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Universal and scaled relaxation of interacting magnetic hanoparticles
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The logarithmic relaxation rate of the thermoremanent magnetic moméntof interacting magnetic
nanoparticles in discontinuous gbe,o/ Al ,O3 multilayers follows a universal power law, whose exponent
increases with increasing particle concentration as predicted by recent simujatiocls et al,, Phys. Rev. B
67, 024416(2003]. While n<1 characterizes the stretched exponential decay of the dilute superspin glass
(SSG regime,n>1 refers to algebraic decay with finite remanencet fere as observed in more concentrated
superferromagnet&SFM). In the crossover regime from SSG to SFM, an increase fiend at low tempera-
ture ton>1 at TS T, violatesT In(t/ 7p) scaling and seems to indicate a crossover from random-field domain
state to SFM behavior.
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Magnetic nanoparticle systems have attracted a lot of in- m(t) = m, + mt*™" forn>1, (5
terest in fundamental research as well as in applications like
future high-density data storage. In this technology the tem-

. I . : . _wheremy, m;, m,, and 7 are parameters linked t8, t,
poral stability of the magnetization of single particles is am(t:to), and n. With increasing particle concentration the

crucial prerequisite and worth being investigated. Useful Pre- oonentn incr monotonically. Therefore<1 corr
dictions based on size and anisotropy of the particles ar§ (F;(r)l dg o diISt:assitsemg \?vr?ih;? ?/éferset(e) gen,se scosteer_ns
provided by the Néel-Brown modéllt describes the high- P y ’ y ’

temperature superparamagnetiSPM) and the low- While both of these cases<1 (Ref. 9 andn>1 (Ref. 15

temperature blocking behavior of magnetic single domainvere successfully evidenced previously, the marginal case

particles(superspinsand predicts an exponential decay of ggnlﬁr(r?f;\a/grz'law relaxation without remanencstill lacks
the _magnetlzatlon_NI (t):Moexp(_—t/_T), for_monod|spe_rse An excellent test ground for these predictions is offered
particles, wherévl, is the magnetization at time=0 andr is b the matrix-isolated nanoparticle system
the characteristic relaxation time dependent on the temperzfgéo8 Fo,q(t)/Al,Ox(3 nm)]y, (Refs. 6-8 :nd 1)3where¥he
ture T. Deviations from this simple lawe.g., logarithmic O =200 P23 10 T )

o . ; N nominal thickness, is related to the particle concentration as
decay) are expected for a flnlte particle-size dlstrllbuﬁon evidenced by the$nmagnetic phaserc)jiagram shown in Fig. 1
and for interacting nanoparticle systefm#g/hen forming a L

cooperative superspin glagdSq phase at high dilutidh® a Due to the heterogeneous nucleation of the nanoparticles

stretched exponential relaxation of thermoremanent magnéj—urin.g growth? their numbe'r remains virtually constant a.t
tization has been obsenesimilarly as in atomic spin glass growingt,, but their mutual distance decreases at increasing

systemg?21! At higher concentrations, superferromagneticSize' Below the transition temperaiurgs(glass temperature
(SFM) behavior may be encounter&t!® where a finite re- for t,<1.1nm or T, (SFM Curie temperature fot,
manence appears after, again, nonexponential dééay.

Recently Monte Carl¢MC) simulations were focused on a00fF
the relaxation of an ensemble of superspins with random L
spatial distribution, anisotropy, and spin sizes by Ulrich
et all® They found that the logarithmic relaxation ratét),

defined as 3
= 200}
W(t) = - (d/dt)in m(t), (1) |
follows a universal power law for all particle densities after 100
some crossover timg, -
.88G , n<t ] RBEDS  n<«1,
W(t) = At™" for t = t,,. (2 0 1.0 1.2 14

From Eqs(1) and(2) one finds three different decay laws of Nominal thickness ¢, fom]

the magnetic moment(t), depending on the value of FIG. 1. Magnetic phase diagram of

[CoggFex(t,) /Al,O5(3 nm)]; o nanoparticle systems indicating the
stability ranges of the phases SPM, SSG, SFM, and RFDS by the
lines Ty (solid circley, T. (solid squares[Ref. € andn=1 (open

m(t) = mit™ forn=1, (4) circles vst, and the corresponding rate exponemtsee text

m(t) = mpexgd - (/D" for0<n<1, (3)
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Tm/Tg=0'48 FIG. 2. Relaxation curves(t) [(a), (c), ()] and
“c 24| N=0.88 W() [(b), (d), ()] of [CoggFen(tn)/Al,05(3 nm]ig
;f 1.0¢ obtained fort,=0.9 at 40 K[(a), (b)], for t,=1.1 at 40
= and 80 K [(c), (d), solid and open circles, respec-
T tively], and fort,=1.4 nm at 370 K(e), ()], and best-
fitted to Egs.(3)«5) and (2) with solid and broken
© curves, respectivelysee text
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>1.2 nm, but below the physical percolation threshgld The samples were cooled in a field pfHy=0.46 mT

=1.8 nnt’), we observe well-characterized SSG phéses supplied by a fast switching copper coil from high tempera-
and SFM domain statéd!® respectively. Indeed, while tures(above the respective transition temperature, see Fig. 1
stretched exponential relaxation, hence<m®<1 was to the measurement temperatufg, where the field was
observed fort,=0.9 nm? a power-law decay with an Sswitched off andm(t) was recorded. Note that for thg
asymptotic finite remanence, henaes 1, describes the, =1.4 nm sample, in order to reduce the influence of the
=1.4 nm datd® According to the MC simulatio one temperature-induced superspin alignment process, 17 h of
would then expect the marginal case 1 to be realized in Waiting time was necessary before the cooling field was
the crossover regimg,~ 1.1 nm). Experimentally, however, switched off!®
reentrance from SFM to SSG-liIKRSSQ behavior was in- Figure 2 shows the relaxation of the thermoremanent
ferred fromac susceptibility data of thé,=1.1 and 1.2 nm Mmagnetic momenin(t) (left column and its relaxation rate
samples at low temperatufdn contrast with theory® this ~ WI(t) (right column as calculated from Eq(l) for t,=0.9
would imply temperature-dependent decay exponents [(@, (b)], 1.1[(c), (d)], and 1.4 nn{(e), (F)] at T,/ T4 (Or T¢)
this paper, we will corroborate this inference, but revise the=0.4-0.9. The solid lines i), (c), and(e) are best-fitted
interpretation of the RSSG state. curves based on Eq&3)—<5). Here them(t) data were first
The discontinuous magnetic metal-insulator multilayersfitted by all three laws, then the appropriate functional de-
[CoggFex(ty) /AlL,O5(3 nm)];o samples were prepared by fo- pendence was accepted after removing unphysical results
cused Xe-ion beam sputtering on glass substfdtétigh-  like my>m(t=0) or m,<0. By this method we have ob-
resolution transmission electron micrographst,gf0.9 and tained the exponentswithout ambiguity. Note that the mar-
1.3 nm samplés'” have shown that nearly spherical CoFe ginal casen=1 emerges only indirectly in case that fitting
granules are embedded in the amorphouyAimatrix. The to Eg. (4) yields the best result. On the other hand, the
relaxation of the thermoremanent magnetic monmait} was  dashed lines iiib), (d), and(f) are best fits ofM(t) to Eq.(2).
measured by a superconducting quantum interference devi®y this method exponents* emerge, which agree within
(SQUID) magnetometefQuantum Design, MPMS-5%fter  errors (JAn|<0.01, |[An*|<0.05 with the values ofn ob-
flux gate controlled zero-field conditions withifwoH] tained fromm(t) (see abovg Table | presents more results of
<2 uT were achieved by quenching the superconducting soa andn* for different t, and T,
lenoid and compensating its remanent field. As expected, the exponentincreases as the particle con-
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TABLE |. Selected values of the relaxation exponem&nd n* 1.0[ 30K
obtained by fitting the experimental data obtained for diffetgmait | ., 40K
different temperature¥,, to Eqgs.(3)—«(5) and(2), respectivelysee ™,
text). .
o
n
t, [N Ty (To) [K] T [K] n n* Fosf
E
0.9 44 40 0.79 0.83
30 0.91 0.91
1.0 47 42 0.94 0.94 00l , B, 2O
11 84 80 1 0.95 (@ 1000 2000 3000
70 1 0.94
50 0.88 0.89 101 60K
40 0.88 0.87 75K
30 0.90 0.85 90K
1.2 (164) 135 1.57 1.21 ?
120 1.23 1.13 = 051
£ K
105 1 1.02 S 105
120K
90 1 1.05 w
75 0.92 0.92 00 , L e
60 0.88 0.88 ' 2000 3000 4000 5000
1.4 (410 370 1.08 1.04 (b) TIn(#z)
200 1.04 1.03

FIG. 3. Scaling plots of the normalized relaxation curves,
m(t)/m(t=0) vs TIn(t/ 7o) for [CoggFex(t,)/Al,O3(3 nm)]yo with
t,=1.1 (a) and 1.2 nm(b), where i,=1Xx 10! and 0.4 107! s,
respectively. The measurement temperatlrese indicated at the
particular data sets.

centration increases. In the SSG regiffRigys. 2a) and 2b)],
i.e., for smallt,, we obtainn<1, while n>1 in the SFM
regime [Figs. de) and 2f)], i.e., for larget,. Intermediate
values close tm=1 as expected from theIC simulationd®
appear at the border line between SSG and J5&& Figs.
2(c) and 2d) for t,=1.1 nm andT,,/ T,=0.95. Interestingly,
in this marginal case a slight decreasento0.88 is encoun- where the master curve relaxes toward a thermal equilibrium
tered on cooling toT,,/T,=0.48 [Figs. 4c) and 2d) and state.
Table []. Hence, a crossover from stretched exponential to Figure 3 shows the normalized ralaxation curves,
power-law relaxational behavior seems to occur upon heatm(t)/m(t=0), of the samples witty,=1.1(a) and 1.2 nm(b)
ing. This is compatible with the behavior of conventionalin TIn(t/7;) scaled representation. The empirical best-fit
spin glasses, where the time stretch exponealso increases parameters,=10"'' and 0.4x 107! s, respectively, comply
asT— T, with typical inverse spin-wave frequencies. In both cases,
A more drastic change of, namely, fromn>1 atT the data sets collapse onto well-defined master curves
<T.ton<1 at low temperature occurs fgy=1.2 nm(Table  for low temperatures, i.e., fon<1. However, in the
). Here one might infer reentrance of SSG behavior on coolhigher-temperature regime, 0.89, /Ty<1 (@) and 0.7
ing as conjectured previouslyAs will be argued below, <T,/T.<1 (b), respectively, Whera>1 (see Table), the
however, we rather believe the loWrelaxation of this mar-  relaxation curves deviate from the master curve. Their decay
ginal composition to be basically controlled by quenchedis faster than predicted from the master curves.
random fields rather than by glassy disorder. This random- Fort,=1.1 nm, we believe that only a slight acceleration
field induced domain stateRFDS occurs below the phase of 7, apart from the transition into power-law relaxatiam
line n=1 as indicated in the revised phase diagram in Fig. 1=1; see abovemight be responsible for the observed nega-
Principal differences of the relaxation behavior when in-tive shifts on thet-axis at highT. Basically, however, the
creasing, from 1.1 to 1.2 nm become evident from scaling system decays into a SSG-like ground state with zero rema-
properties. As is well known from systems with thermally nence after SSG droplet growth, which obeys Arrhenius
activated dynamics, e.qg., spin glas$es polydisperse Néel- activation?® Very probably this is different fot,=1.2 nm,
Brown particle system¥, any change in temperature corre- where, despite their sizable downward jumps, the decay
sponds to a change in the time scale of the system. Within aurves end up with finite remanence, i8> 1, asT—T,.
general droplet picture involving Arrhenius-type activation, This hints at SFM behavior with additional dynamical pro-
it is then plausible that the magnetic relaxation of such syseesses besides the Idvenes. At higheT mesoscopic mag-
tems is governed by virtual energy barriels(t,T) netized regiongdomaing are expected to rearrange sponta-
=kgT In(t/ 7p), wherery is a typical attempt time. As a con- neously as to minimize the magnetostatic energy in zero
sequenceM(t,T) is a function ofE.(t,T). Hence, all of the external field. These processes remind of Barkhausen-type

thermally activated relaxation curves are expected to col-
lapse onto one master curve undem(t/7,) scalingi®®
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domain wall relaxation(governed by nucleation and and activation energy and should be efficient at IGw while
growth) as observed in the magnetization decay or reversahesoscopic domain wall processes with higher activation en-
in ordinary ferromagnets. A similar competition between fastergies are more likely a§— T.. Thus, we propose that the
relaxation of SFM domain walls toward lower total magne-|ow-T phase previously referred to as reentrant $Si@uld
tization with slow relaxation within the SFM domains to- rather be named thHeF domain stat¢RFDS), showing SFM
ward higher local magnetization was evidenced previousliyrder on a nanoscale. The vertical phase line between SSG
on the SFM mulilayer witht,=1.4nm at a fixed and RFDS(Fig. 1) then separates regions with dominating
temperaturé? In the present case, again, both domain wall,gnqom bond(low t,) and RF-induced disordeiigh t,),
relaxation on a mesoscale and dropletlike growth processggspectively.

on a nanoscale are observed to compete. In conclusion, the magnetic relaxation of interact-
Since processes with> 1 and, hence, finite remanence atjng nanoparticle systems in discontinuous multilayers
equmbru_Jm, m(!:%oc)>0, dpmmate at Ia_rg@!n(t/ro), the [CoggFes(t,)/AlL,O5(3 nm)];o shows different decay laws as
system is basically SFM-like. In this situation, reentrance; jncreases. In agreement with predictions from MC simula-
into a SSG-like disordered system at low temperatures agons on related superspin systetisstretched exponential,
conjectured previouslyis not easily understood. Here We gjmple power, and power laws with finite remanence are
propose an alternative mechanism, which might explain thyenified according to the values of the relaxation rate ex-
observech<1 relaxation at small In(t/ 7;) more physically. ponentsn. Strong temperature dependencendt found in
As is well known, an important part of the disorder in granu-he marginal regimet,~ 1.2 nm. It crosses the value=1 at
lar magnets is due to quenched random figld§9. They  he SEM/RFDS phase lifewhich separates a RF-controlled
may be attributed to the small fraction of |arge parti%PéS Tln(t/’To) Sca"ng regime at lowl from a region with pre-

that become blocked at temperatures higher than the Order"ﬂbnderant domain wall relaxation dynamicsTat T,.
ones!3?! Starting from the homogeneously magnetized ini-

tial state, it is then plausible that local fluctuations of the RFs Thanks are due to Armin Bunde for valuable discussions
give rise to a dropletlike formation of SFM domains on aand to the DFG(SFB 491, KL306/37-1, and Graduate
nanoscale with a nonexponential decay of the order parantchool “Structure and dynamics of heterogeneous sysjems”
eter autocorrelation functiof?. This mechanism requires low for financial support.
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