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Magnetic behavior of nanostructured films assembled from preformed Fe clusters embedded in Ag
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We have observed the magnetic behavior of nanostructured magnetic materials produced by co-depositing
pre-formed Fe nanoclusters from a gas aggregation source and Ag vapor from a Knudsen cell. Films containing
particle volume fractions from< 1% (isolated clustensto 100% (pure clusters with no matrjxhave been
prepared in UHV conditions and, after capping with a thin Ag layer for removal from the deposition chamber,
have been studied at temperatures in the range 2—300 K by magnetometry and field-cooled/zero-field-cooled
measurements. The results have been interpreted with the help of a Monte Carlo simulation of the cluster-
assembled films that includes exchange and dipolar interactions. At elevated temperat@ds)(the lowest
concentration films display ideal superparamagnetism witH &nscaling of the magnetization. With increas-
ing cluster density the films pass through an interacting superparamagnetic phase in which the effective
blocking temperature and the initial susceptibility above the blocking temperature increase, in contrast to
predictions of nanoparticle systems interacting via dipolar forces only. It is concluded that the exchange
interaction becomes important even at volume fractions of 10% as clusters that are in contact behave as a
single larger particle. This is confirmed by the theoretical model. At high volume fractions, well above the
percolation threshold, the cluster assemblies form correlated superspin ¢l@aS$'9. At 2 K, the magne-
tization curves in all films, irrespective of cluster concentration, have a remanereg086 and an approach
to saturation that is characteristic of randomly oriented, particles with a uniaxial anisotropy, in agreement with
the remanence. In the most dense Ag-capped films there appears to be a “freezing out” of the interparticle
exchange interaction, which is attributed to temperature-dependent magnetoelastic stress induced by the cap-
ping layer. An uncapped 100% cluster film measured in UHV remains in the CSSG state at all temperatures
and does not show the low-temperature decoupling of particles evident in the Ag-capped samples.
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I. INTRODUCTION important not only to satisfy scientific curiosity but also in
order to fully exploit such systems in the development of
For decades, assemblies of interacting magnetic nanopahnigh performance magnetic materiafdn applications such
ticles have been a fascination and a challenge for materiaklss high-moment soft materiai$,or magnetic sensofé,the
scientists. The isolated noninteracting nanoparticles areequired volume fraction of nanoparticles is close to or above
themselves interesting, behaving as giant moments of ferrahe percolation threshold and is well into the strong interac-
magnetically coupled atomic spins whose vector fluctuatetion regime.
over the intraparticle anisotropy barrier in time scales rang- Experimentally the problem has been addressed for al-
ing from nanoseconds to aeohsReversal can also occur most 30 years using a variety of measurement techniques,
via quantum-mechanical tunneliig® For particles smaller including magnetometry, susceptilibilty measurements, muon
than about 5 nm, either as free clusters or supported on spin resonance, and Msbauer spectroscopy and samples
surface the fundamental spin and orbital moments per atonimcluding frozen ferrofluids, co-sputtered metal/insulator
can be substantially increased over the bulk vafté. films, annealled melt spun alloys, and ball-milled alléys°
When the interparticle interactions become significant theA detailed picture has developed of fine particle magnetism
system displays a rich variety of magnetic configurations reand a deep understanding of both the superparamagnetic
sulting from competing energy terms. The dipolar interactionstate, discussed by HE* and the blocked state. When con-
introduces frustration as it is impossible to produce an optisidering the modifications to these states resulting from the
mum alignment for every particle. In addition there is frus-interactions between the particles, although each work devel-
tration resulting from the competition between the interpar-ops a successful model to account for the magnetic behavior,
ticle dipolar and exchange terms and the intraparticleseveral fundamental inconsistencies are apparent when com-
anisotropy energymagnetocrystalline, shape, magnetoelasparing different experiments. For example, in the limit of
tic, etc) that requires the magnetization vector to be alignedsmall interaction, there is some debate as to whether the
along specific axes in each patrticle. dipole-dipole interaction between particles decreases or in-
Developing a detailed understanding of the interactions isreases the relaxation rdte?® In addition while some ex-
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periments detect an increase in the apparent blocking te 0.5
perature with the onset of interactibfi;?2other results show S 0.4
the opposite tren& For blocked particles the remanence M § '
also is found to either increa$e! or decreas¥ relative to 3 034
the isolated cluster case when interactions become signifi < 0.2-
cant. A recent Monte Carlo simulatidnconsidering the di- % H.1 o
polar interaction between the particles has shown that withi o) '
a certain range of the dipolar/anisotropy energy ratio, the 0

remanence of the low-temperature assembly can increase arfg 0 20 40 60 80
then decrease with increasing volume fraction of particles. Particle Diameter (A)
Considering the complexity of the system such contradic- (a) (b)
tions are not surprising. The experimental data has been ob-
tained from systems produced by a variety of different tech- FIG. 1. (a) STM image (106 100 nm) of unfiltered Fe clusters
niques and undoubtedly some of the conflicting results arisen Si111). (b) Height distribution from STM images (dotdine)
from subtle differences in the particle assemblies includingzompared with a size histogram from Langevin fits to the magneti-
the particle morphology and size distribution. We believe azation of dilute cluster films af=50 K.
crucial difference is that some production methods guarantee
a nonmagnetic shell around each magnetic ¢olester, par- papers on the magnetic behavior of deposited nanoclusters
ticle, or granulg¢ while others allow the cores to come into have been publisheti- In this paper we chart the evolu-
direct contact. Some methods, for example annealing metion of the magnetic behavior as the volume fraction is var-
spun films, may produce either situation depending on théed between the two extremes. We compare the results with a
experimental conditions. This can make a profound differ-Monte Carlo simulation that includes both dipolar forces and
ence to the magnetic properties since a honmagnetic sheltie exchange interaction between particles that are in con-
will exclude the direct exchange interaction between pariact.
ticles so that the dipole force dominates at all achievable
volume fractions. If, on the other hand, the clus_ters are ql— Il. FILM PREPARATION AND MEASUREMENTS
lowed to touch and are arranged randomly, neighbors will
start to come into contact invoking a strong exchange inter- Fe nanoclusters were formed using a UHV-compatible gas
action at low volume fractions. For example in an assemblyaggregation sourc€. These were co-deposited onto poly-
with a 10% volume fraction, irrespective of the particle size,ether-ether-keton@PEEK) films with Ag supplied by a con-
the majority of the clusters will be in contact with at least ventional Knudsen cell evaporation source. Sample areas
one neighbor. were approximately 7810 mm. Forex situexperiments the
A recent study of nanocrystalline films of pure Fe pro-films were capped with a 5-nm protection layer of Ag.
duced by ball milling? revealed a more subtle exchange de- Magnetization isotherms were obtained using a vibrating
coupling mechanism without the need for a nonmagneticample magnetometéySM) operating at fields of upto 9 T
shell. It was proposed that the interface between grains iand temperatures down to 1.5 K and the field-code@)/
amorphous and that at a sufficiently low temperature thiszero-field-cooledZFC) measurements were carried out us-
interface forms a spin glass that does not transmit exchang&g a superconducting quantum interference de&®@UID)
Thus even for particles in contact the detailed nature of thenagnetometer. One film of pure clusté&L0 was also pre-
interface is important. We demonstrate a similar low-pared without the capping layer by depositing directly onto a
temperature decoupling in dense cluster films that we atPEEK rod that could be sealed situ in a PEEK ampoule
tribute to a large increase in the intraparticle anisotropy aand transferred into the VSM without breaking vacuum. The
low temperature due to stress rather than a removal of exsystem has been thoroughly tested and proven to maintain
change. uncapped films without any detectable contamination. Figure
Here we report a wide-ranging study of cluster assemblied(a) shows anin situ scanning tunnel microscop&STM)
produced by co-depositing preformed Fe nanocludfeosn  image of unfiltered Fe clusters deposited onto a Si(111)
a gas aggregation soujosith the Ag vapor in UHV condi- — (7% 7) surface at 300 K% The main points emerging from
tions. In this production system the volume fraction can bethe image are the pseudospherical morphology of the par-
controlled independently of the cluster size and the clustericles (some faceting is evidentthe narrow size distribution,
can come into direct contact. The size distribution of theand the nature of the contact between particles. When par-
clusters and their individual behavior has been determineticles touch they do not coalesce but stay as distinct grains
by previous experiments so we have a good understanding aihd tend to contact along the facets. It is clear that there will
the basic building blocks of the films. We have producedbe a strong exchange interaction between touching neigh-
samples with volume fractions that vary from the dilute bors. The cluster height distribution obtained using the STM
limit, in which the interaction is negligible and the isolated is drawn as a line in Fig.(b) and shows a log-normal shape
cluster properties are apparent, to cluster films with no mawith a most probable height of 2 nm and a standard deviation
trix in which every cluster is in contact with its neighbors. of 1. Superimposed on this curve is a histogram of the “mag-
This has allowed us to build up a detailed picture of thenetic size” distribution obtained by fitting Langevin func-
behavior of the interacting nanoparticles. Several landmarkions to the =50 K) magnetization curves of Fe clusters,
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TABLE I. Samples reported in this study. All films contain Fe 1.5
clusters with a ng-normal size_distribution peaking at 2.5 nm and a S1 FeggAdess
standard deviation of 1.&ee Fig. 3. A quoted volume fraction of T 4 TooK : :
100% refers to films of pure clusters with no matrix. E =
©

Sample Fe Volume Totalfilm Capping 52

fraction (%) thickness(nm) layer E
s1 0.8:0.2 850+ 150 5-nm Ag g ;
s2 10:2 39+8 5-nm Ag 2 I = :
s3 16-3 78+16 5-nm Ag © 23|/
S4 19+-4 135+ 25 5-nm Ag ‘aC'S <§_; g K=2.41x10%Jm™3
S5 25+ 5 367 5-nm Ag = 28
S6 42+8 204 5-nm Ag = 3
s7 70-14 7+15 5-nm Ag P oReduHm
S8 100 153 S-nm Ag RN — 05 0 05 1 15
S9 100 3t0.6 5-nm Ag
S10 100 5-1 no capping Field (,H (T)

layer

FIG. 2. Magnetization isothermt® K of Fe,gAggg,. Open
(closed symbols are the data for the field sweeping(dpwn). The
produced by the source operating under the same conditiontin solid line is a simulation using the MC model. The inset shows
embedded in Ag with a 1% volume fraction. The agreementhe data sweeping down from saturation to remanedoés com-
between the two distributions shows that the cluster size dig?ared to a fit using Eq2) that assumes the particles have a uniaxial
tribution is unchanged by embedding in matrices and thénisotropy and a random alignment of anisotropy ajies). The
clusters in the matrix can be assumed to have a similar mo@nisotropy constant for the optimum fit is shown.
phology to those imaged directly in Fig(al.

The STM images are unable to determine whether there i

any flattening of the clusters, which may occur even at the To model the films we considet identical magnetic par-

low deposition energies used héfeThe low-temperature fticles (graing, with spherical shape and diame@finside a
magnetization curves of Fe clusters embedded in Ag areubic box of edge length. For simplicity, the space inside
however, nearly the same in the out-of-plane direction ashe box is discretized by a simple cubic lattice with a lattice
in-plané? indicating minimal shape anisotropy. The agree-constant equal to the particle diameter. Particles are placed at
ment between the observed size with the STM and the magandom on the nodes of the lattice, thus overlap is avoffied.
netic size of the embedded clusters demonstrates that therete single-domain particles have a random uniaxial anisot-
no large scale interdiffusion of the Fe and Ag though somgopy and they interact via long-range dipolar forces and
intermixing at the interface cannot be ruled out. An eXtendeq;hort_range exchange forces. The latter are included 0n|y be-
X-ray-absorption fine structurdEXAFS) study of 3-nm Co  tween neighboring particles in contact. The total energy of

nanoparticles embedded in Ag produced by the cluster depghe system is the sum of particle magnetic energies,
sition technique has shown that the interface is sharp with ng= — ¢ in which the energy of théth particle is

intermixing*® All films were prepared under UHV condi-
tions and numerouis situ x-ray magnetic circular dichroism e=h(s-H)+K(s-€)?
(XMCD) studies of films prepared in the same way have

gl. THEORETICAL MODEL AND SIMULATION METHOD

revealed no trace of oxide. We cannot, however, rule out 3(s-Rij)(5-Rij)—(5i°S)) ..
limited oxidation after removal from the system due to im- +92 R +JE Si*Sj,
perfections in the capping layer. : ij a

The size distribution shows the same characteristic shape (1)

irrespective of the conditions within the source but running - - i i o
with different bath gas pressures allows some control oveVheres ande; are unit vectors in the directions of the mag-
the most probable size and the width of the mass spectrurf€tic moment(spin and anisotropy axis of thith particle

As shown in Sec. IV B, for all the samples reported here theandR;;- D is the center-to-center distance between the par-
most probable diameter is 2.5 nm with a standard deviatioicles. The energy parameters entering Ek).are the Zee-

of 1.5 giving a median diameter of 3 nm. The film thickness,man energyh=puH, the dipolar energyg= uou?/4mD?3,
volume fraction, and capping layer for each sample is listedhe anisotropy energyk=KYV, and the effective exchange
in Table I. In practice the aim was to include at least a 5-nmenergyJ. The Fe particles in all samples have a median di-
equivalent thickness of Fe clusters irrespective of volumeameter of D=3.0 nm, a magnetic momenj=2.44
fraction to obtain a good signal in the VSM. Often the depo-x10 2° Am? and an anisotropy energy densiky;=2.4
sitions were continued longer and the Fe equivalent thickx 10° Jm 2 (Figs. 2 and B The value of] can be directly
nesses extend to 25 nm apart from sample S9, which waaxtracted from the correlated spin glass fits to the high vol-
deliberately prepared as a cluster monolayer. ume fraction samplegssee Sec. IVE and is found to be
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1.5

of the magnetic behavior of the noninteracting clusters. The

(@) isotherm &2 K of Sample S1 is shown in Fig. 2. The block-
1.0 1 1 FeogAdee, ing temperature for the median cluster size is Gsée be-
T = 50 - 300K

low) and so at 2 K the sample displays hysteresis. In an
assembly of noninteracting particles with uniaxial anistropy,
randomly oriented in three dimensions, the magnetization
between saturation and remanence is obtained at each field

0.5

o
i

Magnetic Moment (10-6 Am2)

. value by minimizing over all alignments of the anisotropy
05 gl N axes the intraparticle energies:
= : k
W]
15 ‘ . ° Pafticle D4iamet:r (nm8) E(/): KV S|n2( ¢_ 0) - /’LBCOS¢Y (2)
-3 -2 -1 0 1 2 3
Field p,H(T) whereK is the anisotropy constany, is the particle volume

15 and 6 and ¢ are the angles between the applied field and the
o (b) anisotropy axis and particle magnetization vector, respec-
<E( 1.0 ] S1FeosAdess ususprgsnnney tively. It is evident from the inset in Fig. 2 that this s?mple
© v T=K model reproduces the data accurately. So in zero field the
2 sl Torso system is a collection of static, randomly aligned cluster gi-
= i+ ToosoK ant moments each pointing along the local anisotropy axis.
o o |1 T The anisotropy constant is a parameter of the fit and opti-
5 E: . mizes atk =2.41x 10° Im 3, which is close to the value of
2 . =t " K=2.3x10° Jm 3 obtained by a previous SQUID measure-
2 e ment of a similar sampl&, and is about five times the bulk
2 LY s value. The measured cluster anisotropy is used in the MC
& % 10 20 300 simulation. The particle diameter is shown below to have a
= Temperatre ®9 most probable value of 2.5 nm and a median value of 3 nm

003 -002  -001 001 002 003 thus the blocking temperature can be evaluated te-BeK.
H/T (T/K) The measured remanence~gl0%, which is slightly less

than the value of 50% predicted for a noninteracting uniaxial

FIG. 3. (@) Magnetization isotherms in the range 50-300 K of assembly. Higher symmetry than uniaxial, e.g., cubic, pro-
F& #A0ss.» (Open squargscompared to fits by Langevin functions ,ces a remanence higher than 50% as does averaging mo-
(lines) with a size distribution represented by ten size bins in the ents over two rather than three dimensions. Neither can the
range 0.5-8 nm. The inset shows the average probability of eaq ow remanence be ascribed to interactions as we show below.
bin for the optimum fit to curves at temperature$0 K (open . L . . !

unambiguously, that they are insignificant in this sample. The

circles and the corresponding log-normal distributiime) with . . : .
dya=2.57 nm ando=1.95. (b) The same data plotted against reduced remanence compared to the ideal case is ascribed in
max . A

H/T showing the scaling predicted by the Langevin functions. ThePart to the smallest particles in the film remaining unblocked
inset shows the median size from the distributions as a function oftt 2 K. With the anisotropy derived above, this will be the
temperature and demonstrates the invariance of the fitted sife vsCase for particles smaller than 1.8 nm. Inspection of the size
required for an ideal superparamagnetic system. distribution reveals that about 10% in the population will
remain unblocked at 2 K, predicting a remanence of 45%.
3.11x10 ?°J. The equilibrium magnetic configuration of The remaining discrepancy probably arises from a variation
the system at a certain temperature and applied field is o®f the anistropy with cluster size.
tained by a Monte CarlgMC) simulation using the Metropo- Inserting the anisotropy value obtained from the simple fit
lis algorithm®! The model predicts a percolation threshold atusing Eq.(2) into the MC model described in Sec. IIl allows
a volume fraction(VF) of 29% and that the dilute limit ex- one to calculate the complete magnetization curve, which is
tends up to about 5%, where the probability of particles inshown as a thin solid line in Fig. 2. This describes the data
contact is small. The intermediate volume fraction regimereasonably well and gives a good estimate of the coercive
covers the range VAE5-25%. In all simulations it is as- field (0.02 T). The main discrepancy is the loss of hysteresis
sumed that the morphology of the Fe clusters does noat a lower field than observed in the data. We believe this is

change with volume fraction. due to the fact that the model describes each particle by a
single average spin whereas for isolated particles the surface
IV. RESULTS spins need a higher field than the core to saturate because of

the enhanced surface anisotropy. At higher concentrations
where the interparticle interactions are dominant the surface

Initially we will consider the behavior of the most dilute contribution is less important and the model gives even bet-
sample, S1 (RgAdyg o), to develop a detailed understanding ter agreement.

A. Dilute cluster film below the blocking temperature
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; T=300K R S2 £F910Aggo)
c B S1FegghAgese anmmmaEURERREOR ol .
(o} B S2 Foyoh an" L 5 *
5 o S5 Fontay d=5.7nm T*=94K
o
N * 54 ForoAds 3 € .
T £
g I o S1(FegsAdyg»)
s o0 a0 8 | o ° 8 o © °
> g I I 3 o d=3.0nm T*=0
o 320 : I 7= £ 2f
5 AN 2 5
© = 4 0
-} E"‘ | 3
E un““n“ 5?10 2 §' 1
2 --uun:::::::::.“...n.-“ R ! ]
-1 s00e0ecsctsoscoreeed 0O 5 10 15 20 250 0
Fe volume fraction (%) 0 50 100 150 200 250 300
3 2 -1 0 1 2 3 Temperature (K)
Field poH (T)

FIG. 5. Median particle diametet obtained by fitting unmodi-
fied Langevin functions to the magnetization curves taken at 50—
00 K of sample S1 (RgAdggs—Open symbols and S2
Fe 0Aggg—solid symbol$. The variation ofd vs T can be used to
obtain the interaction paramet€&r from Eq. (4).

FIG. 4. Magnetization isotherms at 300 K of films as a function
of volume fraction in the intermediate range. The inset compare
the measured initial susceptibility with that calculated by the MC
simulation as a function of volume fractionote the different

scales. - . . . .
Langevin fits to these curves give an optimum particle size

that depends on the temperature of the it20% variation
from 50—-300 K—see Fig.)5and so the criteria for super-
Figure 3a) shows a set of isotherms from sample Slparamagnetic behavior are not satisfiedhe best descrip-
(symbolg taken at temperatures in the range 50—-300 K. Theion (see belowis that the particles are in exchange coupled
inset shows a stacked area plot of the size distribution obaggregates, which, below the percolation threshold, interact
tained by fitting Langevin functions in 10 size bins in the via dipolar forces. Following Allieet al.,?® the dipolar inter-
range 0.5-8nm to each isotherm. The calculated curves aggtions can be characterized by a parani&terproportional
displayed as lines and the fit is excellent in every case. They the rms dipolar energy, appearing in the denominator of a
size distribution is the usual asymmetric shape and fitting iimodified Langevin function analogous to the Curie-Weiss
to a log-normal distribution gives a most probable clustenaw, that is,
size of 2.5 nm with a standard deviation of 1.5. It was

B. Dilute cluster films above the blocking temperature

pointed out by Allia2® however, that this procedure is haz- wH
ardous. In an interacting system it is possible to obtain an M=NulL| ——————/, €]
excellent Langevin fit with an “apparent size” that is differ- k(T+T)

ent from the real size and varies with temperature. We cal
therefore devise three tests to demonstrate ideal superpa
magnetism with no interactions in this sample} the iso-
therms should display no hysteresib) they should scale
with H/T, and(c) the fitted size distribution should be inde-

Q/here,u is the true particldaggregate moment. From this
'She can obtain that the true diametkis related to the ap-
parent diameted, obtained by fitting simplésuperparamag-
netic Langevin functions to the magnetization curves, by

pendent of temperature. The lack of hysteresis is evident and 13

the other two conditions are demonstrated in Fip) 3wvhich d.= 1 d. (4)

is the data in Fig. &) re-plotted againsH/T and an inset é 1+ T*

that shows the invariance with temperature of the median T

size obtained from the Langevin fits. This sample thus dis-

plays perfect superparamagnetism. The variation ofd vs temperature is shown in Fig. 5 for

samples S1 (F@Adgg o) and S2 (FeAgey). For the dilute
clusters no significant varation with cluster size can be ob-
served and fits using Ed4) give T* less than the single-
particle blocking temperature. For S2 the variation is well
The evolution of the magnetization curves at 300 K as alescribed by Eq4) and one obtain§* =94 K and a mean
function of volume fraction is shown in Fig. 4. The most aggregate diameter of 5.7 nm. Thus on average the aggre-
noticable feature is the increase of the low-field susceptibilgates consist of 6—7 of the deposited nanoclusters exchange
ity as the cluster density increases. This is characteristic afoupled and behaving as individual larger particles. These
larger particles and indeed it is possible to get good fits usingnteract via dipolar forces, the strength of which is character-
Langevin functions with a higher supermoment than in thezed by T*. The value ofT* is reasonable for particles of
dilute film. It is, however, erroneous to treat these films ashis size?®
superparamagnetic with a volume fraction-dependent cluster We can use the MC simulation including the exchange
size. The magnetic isotherms do not scale withT and interaction between neighboring grains to test that the mag-

C. Interacting cluster films below the percolation threshold—
elevated temperature behavior
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netization curves evolve as in Fig. 4 with increasing volume 35
fraction but first it is important to point out some expected .
. . . 3.0 [0
differences between the measured data and the simulation. In - S1 Fe, 4Ag
a MC simulation, due to the absence of true spin dynamics, 25| "= 0875992
the physical time does not enter directly, but instead “time” o
is measured in Monte Carlo step§ICS). Our simulations 20r- &
extend to 16 MCS per spin, which approximately corre- sl o,
spond to an observation time df,c~10 ’s.** Conse- R
quently, the MC simulation for the dilute samplp=1%) 1.0 [ % "'uu ""n-.h-_
predicts a much higher blocking temperatufig’ £ =32 K) LY e nana 500G,
than the experimental valueT§*P=5 K). Comparing the il nu""""n-...,,_ e s s et 200G
measured and simulated data is thus similar to comparing 0 P —— 100G
measurements with widely different time scales, for example
dc magnetometry and Nsbauer spectroscopy. However, the 10.0 | st 82 Fe,4Agq,

MC simulation, because it mimics the role of thermal fluc-
tuations, reproduces qualitatively the trend of the experimen-
tal data. The trend in the initial susceptibility as the volume
fraction changes for the experimental data is plotted in the
inset in Fig. 4 and compared with the prediction from the
MC model. It is seen that there is qualitative agreement with
the model. Theoretical modeliffiand measuremertfsshow
that without exchange, dipolar forces decrease the low-field

8.0 | ......-"-..
a —-..__h_- 200G

4.0 L LT T SSanmgan

o Mﬂu — = 100G
wl &

H

e 500G

Magnetic Moment (10-%emu)

susceptibility emphasizing the importance of including ex- u""u
change interactions to explain the behavior of our samples. 0
Figure 6 shows how the FC/ZFC curves in the tempera- - S5 Fe,sAg,s
ture range 10-300 K develop with increasing volume frac- 10,0 | fiamss,
tion up to 25%. In a superparamagnetic system a peak in the
ZFC curve marks the blocking temperature at the time scale 8.0 ,FH"’"‘- 500G
of the measuremerfLl00 s in this case For the very dilute o
- 6.0 | maslaugnun M 200G
sample the temperature does not go down to the blocking o
temperature 05 K so thepeak is not observed but the curves a0l " = ————— 100G
follow a 1/T dependence as required. With increasing vol- " o
ume fraction a peak does occur and, as with the magnetiza- 20 ;‘u
tion data, without other measurements, it would be tempting =
to interpret the curves in terms of a superparamagnetic sys- 0 g 2 = s 5%

tem with an increased average particle size resulting from
clusters in contact. As shown above, however, all samples
with an Fe volume fraction of 10% and greater are not su- FIG. 6. Measured FC/ZFC curves as a function of volume frac-
perparamagnetic. tion in the intermediate range.

This is also evident in the shape of the FC/ZFC curves
that show a severe flattening at high temperature with resped7% decrease in the peak position of the ZFC curve as the
to the ideal superparamagnetic systé®d). In addition the  measuring field is increased from 100 to 500 G and is con-
temperature at which the peak in the ZFC curves occurs vasistent with the superparamagnetic model of Dormenal.
ies more rapidly with the applied field than would be ob- Describing the behavior of the FC/ZFC data in the interact-
served in a superparamagnetic system. This variation waag systems requires the MC simulation with exchange and
calculated by Dormanet al*” who showed that for isolated dipolar coupling. Due to the difference in timing outlined
particles in an applied fielt the reduced blocking tempera- above the peaks in the modeled curves will not agree quan-
ture, given byt,=1—T,(h)/Tg(0), is proportional toh?® titatively with the experimental data but we can look for
where h is the reduced fieldh=uH/2E,. Here n is the trends. As shown in Fig. 7, theTL/dependence of the mag-
particle moment andg, is the anisotropy energy barrier netization is lost due to the presence of strong exchadge (
given byKV. We can use the known particle volume and the=3.11x 10 ?* J) between the particles. The inclusion of
observed anisotropy constaffitig. 2) to obtain, for the iso- magnetostatic interactions is necessary to produce the almost
lated particles, Eq=3.4x10 21J. So in the rangeH linear decay of the magnetization observed for volume frac-
=100-500 G,h?®=0.11-0.32 and for isolated particles, a tions above 10%. The peak in the ZFC curve, which is in-
20% variation inT,, should be observed. In fact a slightly terpreted as the blocking temperature, is shifted to higher
smaller variation would be expected since the lowegalue  values due to the presence of both types of interaction. We
is in the “low-field” regime where the variation of, with H have performed simulations without the magnetostatic inter-
is slower. The MC model for the isolated clusters gives aaction(not shown hereand we have found a much weaker

Temperature (K)
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T=2K
K=2.01x10%Jm-®
b=0.63 at H=0
S2 (Fe1oAgg)
@ K=1.83x105Jm™
E S b=0.54 at H=0
5 g
2 (o]
g =
B 05 . 0 W ]
[ oo R A I g -
]
g K=1.75x105Jm"®
= b=0.54 at H=0
osf FeoAdgo {
05 5 10 15 20
04 o Volume Fraction (%)
'3 5008 15 10 05 1.0 05 10 15
02
200G i
01 ket o Field (T)
0 ™ %0 100 180 200 20 300 350 FIG. 8. Isotherms a2 K from samples with intermediate vol-

ume fractions below the percolation threshold. The symbols are the
measured data and the thick lines are fits between saturation and
FIG. 7. Simulated FC/ZFC curves for Fe nanoparticle systemd®manence using Eq2) with the optimal value of the anistropy

with intermediate volume fractions. Lines have been included in the?@nstant shown. The thin solid lines are the MC simulations for the
Fe,Ages ZFC curves to guild the eye. full isotherms with the predicted value @fat remanence shown.

The inset compares the values l8f obtained from the measure-

i . ments and the MC simulation.
field dependence of the blocking temperature. Therefore

magnetostatic interactions are necessary to explain the |ar9|¢dicating that at 2 K in zero field the moments in the aggre-
shifts of the apparent blocking temperature with applied fieldyates are frozen along the randomly oriented anisotropy axis
in our samples. The FC/ZFC data and simulations are if each aggregate, which is uniaxial as in the isolated clus-
agreement with the picture presented above, that is, the exers. The optimal anisotropy obtained by fitting to E2). is
change interaction couples individual clusters into aggrefower in the FgyAgy, film than that found in the isolated
gates giving the increase ), and the aggregates interact via clusters and decreases with increasing density of clusters.
dipolar forces that produce the strong field dependence of thehis is expected due to an averaging of the individual cluster
peak in the curves and the flattening at high temperatures. anjsotropies to produce a resultant value along the anisotropy
axis of the whole aggregate. In addition a real decrease in the
intracluster magnetocrystalline anisotopy may be expected as
a result of a decreasing orbital moment with density as
shown by previous XMCD measurements on exposed Fe
Figure 8 shows the magnetization isotherm2& as a  clusters on graphit@.
function of the Fe cluster volume fraction for values below Later we present evidence that in the very high volume
the percolation threshold. In each case the demagnetizatidraction samples,t® K the moments of the individual clus-
from saturation is still well described using E) (thick  ters decouple and the magnetization in each points along the
solid lines in Fig. 8 and the remanence is close to 50% local cluster anistropy axis. Although we cannot rule this out

Temperature (K)

D. Ground state of interacting cluster films below the
percolation threshold
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here from the magnetization data alone, the MC simulation 3.0 @
indicates that the clusters in the aggregates are exchange S8 lust
coupled. From the simulation, one obtains the parameter 20 (pl-f-ri Czlf ers)

1 a A
b=ﬁ2i Isi-e&il, 5

that is, the fraction of projected moments along the local
easy axes. A value of 1 indicates complete decoupling of
clusters so that all moments are along local easy axes and 0.5
will be found in the case where all neighboring moments are
aligned colinearly by exchange. For the dilute cluster film, it
is found thatb=0.89 atH=0 andT=5 K but drops to 0.63

in sample S2 (FgAggy) and drops further towards the ex-
change coupled limit as the Fe cluster volume fraction incre-
ses. The thin solid lines in Fig. 8 are the MC simulation of
the magnetization curves and there is good agreement.

The simulation also gives a good estimate of the coercive 0.0 |
field and predicts the experimental observation of a slight B o cometated
increase with increasing Fe volume fraction. The large error -1.0 ‘J S ks

18

! K = 1.70x105Jm™3

-2.0

-3.0

(b)

20} S8 (pure clusters)
T = 300K r.

22

Magnetic Moment (106 Am?)

bars for the experimentally determined valuesHqfare due
to uncertainties in the removal of the background slope from 2.0 T e—
the raw data. The variation &f; with volume fraction is due
to the different character of the dipolar interactions in the 3.0, 20 30 0.0 To 20 3.0
system well below and close to the blocking temperature. Field (T)

For T<T,, H. is predicted to decrease with increasing vol-

ume fraction while fofT~T, it will increase. This is clearly FIG. 9. (@ Magnetization isotherm at 2 K of sample §8ure

the regime found in our samples. More fundamentally, it isclusters The symbols are the measured data and the line is a fit
evident thatH . is modified by interactions as it is observed using Eq.(2) with the anisotropy constant show() Magnetization

to increase despite a decreasing anisotropy constant in thgotherm at 300 K of sample Sure clusters The symbols are the
aggregates. This would be a contradiction in a noninteractingneasured data and the line is a fit to the approach to saturation
system. predicted for a two-dimensional correlated spin glass withXhe
parameter showrsee text The inset details the approach to satu-
ration.

E. High volume fractions—the formation of correlated spin

glasses . . . o
tion. Instead, as shown in the inset in Figb® the approach

As the volume fraction is increased further, beyond the, savration is accurately described by a correlated superspin

percolation threshold, at 2 K, the magnetization curves CONglass(CSSQ state predicted by a random anisotraiyA)
tinue to show a remanence of 50% and the magnetizatio odel developed by several authors in the last two

between saturation and remanence is accurately described gy qe48-51
Eqg. (2), which assumes a random orientation of moments In the RA formalism, the magnetic ground state in a

with a uniaxial anisotropy. This is the case even for the purey.anyiar film is determined by the relative strength of a ran-
cluster film containing no matrix, as shown in Fig. 9. The dom anisotropy field:

data is modeled by the same curiapart from a change in
the optimal anisotropy constanas the dilute cluster film

(sample S1, Fig. 2 What is not clear from the data is the H :ZKr (6)
length scale of the random moments, i.e., is it on the scale of ToMg’

individual particles or is the moment correlated over aggre-

gates of several particles. The picture used in the lower voland an exchange field:

ume fraction samples, for example;f#&8gq (sample Sp, of

aggregates separated by the nonmagnetic matrix is not valid 2A

in pure cluster films. We will return to this question later Heoy= 5 (7
after considering the data at higher temperatures. MsRa

The similarity between the films with different volume
fractions of Fe clusters vanishes at elevated temperatures. AgereK, is the(randomly orienteplanisotropy of the grains,
shown in Fig. b) the magnetization curve at 300 K shows a My is their saturation magnetizatioA,is the exchange con-
high susceptibility at low fields in contrast to the data for thestant for the interaction between the grains, &dis the
isolated clusters. Hysteresis also disappears as in the sup@anometer-sized region over which the local anisotropy axis
paramagnetic case but it is not possible to get a good fis correlated, i.e., the characteristic grain size. Their relative
using Langevin functions with any reasonable size distribustrength is given by the dimensionless parameter

184413-8
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H KR2 T=300K
.- A - (8 S7 Fe Ay, 70A 2=1.08 Ho=0.71T |
ex

A=

\

S9 pure Fe clusters 30A 2=0.94 H,,=0.82T

The model was developed to describe amorphous films in
which a local, randomly oriented, anisotropy is due to local
atomic order. It is even better suited to providing a descrip-
tion of the magnetization in cluster-assembled films in which
the distancdr, over which an anisotropy axis is correlated is
well defined (i.e., the particle diameter In addition, as
pointed out by Léfler et al. the exchange interaction at the
boundaries between particles is weaker than the intraparticle
atomic exchange further reinforcing the image of seperate
but interacting particles. The RA model has been used pre- Field (T)
viously to analyze magnetization data from cluster-
assembled ﬁ_lmqg_sstt Loffler et al* found that for assem-  £iG_ 10. Approach to saturation at 300 K of films S7-S10 com-
blies containing larger particlé0—-60 nm the model has to  pared to calculations using E¢9) for the FWA state(magnetized
be modified to allow for the formation of domain walls CSSG The parameters, and Hex producing the best fit are dis-
within the grains. That is not a relevant factor in the films played above each curve. Increasing the cluster density from 70%
reported here with a particle size of 3 nm. (S7) to 100% (S8 and S9 produces an increase in the exchange
For \,>1 the magnetic correlation length at zero field isinteraction between the clusters. The uncapped pure cluster film
R, , and the magnetic vector in each particle points along thenaintains a similar exchange interaction but shows a significant
local intraparticle anisotropy axis. Note that in an arrow rep-reduction in\, due to a decrease in the intraparticle anisotropy.
resentation this state would be identical to that in isolated ] o . )
noninteracting particles at absolute zero. With increasing inSimulate the narrow size distribution. Visually there is no
terparticle exchangéor decreasing intraparticle anisotropy discernible change to the fits if a simple step is used.
the configuration becomes a correlated superspin glass We have used the 2D expression for the approach to satu-
(CSSQ in which the magnetization vector in neighboring ration since the cluster films analyzed with the RA quel
particles is nearly aligned but the random deviation of thelS7, S8, S9, Sl0are between 1 and 5 cluster layers thick.
moments from alignment produces a smooth rotation of thd he 3D equivalent to Ed9) (Ref. 52 can also produce good
magnetization throughout the system with a magnetic correfits to the data for S8, the thickest-6 layers film so this
The absolute value of, marking the crossover between the Of the CSSG but as shown below using E8) for all the
two regimes depends on a number of factors including thdilms produces a consistent set of the fitting parametdys,
angular distribution of the anisotropy axes, which may not bé2nd Hey. Dimensional crossover has been demonstrated in
truly random. For example lifier et al®® showed that a thicker cluster-assembled filni8.
cluster-assembled film in which,=2 was in the CSSG Figure 10 shows the excellent agreement between the
state. The disordered CSSG state is fragile and application ¢héasured and calculated approach to saturation froM 0.8
a small field produces a “ferromagnet with wandering axes’[Using Eq.(9)] at 300 K for four different films of dense
(FWA) (Ref. 49 with an approach to saturation that follows clusters along with the values af andH., producing the
a 1\H dependence in three dimensithand a 1H depen-  best fitin each case. There is a reduction.pfn going from
dence in two dimensiorf. These both change to aH?  the F&¢Agso film due to an increase in the exchange inter-
dependence above a crossover field,,= 2A/MSR§. action in the denser film. The exchange field 0.8 T
Over the whole field range the approach to saturation wafound for samples _Sg a”9139 corresponds to an exchange
found to be best fitted by the two-dimensiotsge later fora CONStantA=3.3x10""*Jm = This is lower than the value

—11 —1
discussion of the dimensionaljtfFWA state given by of ~10"""Jm " used for bulk Fe but, as stated above, a
lower average exchange interaction in the cluster-assembled

L a2 film is expected® For 3-nm particle§median diamet@rthis
=0 2 value of A  gives an exchange energy,

32 \/h_exfo XCOOXKx e | (9) J=3.11x10 ?° J—this is the value used in the MC simula-

tion. The exchange parameters for the Ag-capped 30-A-thick

wherehg,=H/Hy, K is the modified Hankel function, and (S9) and 150-A-thick(S8) pure cluster films are similar. The
C(x) is the correlation function for the anisotropy axes with uncapped pure cluster fili$10, while maintaining a similar
x in units of R,. In an amorphous metaC(x) will be a  exchange interaction between the clusters, shows a signifi-
smoothly decreasing function with a characteristic decay diseant reduction of\,. This must be due to a drop in the
tance ofR,. For exampleC(x) =exp(—x?42) has been used random anisotropy parametdy and demonstrates that a sig-
in fits to three-dimensiongBD) spin glasses® In a cluster- nificant contribution to the intracluster anisotropy in the
assembled film consisting of monosized particlééx) will other films is from the Ag capping layer, presumably from
be a step function cutting off ax=1°* Here we have magnetoelastic stress. As the temperature is decreased to 50
rounded the step function by usin@(x)=exp(—x&2) to K the fits to the data from the Ag-capped filniS7—S9

S8 pure Fe clusters 150A 1=0.84 H,,=0.81T

Magnetization

S10 pure Fe clusters uncapped 50A 1=0.53 He,=0.85T

R

M=M 1
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35
8.0 S7 Fe,4Ads,
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6.0 o
<
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50 o S 30
a ¥~
4.0 a ~— 4
[-] c ®
2| B r
S8 pure Fe clusters 150A _g . A, =056
— . - 1.0 [ .
é :Z : [ — l“l’;;;;;::'ﬁﬂﬂﬂﬂﬂﬂﬂn-—---- g.) 25 0
i ’ £ 2° o 5
2 140 & r = ) J
o €] -1 0.9
= 120 o _S:T: B
8 10.0 .,“n e e 03 02-01 0 01 02 03
g = 7 20 01 0.2 03
P Coiie 08 i | Field (T | |
=3 6.0 o
e L S9 pure Fe clusters 30A leld (T)
g 05 -------------------;;;;;;;aagmuuu--—---_ FIG. 12. Approach to saturation of S10ncapped 50-A cluster
o film) at 2 K.
o
2.0 o
B Both the anisotropy constaid, and the exchange con-
15 o stantA vary with temperature througtl ;(T). SinceA scales
= with M2 andK, with M2 then\, is proportional toM ¢ and
10 n“: is thus expected to increase with decreasing temperature. The
o o observed change is, however, much faster thgnand an-
’ other mechanism is required to explain the changeover from
o ‘ ‘ ‘ ‘ . the CSSG to the random moment configuration. A similar

0 % 100 10 2000 250 %00 transition has been observed in nanocrystaline films of pure

Fe with a grain size~12 nm produced by ball milling? It
FIG. 11. FC/ZFC data taken at 500 G for samples S7—S9 i:ﬁas proposed that at Iow_temperatures the particles decouple
which there is strong interaction between the clusters. The ZFQECAUSE an ar_norphous interface region betwee_n the grains
curves are all characteristic of the formation of correlated spinf@'MS an atomic spin glass that does not transmit exchange
glasses above-50 K. The gray circles plotted on the data for S8 Petween the grains. In such a case there is a low-temperature
show the value of, , obtained from the optimized fits to the ap- disordered regime in which a collective freezing of the crys-
proach to saturation using E), at each temperature. The transi- tallite. magnetic moments occurs. Despite the much smaller
tion to the spin glass occurs at a critical value\pf= 1. The pointat ~ grain size in our samples and thus a severe restriction on the
50 K is the result of a poor fit due to the fact that the sample is ndhickness of amorphous grain boundary this mechanism
longer in the CSSG state. could also explain the apparent low-temperature decoupling
since a much greater proportion of atoms are in the boundary
using Eq.(9) start to fail (i.e., produce poor agreeménfs  phase. The CSSG fit parameters at high temperatures, how-
shown in Fig. 9, an excellent fit is obtained at 2 K using Eq.ever, indicate that it is mainly the anisotropy that is changing
(2) that assumes a random alignment of moments. It is conand not the exchange field as the temperature is reduced. An
cluded that decreasing the temperature from 30@ K in-  alternative mechanism could be a rapid increase in anisot-
creases the particle anisotropy or decreases the exchange inpy due to the presence of the Ag buffer and capping layers.
teraction so that\, increases through the critical value Since the samples are deposited with the substrates at room
producing a transition from the CSSG state to a randomemperature the stress on the films will increase as the tem-
alignment of supermoments as predicted by Chudnovskperature deviates from 300 K.
et al 495! This proposal is supported by the observation that, as
The changeover from the soft CSSG state to the randorshown in Fig. 12, good fits to the approach to saturation
moment configuration is illustrated in the FC/ZFC curves ofusing the CSSG moddEq. (8)] are obtained for the un-
samples S7, S8, and S9 shown in Fig. 11. These all show eapped pure cluster sampl810 all the way down to 2 K,
hardening in the ZFC data at low temperatures5Q K). i.e., it does not appear to show the low-temperature decou-
One can determine the variation)of by fitting Eqg.(9) to the  pling of the clusters. Note the change of the field scale in
measured approach to saturation at different temperatureBig. 12 and the very low coercivity of this sample relative to
The result of this procedure for sample S8 is superimposethe Ag-capped ones. The value has only increased slightly
on FC/ZFC data for S8 in Fig. 11. It is evident that the relative to the room-temperature value as would be expected
formation of the CSSG, as shown by the magnetic softeningf there was no extra anisotropy-inducing mechanism. There
in the ZFC data, occurs at the temperature at which are no FC/ZFC data available for this sample since it could
crosses unity, as predicted by the RA model. not be transferred into the SQUID magnetometer without

Temperature (K)
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of the exposed clusters. At 2 K, the films demonstrate single-
S— particle blocking and a remanence close to 50% indicating
100 L N L that the particles have a uniaxial anisotropy with a random
(1SP) directional distribution of axes. The anisotropy constant is
2.4x10° Jm 3,
< At volume fractions up to 20%, i.e., below the percola-
= collective blocking tion threshold, the high-temperature behavior can be de-
104 scribed by a Curie-Weiss extension to the Langevin function
described by Alliaet al?® The magnetization data can be
single particle blocking explained by assuming the sample consists of aggregates of
clusters with their moments aligned by exchange and a dipo-
1 L L L lar interaction between the aggregates. At low temperature
0 25 0 7 100 below a collective freezing of the moments the aggregates
Fe volume fraction (%) each have a uniaxial anisotropy axis in a random direction.

. . The variation of the magnetic behavior as a function of vol-
FIG. 13. Magnetic phase diagram of Ag-capped Fe nanoclusters S . - - . .
(3 nm diameterassembled in Ag matrices Ume fraction in the interacting films is well described by a

MC simulation that includes dipolar and exchange interac-

breaking vacuum so this finding cannot be independentl}ions' ) ,
verified, but it is additional evidence for the magnetoelastic At high volume fractions £50%), above about 50 K the

mechanism producing the random supermoment to CSS agnetic configuration is a correlated superspin glass. The
transition in the Ag-capped films. Ag-capped films show a decoupling of the clusters at low

temperatures so that the magnetization in each points along

the local anisotropy axis. A similar phenomenon has been

observed in nanostructured pure Fe films produced by ball
Our results from the Ag-capped films can be summarizednilling®” in which the decoupling was attributed to a loss of

by the magnetic phase diagram shown in Fig. 13. We havéxchange coupling due to an amorphous boundary between

investigated the magnetic behavior of nanostructured filmhe grains. Here we propose the effect is due to a large in-

produced by depositing, in UHV conditions, preformed Fecrease in the intracluster anisotropy arising from magneto-

nanoclusters with a median diameter of 3 nm from a gaglastic stress induced by the Ag overlayer. This is supported

aggregation source in conjunction with atomic Ag vapor. Inby the observation that uncapped films measured in UHV do

such films clusters can come into direct contact and interadiot show a similar decoupling and remain in the CSSG state

via exchange. At very low volume fractions~(1%) and at 2 K.

well above the cluster blocking temperature-§ K) the

films f_quiII all the con_ditions for ideal s_upe_rparamagnetism ACKNOWLEDGMENTS

including anH/T scaling of the magnetization curves and a

temperature-independent size distibution obtained by fitting We gratefully acknowledge support from the UK EPSRC

Langevin functions to the data. The size distribution obtainedGR/L90026 and the EC(AMMARE Contract No. G5RD-
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