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Magnetic relaxation in the nanoscale granular alloy Fg;Cu,0Agso
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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 compositiggfCEgAge, iS @ 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 ali@girig argon sealg¢dand were
homogeneous according to scanning electron microscopy and electron microprobe analysis. Room-temperature
magnetoresistance measurements in applied fields &p=t60 kOe gave a value of 5%at 90 kOe for the
[R(H)—R(0)]/R(0) ratio. Rietveld calculations on high-resolution image plate data using a synchrotron
source §=0.6920A) showed that the specimen comprised a dispersion of bgCugg (Im-3m, a
=2.951 A) particles of mean size 5.5 nm in an fcc Gy, (FM-3m, a=4.057 A) matrix. This structure was
stable up to 380 K as revealed by differential scanning calorimetry. dc magnetifpéaks in zero-field-
cooled datpand frequency-dependent ac susceptibility 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 anhysteretM (H) curves, and through zero field and applied fieldSglmauer 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 prpchhsas
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.
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[. INTRODUCTION At a fundamental level, the functional properties of these
materials are intimately related to relaxation effects such as
Nanoscale Fe-based magnetic alloys comprising very finghe onset of superparamagnetism. In the superparamagnetic
magnetic grains embedded in a nonmagnetic metallic hositate the atomic moments in a single-domain grain co-
are of interest from both applied and fundamentaloperatively undergo spontaneous thermally activated rever-
viewpoints'? Recent technological examples include nano-sals in direction. Superparamagnetism is generally observed
crystalline alloys for soft magnetic applications, and granulain those materials that exhibit GME;*and has been nomi-
alloys for magnetoresistive applications. The former are obnated as the cause of GMR in some granular sysf8ms.
tained by controlled annealing of amorphous precursors sucHowever, present studies of the role of superparamagnetism
as Fe-Nb-Cu-Si-B and Fe-Zr-B-Ctf. Their outstanding soft in granular alloys have focused on simplified model systems
magnetic properties are related to the growth of nanometreather than more complex, but technologically relevant, sys-
scale Fe-Si andw-Fe grains embedded in the amorphoustems. For example, there have been studies of superparamag-
matrix>~*! The latter include the binary Fe-Cu and Fe-Ag netism in nearly monodisperse ensemblesaefe particle
system&1® and the ternary Fe-Cu-Ag and Fe-Co-Ag deposited on nonmetallic supports, such as cafbéh,
systems,~° prepared by a variety of methods including MgO,> and Faujasite-type zeolité$ Meanwhile, studies to
sputtering, co-evaporation, ion implantation, melt spinningdate on granular GMR allof% 28 have revealed complexi-
sol-gel synthesis, and mechanical alloying. They show gianties with regard to their fine-grained structural and magnetic
magnetoresistancé€GMR) due to the formation of highly characters, which have been an obstacle to analysis of their
dispersed nanometre scale structures of magnetic grains innaagnetic relaxation properties.
nonmagnetic matrix, and the resultant high volume density In an effort to advance our understanding of the more
of interfacial scattering sites. complex granular systems, we have in this work undertaken

0163-1829/2001/64.0)/10443313)/$20.00 64 104433-1 ©2001 The American Physical Society



D. H. UCKO et al. PHYSICAL REVIEW B 64 104433

a comprehensive study of relaxation effects in a technologieovering a wide range of time scales, including data analysis.
cally relevant Fe-based granular alloy. A key to our approacfihe results are drawn together and discussed, and the role of
is the use of several different experimental techniques on Blagnetic interactions in the observed relaxation is appraised,
single sample, to obtain relaxation data over a wide range df Sec. V.
measurement time scales. This study is conducted on a “non-

ideal” material, where the challenges relating to the effects

of grain-size distributions and intergranular magnetic inter- Samples were prepared from99.9% pure elemental Fe
actions are a raison dte for the work, rather than an incon- and Ag powdergAldrich Chemical Co. and elemental Cu
venience or a hindrance. powder(Strem Chemicals Ing. used as supplied. Mechani-

In recent work we surveyed the magnetic and structuratal alloying was carried out using a Fritsch Pulverisette 7
properties of the ternary alloy system Fe-Cu-Ag as preparefligh-energy planetary ball mill, with hardened steel bowls
by high-energy mechanical alloyifg3 We found that in  and balls(type 4301 stainless steel: 68 at. % Fe, 19 at. % Cr,
some cases mechanical alloying produced materials witB at. % Ni, 2 at. % Mn, 2 at.% Si and traces of S and C
nanoscale structures. In binary Fe-Ag alloys the millingoperating at a rotation frequency of 600 rpm. Approximately
product comprised bca-Fe grains dispersed in an fcc Ag 7 g of sample was used, with a ball to powder mass ratio of
matrix, with little or no mixing between the two metals, and 12 to 1. To prevent excessive heating the mill was operated
mean grain sizes of order 6-10 nm depending orfor 2-h periods, interspersed with cooling down periods of 1
compositior?® Even finer structures were observed when Cuh, which kept the mean temperature of the bowls and balls at
was incorporated into the system. Indeed, in equimolar Fe40+5 °C. The samples were milled for 70 h to ensure
Cu-Ag the resultant structure was on such a fine scale thafompletion of the alloying process. The milling bowls were
the product could be considered to be amorpHduBor  sealed in argon and tightly clamped to prevent oxidation.
small concentrations of Cu a solid solution was formed with  Sample morphology, composition, and homogeneity was
the a-Fe grains, so that the resultant microstructure comtested via scanning electron microscopy and energy disper-
prised bce Fe-Cu grains in an fcc Ag matfix. sive x-ray analysiSEDAX) on a Hitachi S-4000 and on a

For the purpose of the present investigation we have fojeol EMA. Measurements were made using am-beam
cused on an alloy of composition €WAJge. This was  spot size. Specimens were prepared by loading the sample
selected as it gave rise to a finer grain size than was achieyowder into an epoxy resin plug, and polishing the plug sur-
able in a binary Fe-Ag alloy, while the magnetic propertiesface with increasingly fine standard abrasive paper.
of the bcc Fe grains were found to be largely unaffected by Magnetoresistance measurements were carried out on
the incorporation of Cé? Moreover, the values for the mag- compacted samples inserted into a Quantum Design multi-
netoresistanc&’(H) at 300 K lie around/R(H)—R(0)]/  purpose instrument. The standard four-probe geometry was
R(0)=3-5% between zero and 90 kOe in this composi-adopted. An external dc Keithley 220 power sup{#@ mA)
tional area of the ternary Fe-Cu-Ag phase diagram, whiclwas used, and voltages were recorded using an HP 34420A
compares well with other granular systeth®ur aim was to  nanovoltmeter.
characterize the magnetic relaxation in the system, and to Structural analysis was carried out via high resolution
establish the nature of any relaxation effects that might be&-ray diffraction using the synchrotron radiation source at the
present. To do this we applied a number of standard methodSaresbury Laboratory, UK. A curved image plate detector
for probing magnetic relaxation in nanoscale systemswas used, on Station 9.1, and the source radiation was tuned
temperature-dependent magnetic hysteresis, zero-fielde a wavelength of 0.6920 A, avoiding fluorescence in the
cooled—field-cooled dc magnetometry, frequency-dependertample. The data were analyzed by standard Rietveld refine-
ac susceptibility, and Mssbauer spectroscopy. These meth-ment using thecULLPROF program as supplied by the Lab-
ods allowed us access to data on measurement time scalesatoire Leon Brillouin, Saclagf®®
ranging from~10 % to 1&%s. Differential scanning calorimetryDSC) measurements

In addition to this we applied the technique of muon spinwere made with a Shimadzu DSC-50 calibrated against In
relaxation(uSR) to the problem. This is an uncommon ap- and Zn standards, at a heating rate of 20 K mirSamples
proach to studies of superparamagnetism, with the only rewere placed in open platinum pans in an atmosphere of flow-
ports to date dealing with the iron storage protein ferritia, ing nitrogen that reduced, but did not eliminate completely,
dilute alloy of 2 at. % Co in C#>**and a dilute dispersion the likelihood of oxidation.
of 0.1 vol% Fe in an Ag thin filn?>=3" There are some 5Fe Mdssbauer spectra were collected in the range 80—
especially advantageous featuresu8R for the Fe-Cu-Ag 300 K with a Wissel MA-260S constant acceleration spec-
system, notably that the data obtained are selectively senskometer and a liquid-nitrogen cryostat. A triangular drive
tive to the relaxing moments in the sample, and that thevave form was used, and the spectra were folded to remove
measurement time scales fall in a region of interest close tbaseline curvature. Calibration was made with respeet to
those afforded by Mssbauer spectroscopy and by ac suscepiron at room temperature. The spectra were analyzed using a

Il. EXPERIMENTAL DETAILS

tibility. least-squares fitting program based on combinations of
In the following, Sec. Il covers the experimental tech-Lorentzian sextets and doublets for the subspectra of mag-
nigues used, Sec. Il deals with the sample preparatiometically ordered crystalline or paramagnetic phases, respec-

method and magnetoresistive and structural characterizatiotively.
and Sec. IV comprises the magnetic characterization results, Field-dependent magnetization curV®&4-H curves were
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recorded at room temperature in applied fields up to 5 kOe 0

using an Aerosonic 3001 vibrating sample magnetometer. dc <\ Fe. Cu_Ag
magnetization i1, data were recorded in external fields of < \ oo

up to 30 kOe using a Quantum Design MPMS superconduct- 23 2F ", T=300K

ing quantum interference devi¢€BQUID) magnetometer op- 2 o

erated under zero-field-cooled and field-cooled sequences. ac E 31 .

susceptibility (.90 measurements were made using a Quan- = 4l P,

tum Design PPMS. Data were recorded from 5 to 350 K with = '

a sinusoidal excitation field of amplitude 10 Oe oscillating at 5 0 0 40 60 80 100

frequencies from 30 Hz to 10 kHz. Both in-phase and out-

H (kOc)

of-phase data were recorded at a fixed frequency while the
sample temperature was increased-8t1 K min around the FIG. 1. Field-dependent magnetoresistance in a(tgyAgeo
transitions, and at 0.3 K mirt in other temperature regions. granular alloy at 300 K, measured using the standard four-probe
External biasing fields oH =500 and 1000 Oe were ap- 9eometry and dc currents.
plied for some specific cases.

uSR experiments were performed on the ARGUS andReferring to earlier structural studies of Fe-Cu-Agye note
MuSR spectrometers at the ISIS pulsed neutron and muoghat the pattern is similar to that of ball milled silver: an fcc
facility at the Rutherford Appleton Laboratory, UK. Mea- pattern with broad lines. Estimates of the lattice parameter
surements were made in zero field and in longitudinal fieldgrom this pattern givea~4.05 A, which is lower than that of
of up to 2 kOe, at temperatures ranging from 10 to 340 Kpure Ag @@~4.07 A). Since it is knowf? that even small
The powder samples were sealed in ax155-cnf silver  amounts of Cu alloyed with Ag results in a significant reduc-
foil package attached to a pure silver mounting plate. Highion in the lattice parameteia~4.00 A for CupAgs), this
quality spectra(up to 50 million counts per ryrwere col- indicates that some C(of order 10 at. %, see belovis in-
lected. These were analyzed over the time rangd5us  corporated into the Ag lattice. There is no sign of the fcc
using thewiMbA computer prograrf’ pattern of pure Cu, which has~3.62A and has lines at
lower angles than those of pure Ag. Given that Fe and Ag do
not alloy as readily as Cu and Ag,we surmise that the
majority of the Cu may be alloyed with the K& a ratio of
order 40 at.% Cu to 60 at. % Fe, see beloand that to-

Mechanically alloyed samples were prepared by high-gether they are separated from the Ag-rich Ag-Cu grains. In
energy ball milling a mixture of iron, copper and silver pow- keeping with this, the second f¢ég-rich Ag-Cu) peak near
ders with initial composition FgCu,Agge. The product af- 19°, which overlaps with the first bcéFe-Cy peak, is
ter 70 h of milling was a fine powder, mid gray in color, with broader than would be expected for the fcc phase alone,
no sign of the clumping that would be expected if the grainggiven the widths of the other fcc peaks. This is consistent
had bulk magnetic moments. Scanning electron microscopeith the 19° peak deriving from a combination of fcc and
(SEM) micrographs showed that the product was comprisedbcc phase peaks.
of irregularly shaped grains with sizes ranging from approxi- Given the coincidence of the fcc and bcc peaks along the
mately 10 to 60um. EDAX analysis gave a measure of the rest of the diffraction pattern, it is not trivial to separate the
overall atomic percentages of those elements heavier thasontributions from the two phases. Nevertheless, we have
oxygen. The sample that we focus on here had a composition
Feyo Llg AJso » With an accuracy of ordet-1.0 at. % on

IIl. SAMPLE PREPARATION AND MAGNETORESISTIVE
AND STRUCTURAL CHARACTERIZATION

Fe and Ag, andt0.5 at. % on Cu. Traces of Cr impurities 2000 ‘ ' ' ' '
were noted, at the level of 0.1-0.2 at. % Cr, indicating a 1500 & Fe, Cu Ag 1
minor contamination from the stainless-steel milling contain- . ﬁ _ A
ers. The slightly enhanced Fe content is also attributable to 2 I1 1 =0.6920

1000 [ ]
material from the milling balls and containers. SEM/EDAX § |
elemental area scande, Cu, and Ay showed that the = s00 & | ]
sample was entirely homogeneous at the micron scale level g J
of instrumental resolution. Eooot™e, ]

The magnetoresistance behavr{H) of the sample after N oo

compaction is shown in Fig. 1 for fields of up tel A AP
=90kOe at 300 K. It shows a sharp initial drop R(H) : ‘ ‘ : ‘
which progressively tends to saturate at higher fields. The 1020 Zongle ;(;) © 0 60

magnetoresistance ratio[ R(H) —R(0)]/R(0) reaches
around 5% at the highest field. This behavior is similar to  FiG. 2. X-ray-diffraction pattern of an Fg&Cu,Adeo granular
other mechanical alloys of Fe-Cu-A@Ref. 3) and Fe- alloy recorded on a synchrotron source of wavelength
Co-Ag (Ref. 19 and establishes the GMR character of this=0.6920A. The solid line is a Rietveld fit of the data using a
alloy. model of bce FgCuyg grains supported in an fcc AgCu,q matrix.
X-ray-diffraction data for the sample are shown in Fig. 2. The bottom trace is the difference between the fit and the data.
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TABLE I. Crystallographic data for a ball milled F&u,Ageg granular alloy as determined by Rietveld
analysis of x-ray data collected on a synchrotron radiation source of wavelerg8h6920 A. Two main
phases were refined, an fcc Ag-Cu and a bcc Fe-Cu substitutional alloy, plus a minority amorphous compo-
nent that accounted for1.7 wt % of the sample. Crystallite sizes and strains were obtained via a standard
proceduré?~**using linewidth data from all the observed peaks.

Lattice parameter  Crystallite Strain BraggR Relative
Phase A) size(A) (%) factor (%) amount(wt %)
FesoCusg 2.951+0.002 555 8.0+0.5 8.6 27.1
AggeoClyg 4.057+0.001 435 5.5+0.5 10.9 72.9

been able to derive a Rietveld refinement of the pattern, usising the linewidth data from all the observed peaks. The
ing pseudo-Voigtian profiles, and modeling a pattern whichsizes and strains are close to those found in other mechani-
included a superposition of diffraction peaks due to fcccally alloyed system&>#°46
Ag-Cu and bcc Fe-Cu grains. The high statistical quality of A DSC scan for the sample is shown in Fig. 3. The small
the pattern allowed the atomic compositions of the twosignal magnitude, of order 0.04 mW/mg, is typical of a Ag-
phases to be included as fitting parameters. The best fit olsich material which does not readily support strain energy.
tained had a good quality-of-fit Bragg factor Bg<11%. Pure Ag when milled has a virtually flat DSC trace, with a
This fit is shown in Fig. 2, and derived parameters are givermagnitude of less than 0.01 mW/migThe main broad exo-
in Table I. The fcc phase was fitted asfQu;o, and the bcc  thermic peak, with its maximum near 640 K, is reminiscent
phase was fitted as [f€u,, so that the alloy may be re- of the largest exotherm in ball milled E€us, at 650 K30
garded as The position of the smaller exothermic peak at 840 K is close
to that of the largest peak seen in ball milled, a5, at 800
K.3° Drawing from the previous study, we associate the
F&,0CU0AT60=(F&Clh3 33 disperseAJs0CUs 67 matrix: broad exotherm maximum at 640 K with the energy release
due to lattice recovery and decomposition of the Fe-Cu

The Rietveld parameters are in agreement with the postrains into separate Fe and Cu metals, and the peak at 840 K
lated phases, although the weighting contribution of the/Vith the recrystallization of the Fe, Cu, and Ag grains. We
Fe-Cu phase is a little more than expected given th Iso note that the exothermic response begins at a relatively

FeyClboAgs, COMPOsition(27.1 wt% compared to the ex- ow temperature, 380 K, which imposes a rather strict experi-
pected 25.4 wt% This may be due to the presence of amental limitation on the temperatures to which the sample

small pseudoamorphous contribution, associated with-2 =~ M3 be heateql without incurring structu_ral rearrangement,
wt% of the sample, which was included in the fit. Such a On the basis of thg foregoing expenments we conclude
contribution is most likely attributable to disordered grainthat the sample comprises nanoscale grains of a heChg
boundarieg! alloy interspersed between nanoscale grains of fcg@u .

The Rietveld refinement allows us to distinguish between! "€ Mean sizes of these grains, determined from the x-ray
ata, are of order 5 and 4 nm for the Fe-Cu and Ag-Cu,

the line-broadening effects due to grain size and strain. Meaf] X o )
values for the sizes and strains of the By and Ag,Clg respectively. We note that the milling route to the formation

phasegTable ) were obtained via a standard procedtfé? of the system is likely to result in a relatively broad distri-
' bution of grain sizes. We also note that the magnetic grains

are sufficiently small that we may reasonably expect that

o 004 F 2 rapid relaxation effects, including the presence of a super-
g 1 £ paramagnetic regime, might be obsertt.is also true that
z 0031 % this is a relatively concentrated magnetic system and hence
8 0.02 we may expect that intergranular magnetic interactions will
z be present®4’
= .01
8 Fe Cu_Ag
L 200 20 F60
T 0.00 IV. MAGNETIC CHARACTERIZATION

400 500 600 700 800 900 A. Experimental studies of superparamagnetism

Temperature (K) Superparamagnetic relaxation was considered bgl'Rie

and later by Browf? for the case of a monodisperse en-

FIG. 3. Differential scanning calorimetry curve for. " semble of noninteracting particles or grains. Both derived an
Fe,lCw0Adee granular alloy. The broad asymmetric peak with a _ .. " - . - o
) . . . : activation law for the relaxation time of the magnetization
maximum at 640 K is associated with lattice recovery and the deb f the form
composition of the Fe-Cu and Ag-Cu grains into separate Fe, Cu;
and Ag. The peak at 840 K is associated with the recrystallization of

the Fe, Cu, and Ag grains. =10 eXp(AE/KgT), D
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where AE is the energy barrier to a moment reversal, and 09 F 10

kgT is the thermal energy. In the case of uniaxial anisotropy, _ i 50 Oe 500 Oe
AE=KV, whereK is the anisotropy energy density axds 3 08 9

the particle or grain volume. Brown predicted that the pre- § 07

exponential factorr, should be of order 10'°-~10 *?s and g 8

only weakly dependent on temperatd?eThe influence of § 0.6

interparticle or intergranular interactions on superparamag- % 0.5 7

netic relaxation has subsequently been the subject of a num- §n '

ber of experimental and theoretical studié®~>3In the case =~ = 04 6

of dipolar interactions it has been suggested that the modified 03 I

relaxation time retains the form of E€1), with an increased SN 5 . .

energy barrieAE, and a smaller pre-exponential factor, in
the range 10'7-10 18s#’ ~ 15 1000 Oe | 30
In any observation of superparamagnetic relaxation one is 3 14 28
constrained to measuring the relaxation timith respect g
to the measuring time,,, of the specific experimental tech- g 13 26
nique being used. If< 7, the relaxation is so fast relative to  § |, 24
the experimental time window that the ensemble behaves as®s
if it were paramagnetic. If> 7, the relaxation is so slow §° 1 2
that quasistatic properties are observed; this latter is known = 10 20
as the “blocked” state for the system. Midway between these 9 L 18 F 5001000 T K"

two states, at the “blocking temperaturé@y, the times are ' ' '
equal, 7= r,,,. For a given ensembl&g increases with de- 0 100 200 300 0 100 200 300
creasing measurement time. In typical experimentscan Temperature (K) Temperature (K)
range from the slow to medium time scales of $Cor dc
magnetization and 10—10 °s for conventional ac suscep-

g P loy. Zero-field-cooled(ZFC, lowep and field-cooled(FC, uppey

tibility, through to the fast time scales of 10-10"s for curves are shown for applied fields bBf=50, 500, and 1000 Oe,

57, - :
Fe Mcssbauer spectroscapy. In each of these techniques t%%d an FC curve only foH=30kOe. The splittings between the

blocking temperature is associated with different featuresZFC and FC curves, and the peaks in the ZFC curves, are typical of

SUCh. as peaks in the dc and ac susceptibility, and e,qu'vale%perparamagnetic systems. The reduction in FC magnetization
relative areas of sextet and doublet components irssvio with increasing temperature is larger than expected for bulk Fe-Cu
bauer spectroscopy. _ grains, indicating that collective excitations are present—as exem-
In the following we present the results of magnetic meaypjified by the initially linear dependence with®2 shown in the
surements over a variety of time scales on the granular allojset for theH =30-kOe data. This is also characteristic of nano-

FIG. 4. dc magnetization data for an,5@u,0)Adse granular al-

FexClAdso- scale magnetic materials.
B. Slow to medium time scales: dc magnetization, temperature-dependent reduction in magnetization is ob-
ac susceptibility, andM-H curves served in the FRCUAge, field-cooled data, it falls more

strongly that can be attributed to the Brillouin curve alone.
This divergence from Brillouin law behavior may be quanti-

The thermal variation of the dc magnetization of thefieq py evaluating the parametBrin the thermal demagne-
sample was recorded on a SQUID magnetometer using the,5tion BlochT32 law:

standard zero-field-cooling—field-cooliftgFC-FC method.

The sample temperature was changed-&t K min~! and

stabilized at each measuring point for approximately 2 min. M(T)=M(0)[1-BT%2. 2

Each data point was recorded as the average of three instru-

ment scans, so that the measurement time was of atger In the case of thél=30-kOe FC curve, it is safe to assume

=100s. that the sample is magnetically saturated, so that only ther-
ZFC-FC curves were recorded for applied fieldstbf mal fluctuations contribute tM(T), and the Bloch law is

=50 0e, 500 Oe, and 1 kOe, and an additional FC curve wagpplicable. A reasonable Bloch law fit was obtaitEd. 4),

recorded forH =30kOe (see Fig. 4 In all cases the ZFC for T<150K, yielding B~6.5x10 °K %2 This value is

and FC curves coincide at 330 K, but diverge at lower temsignificantly larger than the B for bulk Fe,

peratures. This splitting is often observed in fine particle and.4x 10 K32 5% in agreement with observations in other

fine grain system$’ Had the sample been a bulk ferromag- fine particle magnetic system$The enlarged arises be-

net the ZFC and FC curves would have coincided and would¢ause the effects of surface phenomena are increased, and

have been largely flat, decreasing slightly with increasingalso because only long-wavelength spin waves can be

temperature. The latter is expected from a Brillouin law re-excited>®®’ Thus the spin waves can travel from one particle

duction in magnetization with increasing temperature well(or grain to another rather than being confined within a

below the Curie point, which fos-Fe is 1040 K. Although a given particle.

1. dc magnetization
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In the ZFC experiments the sample was cooled in zero 0.025 ey 00015
field so that the directions of the net magnetizations of the [ * ¥ (v=50Hz) ]
grains became frozen at random. On subsequent heating ir [ ® ¥ (v=3000Hz) ]
an applied field the grain magnetizations became “un- 0.020 [ el
blocked” (reoriented to lie parallel to the applied figldt I 4—1

temperatures that depended on the grain size and hence thg
anisotropy energy KV, and on the magnitude of the applied s 0.015
field. In the 50-Oe ZFC curve a broad peak in the magneti- i

emu/,

maxima at~160 and 100 K, respectively. This variation with
field is as expected, since a larger applied field induces mo- 0.005 i
ment reorientations at lower temperatures. )

i « ¥ (v=50Hz) g

zation has its maximum value at280 K, while in the 500- .8 i " X (v=3000Hz) ] 3
: S 0.010 | N ] o)

and 1000-Oe fields the somewhat less broad peaks havese f N_ 0.0005 &

2. ac susceptibility 0.000 =

ac susceptibility ¢, data were recorded from 5 to 350 K 0.05
using an excitation fielth=10 Oe and frequenciesranging I
from 50 to 3000 Hz. The main feature of both the in-phase
(x") and out-of-phasex”) data for these runs, shown in Fig. 0.04
5, was a broad peak with a 50-Hz maximum B,y

~285K for x' and atT,~230K for x”. The position of > 0.03 I
the peak shifted slightly toward higher temperatuf290 % Rt
and 240 K, respectivelywhen the measuring frequency was g [
increased to 3000 Hz. The influence of superimposed longi- &, 0.02 [
tudinal dc fields of 500 and 1000 O¢éh=100e, v < f

=1000 H2, applied after cooling in zero field, is also shown L
in Fig. 5. The external field had a large effect on the suscep- 0.01 L 500 Oe
tibility data, much more than a frequency change could pro-

duce, with the maxima shifting to lower temperatures 3 1000 Oe
(AT max/Tmax=—31% for H=5000e, and—61% for H [ X[ T T T T
=1000 Oe, for they’ curves and the signal magnitude fall- 0 50 100 150 200 250 300 350

ing (e.g., by—36% in y’ betweenH=0 andH =500 Os.

To better define the dynamical susceptibility behavior,
further y,. runs for v=30Hz, 1000 Hz, and 10 kHz were FIG. 5. In-phaséy’) and out-of-phaséy”) ac susceptibility data
recorded at temperatures around the maxiffig. 5 inse}. for an FgCu,0Agso granular alloy, with an excitation field of 10 Oe
The change i, as a function ofv can be analyzed using at frequencies of 50 and 3000 Hiwp). The relatively small peak
several models dealing with the nature of the magnetic reshifts with frequencyshown at further frequencies in the insate
laxation. Given the strong influence of an external field, wetypical of interacting fine grain systems. The large peak shifts and
concentrate on thel ;.= 0 data, which can then be compared signal reduction seen in external dc fields of 500 and 1000 Oe
directly with zero-field data from other techniques. For ex-(bottom are also indicative of intergranular interactions.
ample, it is straightforward to extract the temperature shift . ] .
per decad® T=ATmal[Trae AlOgy(@)], Where o  POUNdS, is to determing, from thex”(T,w) data. According
—27v is the angular measurement frequency. For© the model, if the curves of"(T,w) plotted as a functpn
FenClboAde Teni~0.008, which is smaller than theg,, ©f —TIn(wm) data can be made to collapse onto a single
~0.10—-0.12 theoretically predicted for noninteracting fineMaster curve, then the, of the relaxation can be defined. In
particle system&%° The origin of this difference is most the case of FeCl,Ageo the lower frequency curves col-
likely to be due to intergranular magnetic interactions. lapse forro=10"*"**s which is unrealistically small for a

To test this hypothesis, it is useful to consider other stanhoninteracting systemiiii) Another approach, recently re-
dard parameters extracted from thg data.(i) It is usual to ~ Ported for melt-spun Co-Cu granular allo%nd4pased on
characterize the activation process for the relaxation from thE10dels of noninteracting fine particle syste?ﬁ‘_s? Istore-
variation of T, with measurement time,,= v 2. In dilute late the in-phase and out-of-phase susceptibilities according
noninteracting systems, where the relaxation behavior is rdo
lated to individual entities, the Arrhenius law, () , 2 In(wry) (T,
=E,/(kgTmay, iS commonly found. However, in the case of Xe )=~ ——7 . Xexg T)AT. ()
FeoCupAdse @ poor fit was obtained for thg’ data, with
unphysical values for the parametersy~10 %s and The results for FeCu,yAgs, Showed there was no clear re-
E./kg~41600K. (ii) A less common proceduf8success- production of they’ curves through the integration of thé
fully tested in nonmetall® and metalli€* fine particle com-  curves.

Temperature (K)

o
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] wherey=D/D,, D is the particle diameter, and, is the
] median diameter, and wheteis the standard deviation of
] the distributior®® Although Eq.(4) is based on an assump-
] tion of little or no interaction between the magnetic grains,
] recent work has shown that it can be successfully applied to
NN even strongly interacting systems, in the superparamagnetic
T~ ST region®” In any case, the dc magnetization data on our
6 4 2 02 46 FeClhoAds, Sample indicates that a field of 500 Oe can
Applied Field (kO¢) shift the ZFC peak temperature from 280 to 160 K, so it is
FIG. 6. Room-temperatud-H data for an FaCupyAdso granu- reasonable to expect that in mode_rately Iargg fieddg., =1
lar alloy, showing the anhysteretic behavior typical of superparak©O®€ the M-H curve response will be dominated by the
magnetism. The solid curve superimposed on the data was calciemperature-dependent fluctuations of the nanoscale grains.
lated from a sum of Langevin functions for Fe-Cu grains of sizes Fitting the room-temperature data yielded the fit shown as
following the log-normal distribution of the inset. a solid curve in Fig. 6. For the fit a 35-box histogram of grain
sizes from 1 to 35 nm was used, with the density of the

Together, these tests establish that the noninteractingf@ins taken as 7.91 gcrfrom the x-ray data. The mo-
models are not applicable to this alloy. Instead, we can tedf'ents of the grains were computed using a fitted value for
the nature of the magnetic relaxation mechanism by applyin§® unjfsorm. Fe-Cu saturation magnetization of 620
the phenomenological Vogel-Fulcher model, rr,) emucm °. This Iaitger value compares favorably with a value
—E. /Tka(Tra—To)], to the measured peak temperatures as & ~600 emucm® for a room-temperaturél-H curve of
function of measurement time. Such a model has previousl§@!l Milled F&Cus,. The fitted distribution parameters were
been successfully applied to frequency-dependent susceph = 6-6+0.1nm ando=0.67+0.01, giving the log-normal
bility data from Co-Ag films®® In our case, when a physi- Curve shown as an .|nseTt in Fig. 6. The most pro_bable grain
cally realistic value ofr,=10 !s is selected as the attempt SiZ€ iS 4.2 nm, which is in good agreement with the 5.5
time for ferromagnetic particles, a reasonable fit is obtained;= 0-5-nm value found in the Rietveld analysis.
with realistic parameter values dE,/kg~320K and T,
~270K. Thus overall, analysis of the ac susceptibility data C. Fast time scales: Masbauer spectroscopy
shows that the high-temperature maxima are only feebly af-

fected by frequency, while the activation processes involveck and room temperature, and in an applied field of 11 kOe at

can be_related to th_e Vogel-Fulcher Iaw. .It was found to b‘_aroom temperatur¢see Fig. 7. The relatively poor statistical
impossible to describe the thermal variation of the Suscept'C]uality of the spectra can largely be attributed to the rela-

bility using models that assumed noninteracting systems. tively small Fe content in the sample, allied to the relatively

high electronic mass absorption coefficient of Ag4
cm?g ! compared to 64 chy ! for Fe). This problem is
Field-dependent magnetization data were recorded a@xacerbated by the relatively large mean size of the alloyed
room temperature in fields of up to 5 k@see Fig. . An-  particles(most having diameters of order 30—t as mea-
hysteretic traces were observed, indicating that the sample gtired by SEM, which exceeds the 2fam ideal thickness for
superparamagnetic on the 1-10-s measurement time scale pfay transmission through BE€u0Ags,. Nevertheless,
the vibrating-sample magnetomet®&SM). This is in keep- some very clear and significant features are apparent in the
ing with the dc magnetization ang,. experiments which spectra.
also showed superparamagnetism at room temperature. The zero-field room-temperature spectrum comprises a
AnhystereticM-H curves obtained above the superpara-doublet and a broad singlet. It is impossible to tell from this
magnetic blocking temperature are typically modelled as &pectrum alone whether the sample is in a superparamagnetic
sum of Langevin functions: or a paramagnetic state. However, the spectrum obtained in
an applied field of 11 kOe shows unambiguously that the
1 wiH sample is superparamagnetic. A magnetically split sextet is
coth3; — _) B Sl (4) obtained, with a meaaffectivefield (arising from the vector
Bi k addition of the hyperfine field and applied figlof order 196
kOe, which is much larger than the 11-kOe field that would
whereM is the saturation magnetizatiow; is a probabilis- have been observed had the sample been paramagnetic. Thus
tic weighting factor, andl; is the volume-dependent moment the zero-field spectrum must correspond to nanoscale super-
of a given size distribution of magnetic graitfscrom thisit moments relaxing at time scales faster than or close to the
is possible to derive information on the distribution of grain Mossbauer measurement time, whichdie is of order 2
sizes, usually by means of an assumed log-normal distribux 10" ®s. The zero-field 80-K spectrum also comprises a
tion: magnetically split sextet, implying that at this reduced tem-

I Fe Cu Ag
207200 260

; ®)

0.5 _ Granular Alloy

Normalised Magnetisation

Normalised probablity

S’Fe Mtssbauer spectra were recorded in zero field at 80

3. M-H curves

M=Mg>, W,
|
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(obtained from the mean effective field, recalling that the

16.26 |-
1622 hyperfine field in Fe aligns antiparallel to the applied fielt
e room temperature.
16.18 - Given this interpretation, the 80 K and room-temperature
16.14 - applied field spectra were fitted using a Voigtian based static
~ = ' ' ' distribution modét to get the parameters listed in Table Il
§ 10.06 |- and the solid line fits shown in Fig. 7. TH&H) hyperfine
8 1004 [ field distributions are progd anq asymmgtric, as expected for
o T [ nanoscale RgCu,, grains in which a relatively large propor-
Z 1002 tion of Fe atoms reside at or near the interface with the Ag
iy — matrix, thereby experiencing a smaller hyperfine field than
& : : : those Fe atoms in the center of the grains. A phenomenologi-
= 1339 cal approach was used to construct the asymme(id)
distributions from symmetric Gaussi@®{H) distributions—
13.37 three such Gaussians were used for the 80-K spectrum, two
13.35 for the 300-K applied field spectrum. The parameters of
) ) . . these component Gaussian distributions are listed in Table IlI.

10 s o s 10 The weighted mean hyperfine fields are smaller than for pure
a-Fe, due to the disrupting effect of the alloyed Cu atoms on
the Fe-Fe exchange interactions. The room-temperature
FIG. 7. 5/Fe Massbauer spectra for an F€u,Age, granular ~ Mean field of 207 kOe is close to the 222-kOe mean field

alloy recorded at room temperature in zero field and in an 11-kodéneasured previously in ball milled E£us. 2

external field applied perpendicular to theay beam direction, and Returning to the zero-field room-temperature spectrum,
at 80 K in zero field. The solid lines show the results of least-We can, for illustrative purposes, fit it using a dynamic
squares fits of the data to a dynamic relaxation m¢@e0 K, zero ~ Lorentzian line-shape modéi 0_'” which a single-valued
field) and to a static hyperfine field distribution mod8bo K, 11 hyperfine field is assumed to jump randomly between two
kOe, and 80 K, zero field The data unambiguously prove that the directions on the same axis at an average jump frequéncy

sample is superparamagnetic, with an average superparamagnefihough the real situation in the sample is undoubtedly
relaxation time of less than IGS at room temperature_ more Comp|eX, itis neverthe|eSS |nf0rmat|ve n that we can

see that both the singlet and doublet components may be

) generated by a superparamagnetically fluctuating hyperfine

that they are static on the Msbauer time scale. The mean of magnitude 207 kOe. The doublet component, assumed to

hyperfine field at 80 K is of order 255 kOe, which is consis-correspond to those grains in the sample that were in a fully

tent with the anticipated increase in hyperfine field with de-superparamagnetic state, were assigned a large jump fre-
creasing temperature, starting from a value of order 207 kOguencyf=10"*Hz so that the time-averaged hyperfine field

Velocity (mm/s)

TABLE Il. 5Fe Mdsshauer parameters for anf@,0Ags, granular alloy as determined ki) Voigtian
based line profile analysis of static hyperfine parameter distributions in the 80-K and applied field 300-K
spectra, andii) dynamic Lorentzian line-shape analysis for the magnetically relaxing zero-field 300-K
spectrum. The parameters listed are: isomer ghifams %), quadrupole shift 2 (mms™2), hyperfine fieldH
and mean hyperfine fieH) (kOe), Gaussian standard deviation on the Voigt profile hyperfine field distri-
butionsoy (kOe), relaxation frequency (Hz), and subcomponent populatiopg%). For the 300-K applied
field spectrum{H) refers to the effective field obtained from the vector addition of the hyperfine and applied
fields. Parameters marked with an asterisk were constrained to the given value during the fit.

Voigtian analysis (static distribution)

Spectrum ) (H) oy 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 48 (10 68 (5)

(0
100 (25 90 (30 32 (5)
Dynamic Lorentzian analysis (magnetically relaxing)
Spectrum ) 2¢ f H p

300 K, zero field 0.20(2) o* 3.0(4)x 10° 207" 75 (5)
0.19 (1) 0.46 (2) 1044 207 25 (3)
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for this component was zero. The broad singlet component
was fitted to a jump frequency dt~3.0x 10° Hz, which is

of the same order as the inverse measurement tifpes 8

X 10" Hz, for a hyperfine field of 207 kOe, thus explaining
the broad nature of the resolved spectrum.

We can tentatively estimate the Msbauer blocking tem-
perature from the data at hand. The zero-field room-
temperature spectrum comprises 25% superparamagnetic
doublet plus a 75% slowly relaxing component. Given that

W N 1 00 O

However, it should be noted that the measured superpara-
magnetic fraction can be model dependent. Also, a more
complete set of temperature-dependentisbtmuer spectra
would allow a more reliable value dfz to be obtained. With

the present data it is perhaps safest to conclude simply that
the average superparamagnetic relaxation time in the sample
is less than~10"2 s at room temperature.

8
the MassbaueiT is defined as the temperature at which the 7 1 275K
superparamagnetic fraction accounts for half of the spectral 6 L
area, we can conclude th@ must be greater than 300 K. S o o s

4

% Asymmetry
S~ U N 3 o

D. Intermediate time scales:uSR spectroscopy

In muon spin relaxation experiments, spin polarized 10
muons are implanted into the sample, where they precess
about any local field not parallel with their initial
polarization’*’? Any variation in site or field strengths
within the sample leads to the dephasing of the precession
motions, and the net depolarization of the spins.

With an average lifetime of 2.2s, after implantation the , , , , ,
muon decays into a positron and two neutrinos. The positron 0 1 2 3 4 5 6
is emitted preferentially in the direction of the muon polar- Time (microseconds)
ization, and at ISIS is picked up by forward and backward
detectors in+z, wherez is the direction on travel of the _ FIG. 8. Zero-field muon spin relaxation spectra of an
incident muon beam. The positron emission distribution isF€0CU0Ageo granular alloy as a function of temperature. The solid
1+acosd, wherea~0.3 is a constant. The zero fieldSR lines are the r_esults of fits to a phenomenological model (_:omprlsmg
function G,(t) is extracted from the positron histograms in two exponential decays and a constant offset. A change in behavior

the forward and backward detectof$g(t) and Ng(t), by at 275 K, where the curve ﬂat.tens out beydnd‘.?’._ Aps, is evi-
taking the ratio dence of a superparamagnetic blocking transition. The increased

noise level neat=0.8s is an instrumental effect.

Wt N 2 0o WO

M, (6) Figs. 8 and 9, and selected data on the fitted parameters are
Ng(t) + @Ng(t) shown in Fig. 10 and in Table II[Note that there is a dif-
tference of~2.5% between tha; asymmetry found in the
data in(i) Figs. 8 and 10, andi) Fig. 9 and Table Ill. This
arises because the data were recorded on different spectrom-
cally 0.21-0.25. . . .

eters and had different baseline signals—Ilargely due to the

P(t) curves were measured for the sample . ; .
as a(fl)mction of temperature from 10 tzgzué%AI%Gion zer(F)) fieldfs'lver mounting plates usedhe zero-field data show a peak

(see Fig. 8 and at selected temperatures in longitudinal ap-'n both of the exponential relaxation ratés, and), at 275

plied fields(parallel to thez axis) of 500 and 2000 O¢see li and a sharp ris>e in the initial asyhmm(;m)s (\;vhere 8o
Fig. 9). Several different functional forms were tested in fit- =2, +a,+ay) atT=275K. We note that these features are

ting the depolarization curves. The best fit was obtained us¥iSiPI€ in the raw data. This can be seen in Fig. 8 where the

: : : -, depolarization curve at 275 K is almost flat beyond 3=}
ing a simple phenomenological model of two exponentially="F: .
decaying signalga; and a,) plus a constant offset signal while at both .250 and 3DK_a dovx_/nward slope peTS'StS at
(a): these longer times—a manifestation of the peak jnand

N\,. Also, the slope of the curves in the first Q.5 becomes
P(t)=a, exp(—\qt)+a, exp(— Aot) +a;, ) _much ste_eper at and above 275 K, which corresponds to the
increase img.
where thea; parameter included contributions both from the  The transition in the muon data at around 275 K is con-
sample and from the silver plate on which the sample wadirmed by the applied field measuremeiisg. 9 and Table
mounted. Solid lines corresponding to these fits are shown ifil ). In particular, the applied field affects the final asymme-

P(t)=a,Gz(t)=

wherea is an instrumental parameter to account for differen
detector efficiencies, and, is the initial asymmetry, typi-
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by the increase ia; at 275 K and abové-ig. 10. The effect

" o Zero field 300K of the applied field is to slow down the flipping rates for the
* 2000 Oe local fields so that more muons are able to depolarize, result-
i ing in a reduction in the final asymmetry.
11 The muon data are therefore consistent with the other
0 i techniques in the observation of a blocking transition. The

blocking temperature may be tentatively placed at 275

+15K, confirming that the blocking temperature changes

12 L only slightly as a function of measurement time in this alloy,
10K -

. as has also been shown by the ac susceptibility results.

1} o ¢

10l V. DISCUSSION

% Asymmetry

o Zero field

oL o 20000e The selected FgCu,pAgeo alloy is shown by EDAX and

, . . elemental analysis to be homogeneous at the instrumental
0 1 2 3 4 5 resolution scale of a micron. Rietveld refinement of synchro-
Time (microseconds) tron x-ray-diffraction data shows that on average it com-
prises 5-nm bcc RgCu,g alloy grains in a matrix of 4-nm fcc
FIG. 9. Muon spin relaxation spectra of amf@u,Age granu-  AgoeClyg grains, with both the magnetic grains and the ma-
lar alloy at 10 and 300 K in zero field and in a longitudinal applied trix subject to relatively large strains, of order 8 and 6 %,
field of 2000 Oe. The solid lines are fits to a model comprising tworespectively. The observation of only a smél-2 wt %
exponential decays and a constant offset. The divergence of thgseudoamorphous grain-boundary contribution is consistent
curves as a function of time at 10 K is evidence of static behaviokjth the boundaries being relatively thin, less thad nm
(below the blocking temperaturgs), and the convergence of the thick #14 An estimate of the distribution of magnetic grain
curves at 300 K is evidence of dynamic behaviaboveTs). sizes is obtained by analyzing the anhysteretic room-
temperatureM-H curve, giving a median size’ 7 nm and a
try parameteras, which increases at 10 and 100 K, is un- most probable size-4 nm.
changed at 250 K, and decreases at 300 K. The increase in  Gjven such fine scale grains, it might have been expected
at 10 K is a signature of a static magnetic environment, inhat superparamagnetic blocking transitions would be found
which the local fields about which the muons precess argt re|atively low temperatures. Indeed, for noninteracting su-
brought Closel’ to the |n|t|a| pOlarization dil’eCtion through theperparamagneti@_Fe partic'es W|th mean Sizes of up to 8
vectorial addition of the applled field. The decreasaﬂ.rat nm, b|0cking temperatures below 50 K are prediaddr
300 K is a sign of a rapidly fluctuatingsuperparamagnelic  even the fastest of the measurement techniguies, Moss-
environment. In zero field at 300 K, some or all of the im- bauer Spectroscomwsed in this Study_ However, the mea-
planted muons are unable to establish a coherent precessiggired blocking temperatures are much higher than this, e.g.,
with the rapldly ﬂUCtuating local field—a feature evidenced above room temperature as measured b&SmUer spec-
troscopy. There is also a notably small frequency dependence
of the observed blocking behavior, e.g., the peak tempera-
tures measured by ac susceptibility vary only frer285 K
at a measurement frequency of 50 Hz,+@90 K at 3000
1 Hz. This is much smaller than is usually seen in noninteract-
] ing systems8:°°
The elevated blocking temperatures are a sign that the
average energy barrier to moment reverssE=KYV, is
L O, ] larger than expected. One possible explanation for this is that
a A ] the anisotropy energy constaltis enhanced compared to
that usually found ina-Fe nanoparticles. Such an effect is
entirely plausible, both because the anisotropy of an Fe-Cu
alloy grain will not be the same as that of a pure Fe grain,
and because it is well known thtmay be affected by grain
E . . . 1 size, shape, stress, strain, and surface eff@éfsHowever,
100 150 200 250 300 an enhanced anisotropy constant cannot account for the rela-
tively feeble frequency dependence of the observed blocking
transitions, as characterized by the paramdigf~0.008

FIG. 10. Temperature dependence of selected parameters froffPM the ac susceptibility data. The most likely causes for
fits of the zero-fielquSR data of Fig. 8. The peaks in the relaxation SUch behavior are intergranular interactiéhén particular,
ratesk; and\,, and the sharp increase in the initial asymmetgy ~ Similarly small values oT ¢, have been identified by Marup
indicate a superparamagnetic blocking temperature of approxiand co-worker€ as a sign of a spin-glass-like ordering tran-
mately 275 K. sition, i.e., one involving the co-operative freezing of the

—
(=}

Fe Cu_Ag
i 20720 ©60
- Zero Field MuSR data

[y
[\8]

+~ =]
L i
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TABLE IIl. Muon spin relaxation parameters for an5@uyAgds, granular alloy as determined by fitting
a series of spectra recorded as a function of temperature and longitudinal applieddiekl of which are
shown in Fig. 9. A phenomenological model was used in which the depolarization was fitteRi(gs
=a; exp(—N\t)+a,exp(—At)+as. An initial asymmetry parameter is listed; it is defined &s=a;+a,

+ay.
Applied Initial Final Relaxation Fast relaxation Relaxation
Temperature  field asymmetrya, asymmetrya; rate N, asymmetrya, rate\ ,
(K) (Ce) (%) (%) (MHz) (%) (MHz)
10 0 11.01) 6.08) 0.102)
2000 11.62) 9.84) 0.3216)

100 0 12.99) 6.52) 0.294) 2.38) 5.2(19
500 12.03) 7.4(2) 0.275) 1.23) 2.7(13)

250 0 10.61) 6.82) 0.3213) 2.503) 3.2(8)

500 11.33) 6.7(3) 0.2514) 3.393) 2.85)
300 0 183) 8.51) 0.8227) 8.0127) 8.4(22)
500 141) 7.21) 0.6516) 5.1(8) 5.6(12)
2000 12.%9) 4.84) 0.2813) 5.008) 3.6(10)

magnetic moments. Such behavior is intuitively reasonablénteraction becomes increasingly important for larger sfZes.
given the relatively large amount of magnetic material in theWe conclude from this that although it is certain that all three
alloy. In fact, other authors have proposed the existence of eteractions are present and combine in a complicated man-
spin-glass magnetic phase in Co-Cu granular alfSygecent  ner in the alloy, the dipolar interactions are more likely to be
dc magnetization and ac susceptibility measureni@nts  dominant in regions where the magnetic grains are well sepa-
mechanically alloyed BgCu,;Al 4,9 Show similar findings to  rated, while the exchange interactions will be dominant in
ours, and are said to manifest the importance of interactiongegions where the magnetic grains are clustered.
between particles in the blocking process, with spin-glass-
like features. Similarly, current WO?R on the role of inter- V1. CONCLUSIONS
granular(or interparticle interactions in nanoscale systems
has shown, for simple samples based on Fe-C amorphous Conventional studies of superparamagnetism and other
ferrofluids, that increased sample concentratimith in-  fast relaxation effects have almost exclusively been focused
creased interparticle interactigrgives rise to transitions of a on near-ideal samples of monodisperse fine particles or
spin-glass-like nature. grains supported on or dispersed in a nonmagnetic medium.
The most common sources of interactions between magdowever, materials including those exhibiting GMR and
netic grains or particles diluted in a solid matrix are: ex-those with ultrasoft magnetic properties such as the “nano-
change, dipole-dipole, and Ruderman-Kittel-Kasuya-Yosidarystalline” alloys, also exhibit fast magnetic relaxation ef-
(RKKY).X® Exchange coupling across grain boundaries confects. In this paper we have characterized the magnetic re-
taining magnetic atoms is thought to be a significant factor inaxation properties of a member of a family of fine grained
determining the magnetism of the nanocrystalline Fe-Zralloys, the Fe-Cu-Ag alloys, as a representative of this class
Cu-B and Fe-Nb-Cu-Si-B alloys, where Fe grains are embedef technologically relevant nanophase materials.
ded in a ferromagnetic or paramagnetic matri%The situ- (i) The alloy chosen had the composition,§&LiAdeso
ation is different in the FgCwAgey alloy, where the and comprised a dispersion of bccghfeu,g grains of mean
diamagnetic nature of the Ag matrix does not lend itself tosize ~5.5 nm in an fcc AgyCu;o matrix. It had a GMR-like
any exchange mechanism between Fe-Cu grains. Howevdield-dependent resistivity, with a magnetoresistive ratio at
the thin(less than~1 nm) grain boundaries mean that if the room temperature of-5% in a 90-kOe field. DSC measure-
spatial distribution of the Fe-Cu grains in the Ag matrix is ments showed that on heating to temperatures above 380 K
not homogeneous, neighboring magnetic grains might béhe sample began a structural rearrangement, with the onset
close enough to one another to exchange couple. As well asf decomposition and recrystallization. This set an opera-
exchange, throughout the sample the weaker but more longional working limit of ~350 K on the magnetic relaxation
range dipole-dipole interactions will be present, while theexperiments.
metallic matrix is capable of supporting RKK(hdirect os- (i) dc magnetization and ac susceptibility measurements
cillatory exchanggcoupling between grains. Calculations of both showed a peak typical of superparamagnetic materials,
the interaction energy between ferromagnetic entities in d&ut with much higher blocking temperatures than would be
nonmagnetic matrix show that the oscillatory character of theexpected from 5.5-nm-sized Fe-Cu grains. The dynamical
indirect exchange is retainéfl Recent theoretical consider- behavior of the susceptibility peak corresponded to a Vogel-
ations of Co clusters in a Cu matrix show that the RKKY Fulcher process and the thermal variation of the curves could
interactions are dominant for all intercluster distances whemot be interpreted according to a noninteracting model.
those clusters are very smdll nm), whereas the dipolar (iii ) Mossbauer experiments in zero field at 300 K showed
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a superparamagnetic doublet and a slowly relaxing broadurements of the relaxation behavior of a strongly interacting
singlet. The application of an 11-kOe field was found to beensemble of nanoscale magnetic grains in a technologically
sufficient to keep the supermoments static on thes$hhauer important granular alloy.
time scale, revealing a magnetically split sextet. This unam-
tsaligmugllésly proved the superparamagnetic nature of the ACKNOWLEDGMENTS
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