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Many dense magnetic nanoparticle systems exhibit slow dynamics which is qualitatively indistinguishable
from that observed in atomic spin glasses and its origin is attributed to dipole interactions among particle
moments(or superspins However, even in dilute nanoparticle systems where the dipole interactions are
vanishingly small, slow dynamics is observed and is attributed solely to a broad distribution of relaxation times
which in turn comes from that of the anisotropy energy barriers. To clarify characteristic differences between
the two types of slow dynamics, we study a simple model of a noninteracting nanopatrticle $gsseper-
paramagnetanalytically as well as ferritifa superparamagneand a dense RB nanoparticle systenia
superspin glagsexperimentally. It is found that superparamagnets in fact show dgingniting time depen-
dence of the thermoremanent magnetization as well as various memory effects. We also find some dynamical
phenomena peculiar only to superspin glasses such as the flatness of the field-cooled magnetization below the
critical temperature and memory effects in the zero-field-cooled magnetization. These dynamical phenomena
are qualitatively reproduced by the random energy model, and are well interpreted by the so-called droplet
theory in the field of spin-glass study.
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[. INTRODUCTION tems, there is a second possible origin of slow dynamics,

One of the most attractive topics in the field of condensed'@Mely, cooperative spin-glass dynamics due to frustration
&aused by strong dipolar interactions among the particles and

matter physics is slow dynamics such as nonexponential re- - X " . .

laxation, aging (a waiting tme dependence of randomness in the particle positions and anisotropy axis

observa'ble)sl'z and memory effects. These phenomena ardrientations®® In fact, evidence for a spin-glass transition

observed in various systems like polyméfs high-T such as the critical divergence of the nonlinear susceptibility
' C

superconductors granular materialé,and spin glasses. Es- N2s been found in dense magnetic nanoparticle systertis.

pecially in the field of spin glasses, slow dynamics has beef{ /€ nereaiter call such dense magnetic nanoparticle systems,
studied widely both experimentafty°and theoreticall{1° which exhibit spin-glass behaviasuperspin glasses :

: S . Now the point is that magnetic nanoparticle systems in-
to examine the validity of novel concepts of spin glarsse§/0I

h hi hical ati f sibfiddand t ve two possible mechanisms for slow dynamics, and
such as a hierarchical organization or s natempera- - \yhich of the two is relevant depends essentially on the con-

8-21 : : : _ .
ture chaos®?! These extensive studies have revealed varizenration of nanoparticles. Then, in order to understand ap-

ous interesting behaviors in dynamics like the coexistence o qnriately slow dynamics in magnetic nanoparticle systems,
memory and rejuvenatioh” Such findings have stimulated it is desirable to clarify which observed phenomena are sim-
many researchers to study slow dynamics in various systenly due to slow dynamics caused by a broad distribution of
like geometrically frustrated magnéts?® transition-metal  relaxation times, and which ones are brought by cooperative
oxides?* orientational glasse®;*® supercooled liquid3] and  dynamics peculiar to superspin glasses. For this purpose, we
dense magnetic nanoparticle syst&m® by using experi- first study a simple model of noninteracting magnetic nano-
mental protocols developed in the study of spin glassegarticle systemgsuperparamagnetsnalytically. As a con-
Magnetic nanoparticle systems, which we study in this papeisequence, we find that even superparamagnets exhibit aging
are of current interest because of their significance for techef the thermoremanent magnetization and various memory
nological applications as well as for their fundamental mag-effects. In particular, we show that the curious memory ef-
netic properties* fects recently reported by St al.3° which were claimed to

In magnetic nanoparticle systems, there are two possiblgive evidence of the existence of a superspin glass phase, can
origins of slow dynamics. The first one is a broad distribu-be understood simply as superparamagnetic relaxdtea
tion of relaxation times originating solely from that of the also Refs. 40—-42
anisotropy energy barriers of each nanoparticle moment. We also perform experiments on ferritin(a
This is the only source of slow dynamics for spafaeakly  superparamagrét*y and a dense BN nanoparticle sys-
interacting magnetic nanoparticle systems, in which thetems(a superspin glag$3"4>4§. The results for ferritin are
nanoparticles are fixed in space. We hereafter call the magyualitatively similar to those of our simple model of super-
netic moments of each nanoparticdeperspins and such paramagnets. The comparison of the phenomena observed in
weakly interacting magnetic nanoparticle systemgper- the superparamagnet and the superspin glass reveals some
paramagnetsHowever, for dense magnetic nanopatrticle sys{properties peculiar only to superspin glasses, e.g., the flat-
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ness of the field-cooled magnetization below the critical tem- M(t;V) =[2p,(t; V) — 1IMV. (4)
perature and memory effects in the zero-field-cooled magne- ) _

tization. Particularly, the former phenomenon reminds us of ©F €xample, in the case thiatt)=h and T(t)=T, we obtain
Parisi’'s equilibrium susceptibility in the spin-glass mean- (MV)%h
field theory?” However, we propose an interpretation based M(t;V) = M(t=0;V)exp(— t/7) + ———
on the spin-glass droplet thed?y*which predicts the insta- T
bility of the spin-glass phase under a static magnetic field of (5)
e e e "Sere =, 5V T).Note tht the ol condton
show that these experimental results peculiar to superspi h:e?n[.%?g;;ﬁetﬁtﬂrfagarg'tli'f;g;mulatlon for the decay of the
ﬁiiﬁi?;—ge qualitatively reproduced by the random ener From Eqs.(1)(4), we notice thapy(t)=1/2 [M(1)=0] at

The outline of the present manuscript is as follows. [n@Ytif p(0)=1/2 andh(t)=0. This means that in argenu-

Sec. Il we introduce a model of superparamagnets and repdft¢ Zero-field-cooled(ZFC) processes starting fromv =0,
aging and memory effects observed in this model. The reP1(t) is independent of the schedule of temperature change

sults of experiments on ferritin are also shown in this section] (), i-€., "o memory is imprinted in the process. Experimen-
In Sec. Il we show experimental results on a densgNFe tally, a demagnetized initial state is obtained by choosing the
nanoparticle system. Some properties found only in the sustarting temperature sufficiently high. _ _
perspin glass are interpreted by the random energy model The total magnetization of the nanoparticle system is
and the droplet theory. Section IV is devoted to a summaryevaluated by averaging over the volume distribution,

{1-exd-t/n)},

ll. SLOW DYNAMICS IN SUPERPARAMAGNETS M(® :fdv PVIMEV) = f AV Mepedt; V). (6)

A. Model and master equation approach Here, the integranéthe M spectrum denoted adVig,edt; V)

Here we adopt a simple model which is considered tgPlays an important role in the arguments below. For the ex-
describe the essential slow dynamics in noninteracting magplicit evaluation ofM(t), we use a log-normal distribution
netic nanoparticle system@uperparamagnetsThe mag- 5 —
netic moment(superspii of one nanoparticle, which does P(V) = exd - In(V)?(29°) (W 2m), (7
not interact with any other superspins, is supposed to occupynere y=0.6, andV is measured in units of the average

one of two states with energieXV+hM.V, whereK is the = . 5 .
bulk anisotropy constanY/ the volume of the nanoparticll, yolumeV, which IS given by ex /2). Although quantita-
tive and some minute qualitative results may depend on the

an applied field in linear response regime, andthe satu- ) .
ration magnetization. Here we supposed that the direction O\falue of y, the functional form ofP(V), and even our basic

the field is parallel to the anisotropy axes for simplicity. The @8SSumption of the two-state representation, we do not go into
superparamagnetic relaxation time in zero field for the therSUch detail here, expecting that our simplest model catches
mal activation over the energy barrié®V is given by r € essence of slow dynamics of superparamagnets.
=1,exp(KV/T), wherer, is a microscopic time. In the present work the average anisotropic endgyyis

The occupation probability of one of the two states, inchosen as the unit of energy as well as that of temperature by
which the superspin is paralléantiparalle] to the field di-  settingkg=1. As for the time scale, we suppose that the

rection, is denoted by, (t) [1-p;(t)], and is solved by the microscopic timer, for superspins of realistic hanoparticles
following master equatiof? is around 10° s, and that a typical experimental time win-

dow is around 18s. We therefore investigate our model in
the time window around 267, expecting that it corresponds

d
d_tpl(t) = =W OPO + Woa O —pu®), (D g typical experimental time scales.

whereW, _,(t) [W,_.1(t)] is the transition rate from the state
1to 2(2to 1) at timet. To the leading order ih(t) they are
written as Let us begin our arguments from the most fundamental
and well-known protocols, i.e., the measuring processes of
Wy_,(t) = 17’61 exd- KVITOKL -MVhO/TO)},  (2) the zero—field-qoolgd magnetizatia@FCM) and the field-
2 cooled magnetizatiofFCM). In the ZFC process, the system
is rapidly cooled to a low temperature in zero field, and then
1, the induced magnetization by an applied fialds measured
Wa-a() =27 exd~ KVIT) {1 +MVh()/T(t)}. (3)  as the temperature is gradually increased. In the FC process,
on the other hand, the system is gradually cooled uider
The above master equation can be solved analytically for anfrom a sufficiently high temperature so that the system is in
temperatures and field protocols representedyandh(t)  equilibrium at the highest temperature. The circles and
from a given initial condition, and the magnetization of the squares in Fig. 1 represent the ZFCM and FCM observed
particle with volumeV is given by with heating and cooling rate of 2.4Xx 10*7, per tempera-

B. ZFC and FC magnetizations
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FIG. 1. (Color online@ ZFCM and FCM with the cooling rate
r=2.4x 10%7, per temperature unicircles and squargsnd those
with slower cooling rate =2.4X 10'%7, (diamonds and triangles
The line is the susceptibility in equilibriurtthe Curie law. The
inset shows thé&/ spectra of the ZFCM, FCM, and the magnetiza-
tion in equilibrium atT=0.042(from left to righy. The cooling rate
for ZFCM and FCM is 2.4 10",

ture unit®® As usually adopted, the peak position of the

12
ZFCM is regarded as the blocking temperatlige which is 10'10 s T %‘“’:1813 -
=0.088 for the present process. If the ratés 10* times 107 107 10 =10
slower, we obtainlg=0.063 (diamonds for the ZFCM and 0'12010 10" 1012 1013 101 1018
triangles for the FCM If we maker infinitely slow, both the (b) t/1
ZFCM and the FCM curves coincide with the one given by
the Curie law. FIG. 2. (Color onling (&) Mgpedty;V) of the FC process. The

In the inset of Fig. 1 we show thkl spectra[the inte- ~ System is cooled td,(=0.033 at the rate of 2.4 10"r, per tem-
grand of Eq.(6)] of the ZFCM, FCM, and the magnetization Perature unit, and is kept &, for t,. The field is applied in the
in equilibrium at T=0.042 (from left to righy. One can Whole processib) Susceptibilityxrru(t.ty) measured in the TRM
clearly see that the parts of the thidespectra for/ smaller ~ Protocol (insey and its logarithmic time derivative S(t)
than a certain value, which we denote \4g lie on top of =919 x7ru(t,ty)/dlogt (main frame vs t, wheret is the
each other. This means that superspins of these small nang@psed time after the field is cut. The cooling rate dpdare the
particles are equilibrated within the characteristic time scal§2™Me as in@. In the inset, the corresponding waiting time in-
of the cooling and heating process. On the other handvithe creases from left to right.
spectrum of the ZFCM a¥ = Vg is zero, indicating that su- )
perspins of these larger nanoparticles are still blocked téhe frozen and superparamagnetic superspins do not change
their initial values. We calV the blocking volume which significantly, while that of the dynamically active superspins
depends stronglylinearly) on T and weakly (logarithmi- ~ does change as seen in Figaj2 The peak of thé/l spectrum
cally) on the observation time scale. Also we call superspinghifts to larger volumes with increasiig The peak position
of nanoparticles witlV=<Vpg, V=Vg, andV= Vg superpara- appears grounld’ where the corresponding relaxation time
magnetic, dynamically activ@andblockedor frozen respec- 7o €XP(KV /Ty is comparable with,,. This naturally means
tively. that the TRM decreases most rapidly when the tiralapsed

In passing we emphasize another characteristic feature @fter the field is cut is nearly equal tg. Indeed, Fig. &)
the FCM in superparamagnets; namely, the FCM always inshows that the relaxation raft)=-h"'dlogM/dlogt in
creases as the temperature is decreased. This is simply B&e TRM protocol has a peak arouf Thus we conclude
cause superspins are blocket frozen in the direction of that aging(at, dependengeof the TRM does exist even in
the field. superparamagnets.

As mentioned in Sec. Il A, however, the ZFCM curve is
independent ot,. One may consider that thig, indepen-
dence of the ZFCM is a consequence of the simple two-

Let us now consider the thermoremanent-magnetizatiostates description of our model. Actually, by considering sev-
(TRM) protocol, where we cool the system in a fi¢lht a  eral competing sources of anisotropyfor instance
certain rate, stop the cooling at a measurement temperatuneagnetocrystalline and magnetostatic engrgge can think
Tn, let the system relax for a waiting time gf, and then cut  of a multistate system with some energy levels different from
the field and observe the magnetization decay. During the F€ach other. Then, the ZFCM of the model should depend
aging before cutting the field, the parts of tdlespectrum for  weakly ont,, even if interactions among particles are absent.

C. Aging and memory effects
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"H=h N ing volumeVg at T, is smaller than that ak,,,, the superspins
16+ PR et SR ET R which were dynamically active ak,, are frozen in the sec-
¢ 5l T | ond stage afl,, while the dynamically active superspins at
\\ T, do not change because they were already equilibiaed
14f |00 2 : 1 larized by the fi i HenceMgy d
T-0.033 LG0T 102 10" polarized by the first-stage aging &f,. HenceMgy does
FEE x‘-“__.__“ l not change at all in the second stdgquares in Fig. 8 The
R ‘ ¥ ‘ shape of thevl spectrum in this stage is essentially the same
2p R0 | as that shown in Fig. (6), below. After the system comes
i H=0 f
. l back toT,, the relaxation oMy resumes from the value at
1ok "'-..,' T=0.033 H=0 | the end of the first stage. If the field is applied in the second
T-0042 " stage of the above protocol, the superparamagnetic and dy-
0 > 2 5 8 10 1o namically active superspins & respond to it. TheM spec-
th, <1012 trum at the end of this stage is essentially the same as that in

Fig. 5(c). The induced magnetization in the second stage
FIG. 3. (Color onling y7rw VS time using the same protocols as almost immediately disappears in the last stag&.asince
in Figs. 3-5 of Suret al. (Ref. 39. The system is cooled t& the superspins which carried the excess magnetization are
=0.033 at the rate of 24107, per temperature unit in a field rapidly equilibrateddepolarized at the higher temperature.
which is cut just before recordingqry. After a time oft;=3  In the positive-temperature cycling wiff,=0.042 underh
X 10*27, the temperature is changed. The relaxation at the newr O, superspins which are blocked B but not atT, (i.e.,
temperature is recorded in eithB=0 or H=h for a period oft,  Superspins of nanoparticles whose volume is larger ¥an
=3X 107, Then the temperature is shifted backTte0.033 and &t Ty, but smaller tharVg at T,) are rapidly depolarized in
the field is set to zero. In the inset,andt; parts ofyrry with the  the second stage. They are frozen as depolarized after chang-
negative-temperature cycling are plotted as a function of the totalnd the temperature back #,, and thusM+gy, remains con-
time elapsed aT=0.033. stant at a much smaller value. The significant relaxation is
expected to resume at a time scale when the isothermal
Mtgrm at T,, reaches this small value. These features have

In fact, we will show in Sec. Ill that the random energy been in fact observed by Stet al® in a permalloy nano-
model, which has a huge number of states whose energi%%rticle system

are different from each other, exhibits strong aging in genu- Lastly let us discuss the peculiar memory effect in Fig. 2
ine ZFC protocols. However, we consider that a significantly,s gnet a139 They introduce intermittent stops, & in the
smallt,, dependence of the ZFCM as compared to that of thg-c process and at the same time they cut off the field, let the
TRM is one of the characteristic properties of superparamagsystem relax by a certain perigg and then resume the FC
nets since in ordinary spin glasses, a strgpdependence is process. When the system is reheated after reaching a certain
observed not only in the TRM but also in the ZFCM. There-|ow temperature, the magnetization curve clearly manifests
fore, indubitable experimental evidence for spin-glass dythat the system keeps memories imprinted by the preceding
namics in a system can only be found by investigating aging=C process. We have applied the same protocol to our simple

effects in the ZFCM. model of superparamagnets, and have reproduced qualita-
From the sum rule for the ZFCM, TRM, and FCM, we tively identical results to theirs as shown in Fig. 4.
find It is clarified in Fig. 5 that this peculiar memory effect
originates from the blocking of superspins by demonstrating
M1rm(tity) = Mec(t +t,) = Mze(t), (8)  theM spectra of some representative instants of the process.

After the first stop aff=T, underh=0, theM spectrum of

where we have used the fact that the ZFCM does not deper]rtg. 5(b) tells us that the blocking volumég; is around 3.0,
ont, in our model. This equation tells us that thedepen- namely, the superspins of nanoparticles Witke Vg, are
dence of the TRM in our model is merely a consequence ofompletely equilibrateddepolarized) while the frozen su-
slow relaxation of the FCM. This is in contrast to Ordinary perspins of nanopartides WItVzVBl are still blocked at
spin glasses where the TRM and the ZFCM strongly depeng=T, after the waiting time. As the FC process is resumed,
ont, even ifMgd(t') for t' =t,, hardly relaxes? the memory of the first stop &t=T; is imprinted as a dip at

Another important point is that the peak position of Me v~V in the M spectrun[Fig. 5(c)], since that part of the
spectrum in Fig. @) [and the relaxation rat&(t) in Fig. M spectrum is well blocked during the aging at significantly
2(b)] ceases to shift if, = 7o eXp(KVpead Tr), WhereVoeqais  lower temperatures thafy,. Similarly, by the second stop at
the peak position of th&1 spectrum in equilibriun{its ex-  T=T, and recooling afterward, another dip ¥§,=1.3 is
plicit value is around 1.2 in the present casen the other imprinted in theM spectrum as seen in Fig(d. In the
hand, aging in spin glasses is believed to persist eternally ireheating process, Figsied and f) illustrate that the frozen
the thermodynamic limit since the relaxation time divergespart of the M spectrum melts starting from small. The
below the critical temperature. consequence is nothing but the memory effect reported by

After the field is cut in the above-mentioned TRM proto- Sunet al.
col with t,=0, we may further introduce some cycling )
processedh*as shown in Fig. 3. Now let us first consider a D. Experiments on a superparamagnet
negative-temperature cycling in zero field. The temperature In order to clarify how far our simple model captures the
is changed a3,,=0.033— T,=0.025—T,,,. Since the block- essence ofeal superparamagnets, we perform experiments
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FIG. 4. (Color online FC susceptibility vs temperature observed 0
in the same protocol as in Fig. 2 of Senal. (Ref. 39. The field is FIG. 6. (Color onling FC susceptibility of ferritin with the same
cut during the intermittent stops of the coolingTgt=0.088 and at  protocol as that in Fig. 4. The field is cut during the intermittent
T,=0.042 for a period of 7. The magnetization in zero field stops of the cooling af=9 and 7 K for 16 s at each temperature.
after the waiting time is shown although it was not shown by 8un The cooling(and reheatingrate is 1.7< 1073 K/s. The inset shows
al. The arrows in the figure indicate at which stages during thethe ZFC and the FC susceptibilities vs temperature.
procedure we measure and show lhepectra in Fig. 5 below. The
cooling (and reheatingrate is the same as that in Fig. 3. paragraph of Sec. Il B, this is a typical feature of superpara-
magnets.
on amodel superparamagnenhamely, natural horse-spleen  Figure 7 shows relaxation of the TRM susceptibility with
ferritin.*3441t is an iron-storage protein, and has a sphericathe same protocol as that in Figh2 We clearly see that the
cage 8 nm in diameter containing polydispersive cores off RM exhibits a similart,, dependence to that in our simple
antiferromagnetic ferrihydrite®>>¢ Each core has a small model of superparamagnets. We have also checked a
magnetic moment of~300ug due to its uncompensated tendency that the peak of the relaxation ragt)
spins*357 Figure 6 shows the result of the memory experi-=-h"*dlogM/dlogt shifts to larger times with increasing
ment with the same protocol as that in Fig. 4. It is clear fromt,,, although the data are a bit too noisy to clarify whether the
the figure that this superparamagnet also exhibits the sanpeak is located arount), or not.
memory effect as that observed by Senal. In fact, this We have also done a memory experiment in gle@uine
memory behavior is also observed in other superZFC protocoP* In this experiment, we measugerc Which
paramagnet§-*? The FCM without stops is shown in the includes intermittent stops in the ZFC process gtk with-
inset of Fig. 6. We see that the FCM increases monotonicallput such stops. The stopping temperatures are 9 and 7 K, and
with decreasing temperature. As we discussed in the lashe period of intermittence is $® at each temperature. Note

10} @) ° field on (b) ° field off (© ® field on
] 3 S
< s ©
< 8 [ I 3] [N [} N
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= £ = [ = I -
2 6 £ e i)
&
S 4 time time time
2
0 [~
1o@ o field on Q) ° field on ® o field on
> ] S
8 ® © g
S 8 ..................... 8_ ..................... 8 .....................
= £ = [ N— El
e 2 e 2
D
%)
S 4 time time time
2
% 1 2 3 4 5 & 0 2 3 4 5 6 7 0 1 2 3 4 5 8
vi/ v~/ viV

FIG. 5. (Color onlineg M spectra at six representative states which are indicated in Fig. 4 by arrows. The point in each inset also shows

the time of the measurement.
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FIG. 7. (Color online Relaxation of the TRM susceptibility of
the ferritin. After the system is cooled ®=7.0 K under a 200 Oe

FIG. 9. (Color onling Difference of the ZFC susceptibility of
the F@N system. The ZFC process is intermittedTat40 K for

. . f . .
field at a rate of 0.17 K/s, it is kept at the temperature under th€?000 S in the measurement pfec, while Xzrcis measured without
field for t,,, and then the field is cut and the magnetization decay i$Uch & stop. The cooling rate is 0.1 K/s, and the reheating rate is

measured as a function of the elapsed tinadter the field is cut.
The waiting timet,, is 8x 107, 8 X 10°, and 8x 10* (from left to

right).

0.01 K/s.

netization decreases. On the subsequent reheating, the mag-
netization value in the preceding cooling process is recov-
ered, for each stop, at a temperature a bit above that of the

that the stopping temperatures are well below the blockingtop. At a glance, the memory effect in this superspin glass is
temperaturely ~ 13 K (see the inset of Fig.)6The cooling  qualitatively the same as that in superparamagnets indicating
(and reheatinprate is the same as that in Fig. 6. The result ofy similar origin of the effect. Another interesting observation

the experiment is that there is no significant difference bein Fig. 8 is that the FCM of the Rl system after resuming
tweenyzrc and Y3ic at any temperatur@ot shown, i.e., N0 the cooling behaves almost in parallel to the FCM without
memory is imprinted by the aging under zero field. This isthe intermittent stopsreference curvethough its absolute
also the expected result for superparamagnets. magnitude is significantly smaller than the latter. This feature

IIl. SLOW DYNAMICS IN SUPERSPIN GLASSES

is also seen for the superparamagnets as shown in Figs. 4 and
6, and so it suggests that the mechanism behind the memory
effect is also common.

Various memory experiments are performed on a dense Now let us go into further comparisons between the re-

FesN ferromagnetic nanoparticle system which has bee
shown to be a superspin gla®8s’4546Figure 8 shows the

"Lults so far obtained for the superparamagnets and those for
the superspin glass. One significant difference between the

result of the memory experiment following the same proto-q js seen in the behavior of the reference FCM without the

col as that in Fig. 4. At the intermittent stops of the FC
process, while the field is set to zero, the value of the mag

intermittent stops. The FCM of the f¢ system does not
increase but even decreases as the temperature is decreased.
According to the argument in the last paragraph of Sec. Il B,

2 X 107 this implies that the R& system is in fact not a superpara-
—— cooling he5G magnet also in this respect. Actually the nearly constant
- :2:‘;2222 FCM is considered to be a typical property of ordinary spin
65—

Xee (emu/Oe)
o

t (H=0) =3000s —

\/““’

glasses. A further important phenomenon which is peculiar to
superspin glasses is the memory effect in the genuine ZFC
protocol. Figure 9 shows an experimental result of thgNFe

system where the difference between the ZFCM’s with and

i FC without an intermittent stop afg in the cooling process is
55 [ , pr(_T_sented. The difference is clearly observed as a dip at
ZFC =g
5 % 50 100 180 Now let us discuss possible theoretical interpretations of
0 25 ® 50 7 these experimental results. The first theoretical model we

consider is the random energy mod@REM).50-52 The

FIG. 8. (Color onling FC susceptibility of the Fé\ system with REM cpnsists of a huge number of states. T_he barrier energy
the same protocol as that in Fig. 4. The critical temperature of thé-s: Which the system needs to overcome in order to go to
sample is around 60 KRef. 3. The field is cut during the inter- & NEW state, is assigned to each state randomly and indepen-
mittent stops of the cooling &=40 and 30 K for 3000 s at each dently according to the exponential distribution(Eg)
temperature. The coolin@nd reheatinrate is 0.01 K/s. The inset =1/T.exgd—-Eg/T]. Since the average relaxation tinfe)
shows the ZFC and the FC susceptibilities vs temperature. = [¢dEgp(Eg) 7o exp(Eg/T) diverges belowT,, the REM
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system blocked in a state with a higher energy barrier to
respond to the field, the difference of the typical energy bar-
rier of the state in which the system is blocked with and
without intermittent stop on cooling causes the dip in Fig. 11.
We have seen that the experimental results are well repro-
duced by the REM. However, the link between each state in
the REM and an actual spin configuration in the system is
not so clear. On the other hand, the droplet th&&§gives
some insight into spin configurations in theonequilibrium)
dynamics of real spin glasses. For example, after a spin glass
is rapidly quenched in a field to a temperatur& below T,
spin-glass domains, or clusters, which are in local equilib-
rium with respect tdT,h) are considered to grow. At a cer-
tain instancet after the quench, clusters with various vol-

umesVyser OF linear sized (~Vid ) exist. We may think

FIG. 10. (Color online FC susceptibility of the REM with the ~Of their distributionP(t;V,se) analogously toP(V) in the
same protocol as that in Fig. 4. The field is cut during the intermit-previous section. Furthermore, in the droplet theory, each
tent stops of the cooling at=0.8T, for 5X 10*7, and atT=0.3T,  cluster of a sizd is considered to flip by a thermal activa-
for 5X 10P7,, wherer, is the microscopic time of the model. The tion process whose mean energy barBeiis a function ofL
cooling (and reheatingrate is 2< 10°5T./ .. The inset shows the (B_~L" in the original droplet theo#). The thermally ac-
ZFC and the FC susceptibilities vs temperature. tivated process governs the response of clusters to an applied

field. This situation is rather similar to the two-state descrip-
shows various memory and aging behaviors in the lowtion of the superparamagnet, and we may expect that the
temperature phasé:>258Let us now see to what extent the magnetization of the spin glass is also described by(E)).
experimental results shown in this section are reproducibl¢hough the functional form oM(t;V) has to be properly
by the REM. First, Fig. 10 shows the result with the samemodified andP(V) has to be replaced by a time-dependent
protocol as that in Fig. 4. The result is qualitatively ratherdistribution P(t;Vyusie). We also note that the above argu-
similar to that of the FgN system shown in Fig. 8. In par- ment on an atomic spin glass can be directly applied to a
ticular, it should be emphasized that the flatness of the FCMuperspin glass if an atomic spin in the former is replaced by
below the critical temperature, which cannot be captured by superspin in the latter.
our simple model of superparamagnets, is reproduced in the An interesting prediction of the droplet theory is the in-
REM. Second, Fig. 11 shows the result of simulation whichstability of the equilibrium spin-glass phase under a static
corresponds to the ZFC memory experiment in Fig. 9. Againmagnetic fieldh of any strength. This is one of the funda-
the result is qualitatively very similar to that in the experi- mental issues which has been debated since the early stage of
ment. A crucial property of the REM to understand this resultthe spin-glass study and has not been settled yet. Quite re-
is that the system goes into deeper and deeper states wigently, in numerical analysis of the field-shift aging protocol,
higher and higher energy barriers as time progre¥s&s. one of the present author$.T.) and Hukushim® have
Therefore, the typical energy barrier of the state in which theound results that strongly support the prediction of the drop-
system is blocked depends on how long the system has begst theory. Here let us argue about our experimental results
aged at a low temperature. Since it is more difficult for theon the superspin glass from this point of view, namely, the

FCM measured at < T, is not an equilibrium property un-

ol U SR derh but due to the blocking of superspin clusters introduced
et e e above.
As noted before, the FCM of a superparamagnet increases
0.01 . with decreasingd. That of the present superspin glass, on the
o . : . other hand, is nearly constantt T, as seen in the inset of
@ﬁ -0.021°, Fig. 8. The latter is naturally attributed to the expected fact
& o : that the free-energy difference between the two states of a
& 003t . . superspin cluster is given not only by the Zeeman energy but
R T=0.7T, also by the residual interactions between the cluster and its
I ‘w=5><104 T surroundinggthe stiffness energy of a cluster in the droplet
0047 : theory). If the field strength is sufficiently small, which is the
0.5 ' 1 15 case of the present interest, the latter certainly dominates the

TT,

FIG. 11. (Color onling Difference of the ZFC susceptibility of

the the REM. The ZFC process is intermitted Tat0.7T, for 5

ref

X 10%7, in the measurement gfzec, while x5 is measured with-

out such a stop. The coolifgnd reheatingrate is the same as that

in Fig. 9.

Zeeman energy. Therefore, when the cluster is blocked, its
magnetization points either parallel or antiparallel to the field
direction. Consequently the branch of the FCMTet T, in
Fig. 8 becomes nearly constant when the temperature is de-
creased.

By further inspection of Fig. 1 and the inset of Fig. 8 we
notice that the FCM of a superparamagnet changes rather
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smoothly around the blocking temperature, while that of theTRM exhibits at, dependence, and the logarithmic time
superspin glass exhibits a kinklike shap&atT.. The latter  derivative of ytrum(t,t,) has a peak arount=t,, as ob-

can be attributed to the time development Rfft; Vjusier served in spin glassegb) all the experimental results re-
which is absent in a superparamagnet. In fact, in the droplgtorted by Suret al3° are qualitatively reproducible. In su-
theory, the rates of growth of the spin-glass clusters and so gferparamagnets, these aging and memory effects originate
their barrier energy are expected to be most sensitive to solely from a broad distribution of relaxation times which
small change in temperature @t=T,, since they are gov- comes from that of the anisotropy energy barriers. The
erned by the critical dynamics associated with the spin-glassiechanism of these results is well understood by investigat-
transition atT=T, underh=0. Consequently, even a small ing the time dependence of thé spectrunithe integrand in
temperature decrease at this temperature range gives rise Eq. (6)]. Thus the aging and memory effe¢® and(b) are

an apparently sharper blocking of superspin clusters. At sigrot a sufficient proof for the existence of spin-glass dynam-
nificantly lower temperatures than, the thermal activation ics.

process governs dynamics of superspins and yields an almost We have also studied aging and memory effects in a dense
constant FCM as described just above. Fe;N nanoparticle systerta superspin glagsexperimentally.

Let us turn to memory effects in the genuine ZFC proto-By comparing the results with those for superparamagnets,
col, which are not observed in superparamagnets. As wehe following differences have been fourd) The FCM of
mentioned above, at<T,, sizes of clusters are growing as the F@N system does not increase but even decreases as the
time elapses which gives rise to a history dependence demperature is decreased, while the FCM of superparamag-
P(t; Vouster IN the language of our two-state model. Since thenets always increases with decreasing tempera®@yrén the
change ofP(t;Vusied Proceeds even in a vanishing field, F&N system, the genuine ZFCM also depends on the waiting
memory effects are observed even in the genuine ZFC prdime. Such &, dependence in the ZFCM is hardly expected
tocol. in superparamagnets. From the viewpointHf we consider

Lastly one comment is in order on possible differences irthat the permalloy nanoparticle system studied by &ual.
the slow dynamics of superspin glasses and atomic spil$ closer to a superparamagnet, while thgNFeystem stud-
glasses. As mentioned above, qualitative aspects of the twied in the present work and the Co-Fe nanoparticle system
are considered to be almost common to each other. Quantstudied by Sahoet al3!:3238are closer to a superspin glass.
tatively, however, the unit time of a superspin flip depends.astly, we have argued that these two aspects peculiar to
on T and is much larger than the temperature-independergiuperspin glasses are qualitatively reproduced by the random
atomic-spin flip time. This difference often causes apparenenergy model, and are well interpreted by the droplet theory
qualitative differences in the nonequilibrium phenomena inin the field of spin-glass study.
the two spin glasses. The most interesting phenomenon In conclusion, similarities as well as crucial differences in
among them igejuvenationarising from the chaotic nature aging and memory effects in superparamagnets and super-
of equilibrium spin-glass staté&:?! The rejuvenation is spin glasses have been clarified. In order to distinguish the
more easily seen in longer time scales in units of the momeriwo types of slow dynamics we have to choose appropriate
or spin flip time; namely, within a common experimental aging protocols such as a ZFC process with intermittent
time window of 16—1C s, the effect is harder to observe in stops of the cooling properly scheduled.
superspin glasses than in atomic spin glasses. This problem

is investigated in a separate paffer. ACKNOWLEDGMENTS
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