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Slow Dynamics for Spin-Glass-Like Phase of a Ferromagnetic Fine Particle System
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Effects of temperature changes on aging phenomena are studied for the spin-glass-like phase of a
ferromagnetic fine particle system. The results obtained during the short experimental periods are,
in appearance, asymmetric about temperature changes. However, the extension of the periods shows
that the effects of temperature changes are symmetric. These results can be explained by the droplet
model well. [S0031-9007(99)09194-2]

PACS numbers: 75.50.Lk, 75.50.Tt

Ferromagnetic fine particle systems have been interthe models described above cannot explain some features
sively investigated as a disordered system with ranebserved by the recent experiments [11,12]. Therefore,
dom anisotropy and competing dipolar interactions [1,2].although much still remains to be done, it is clear that
There has been a controversy of whether there is a phatlee analyses of the effects of temperature changes have
similar to the spin-glass phase or not. Recently, some rghrown new light on the understanding of the nature of
sults indicating the existence of a phase transition havéhe spin-glass phase.
been reported by using frozen magnetic fluids containing In ferromagnetic fine particle systems, many re-
uniform particles [3—5]. These papers have shown a critisearchers have observed a slowing down of the response
cal slowing down of the relaxation and a divergence ofto the static magnetic field with time spent at a constant
the nonlinear susceptibility at finite temperatdig[3,4].  temperature [2,4]. However, there is no experiment for
Below T,, a plateau of temperature dependence has beghe aging phenomena with temperature changes. In this
observed for equilibrium susceptibility [5]. Therefore, it study, to clarify the nature of the phase observed in fine
is now widely accepted that there is a cooperative freezingarticle systems, we measured the relaxation of the ac
at T, as seen in spin glass. However, little attention hasusceptibility with temperature changes. The results are
been given to the nature of the phase observed for ferr&compared with the hierarchical model and the droplet
magnetic fine particle systems beldw. model described above.

For the spin-glass phase, the correct understanding of The sample is the frozen iron-nitride magnetic fluid that
its nature is still open to question. Two models haveis named dl in the previous papers [5]. Electron mi-
dominated the discussion. One is the droplet model [6-eroscopy shows that the magnetic fluid contains spherical
8], and the other is the hierarchical model [9]. Studiesparticles whose diametetsare6 = 1 nm. The volume
on the effects of the temperature changes for the aginfyaction of the particles is about 2.5%. From this value, the
phenomena have been considered to be a key to thgarticle number density is estimated at aboyt2.84).
examination of these models in spin glass [7—9]. In theBy the absorbed layer of surfactant molecules, the parti-
droplet model, the system has two pure equilibrium spircles are dispersed in the carrier liquid of kerosene without
configurations which are related by global spin reversalagglomeration. For this reason, ferromagnetic particles in
In the configuration, the relative orientations of spinsthe sample, which is solidified in the zero field, are con-
at distances longer than a characteristic length (overlapidered to be randomly fixed in solidified kerosene. In the
length, Lar) are quite sensitive to small temperatureprevious paper [5], we have reported that the sample d1
changes. Such sensitivity has been called “chaos” [10has a spin-glass-like phase beldy ~ 70 K. We note
For this reason, we should observe the domain growthere that the magnetic moment fluctuates between direc-
restarts from the sizd.ar not only after cooling but tions that are parallel and antiparallel to the easy axis of
also after heating, when the grown domain is larger thamach particle, as seen in Ising systems, since the anisotropy
Lar. On the other hand, in the hierarchical model, aenergy is estimated at 0.1 eV that is much higher than the
multivalley structure is hierarchically organized on thethermal energy below,.
free energy surface, and the valleys merge with increasing ac susceptibilityy’ + i y” was measured by using a
temperature. For this reason, the hierarchical modebQUID magnetometer in a magnetic shield of Perm-
without the concept of the chaos predicts that the aginglloy, where the residual field was reduced well below
is fully initialized only by raising the temperature, while 0.03 Oe. The procedure involving the temporary tempera-
the results of the aging are held during temporary coolingture changes is shown in the inset of Fig. 1(a). After the
Here, we must mention that some researchers have strivesample was quenched from 150(&T,) to T,, = 47 K
to construct a new model based on the idea that thé~0.77,) in the zero field, we measured ac susceptibility
two models are mutually supplemented [11], because boths a function of time. The applied field has a frequency
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of 800 mHz and an amplitude of 1.0 Oe. After perigd in Fig. 1(b) show the samg’” against: — #, which is
spent afl,,, a temporary temperature changelip + AT  the total time spent al,, = 47 K. It is found that the
was performed during a period. Since the kerosene relaxation curve during periods is on the continuation
is an insulator with low thermal conductivity, the real of the curve during,. In other words, the results of the
temperature of fine particles has a delay of about 1 mimelaxation before temporary cooling are retrieved when
from the nominal temperature measured by a thermometehe temperature returns. Therefore, the experimental
near the sample. For this reason, we used the periodesults observed during the short periods are consistent
longer thanl X 10° s (1 ks). with the predictions of the hierarchical model discussed
The solid curves in Fig. 1 show the time variation for spin glass [9].
of the out-of-phase component’” without a temporary Recently, Vincenet al. have reported some new results
temperature change &, = 47 K. It is found that y”  for a typical spin glass Cdgslng3S; that has been dis-
decays withr after the quench. In other words, there cussed by the hierarchical model [12]. A novel relaxation
is a relaxation that varies the response of the ac fieldpf y" was observed before the retrieval after temporary
as discussed for spin glass [8,9]. The solid circlescooling, and it was termed “a transient faster relaxation.”
in Fig. 1(a) show the relaxation curve of” with a Because such faster relaxations after temporary cooling
temporary heating during, = 1.2 ks for AT = +7 K have been already observed for a Cu-Mn spin glass and dis-
(=+0.1T,). We find that after temporary heating”  cussed by the droplet model [8], this phenomenon has at-
starts from a level much higher than that reached befor&racted considerable attention. It is interesting to check for
heating. In some analyses for spin glass [8,9], suclthe existence of the transient relaxation in this system. Fig-
behavior is considered to be caused by the initializatiorure 2 shows the relaxation gf’ when the period of tempo-
of the relaxation due to temporary heating. On the otherary cooling forAT = —7 Kis extended to 305.9 ks. We
hand, Fig. 1(b) shows the relaxation curve yof with a  find a faster relaxation at the beginningrf It starts from
temporary cooling during, = 15.7 ks for AT = =7 K alevel higher than that reached before cooling. However,
(=—0.1T,). It should be noted thay” comes back to exceptfor a singular period at the beginningpthe curve
the level it reached before cooling, when the temperaturduring 13 becomes a continuation of the curve duripgn
returns toT7,, after temporary cooling. The open circles the plot for the total time spent &, = 47 K, although an
effective extra time.;; = 2 = 1 ks has to be added to the
total timer — r,. Forthese reasons, we shall call the faster
relaxation in the singular period “transient relaxation” in
this Letter. The observed result also shows that the relax-
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FIG. 1. Relaxation curves of the out-of-phase componght t (ks)

of the ac susceptibility (a) with temporary heating Bf +
AT = 47 + 7 K and (b) with temporary cooling a7 — 7 K.

The open circles are plotted against- r,.
show the isothermal curves @&, = 47 K. The procedure is

shown in the inset.

The solid lines

FIG. 2. Relaxation curve of” with a long period ofz, of
temporary cooling af,, + AT = 47 — 7 K. The open circles
The solid

are plotted against — 1, + fefr, fer = 2 *= 1 kS.
line shows the isothermal curve At, = 47 K.
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with that atT,,,, because a transient relaxation exists beforg@asses sufficiently. Therefore, the faster relaxations after
the relaxation curve returns to the isothermal curve. temporary heating are also transient relaxations.

These results drive us to the question of whether the As shown above, the equilibrations of the magnetic mo-
faster relaxation observed after temporary heating foment configuration at different temperatures are not the
AT = +7 K arises from the full initialization of the same, but similar to each other. This qualitative property
relaxation before it. Figure 3 shows the relaxation curvds symmetrical about temperature changes, althoyghr,
measured for a long time after temporary heating duringnonotonously increases with7 from AT =~ —0.17, to
the periodr, of 1.2 ks. We should notice that the curve AT = +0.1T,. In order to explain such results by using
after temporary heating crosses the isothermal curve dhe asymmetric variation of the free energy surface with
T = 47 K, and that it approaches the isothermal curvetemperature changes, we must introduce the concept of the
again from under it with time. It is obvious that the chaos, which has symmetric effects about differences of
curve after temporary heating cannot be lower than théemperature, into the hierarchical model [12]. Although
isothermal curve, if the faster relaxation after temporarythis seems valid, its complication may confuse us. There-
heating restarts from the state that is the same with théore, at the present stage, we will leave the phase space
initial state after the first quench. The inset of Fig. 3picture and discuss the observed results in real space.
shows the relaxation curves against the time spent after In the droplet model [6—-8], the grown domains at a
temporary heatings — t; — t,. We can confirm that temperature continue to grow at another temperature, if
the curves ofy"(t — t; — 1) are different from the they are smaller thah,7 when the temperature changes.
isothermal curve ofy”(¢) after the quench. We also find On the other hand, if they are larger thdnr, the
that the curves depend an These results indicate that domain growth restarts from the state with domains of
the faster relaxation is not caused by the full initializationsize Lyo7. Because the grown domains must have various
of the relaxation durings;. Here, in order to clarify sizes, these two phenomena coexist for variddsin a
the reason of the crossing of the curves in Fig. 3, wevide time range. It is reasonable to interpret the two
shall consider the effective time as discussed abovephenomena as the origins of the two observed features of
If the curve of y”(r) during r; in Fig. 3 shifts 17 ks this system: the effective time and the transient relaxation.
toward a longer time, it is just on the isothermal curve Here, we note the reason why no transient relaxation
of x”(¢r) in the time range after ~ 70 ks. In other can be observed after the short temporary cooling. A
words, the relaxation during temporary heating affects thgpossible interpretation by the droplet model is that the
relaxation at7,, as t. = 1.2 + 17 ks, when the time restarted domain growth af,, — AT proceeds little

during it and the domains cannot become larger than
Lar, because the thermal activation process becomes

91 e slower when the temperature is lowered. Now, we notice
e that, if the droplet model can be applied, the transient
ti(ks) relaxation should be enhanced with the time spent before
90 o0l” 1.3] 7 a temperature change. The reason is the fraction of grown
7~ I~ = . . . . .
I v domains larger thah 7 increases with the time. For this
§ 89 v . reason, we are interested in the variation of the transient
3 891'::&: relaxation with the length of periods before temperature
g 88 "o changes. Because the relaxation curves durrdgpend
I, 88| b on t; as shown above, the domains that grew during
Z g7 :;25;% i 1, at T,, remain when the temperature returns 7g.
R g7l %0, Therefore, to compare the equilibrations at different
86 ?—tl-tz(llcg} temperatures exactly, the temperature change should be
B only once. The procedure is shown in the inset of
I tl_.’t.i‘_.ti 1 G — Fig. 4. After the samplt.e'was quenched]t,g + AT, we '
3 10 30 100300 1000 measured ac susceptibility by applying the same ac field

as stated above. After various periagisthe temperature
1 (ks) was shifted tdrl,,. Since too long of a period is required
FIG. 3. Relaxation curve ofy” with temporary heating at for the observation of the transient relaxation fAT’| =
T, + AT =47 + 7K during » = 1.2 ks. It is shown in 7 K, we decreasefAT| to2 K ~ 0.037,.
a wide time range. The open circles are plotted against Figure 4 shows the relaxation curves @f’ during
t + 17ks. The solid line shows the isothermal curve ats| at 7,, + AT = 49 K, and duringté at 7, = 47 K.
T,, = 47 K. The inset shows the relaxation curves against the; is found that the relaxation curves are just on the

time spent after temporary heating— ¢, — 1, during periods . - .
t3. The different symbols show the curves when the system Wa@othermal curve at 47 K after the transient relaxations,

aged for different periods, before temporary heating during If the effective timest.i at 47 K corresponding te at
t, = 1.2 ks. 49 K are assumed to be about 3 times the lengthy in
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t (ks) relaxations after the temperature changes from =
(time at 49 K, during 4,") |AT| to T,,. After those, the relaxation curves are on the
03 1 10 60 isothermal relaxation curve di,, if effective times atr’,
94— — ——100 are assumed for the periods B} + |AT|. The droplet
o~ 1' (ks) | N model for spin glass can well explain these symmetric
g [ 20 Ny results about temperature change.
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