat
transition, where the energy barrier is renormalized d
to the local field arising from neighboring particles [7]
In this case,b can be phenomenologically described b
Tysk 1 a2yT d, where the terma2yT models the effect of
a local field [9]. Forq ­ 0.07 Å21, we find k ­ 97 6

30 K and a ­ 43 6 20 K, whereas forq ­ 0.035 Å21,
we fix k at 97 K and obtaina ­ 55 6 26 K. These fits
are shown as solid lines in Fig. 3, but we emphasize th
this is a fit with purely phenomenological parameters. T
coefficientt0 can be deduced from the fitted values fortm

andb and is essentially constant in temperature but wi
a relatively large uncertainty (t0 ­ 0.02 6 0.01 nsec). It
should be noted that through the form of Eq. (1), in th
absence of a specific model, one cannot simultaneously
duce a temperature dependence oft0 andb.

A fit of tm vs T with the expression proposed by Née
and Brown for isolated particles, wheret0 varies as

p
T

does not agree with the data as well as the correlated p
ticle approach (see Fig. 3). This is quite apparent wh
examining theq dependence of the relaxation. Fluctua
tions sensitive to interparticle correlations will becom
q dependent if such correlations appear. Comparing
tm for q ­ 0.07 and0.035 Å21 clearly shows a slowing
down of the fluctuations with decreasingq (Fig. 3). This
is something that a model with purely noninteracting pa
ticles cannot reproduce. The enhancement of the fre
ing behavior with decreasingT is also more evident at
q ­ 0.035 Å21 than atq ­ 0.07 Å21. We do not show
the behavior oftt and R. Their behavior is consistent
with that found in Ref. [9] and confirms thattt is only
weakly q dependent whose weightR diminishes with de-
creasingq.

The following picture thus emerges from the analys
of this experiment: ForT * 100 K, there is essentially a
single weaklyq and V dependent relaxation componen
due primarily to isotropic single-particle fluctuations
Below 100 K, the temperature is less than the magne
anisotropy energy barrier and the relaxation splits in
two components: fluctuations transverse to the easy a
remain weakly q dependent whereas the longitudina
relaxation is sensitive to interparticle correlations. The
correlations affect the dynamics below 40 K, where on
observes a more pronounced freezing (both inq and T )
than from noninteracting particles. This also coincide
with the pronounced broadening and loss of spect
weight of the transverse component [9].
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The dynamics ofantiferromagnetic(AF) a-Fe2O3 par-
ticles using triple-axis neutron scattering was recently r
ported [17]. Because of the much smaller whole-partic
magnetization in this system, the fluctuation rate is mu
faster, allowing one to use the triple-axis technique, whi
has a much lower energy resolution than NSE. The expe
ment found that the dynamics of AFa-Fe2O3 is consistent
with the Néel and Brown theory [1,2]. However, if this
system also develops superspin correlations, the limited
ergy resolution of this technique would not have permitte
one to detect any effect on the dynamics. Furthermore
is clear from our experiment that the particle-size distrib
tion must be taken into account in any in-depth analys
This also suggests that it is important to study the dyna
ics in monodomain systems without a particle-size dist
bution in order to improve our understanding of magnet
nanoparticle dynamics.

We thank A. Würger for fruitful discussions on this
topic. We also thank M. Nogues for a critical reading o
the manuscript.
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