PHYSICAL REVIEW B 67, 024416 (2003

Slow relaxation in ferromagnetic nanoparticles: Indication of spin-glass behavior
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We use Monte Carlo simulations to study the influence of dipolar interactions and polydispersion on the
magnetic relaxation of single-domain ferromagnetic particles below the blocking temperature. We find the
surprising result that for all particle densities the relaxation rate decays by a power law, with a density-
dependent exponemt and a temperature-dependent prefactor. Depending on the valnetloé relaxation
function shows a simple exponential decay, a stretched exponential decay, or a power-law decay, and seems to
approach a finite remanent magnetization at high densities. We interpret the results for intermediate and large
densities as indications of spin-glass behavior.
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In the last decade, magnetic nanoparticles have receivgublydisperse systems where the particles are arranged as in a
considerable interest, due both to their important technologifrozen liquid and are randomly oriented. To study the slow
cal applicationgmainly in magnetic storage and recordihgs magnetic relaxation we have employed Monte Carlo simula-
and their rich and often unusual experimental behaviortions. As been shown in Ref. 15, the Monte Carlo method is
which is related to their role as a complex mesoscopiavell suited to treat the relaxation of magnetic particles when
system: An important scientific question concerns the relax-the Monte Carlo time steps are large compared with the pre-
ation behavior of an assembly of magnetic particles; thecession time of the magnetic moments. Alternative
problem is also of practical relevance, since it is related tanolecular-dynamic simulations are not useful for treating
the way recorded patterns decafxperimentally, after sjow relaxational processes, since the accessible time scales
switching off the magnetic field, the remanent magnetizatioryre too short. We find that, beloV, the relaxation function
decays very slowly with time. There is no clear answer to thedepends crucially on the concentration of the magnetic par-
functional form of the decay, and usually the remanent maggicies and thus on the strength of the dipolar interaction. In
netization has _been _f|tted bY a Iogarlthmlc_nme _depenglenthe dilute limit, the remanent magnetization decays exponen-
or by exponentials with specific relaxation time d|str|but|ons,tia"y for monodisperse particles and in a stretched exponen-

. . . . 7
€.g., gamma distribution functioris! In _genera], the prob- tial fashion for polydisperse particles. With increasing den-
lem is difficult and not always well defined, since the mag—Siéy we observe the following scenarici) stretched

netic nanoparticles are polydisperse and sometimes the Shagxponential decay at low densitidii) a power-law decay at

and size of the particles are not well known. In addition, the, i diate densiti i) relaxation t d
particles may form long chains or other types of aggregateén ermediate densities, ar(iii) relaxation toward a nonvan-

and apart from the dipolar interaction between the magnetiSNing remanent magnetization at very high densities. We
nanoparticles other types of interactions, for example exConsider this scenario, in particular stelgls) and (iii), as
change or superexchange interactions, may also beconfé€ar indications of a spin-glass phasé:
relevant®® Moreover, it is not clear if, in some relaxation ~ For the numerical calculation, we use the same model as
phenomena at low temperature, quantum tunneling is inin Ref. 14, where every particlewas considered to be a
volved or nott10 single magnetic domain with all its atomic magnetic mo-
Related to the relaxational behavior is the question of thénents rotating coherently. This results in a constant absolute
magnetic structure of the system. It is a matter of controversyalue|u;| = MV, of the total magnetic moment of each par-
if, at large concentrations of nanoparticles at temperaturescle, whereM g is the saturation magnetization, which is sup-
well below the blocking temperatuiBs, a spin-glass phase posed to be independent of the particle voluwhe The en-
exists or not. While some experiments present indications oérgy of each particlei consists of three contributions:
a spin-glass phase' others favor the existence of a random anisotropy energy, field energy, and dipolar interaction en-
anisotropy systenff: On the theoretical side, the problem is ergy. We assume a temperature independent uniaxial anisot-
also open. Whlle_Monte Carlo S|mplat|_ons on adthgeem ropy energyEg)= —KV;((min)/|mi])2, whereK is the an-
to favorlz_e the spl!’l—glass hypotheS|s, §|mulat|ons of the_ Ze,roi'sotropy constant and the unit vectar denotes the easy
field cooling and field-cooling susceptibility showed no indi- directions. As usual, the coupling to an applied external field

cation of a spin-glass phasé. . . . h_
To gain insight into the slow magnetic relaxation and theH is described by the f|gld ene.rdﬁ{{ " piH, and the en-
y of the magnetic dipolar interaction between two par-

underlying magnetic structure, we focus on perhaps the mo&'9y o' theé rn s )
basic model of magnetic nanoparticles, whighassumes a ticlesi andj separated by;; is given by Ep" = (mip;)/ 1]
coherent magnetization rotation within the anisotropic par-—3 (s ;) (a1;;)/r5. Adding up the three energy contribu-
ticles, and(ii) takes into account the magnetic dipolar inter-tions and summing over all particles we obtain the total
action between them. We consider both monodisperse anehergy
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In the Monte Carlo simulation we concentrate on samples of 10~ B
N=64 particles placed in a liquidlike arrangement with pe- o7 =
riodic boundary conditionga doubling of the system size 10 o
showed no significant difference in the resylEhe volumes clc=0.0 ca g c/ey=0128
V; are considered a6) monodisperse ofii) polydisperse o 2 CoE o P
with a distribution of volumes/i drawn from a normal dis- = Wvﬁ J' x;vv{ﬁ@%
tribution P(V)=exp{—(V—V)%(20%)}, with fixed width o 10° E: ,Ezcﬁ&“?’
=0.4 and a normalized mean volurde The anisotropy axis 107 '
is chosen randomly, and the easy axis veatas defined to B
be parallel to the easy axis with a positweomponent. The 10
unitless concentration is defined as the ratio between the 10 ten0.192 T clom0384
total volumeX,;V; occupied by the particles and the volume - e 1
V of the sample. We varied the concentration from the dilute _:L“..L 9V T/T,=0.48 9 TIT,=0.35
limit (c—0) to very dense systems with=0.384,, where 10° ges o ’“’W 212:812 T
COEZK/M§ is a dimensionless constant specific for each %
material,co=1.4 for iron nitride anccy=2.1 for maghemite
nanoparticles? The relaxation of the individual magnetic .
moments per time stefMonte Carlo stept is simulated by
the standard Metropolis algorithm, and the interaction ener- & ¢/c=0.192
gies are calculated using the Ewald sum metHad. E )
To study the magnetic relaxation we first align all mo-

mentsy; along thez direction by applying a strong external
field. At a timet=0 we switch off the field and determine
the normalized remanent magnetization
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as a function of time, wher®; is the angle between the

N

> %cosei(t)

1
m(t)= N

magnetic moment of particleand thez axis. By definition,
m(0)=1. In our analysis, we follow early work€? and
focus on the relaxation ratd/(t), which is related tan(t)
by W(t)=—(d/dt)In m(t), or

m(t)=ex;{ — ftW(t’)dt’} (2
0

For the relevant case of a power-law decaywdéft) above
some crossover timg,

W(t)=At"", t=t,, 3
we obtain, well above,
( t\in
ex;{—cn(—) } O0=n<l (a
to
m(t) t) A
m(to) < to @
t 1-n
e n 1+cn(—) } n>1, (¢
\ to

with c¢,=At;""/|1—n|. For n>1, according to Eq(40),
m(t) approaches the finite value

m(=)=m(to)exg — Aty "/|1—n]].

(5

FIG. 1. Monodisperse systems. Relaxation Natg) in (a) the
dilute limit, and for(b)—(d) increasing density with volume fraction
c/c, for different reduced temperatur@éTg . Corresponding rem-
anent magnetizatiom(t) for the two most dense systerf(g) and
(f) correspond to the relaxation rates(@ and(d)]. The solid lines
correspond to the power-law regressiorihi(d). TheW(t) curves
of the two lowest temperatures are shifted by factors of 0.5 and 0.1,
respectively.

In the following we will show explicitly that the decay of the
remanent magnetization well beloil indeed follow the
scenario described by E¢B), with n=0 for dilute systems
of monodisperse particles~2/3 for dilute systems of poly-
disperse particles, ant=1 for dense systems independently
of size distribution.

First we consider monodisperse systems. Figure 1 shows,
in a double logarithmic presentation, the relaxation ¥&{e)
and the remanent magnetizatiom(t). The relaxation rate
W(t) is shown for(a) very diluted systems where the dipolar
interaction is negligible anth)—(d) systems with increasing
density where dipolar interactions become increasingly im-
portant. We also show the corresponding remanent magneti-
zationm(t) for the two most dense syster(g) and(f) cor-
respond to(c) and (d)]. The different curves in each figure
correspond to different temperatures well belbyv(see Ref.
14). In all curves we can distinguish between two time re-
gimes. In the short-time regimatrawell relaxation occurs,
where the magnetic momengg relax toward the easy axis
n; of the particles. This motion does not require thermal ac-
tivation, and thus is independent of temperature. Since it is a
local relaxation, it depends only weakly on the concentration
of particles. In the second time regime, which occurs after
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about 18 time stepsjnterwell relaxation takes place where 10 ng | "

: . v T/T,=0.53 o ¥ T/Ty=0.49
the magnetic moments try to overcome the local potential 1o | g;vv 2¥2:.?§8 i zm:gfg
barrier. - L A

For very dilute systempFig. 1(a)], the potential barriers B ] \
are determined solely by the anisotropy energy of each par-10
ticle i, KV;. In this caseW(t) becomes a constant at large 10* )
times, i.e.,n=0, giving rise to thelexpected simple expo- = clc,=0.128
nential relaxation ofn(t). With increasing concentratioty B ,
cooperative effects set in anf(t) shows a power-law be- s?ggﬁ%v
havior, W(t)ct ", with an increasing exponent For c/cg 107 ;Oo&%o“"’%v
=0.128[Fig. 1(b)], we see a power-law behavior over more 1o | Q
than three decades, with around 0.9 for all temperatures 10°
considered. The slowing down of the relaxation with de- "
creasing temperature is due to the prefagtar W(t), which 107 r o T d
decreases with decreasing temperature. &fm,=0.192, 107 | cle=0.192  ceg=0.384
W(t) decays simply as flffor all temperaturegFig. 1(c)]. 10 S Z%::gfz‘ﬁ — ‘ Z;gn:gfg
According to Eq.(4b), this leads to a power law decay of the % OT/T,=0.14
remanent magnetizatiom(t)=t~ ", which also can be ob- &
served directly when plotting lpgn(t)] vs logt) [Fig. 1(e)]. '
The exponentA decreases with decreasing temperatdve, 10 :
=0.45, 0.19 and 0.14 for/Tg=0.48, 0.30, and 0.18 respec- __
tively. For very dense systemBigs. 1d) and Xf)] the relax- E’ e) @l D
ation rate seems to decay faster than With exponent: c/ey=0.192 clc;=0.384
around 1.1 for all temperatures considered. According to Eq.  1o° 10' 10° 10° 10° 10° 0 100 10 100 10° 10°
(4c) we may expect a nonvanishing remanent magnetization t t

in this case. The value afi(«) is not directly accessible, but

can be estimated from Ed5). We obtainm(w)zlo_g, 5 FIG. 2. Polydisperse systems. Relaxation fét&) in (a) the

dilute limit, and for(b)—(d) increasing density with volume fraction

-3 2 —
X 1,\? , and 10 'dfort':']/TB—O.SS, l(.).;L.9, and Of'15' vdi c/c, for different reduced temperatur&éTg . Corresponding rem-
ext we consider the more realistic case of a poly ISPerSEnent magnetizatiom(t) for the two most dense systerfig) and

system of particles._ The b_road d_'Str_'b_Ut'on of partlcle SIZESf) correspond to the relaxation rates(@) and(d)]. The solid lines
leads to a broad distribution of individual particle barriers correspond to the power-law regressioriiin-(d). TheW(t) curves
KV;. Accordingly, in the dilute limit the relaxation raW®/(t)  of the two lowest temperatures are shifted by factors of 0.5 and 0.1,
is also no longer a constant. We find that asymptoticallyrespectively.

W(t) decays by a power law, which becomes more pro-

nounced at lower temperatures, with an exporealbse 10 concentrations are easily experimentally accessible and low
2/3. With increasing concentration we obtain qualltatwelyenough to guarantee that the dipolar interaction is still the
the same picture as for monodisperse systems. d*6§  dominant one.
=0.128 [Fig. 2b)], W(t) shows a clear power-law decay  The ultraslow power-law relaxation observed in Figs.
over nearly four orders of magnitude where the expoment 1(c)—1(f) and 2b)—2(f) must have its origin in the occur-
has already reached 1. Accordingly, the remanent magnetizgence of a collective state well below the blocking tempera-
tion decays with a power lam(t)ct ™. As for the mono-  ture, which may even hinder all particles to relax fully at
disperse case, the exponéntiecreases with decreasing tem- high concentrations. In this case, the system attains a very
perature A=0.33, 0.16, and 0.11 fof/Tg=0.49, 0.24, and small but finite remanent magnetization, but without long
0.18, respectively. With higher concentratioh®(t) seems range-order, and seems to approach some glassy ferromag-
to decay faster than tl/ For c/cy=0.192[Figs. 4c) and  netic state. Power-law approaches toward a finite magnetiza-
2(e)] we findn=1.05, while forc/co=0.384[Figs. 2d) and  tion were discussed earlier in the context of the flipping of
2(f)] we findn=1.11 for all temperatures considered. Fromclusters(see Ref. 16, and references theyebut in contrast
the values forA, n andty we can again estimat@(=). For  to the situation there the exponent-{h) in Eq. (40 is
example, for the highest concentratiofrc,=0.384 we ob- practically independent of temperature. The power-law decay
tain m()=10"3, 2x10 2 and 3x10 2 at T/Tg=0.39, at intermediate particle concentration that we f[ofl Eq.
0.19, and 0.14, respectively. (4b)] is reminiscent to the relaxation behavior of canonical
According to Fig. 2, polydisperse systems follow the spin glasses, where the exponent decreases approximately
same scenario as monodisperse systems when the partidieear with temperaturé’*® Having this in mind, we con-
concentration is increased, but the transition from a stretchesider the relaxation behavior at intermediate and large con-
exponential decay toward a power-law decay occurs at aentrations as clear indications of a collective spin-glass-like
considerably lower concentration, which should be arounghase belovilz . The stretched exponential behavior that we
0.15 for iron nitride and 0.25 for maghemite particles. Thesesee at small concentrations has not been assigned to a spin-
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glass behavior from a theoretical point of view. It has, how-takes into account the polydispersivity and anisotropy of the
ever, been observed in relaxation experiments on real spiparticles as well as the dipolar interaction between them. We
glasses® We hesitate to interpret the stretched exponentiafound the surprising result that the relaxation rate, from the
decay we observe here as an indication of a spin-glass béllute limit toward very dense systems, is always character-
havior, since it also occurs in dilute polydisperse systemé#zed by a power-law decay. The exponerdepends strongly
where cooperative effects are absent. on the concentration, the prefactdrdepends strongly on

The interpretation of our results is not in conflict with temperature, and the crossover timg above which the
previous results on field-cooling processes belayy where power-Iaw_decay can be seen, is nearly independent of the
monodisperse systems with different initial conditicole- ~ concentration and temperature. Depending on the valug of
magnetized or saturated sampheere shown to relax toward V€ qblsgrved a simple explone(r;tlal de(;a)r/], a sltretched fexpo-
the same equilibrium point when a weak magnetic field Wai‘i‘gg“?:or%ci;%’ (?énz,iﬁg;vi;eavgovfecriﬁve (;ega;/e:é(:rtrgntoulgg d
maintained. This result was interpreted as an indication of, 5 fiyite remanent magnetization. We believe that our re-
the absence of a spin-glass phase. However, as pointed o&ﬁ
already by Binder and You§and further elaborated experi-
mentally by Garcia del Muret al?® in systems of magnetic
fine particles, the collective states of glassy systems can
erased by a magnetic field of moderate strength, and we We acknowledge financial support from the Deutsche For-
think that this was the case in the simulations of Ref. 14. schungsgemeinschaft and the Deutsche Akademischer Aus-

In summary, we have investigated the relaxation behaviotauschdienst, as well as from the MCYT, Spain under
of the most basic model for magnetic nanoparticles, thaFEDER-MAT2001-3749.

Its for intermediate and large concentrations of polydis-
perse particles are clear indications of some type of glassy
b%hase at low temperatures.
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