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Magnetic relaxation in the nanoscale granular alloy Fe20Cu20Ag60
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The structural and magnetic properties of a representative member of a class of technologically relevant
ternary metallic alloys have been studied in detail. The alloy, of composition Fe20Cu20Ag60, is a member of the
family of nanoscale granular alloys that are of current interest in both giant magnetoresistive alloys and
nanocrystalline soft magnets. Samples were produced by mechanical alloying~70 h, argon sealed! and were
homogeneous according to scanning electron microscopy and electron microprobe analysis. Room-temperature
magnetoresistance measurements in applied fields up toH590 kOe gave a value of 5%~at 90 kOe! for the
@R(H)2R(0)#/R(0) ratio. Rietveld calculations on high-resolution image plate data using a synchrotron
source (l50.6920 Å) showed that the specimen comprised a dispersion of bcc Fe60Cu40 ~Im-3m, a
52.951 Å! particles of mean size 5.5 nm in an fcc Ag90Cu10 ~Fm-3m, a54.057 Å! matrix. This structure was
stable up to 380 K as revealed by differential scanning calorimetry. dc magnetization~peaks in zero-field-
cooled data! and frequency-dependent ac susceptibility~in external dc magnetic fields from zero to 500 Oe!
measurements showed blocking transitions between 280 and 300 K, with the onset of superparamagnetic
behavior at higher temperatures. The superparamagnetic regime was confirmed at room temperature by the
observation of anhystereticM (H) curves, and through zero field and applied field Mo¨ssbauer experiments in
which a combined singlet plus doublet spectrum was transformed to a magnetically split sextet on application
of an 11-kOe field. In all cases the blocking transitions were clearly affected by the existence of intergranular
interactions, which shifted them to higher temperatures than would be expected from noninteracting grains.
Evidence of intergranular interactions were also found in the dynamic behavior of the ac susceptibility data
~small frequency-dependent shifts in the blocking temperature, Vogel-Fulcher activation processes!. Muon
spectroscopy was found to provide excellent corroborating information on the blocking transition, with a clear
peak being found in the exponential decay rates of the depolarization spectra. The result establishes the
feasibility of using muon spin relaxation to probe other superparamagnetic materials, with the advantage that
measurements can be conducted in absolutely zero field.

DOI: 10.1103/PhysRevB.64.104433 PACS number~s!: 72.15.Gd, 75.40.Gb
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I. INTRODUCTION

Nanoscale Fe-based magnetic alloys comprising very
magnetic grains embedded in a nonmagnetic metallic h
are of interest from both applied and fundamen
viewpoints.1,2 Recent technological examples include nan
crystalline alloys for soft magnetic applications, and granu
alloys for magnetoresistive applications. The former are
tained by controlled annealing of amorphous precursors s
as Fe-Nb-Cu-Si-B and Fe-Zr-B-Cu.3,4 Their outstanding soft
magnetic properties are related to the growth of nanom
scale Fe-Si anda-Fe grains embedded in the amorpho
matrix.5–11 The latter include the binary Fe-Cu and Fe-A
systems12–16 and the ternary Fe-Cu-Ag and Fe-Co-A
systems,17–19 prepared by a variety of methods includin
sputtering, co-evaporation, ion implantation, melt spinni
sol-gel synthesis, and mechanical alloying. They show g
magnetoresistance~GMR! due to the formation of highly
dispersed nanometre scale structures of magnetic grains
nonmagnetic matrix, and the resultant high volume den
of interfacial scattering sites.
0163-1829/2001/64~10!/104433~13!/$20.00 64 1044
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At a fundamental level, the functional properties of the
materials are intimately related to relaxation effects such
the onset of superparamagnetism. In the superparamag
state the atomic moments in a single-domain grain
operatively undergo spontaneous thermally activated re
sals in direction. Superparamagnetism is generally obse
in those materials that exhibit GMR,12–18and has been nomi
nated as the cause of GMR in some granular system20

However, present studies of the role of superparamagne
in granular alloys have focused on simplified model syste
rather than more complex, but technologically relevant, s
tems. For example, there have been studies of superpara
netism in nearly monodisperse ensembles ofa-Fe particle
deposited on nonmetallic supports, such as carbon,21,22

MgO,23 and Faujasite-type zeolites.24 Meanwhile, studies to
date on granular GMR alloys25–28 have revealed complexi
ties with regard to their fine-grained structural and magne
characters, which have been an obstacle to analysis of
magnetic relaxation properties.

In an effort to advance our understanding of the mo
complex granular systems, we have in this work underta
©2001 The American Physical Society33-1
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a comprehensive study of relaxation effects in a technolo
cally relevant Fe-based granular alloy. A key to our appro
is the use of several different experimental techniques o
single sample, to obtain relaxation data over a wide rang
measurement time scales. This study is conducted on a ‘‘n
ideal’’ material, where the challenges relating to the effe
of grain-size distributions and intergranular magnetic int
actions are a raison d’eˆtre for the work, rather than an incon
venience or a hindrance.

In recent work we surveyed the magnetic and structu
properties of the ternary alloy system Fe-Cu-Ag as prepa
by high-energy mechanical alloying.29,30 We found that in
some cases mechanical alloying produced materials
nanoscale structures. In binary Fe-Ag alloys the milli
product comprised bcca-Fe grains dispersed in an fcc A
matrix, with little or no mixing between the two metals, an
mean grain sizes of order 6–10 nm depending
composition.29 Even finer structures were observed when
was incorporated into the system. Indeed, in equimolar
Cu-Ag the resultant structure was on such a fine scale
the product could be considered to be amorphous.29 For
small concentrations of Cu a solid solution was formed w
the a-Fe grains, so that the resultant microstructure co
prised bcc Fe-Cu grains in an fcc Ag matrix.29

For the purpose of the present investigation we have
cused on an alloy of composition Fe20Cu20Ag60. This was
selected as it gave rise to a finer grain size than was ach
able in a binary Fe-Ag alloy, while the magnetic propert
of the bcc Fe grains were found to be largely unaffected
the incorporation of Cu.29 Moreover, the values for the mag
netoresistanceR(H) at 300 K lie around@R(H)2R(0)#/
R(0)53 – 5% between zero and 90 kOe in this compo
tional area of the ternary Fe-Cu-Ag phase diagram, wh
compares well with other granular systems.31 Our aim was to
characterize the magnetic relaxation in the system, an
establish the nature of any relaxation effects that might
present. To do this we applied a number of standard meth
for probing magnetic relaxation in nanoscale system
temperature-dependent magnetic hysteresis, zero-fi
cooled–field-cooled dc magnetometry, frequency-depend
ac susceptibility, and Mo¨ssbauer spectroscopy. These me
ods allowed us access to data on measurement time s
ranging from;1029 to 102 s.

In addition to this we applied the technique of muon sp
relaxation~mSR! to the problem. This is an uncommon a
proach to studies of superparamagnetism, with the only
ports to date dealing with the iron storage protein ferritin,32 a
dilute alloy of 2 at. % Co in Cu,33,34 and a dilute dispersion
of 0.1 vol % Fe in an Ag thin film.35–37 There are some
especially advantageous features ofmSR for the Fe-Cu-Ag
system, notably that the data obtained are selectively se
tive to the relaxing moments in the sample, and that
measurement time scales fall in a region of interest clos
those afforded by Mo¨ssbauer spectroscopy and by ac susc
tibility.

In the following, Sec. II covers the experimental tec
niques used, Sec. III deals with the sample prepara
method and magnetoresistive and structural characteriza
and Sec. IV comprises the magnetic characterization res
10443
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covering a wide range of time scales, including data analy
The results are drawn together and discussed, and the ro
magnetic interactions in the observed relaxation is apprai
in Sec. V.

II. EXPERIMENTAL DETAILS

Samples were prepared from.99.9% pure elemental Fe
and Ag powders~Aldrich Chemical Co.! and elemental Cu
powder~Strem Chemicals Inc.!, used as supplied. Mechan
cal alloying was carried out using a Fritsch Pulverisette
high-energy planetary ball mill, with hardened steel bow
and balls~type 4301 stainless steel: 68 at. % Fe, 19 at. %
8 at. % Ni, 2 at. % Mn, 2 at. % Si and traces of S and!
operating at a rotation frequency of 600 rpm. Approximate
7 g of sample was used, with a ball to powder mass ratio
12 to 1. To prevent excessive heating the mill was opera
for 2-h periods, interspersed with cooling down periods o
h, which kept the mean temperature of the bowls and ball
4065 °C. The samples were milled for 70 h to ensu
completion of the alloying process. The milling bowls we
sealed in argon and tightly clamped to prevent oxidation

Sample morphology, composition, and homogeneity w
tested via scanning electron microscopy and energy dis
sive x-ray analysis~EDAX! on a Hitachi S-4000 and on
Jeol EMA. Measurements were made using a 1-mm beam
spot size. Specimens were prepared by loading the sam
powder into an epoxy resin plug, and polishing the plug s
face with increasingly fine standard abrasive paper.

Magnetoresistance measurements were carried out
compacted samples inserted into a Quantum Design m
purpose instrument. The standard four-probe geometry
adopted. An external dc Keithley 220 power supply~20 mA!
was used, and voltages were recorded using an HP 344
nanovoltmeter.

Structural analysis was carried out via high resoluti
x-ray diffraction using the synchrotron radiation source at
Daresbury Laboratory, UK. A curved image plate detec
was used, on Station 9.1, and the source radiation was tu
to a wavelength of 0.6920 Å, avoiding fluorescence in
sample. The data were analyzed by standard Rietveld re
ment using theFULLPROF program as supplied by the Lab
oratoire Leon Brillouin, Saclay.38,39

Differential scanning calorimetry~DSC! measurements
were made with a Shimadzu DSC-50 calibrated agains
and Zn standards, at a heating rate of 20 K min21. Samples
were placed in open platinum pans in an atmosphere of fl
ing nitrogen that reduced, but did not eliminate complete
the likelihood of oxidation.

57Fe Mössbauer spectra were collected in the range 8
300 K with a Wissel MA-260S constant acceleration sp
trometer and a liquid-nitrogen cryostat. A triangular dri
wave form was used, and the spectra were folded to rem
baseline curvature. Calibration was made with respect ta
iron at room temperature. The spectra were analyzed usi
least-squares fitting program based on combinations
Lorentzian sextets and doublets for the subspectra of m
netically ordered crystalline or paramagnetic phases, res
tively.

Field-dependent magnetization curves~M-H curves! were
3-2
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MAGNETIC RELAXATION IN THE NANOSCALE . . . PHYSICAL REVIEW B 64 104433
recorded at room temperature in applied fields up to 5 k
using an Aerosonic 3001 vibrating sample magnetometer
magnetization (Mdc) data were recorded in external fields
up to 30 kOe using a Quantum Design MPMS supercond
ing quantum interference device~SQUID! magnetometer op
erated under zero-field-cooled and field-cooled sequence
susceptibility (xac) measurements were made using a Qu
tum Design PPMS. Data were recorded from 5 to 350 K w
a sinusoidal excitation field of amplitude 10 Oe oscillating
frequencies from 30 Hz to 10 kHz. Both in-phase and o
of-phase data were recorded at a fixed frequency while
sample temperature was increased at;0.1 K min around the
transitions, and at 0.3 K min21 in other temperature regions
External biasing fields ofHdc5500 and 1000 Oe were ap
plied for some specific cases.

mSR experiments were performed on the ARGUS a
MuSR spectrometers at the ISIS pulsed neutron and m
facility at the Rutherford Appleton Laboratory, UK. Mea
surements were made in zero field and in longitudinal fie
of up to 2 kOe, at temperatures ranging from 10 to 340
The powder samples were sealed in a 1.531.5-cm2 silver
foil package attached to a pure silver mounting plate. H
quality spectra~up to 50 million counts per run! were col-
lected. These were analyzed over the time ranget<15ms
using theWiMDA computer program.40

III. SAMPLE PREPARATION AND MAGNETORESISTIVE
AND STRUCTURAL CHARACTERIZATION

Mechanically alloyed samples were prepared by hi
energy ball milling a mixture of iron, copper and silver pow
ders with initial composition Fe20Cu20Ag60. The product af-
ter 70 h of milling was a fine powder, mid gray in color, wi
no sign of the clumping that would be expected if the gra
had bulk magnetic moments. Scanning electron microsc
~SEM! micrographs showed that the product was compri
of irregularly shaped grains with sizes ranging from appro
mately 10 to 60mm. EDAX analysis gave a measure of th
overall atomic percentages of those elements heavier
oxygen. The sample that we focus on here had a compos
Fe20.2Cu19.1Ag60.7, with an accuracy of order61.0 at. % on
Fe and Ag, and60.5 at. % on Cu. Traces of Cr impuritie
were noted, at the level of 0.1–0.2 at. % Cr, indicating
minor contamination from the stainless-steel milling conta
ers. The slightly enhanced Fe content is also attributabl
material from the milling balls and containers. SEM/EDA
elemental area scans~Fe, Cu, and Ag! showed that the
sample was entirely homogeneous at the micron scale l
of instrumental resolution.

The magnetoresistance behaviorR(H) of the sample after
compaction is shown in Fig. 1 for fields of up toH
590 kOe at 300 K. It shows a sharp initial drop inR(H)
which progressively tends to saturate at higher fields. T
magnetoresistance ratio@R(H)2R(0)#/R(0) reaches
around 5% at the highest field. This behavior is similar
other mechanical alloys of Fe-Cu-Ag~Ref. 31! and Fe-
Co-Ag ~Ref. 19! and establishes the GMR character of th
alloy.

X-ray-diffraction data for the sample are shown in Fig.
10443
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Referring to earlier structural studies of Fe-Cu-Ag,29 we note
that the pattern is similar to that of ball milled silver: an fc
pattern with broad lines. Estimates of the lattice parame
from this pattern givea'4.05 Å, which is lower than that o
pure Ag (a'4.07 Å). Since it is known29 that even small
amounts of Cu alloyed with Ag results in a significant redu
tion in the lattice parameter~a'4.00 Å for Cu20Ag80!, this
indicates that some Cu~of order 10 at. %, see below! is in-
corporated into the Ag lattice. There is no sign of the f
pattern of pure Cu, which hasa'3.62 Å and has lines a
lower angles than those of pure Ag. Given that Fe and Ag
not alloy as readily as Cu and Ag,29 we surmise that the
majority of the Cu may be alloyed with the Fe~in a ratio of
order 40 at. % Cu to 60 at. % Fe, see below!, and that to-
gether they are separated from the Ag-rich Ag-Cu grains
keeping with this, the second fcc~Ag-rich Ag-Cu! peak near
19°, which overlaps with the first bcc~Fe-Cu! peak, is
broader than would be expected for the fcc phase alo
given the widths of the other fcc peaks. This is consist
with the 19° peak deriving from a combination of fcc an
bcc phase peaks.

Given the coincidence of the fcc and bcc peaks along
rest of the diffraction pattern, it is not trivial to separate t
contributions from the two phases. Nevertheless, we h

FIG. 1. Field-dependent magnetoresistance in an Fe20Cu20Ag60

granular alloy at 300 K, measured using the standard four-pr
geometry and dc currents.

FIG. 2. X-ray-diffraction pattern of an Fe20Cu20Ag60 granular
alloy recorded on a synchrotron source of wavelengthl
50.6920 Å. The solid line is a Rietveld fit of the data using
model of bcc Fe60Cu40 grains supported in an fcc Ag30Cu10 matrix.
The bottom trace is the difference between the fit and the data
3-3
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TABLE I. Crystallographic data for a ball milled Fe20Cu20Ag60 granular alloy as determined by Rietve
analysis of x-ray data collected on a synchrotron radiation source of wavelengthl50.6920 Å. Two main
phases were refined, an fcc Ag-Cu and a bcc Fe-Cu substitutional alloy, plus a minority amorphous c
nent that accounted for;1.7 wt % of the sample. Crystallite sizes and strains were obtained via a sta
procedure,42–44 using linewidth data from all the observed peaks.

Phase
Lattice parameter

~Å!
Crystallite
size ~Å!

Strain
~%!

BraggR
factor ~%!

Relative
amount~wt %!

Fe60Cu40 2.95160.002 5565 8.060.5 8.6 27.1
Ag90Cu10 4.05760.001 4365 5.560.5 10.9 72.9
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been able to derive a Rietveld refinement of the pattern,
ing pseudo-Voigtian profiles, and modeling a pattern wh
included a superposition of diffraction peaks due to
Ag-Cu and bcc Fe-Cu grains. The high statistical quality
the pattern allowed the atomic compositions of the t
phases to be included as fitting parameters. The best fit
tained had a good quality-of-fit Bragg factor ofRB<11%.
This fit is shown in Fig. 2, and derived parameters are gi
in Table I. The fcc phase was fitted as Ag90Cu10, and the bcc
phase was fitted as Fe60Cu40, so that the alloy may be re
garded as

Fe20Cu20Ag605~Fe20Cu13.33!dispersed~Ag60Cu6.67!matrix.

The Rietveld parameters are in agreement with the po
lated phases, although the weighting contribution of
Fe-Cu phase is a little more than expected given
Fe20Cu20Ag60 composition~27.1 wt % compared to the ex
pected 25.4 wt %!. This may be due to the presence of
small pseudoamorphous contribution, associated with;1–2
wt % of the sample, which was included in the fit. Such
contribution is most likely attributable to disordered gra
boundaries.41

The Rietveld refinement allows us to distinguish betwe
the line-broadening effects due to grain size and strain. M
values for the sizes and strains of the Fe60Cu40 and Ag90Cu10
phases~Table I! were obtained via a standard procedure,42–44

FIG. 3. Differential scanning calorimetry curve for a
Fe20Cu20Ag60 granular alloy. The broad asymmetric peak with
maximum at 640 K is associated with lattice recovery and the
composition of the Fe-Cu and Ag-Cu grains into separate Fe,
and Ag. The peak at 840 K is associated with the recrystallizatio
the Fe, Cu, and Ag grains.
10443
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using the linewidth data from all the observed peaks. T
sizes and strains are close to those found in other mech
cally alloyed systems.43,45,46

A DSC scan for the sample is shown in Fig. 3. The sm
signal magnitude, of order 0.04 mW/mg, is typical of a A
rich material which does not readily support strain ener
Pure Ag when milled has a virtually flat DSC trace, with
magnitude of less than 0.01 mW/mg.30 The main broad exo-
thermic peak, with its maximum near 640 K, is reminisce
of the largest exotherm in ball milled Fe50Cu50 at 650 K.30

The position of the smaller exothermic peak at 840 K is clo
to that of the largest peak seen in ball milled Fe50Ag50 at 800
K.30 Drawing from the previous study, we associate t
broad exotherm maximum at 640 K with the energy rele
due to lattice recovery and decomposition of the Fe-
grains into separate Fe and Cu metals, and the peak at 8
with the recrystallization of the Fe, Cu, and Ag grains. W
also note that the exothermic response begins at a relati
low temperature, 380 K, which imposes a rather strict exp
mental limitation on the temperatures to which the sam
may be heated without incurring structural rearrangemen

On the basis of the foregoing experiments we conclu
that the sample comprises nanoscale grains of a bcc Fe60Cu40
alloy interspersed between nanoscale grains of fcc Ag90Cu10.
The mean sizes of these grains, determined from the x
data, are of order 5 and 4 nm for the Fe-Cu and Ag-C
respectively. We note that the milling route to the formati
of the system is likely to result in a relatively broad dist
bution of grain sizes. We also note that the magnetic gra
are sufficiently small that we may reasonably expect t
rapid relaxation effects, including the presence of a sup
paramagnetic regime, might be observed.47 It is also true that
this is a relatively concentrated magnetic system and he
we may expect that intergranular magnetic interactions w
be present.10,47

IV. MAGNETIC CHARACTERIZATION

A. Experimental studies of superparamagnetism

Superparamagnetic relaxation was considered by Ne´el48

and later by Brown49 for the case of a monodisperse e
semble of noninteracting particles or grains. Both derived
activation law for the relaxation timet of the magnetization
of the form

t5t0 exp~DE/kBT!, ~1!

-
u,
f
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MAGNETIC RELAXATION IN THE NANOSCALE . . . PHYSICAL REVIEW B 64 104433
whereDE is the energy barrier to a moment reversal, a
kBT is the thermal energy. In the case of uniaxial anisotro
DE5KV, whereK is the anisotropy energy density andV is
the particle or grain volume. Brown predicted that the p
exponential factort0 should be of order 10210– 10212s and
only weakly dependent on temperature.49 The influence of
interparticle or intergranular interactions on superparam
netic relaxation has subsequently been the subject of a n
ber of experimental and theoretical studies.47,50–53In the case
of dipolar interactions it has been suggested that the mod
relaxation time retains the form of Eq.~1!, with an increased
energy barrierDE, and a smaller pre-exponential factor,
the range 10217– 10218s.47

In any observation of superparamagnetic relaxation on
constrained to measuring the relaxation timet with respect
to the measuring timetm of the specific experimental tech
nique being used. Ift!tm the relaxation is so fast relative t
the experimental time window that the ensemble behave
if it were paramagnetic. Ift@tm the relaxation is so slow
that quasistatic properties are observed; this latter is kn
as the ‘‘blocked’’ state for the system. Midway between the
two states, at the ‘‘blocking temperature’’TB , the times are
equal,t5tm . For a given ensembleTB increases with de-
creasing measurement time. In typical experimentstm can
range from the slow to medium time scales of 102 s for dc
magnetization and 1021– 1025 s for conventional ac suscep
tibility, through to the fast time scales of 1027– 1029 s for
57Fe Mössbauer spectroscopy. In each of these technique
blocking temperature is associated with different featur
such as peaks in the dc and ac susceptibility, and equiva
relative areas of sextet and doublet components in Mo¨ss-
bauer spectroscopy.

In the following we present the results of magnetic me
surements over a variety of time scales on the granular a
Fe20Cu20Ag60.

B. Slow to medium time scales: dc magnetization,
ac susceptibility, andM-H curves

1. dc magnetization

The thermal variation of the dc magnetization of t
sample was recorded on a SQUID magnetometer using
standard zero-field-cooling–field-cooling~ZFC-FC! method.
The sample temperature was changed at;3 K min21 and
stabilized at each measuring point for approximately 2 m
Each data point was recorded as the average of three in
ment scans, so that the measurement time was of ordetm
5100 s.

ZFC-FC curves were recorded for applied fields ofH
550 Oe, 500 Oe, and 1 kOe, and an additional FC curve
recorded forH530 kOe ~see Fig. 4!. In all cases the ZFC
and FC curves coincide at 330 K, but diverge at lower te
peratures. This splitting is often observed in fine particle a
fine grain systems.47 Had the sample been a bulk ferroma
net the ZFC and FC curves would have coincided and wo
have been largely flat, decreasing slightly with increas
temperature. The latter is expected from a Brillouin law
duction in magnetization with increasing temperature w
below the Curie point, which fora-Fe is 1040 K. Although a
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temperature-dependent reduction in magnetization is
served in the Fe20Cu20Ag60 field-cooled data, it falls more
strongly that can be attributed to the Brillouin curve alon
This divergence from Brillouin law behavior may be quan
fied by evaluating the parameterB in the thermal demagne
tization BlochT3/2 law:

M ~T!5M ~0!@12BT3/2#. ~2!

In the case of theH530-kOe FC curve, it is safe to assum
that the sample is magnetically saturated, so that only t
mal fluctuations contribute toM (T), and the Bloch law is
applicable. A reasonable Bloch law fit was obtained~Fig. 4!,
for T<150 K, yielding B'6.531025 K23/2. This value is
significantly larger than the B for bulk Fe,
3.431026 K23/2,54 in agreement with observations in oth
fine particle magnetic systems.55 The enlargedB arises be-
cause the effects of surface phenomena are increased
also because only long-wavelength spin waves can
excited.56,57Thus the spin waves can travel from one partic
~or grain! to another rather than being confined within
given particle.

FIG. 4. dc magnetization data for an Fe20Cu20Ag60 granular al-
loy. Zero-field-cooled~ZFC, lower! and field-cooled~FC, upper!
curves are shown for applied fields ofH550, 500, and 1000 Oe
and an FC curve only forH530 kOe. The splittings between th
ZFC and FC curves, and the peaks in the ZFC curves, are typic
superparamagnetic systems. The reduction in FC magnetiza
with increasing temperature is larger than expected for bulk Fe
grains, indicating that collective excitations are present—as ex
plified by the initially linear dependence withT3/2 shown in the
inset for theH530-kOe data. This is also characteristic of nan
scale magnetic materials.
3-5
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D. H. UCKO et al. PHYSICAL REVIEW B 64 104433
In the ZFC experiments the sample was cooled in z
field so that the directions of the net magnetizations of
grains became frozen at random. On subsequent heatin
an applied field the grain magnetizations became ‘‘u
blocked’’ ~reoriented to lie parallel to the applied field! at
temperatures that depended on the grain size and henc
anisotropy energy KV, and on the magnitude of the appl
field. In the 50-Oe ZFC curve a broad peak in the magn
zation has its maximum value at;280 K, while in the 500-
and 1000-Oe fields the somewhat less broad peaks
maxima at;160 and 100 K, respectively. This variation wi
field is as expected, since a larger applied field induces
ment reorientations at lower temperatures.

2. ac susceptibility

ac susceptibility (xac) data were recorded from 5 to 350
using an excitation fieldh510 Oe and frequenciesn ranging
from 50 to 3000 Hz. The main feature of both the in-pha
(x8) and out-of-phase (x9) data for these runs, shown in Fig
5, was a broad peak with a 50-Hz maximum atTmax
'285 K for x8 and atTmax'230 K for x9. The position of
the peak shifted slightly toward higher temperatures~290
and 240 K, respectively! when the measuring frequency wa
increased to 3000 Hz. The influence of superimposed lo
tudinal dc fields of 500 and 1000 Oe~h510 Oe, n
51000 Hz!, applied after cooling in zero field, is also show
in Fig. 5. The external field had a large effect on the susc
tibility data, much more than a frequency change could p
duce, with the maxima shifting to lower temperatur
(DTmax/Tmax5231% for H5500 Oe, and261% for H
51000 Oe, for thex8 curves! and the signal magnitude fall
ing ~e.g., by236% in x8 betweenH50 andH5500 Oe!.

To better define the dynamical susceptibility behavi
further xac runs for n530 Hz, 1000 Hz, and 10 kHz wer
recorded at temperatures around the maxima~Fig. 5 inset!.
The change inTmax as a function ofn can be analyzed usin
several models dealing with the nature of the magnetic
laxation. Given the strong influence of an external field,
concentrate on theHdc50 data, which can then be compare
directly with zero-field data from other techniques. For e
ample, it is straightforward to extract the temperature s
per decade,58 Tshift5DTmax/@Tmax•D log10(v)#, where v
52py is the angular measurement frequency. F
Fe20Cu20Ag60 Tshift'0.008, which is smaller than theTshift
'0.10– 0.12 theoretically predicted for noninteracting fi
particle systems.58,59 The origin of this difference is mos
likely to be due to intergranular magnetic interactions.

To test this hypothesis, it is useful to consider other st
dard parameters extracted from thexac data.~i! It is usual to
characterize the activation process for the relaxation from
variation ofTmax with measurement timetm5y21. In dilute
noninteracting systems, where the relaxation behavior is
lated to individual entities, the Arrhenius law, ln(tm/t0)
5Ea /(kBTmax), is commonly found. However, in the case
Fe20Cu20Ag60 a poor fit was obtained for thex8 data, with
unphysical values for the parameters:t0'10266s and
Ea /kB'41 600 K. ~ii ! A less common procedure,60 success-
fully tested in nonmetallic24 and metallic61 fine particle com-
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pounds, is to determinet0 from thex9(T,v) data. According
to the model, if the curves ofx9(T,v) plotted as a function
of 2T ln(vt0) data can be made to collapse onto a sin
master curve, then thet0 of the relaxation can be defined. I
the case of Fe20Cu20Ag60, the lower frequency curves col
lapse fort051021761 s which is unrealistically small for a
noninteracting system.~iii ! Another approach, recently re
ported for melt-spun Co-Cu granular alloys,61 and based on
models of noninteracting fine particle systems,62–64 is to re-
late the in-phase and out-of-phase susceptibilities accor
to

xexp8 ~T!52
2

p

ln~vt0!

T E
0

T

xexp9 ~T!dT. ~3!

The results for Fe20Cu20Ag60 showed there was no clear re
production of thex8 curves through the integration of thex9
curves.

FIG. 5. In-phase~x8! and out-of-phase~x9! ac susceptibility data
for an Fe20Cu20Ag60 granular alloy, with an excitation field of 10 O
at frequencies of 50 and 3000 Hz~top!. The relatively small peak
shifts with frequency~shown at further frequencies in the inset! are
typical of interacting fine grain systems. The large peak shifts
signal reduction seen in external dc fields of 500 and 1000
~bottom! are also indicative of intergranular interactions.
3-6
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Together, these tests establish that the noninterac
models are not applicable to this alloy. Instead, we can
the nature of the magnetic relaxation mechanism by apply
the phenomenological Vogel-Fulcher model, ln(tm/t0)
5Ea /@kB(Tmax2T0)#, to the measured peak temperatures a
function of measurement time. Such a model has previou
been successfully applied to frequency-dependent susc
bility data from Co-Ag films.65 In our case, when a physi
cally realistic value oft0510211s is selected as the attem
time for ferromagnetic particles, a reasonable fit is obtain
with realistic parameter values ofEa /kB'320 K and T0
'270 K. Thus overall, analysis of the ac susceptibility d
shows that the high-temperature maxima are only feebly
fected by frequency, while the activation processes invol
can be related to the Vogel-Fulcher law. It was found to
impossible to describe the thermal variation of the susce
bility using models that assumed noninteracting systems

3. M-H curves

Field-dependent magnetization data were recorded
room temperature in fields of up to 5 kOe~see Fig. 6!. An-
hysteretic traces were observed, indicating that the samp
superparamagnetic on the 1–10-s measurement time sca
the vibrating-sample magnetometer~VSM!. This is in keep-
ing with the dc magnetization andxac experiments which
also showed superparamagnetism at room temperature.

AnhystereticM-H curves obtained above the superpa
magnetic blocking temperature are typically modelled a
sum of Langevin functions:

M5Ms(
i

wi S cothb i2
1

b i
D , b i5

m iH

kT
, ~4!

whereMs is the saturation magnetization,wi is a probabilis-
tic weighting factor, andm i is the volume-dependent mome
of a given size distribution of magnetic grains.66 From this it
is possible to derive information on the distribution of gra
sizes, usually by means of an assumed log-normal distr
tion:

FIG. 6. Room-temperatureM-H data for an Fe20Cu20Ag60 granu-
lar alloy, showing the anhysteretic behavior typical of superpa
magnetism. The solid curve superimposed on the data was c
lated from a sum of Langevin functions for Fe-Cu grains of siz
following the log-normal distribution of the inset.
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2s2 G , ~5!

wherey5D/Dv , D is the particle diameter, andDv is the
median diameter, and wheres is the standard deviation o
the distribution.66 Although Eq.~4! is based on an assump
tion of little or no interaction between the magnetic grain
recent work has shown that it can be successfully applie
even strongly interacting systems, in the superparamagn
region.67 In any case, the dc magnetization data on o
Fe20Cu20Ag60 sample indicates that a field of 500 Oe c
shift the ZFC peak temperature from 280 to 160 K, so it
reasonable to expect that in moderately large fields~e.g.,>1
kOe! the M-H curve response will be dominated by th
temperature-dependent fluctuations of the nanoscale gra

Fitting the room-temperature data yielded the fit shown
a solid curve in Fig. 6. For the fit a 35-box histogram of gra
sizes from 1 to 35 nm was used, with the density of t
grains taken as 7.91 g cm23 from the x-ray data. The mo
ments of the grains were computed using a fitted value
the uniform Fe-Cu saturation magnetization of 6
emu cm23. This latter value compares favorably with a valu
of ;600 emu cm23 for a room-temperatureM-H curve of
ball milled Fe50Cu50. The fitted distribution parameters wer
Dv56.660.1 nm ands50.6760.01, giving the log-normal
curve shown as an inset in Fig. 6. The most probable g
size is 4.2 nm, which is in good agreement with the 5
60.5-nm value found in the Rietveld analysis.

C. Fast time scales: Mo¨ssbauer spectroscopy
57Fe Mössbauer spectra were recorded in zero field at

K and room temperature, and in an applied field of 11 kOe
room temperature~see Fig. 7!. The relatively poor statistica
quality of the spectra can largely be attributed to the re
tively small Fe content in the sample, allied to the relative
high electronic mass absorption coefficient of Ag~44
cm2 g21 compared to 64 cm2 g21 for Fe!. This problem is
exacerbated by the relatively large mean size of the allo
particles~most having diameters of order 30–50mm as mea-
sured by SEM!, which exceeds the 20-mm ideal thickness for
g-ray transmission through Fe20Cu20Ag60. Nevertheless,
some very clear and significant features are apparent in
spectra.

The zero-field room-temperature spectrum comprise
doublet and a broad singlet. It is impossible to tell from th
spectrum alone whether the sample is in a superparamag
or a paramagnetic state. However, the spectrum obtaine
an applied field of 11 kOe shows unambiguously that
sample is superparamagnetic. A magnetically split sexte
obtained, with a meaneffectivefield ~arising from the vector
addition of the hyperfine field and applied field! of order 196
kOe, which is much larger than the 11-kOe field that wou
have been observed had the sample been paramagnetic.
the zero-field spectrum must correspond to nanoscale su
moments relaxing at time scales faster than or close to
Mössbauer measurement time, which ina-Fe is of order 2
31028s. The zero-field 80-K spectrum also comprises
magnetically split sextet, implying that at this reduced te

-
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perature the supermoment fluctuations have slowed dow
that they are static on the Mo¨ssbauer time scale. The mea
hyperfine field at 80 K is of order 255 kOe, which is cons
tent with the anticipated increase in hyperfine field with d
creasing temperature, starting from a value of order 207 k

FIG. 7. 57Fe Mössbauer spectra for an Fe20Cu20Ag60 granular
alloy recorded at room temperature in zero field and in an 11-k
external field applied perpendicular to theg-ray beam direction, and
at 80 K in zero field. The solid lines show the results of lea
squares fits of the data to a dynamic relaxation model~300 K, zero
field! and to a static hyperfine field distribution model~300 K, 11
kOe, and 80 K, zero field!. The data unambiguously prove that th
sample is superparamagnetic, with an average superparamag
relaxation time of less than 1028 s at room temperature.
10443
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~obtained from the mean effective field, recalling that t
hyperfine field in Fe aligns antiparallel to the applied field! at
room temperature.

Given this interpretation, the 80 K and room-temperatu
applied field spectra were fitted using a Voigtian based st
distribution model68 to get the parameters listed in Table
and the solid line fits shown in Fig. 7. TheP(H) hyperfine
field distributions are broad and asymmetric, as expected
nanoscale Fe60Cu40 grains in which a relatively large propor
tion of Fe atoms reside at or near the interface with the
matrix, thereby experiencing a smaller hyperfine field th
those Fe atoms in the center of the grains. A phenomenol
cal approach was used to construct the asymmetricP(H)
distributions from symmetric GaussianP(H) distributions—
three such Gaussians were used for the 80-K spectrum,
for the 300-K applied field spectrum. The parameters
these component Gaussian distributions are listed in Tabl
The weighted mean hyperfine fields are smaller than for p
a-Fe, due to the disrupting effect of the alloyed Cu atoms
the Fe-Fe exchange interactions. The room-tempera
mean field of 207 kOe is close to the 222-kOe mean fi
measured previously in ball milled Fe50Cu50.

29

Returning to the zero-field room-temperature spectru
we can, for illustrative purposes, fit it using a dynam
Lorentzian line-shape model69,70 in which a single-valued
hyperfine field is assumed to jump randomly between t
directions on the same axis at an average jump frequenf.
Although the real situation in the sample is undoubte
more complex, it is nevertheless informative in that we c
see that both the singlet and doublet components may
generated by a superparamagnetically fluctuating hyper
field—which, following our previous analysis, we take to b
of magnitude 207 kOe. The doublet component, assume
correspond to those grains in the sample that were in a f
superparamagnetic state, were assigned a large jump
quencyf 51014Hz so that the time-averaged hyperfine fie

e

-

etic
300-K
0-K

tri-

plied
TABLE II. 57Fe Mössbauer parameters for an Fe20Cu20Ag60 granular alloy as determined by~i! Voigtian
based line profile analysis of static hyperfine parameter distributions in the 80-K and applied field
spectra, and~ii ! dynamic Lorentzian line-shape analysis for the magnetically relaxing zero-field 30
spectrum. The parameters listed are: isomer shiftd ~mms21!, quadrupole shift 2« ~mms21!, hyperfine fieldH
and mean hyperfine field̂H& ~kOe!, Gaussian standard deviation on the Voigt profile hyperfine field dis
butionssH ~kOe!, relaxation frequencyf ~Hz!, and subcomponent populationsp ~%!. For the 300-K applied
field spectrum,̂H& refers to the effective field obtained from the vector addition of the hyperfine and ap
fields. Parameters marked with an asterisk were constrained to the given value during the fit.

Voigtian analysis (static distribution)
Spectrum d ^H& sH p

80 K, zero field 0.36~12! 274 ~33! 31 ~19! 53 ~1!

323 ~16! 19 ~12! 31 ~5!

60 ~13! 39 ~20! 16 ~3!

300 K, 11 kOe 0.21~7! 235
~7!

48 ~10! 68 ~5!

100 ~25! 90 ~30! 32 ~5!

Dynamic Lorentzian analysis (magnetically relaxing)
Spectrum d 2« f H p

300 K, zero field 0.20~2! 0* 3.0(4)3108 207* 75 ~5!

0.19 ~1! 0.46 ~2! 1014* 207* 25 ~3!
3-8
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for this component was zero. The broad singlet compon
was fitted to a jump frequency off '3.03108 Hz, which is
of the same order as the inverse measurement time,tm

21'8
3107 Hz, for a hyperfine field of 207 kOe, thus explainin
the broad nature of the resolved spectrum.

We can tentatively estimate the Mo¨ssbauer blocking tem
perature from the data at hand. The zero-field roo
temperature spectrum comprises 25% superparamag
doublet plus a 75% slowly relaxing component. Given th
the MössbauerTB is defined as the temperature at which t
superparamagnetic fraction accounts for half of the spec
area, we can conclude thatTB must be greater than 300 K
However, it should be noted that the measured superp
magnetic fraction can be model dependent. Also, a m
complete set of temperature-dependent Mo¨ssbauer spectra
would allow a more reliable value ofTB to be obtained. With
the present data it is perhaps safest to conclude simply
the average superparamagnetic relaxation time in the sa
is less than;1028 s at room temperature.

D. Intermediate time scales:mSR spectroscopy

In muon spin relaxation experiments, spin polariz
muons are implanted into the sample, where they prec
about any local field not parallel with their initia
polarization.71,72 Any variation in site or field strength
within the sample leads to the dephasing of the preces
motions, and the net depolarization of the spins.

With an average lifetime of 2.2ms, after implantation the
muon decays into a positron and two neutrinos. The posi
is emitted preferentially in the direction of the muon pola
ization, and at ISIS is picked up by forward and backwa
detectors in6z, wherez is the direction on travel of the
incident muon beam. The positron emission distribution
11a cosu, wherea'0.3 is a constant. The zero fieldmSR
function Gz(t) is extracted from the positron histograms
the forward and backward detectors,NF(t) and NB(t), by
taking the ratio

P~ t !5a0GZ~ t !5
NF~ t !2aNB~ t !

NF~ t !1aNB~ t !
, ~6!

wherea is an instrumental parameter to account for differe
detector efficiencies, anda0 is the initial asymmetry, typi-
cally 0.21–0.25.

P(t) curves were measured for the Fe20Cu20Ag60 sample
as a function of temperature from 10 to 350 K in zero fie
~see Fig. 8!, and at selected temperatures in longitudinal
plied fields~parallel to thez axis! of 500 and 2000 Oe~see
Fig. 9!. Several different functional forms were tested in fi
ting the depolarization curves. The best fit was obtained
ing a simple phenomenological model of two exponentia
decaying signals~a1 and a2! plus a constant offset signa
(af):

P~ t !5a1 exp~2l1t !1a2 exp~2l2t !1af , ~7!

where theaf parameter included contributions both from t
sample and from the silver plate on which the sample w
mounted. Solid lines corresponding to these fits are show
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Figs. 8 and 9, and selected data on the fitted parameter
shown in Fig. 10 and in Table III.@Note that there is a dif-
ference of;2.5% between theaf asymmetry found in the
data in~i! Figs. 8 and 10, and~ii ! Fig. 9 and Table III. This
arises because the data were recorded on different spect
eters and had different baseline signals—largely due to
silver mounting plates used.# The zero-field data show a pea
in both of the exponential relaxation rates,l1 andl2 , at 275
K, and a sharp rise in the initial asymmetrya0 ~wherea0
5a11a21af! at T>275 K. We note that these features a
visible in the raw data. This can be seen in Fig. 8 where
depolarization curve at 275 K is almost flat beyond 3–4ms,
while at both 250 and 300 K a downward slope persists a
these longer times—a manifestation of the peak inl1 and
l2 . Also, the slope of the curves in the first 0.5ms becomes
much steeper at and above 275 K, which corresponds to
increase ina0 .

The transition in the muon data at around 275 K is co
firmed by the applied field measurements~Fig. 9 and Table
III !. In particular, the applied field affects the final asymm

FIG. 8. Zero-field muon spin relaxation spectra of
Fe20Cu20Ag60 granular alloy as a function of temperature. The so
lines are the results of fits to a phenomenological model compris
two exponential decays and a constant offset. A change in beha
at 275 K, where the curve flattens out beyondt'3 – 4ms, is evi-
dence of a superparamagnetic blocking transition. The increa
noise level neart50.8 s is an instrumental effect.
3-9
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try parameteraf , which increases at 10 and 100 K, is u
changed at 250 K, and decreases at 300 K. The increaseaf
at 10 K is a signature of a static magnetic environment
which the local fields about which the muons precess
brought closer to the initial polarization direction through t
vectorial addition of the applied field. The decrease inaf at
300 K is a sign of a rapidly fluctuating~superparamagnetic!
environment. In zero field at 300 K, some or all of the im
planted muons are unable to establish a coherent prece
with the rapidly fluctuating local field—a feature evidenc

FIG. 9. Muon spin relaxation spectra of an Fe20Cu20Ag60 granu-
lar alloy at 10 and 300 K in zero field and in a longitudinal appli
field of 2000 Oe. The solid lines are fits to a model comprising t
exponential decays and a constant offset. The divergence o
curves as a function of time at 10 K is evidence of static beha
~below the blocking temperatureTB!, and the convergence of th
curves at 300 K is evidence of dynamic behavior~aboveTB!.

FIG. 10. Temperature dependence of selected parameters
fits of the zero-fieldmSR data of Fig. 8. The peaks in the relaxati
ratesl1 andl2 , and the sharp increase in the initial asymmetrya0 ,
indicate a superparamagnetic blocking temperature of appr
mately 275 K.
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by the increase inaf at 275 K and above~Fig. 10!. The effect
of the applied field is to slow down the flipping rates for th
local fields so that more muons are able to depolarize, res
ing in a reduction in the final asymmetry.

The muon data are therefore consistent with the ot
techniques in the observation of a blocking transition. T
blocking temperature may be tentatively placed at 2
615 K, confirming that the blocking temperature chang
only slightly as a function of measurement time in this allo
as has also been shown by the ac susceptibility results.

V. DISCUSSION

The selected Fe20Cu20Ag60 alloy is shown by EDAX and
elemental analysis to be homogeneous at the instrume
resolution scale of a micron. Rietveld refinement of synch
tron x-ray-diffraction data shows that on average it co
prises 5-nm bcc Fe60Cu40 alloy grains in a matrix of 4-nm fcc
Ag90Cu10 grains, with both the magnetic grains and the m
trix subject to relatively large strains, of order 8 and 6
respectively. The observation of only a small~1–2 wt %!
pseudoamorphous grain-boundary contribution is consis
with the boundaries being relatively thin, less than;1 nm
thick.41,46 An estimate of the distribution of magnetic gra
sizes is obtained by analyzing the anhysteretic roo
temperatureM-H curve, giving a median size;7 nm and a
most probable size;4 nm.

Given such fine scale grains, it might have been expec
that superparamagnetic blocking transitions would be fou
at relatively low temperatures. Indeed, for noninteracting
perparamagnetica-Fe particles with mean sizes of up to
nm, blocking temperatures below 50 K are predicted73 for
even the fastest of the measurement techniques~viz., Möss-
bauer spectroscopy! used in this study. However, the me
sured blocking temperatures are much higher than this,
above room temperature as measured by Mo¨ssbauer spec
troscopy. There is also a notably small frequency depende
of the observed blocking behavior, e.g., the peak temp
tures measured by ac susceptibility vary only from;285 K
at a measurement frequency of 50 Hz, to;290 K at 3000
Hz. This is much smaller than is usually seen in nonintera
ing systems.58,59

The elevated blocking temperatures are a sign that
average energy barrier to moment reversal,DE5KV, is
larger than expected. One possible explanation for this is
the anisotropy energy constantK is enhanced compared t
that usually found ina-Fe nanoparticles. Such an effect
entirely plausible, both because the anisotropy of an Fe
alloy grain will not be the same as that of a pure Fe gra
and because it is well known thatK may be affected by grain
size, shape, stress, strain, and surface effects.10,47 However,
an enhanced anisotropy constant cannot account for the
tively feeble frequency dependence of the observed block
transitions, as characterized by the parameterTshift'0.008
from the ac susceptibility data. The most likely causes
such behavior are intergranular interactions.47 In particular,
similarly small values ofTshift have been identified by Mørup
and co-workers74 as a sign of a spin-glass-like ordering tra
sition, i.e., one involving the co-operative freezing of t
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TABLE III. Muon spin relaxation parameters for an Fe20Cu20Ag60 granular alloy as determined by fittin
a series of spectra recorded as a function of temperature and longitudinal applied field~some of which are
shown in Fig. 9!. A phenomenological model was used in which the depolarization was fitted asP(t)
5a1 exp(2l1t)1a2 exp(2l2t)1af . An initial asymmetry parameter is listed; it is defined asa05a11a2

1af .

Temperature
~K!

Applied
field
~Oe!

Initial
asymmetrya0

~%!

Final
asymmetryaf

~%!

Relaxation
ratel1

~MHz!

Fast relaxation
asymmetrya2

~%!

Relaxation
ratel2

~MHz!

10 0 11.0~1! 6.0~8! 0.10~2!

2000 11.6~2! 9.8~4! 0.32~16!

100 0 12.9~9! 6.5~2! 0.29~4! 2.3~8! 5.2~19!

500 12.0~3! 7.4~2! 0.27~5! 1.2~3! 2.7~13!

250 0 10.6~1! 6.8~2! 0.32~13! 2.5~3! 3.2~8!

500 11.3~3! 6.7~3! 0.25~14! 3.3~3! 2.8~5!

300 0 18~3! 8.5~1! 0.82~27! 8.0~27! 8.4~22!

500 14~1! 7.2~1! 0.65~16! 5.1~8! 5.6~12!

2000 12.5~9! 4.8~4! 0.28~13! 5.0~8! 3.6~10!
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magnetic moments. Such behavior is intuitively reasona
given the relatively large amount of magnetic material in
alloy. In fact, other authors have proposed the existence
spin-glass magnetic phase in Co-Cu granular alloys.25 Recent
dc magnetization and ac susceptibility measurements75 in
mechanically alloyed Fe20Cu21Al49 show similar findings to
ours, and are said to manifest the importance of interact
between particles in the blocking process, with spin-gla
like features. Similarly, current work76 on the role of inter-
granular~or interparticle! interactions in nanoscale system
has shown, for simple samples based on Fe-C amorph
ferrofluids, that increased sample concentration~with in-
creased interparticle interactions! gives rise to transitions of a
spin-glass-like nature.

The most common sources of interactions between m
netic grains or particles diluted in a solid matrix are: e
change, dipole-dipole, and Ruderman-Kittel-Kasuya-Yos
~RKKY !.10 Exchange coupling across grain boundaries c
taining magnetic atoms is thought to be a significant facto
determining the magnetism of the nanocrystalline Fe-
Cu-B and Fe-Nb-Cu-Si-B alloys, where Fe grains are emb
ded in a ferromagnetic or paramagnetic matrix.7,77 The situ-
ation is different in the Fe20Cu20Ag60 alloy, where the
diamagnetic nature of the Ag matrix does not lend itself
any exchange mechanism between Fe-Cu grains. Howe
the thin~less than;1 nm! grain boundaries mean that if th
spatial distribution of the Fe-Cu grains in the Ag matrix
not homogeneous, neighboring magnetic grains might
close enough to one another to exchange couple. As we
exchange, throughout the sample the weaker but more lo
range dipole-dipole interactions will be present, while t
metallic matrix is capable of supporting RKKY~indirect os-
cillatory exchange! coupling between grains. Calculations
the interaction energy between ferromagnetic entities i
nonmagnetic matrix show that the oscillatory character of
indirect exchange is retained.78 Recent theoretical conside
ations of Co clusters in a Cu matrix show that the RKK
interactions are dominant for all intercluster distances w
those clusters are very small~1 nm!, whereas the dipola
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interaction becomes increasingly important for larger size79

We conclude from this that although it is certain that all thr
interactions are present and combine in a complicated m
ner in the alloy, the dipolar interactions are more likely to
dominant in regions where the magnetic grains are well se
rated, while the exchange interactions will be dominant
regions where the magnetic grains are clustered.

VI. CONCLUSIONS

Conventional studies of superparamagnetism and o
fast relaxation effects have almost exclusively been focu
on near-ideal samples of monodisperse fine particles
grains supported on or dispersed in a nonmagnetic med
However, materials including those exhibiting GMR an
those with ultrasoft magnetic properties such as the ‘‘na
crystalline’’ alloys, also exhibit fast magnetic relaxation e
fects. In this paper we have characterized the magnetic
laxation properties of a member of a family of fine grain
alloys, the Fe-Cu-Ag alloys, as a representative of this c
of technologically relevant nanophase materials.

~i! The alloy chosen had the composition Fe20Cu20Ag60
and comprised a dispersion of bcc Fe60Cu40 grains of mean
size;5.5 nm in an fcc Ag90Cu10 matrix. It had a GMR-like
field-dependent resistivity, with a magnetoresistive ratio
room temperature of;5% in a 90-kOe field. DSC measure
ments showed that on heating to temperatures above 38
the sample began a structural rearrangement, with the o
of decomposition and recrystallization. This set an ope
tional working limit of ;350 K on the magnetic relaxatio
experiments.

~ii ! dc magnetization and ac susceptibility measureme
both showed a peak typical of superparamagnetic mater
but with much higher blocking temperatures than would
expected from 5.5-nm-sized Fe-Cu grains. The dynam
behavior of the susceptibility peak corresponded to a Vog
Fulcher process and the thermal variation of the curves co
not be interpreted according to a noninteracting model.

~iii ! Mössbauer experiments in zero field at 300 K show
3-11
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a superparamagnetic doublet and a slowly relaxing br
singlet. The application of an 11-kOe field was found to
sufficient to keep the supermoments static on the Mo¨ssbauer
time scale, revealing a magnetically split sextet. This una
biguously proved the superparamagnetic nature of
sample.

~iv! Experiments using the relatively uncommon tec
nique ofmSR spectroscopy gave results in keeping with
other methods. In particular, a peak was seen in the expo
tial decay rates of the muon depolarization spectra, wh
confirmed the existence of a blocking transition on the mu
time scale. This result establishes the feasibility of themSR
technique as a way of analyzing nanoscale magnetic syst
with the added advantage that measurements can be
ducted in absolutely zero field.

Taken together the data constitute a consistent set of m
s
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d
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surements of the relaxation behavior of a strongly interact
ensemble of nanoscale magnetic grains in a technologic
important granular alloy.
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75J. A. de Toro, M. A. López de la Torre, J. M. Riveiro, R. Sae

Puche, A. Go´mez Herrero, and L. C. Otero Diaz, Phys. Rev.
60, 12 918~1999!.

76C. Djurberg, P. Svedlindh, P. Nordblad, M. F. Hansen, F. Bødk
and S. Mørup, Phys. Rev. Lett.79, 5154~1997!.

77T. Kemeny, D. Kaptas, J. Balogh, L. F. Kiss, T. Pusztai, and
Vincze, J. Phys.: Condens. Matter11, 2841~1999!.

78G. M. Genkin and M. V. Sapozhnikov, Appl. Phys. Lett.64, 794
~1994!.

79D. Altbir, J. d’Alburquerque e Castro, and P. Vargas, Phys. Rev
54, R6823~1996!.
3-13


