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Temperature dependence of aging in spin glasses
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Experimental data for GuwMng ; are presented for the change with temperature of: the dependence of the
initial magnetization on waiting time before applying a magnetic field to a zero-field-cooled sample, the
maximum value oS=dM/4d Int, and the time at which the maximum occurs. The results as well as published
data[Granberget al, J. Magn. Magn. Matet92, 228(1990] on the dependence &on Int and waiting time
are found to be in good agreement with a domain mp8elL63-18209)06837-X

INTRODUCTION three other aging parameters reported in this paper: the dif-
ference between the initial moment for two valueg pf the

In this paper we wish to present experimental data on thenaximum value of5, and the time at which the maximum in
temperature dependence of aging phenomena in spin glass&spccurs.
and examine the agreement between a domain model for spin At present, two seemingly quite different explanations for
glasses and experiment. aging are advanced: the Patisblution of the Sherrington-

An important difference between glasses and crystallin&irkpatrick Hamiltoniaf has inspired a model in which
solids lies in their relaxation: structural glasses below themetastable states are hierarchically organized in phase space.
glass transition temperature exhibit structural relaxation pheAging is the result of the system overcoming barriers and
nomena on a wide range of time scales that slow dramatipopulating additional states, and thetjrdependence results
cally as the temperature is lowered. Spin glasses are similafsom a wide spectrum of energy barriers. The other considers
showing magnetic relaxation phenomena with a wide rang@ging to result from the growth of dropléter domains of
of relaxation times that slow down rapidly as the temperaturggrelated spins® A number of different theoretical
decreases below the spin-glass transitiby, _ _approachés’ *yield the result that the domain size is

A characteristic feature of the relaxation of spin glasses i roportional to In{) in disordered systemghis contrasts

the aging phenomenon: the magnetization of a spin gla}ss th ith the well-knownt*2 behavior for nondisordered materi-
has been cooled in zero field beldyy, depends on the time als

elapsedt,, before application Of the magnetic field. The It is sometimes claimed that domains cannot be present in
largert,,, the lower the magnetization. These effects have_ . N . : .
been studied extensive{iRef. 1, and references thergibut spin glasses becau(s6|>—-0. (Sh, however, 1S pnly Oin the
- .. limit as the number of spins approaches infinity, and fluctua-

only at temperatures close 1g,. Although it may be antici- .
pated that aging phenomena in spin glasses are strongly teffions ensure that local departure_s from the average must oc-
perature dependent because relaxation effects can be exl- Therefore small volumes will have a net ferromagnetic
pected to disappear at low temperatures where the relaxatigi®ment. When a sample is cooled from its paramagnetic
times become very long, and at high temperatures wher&tate into the spin glass phase it will contain a number of
these times become very short, this aspect of their behavigmall regions, or domains, for whicfSi)#0. The system
has not been studied in any detail heretofore, to our knowlcan decrease its energy by decreasing the total boundary area
edge. between different domains by domain growth, and this re-

Although spin glasses have been the subject of considesults in aging phenomerfaFor this reason, to quote
able attention, both experimental and theoretical, only reBouchaud and Deadha spin glass can be considered a “dis-
cently has any quantitative comparison between theory anduised ferromagnet.”
experiment been attemptéd The time dependence of the It is clear that it is the net magnetic moment that is ferro-
magnetizatiorM is relatively featureless and is incapable of magnetic in a spin glass. Competing interactions can result in
providing a useful testing ground for different theories. It isa significant number of spins in a domain having orientations
faintly sigmoidal, however, and the derivati®=dM/dInt  different from that of the domain itself. In the Ising model
displays a maximum when plotted against.lifhus the de- the ferromagnetic moment is a result of the majority of spins
pendence oSon Int andt,,, the temperature dependence of being oriented parallel to each other, while the rest are anti-
the ac susceptibility, and the strong temperature dependengarallel. Since the average fraction of antiparallel spins is
of aging phenomena, that will be reported in this paper, proindependent of domain size, the average ferromagnetic mo-
vide experimental features which can test theoretical modelsnent is proportional to the total number of spins. In this

The principal objective of this paper is to attempt to pro-connection it is worth remembering that whereas the interac-
vide an adequate model for the déitathe sense that calcu- tion between the Mn at high concentrations is antiferromag-
lated curves agree with experimental pojintSour sets of netic, in the low-concentration spin-glass phases, the interac-
data will be considered: the dependenceSaint,, and Int  tion is ferromagneti¢?
published by Granbergt al! (this data has already been  The states of the Ising model are twofold degenerate in
analyzed by Jolet al®), and the temperature dependence ofthe absence of an external field. The presence of a magnetic
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field removes this degeneracy, and the problem to be ad- 180
dressed here is how a domain changes its state in response to
the magnetic field. The hierarchical model concentrates on 160 1

the transitions of individual spins without any reference to

possible movements of domain walls. On the other hand, the 140 1
spins on the domain walls are the most easily reversed in the g 120
system, so that the domain walls must move in the presence 3
of a magnetic field. It also appears that the higher barriers to g 100 1
spin reversal in the hierarchical model require an ergodic gz
contribution. If this is the case it is impossible to ignore 2 80
cooperative effects. §~

The positions of the boundary of a domain that has been % 60 1

growing for a timet are continually fluctuating on a broad
range of time scales between some microscopic relaxation 40-
time 7o andt, resulting in a highly irregular structure: if the

scale of the domain iR, the scale of the fluctuations in 2

boundary position are on the order Bf This makes a de- 0

scription in terms of domains somewhat imprecise because 15

the highly irregular nature of the boundaries will lead to T(K)

considerable interpenetration of the network of domains.

Nevertheless, it is possible to define a domain §tze the FIG. 1. The change idM with temperatureAM is the differ-
sense that the number of spins in a domain wilR¥e where  ence between the initial values of the magnetization of a zero-field-
D is the fractal dimension. In three dimensidbs-2.513 cooled sample upon waiting for 30 and 300 s before turning on a

A major objective of this paper is to account quantita-5-O¢ field. The points are the experimental data, the solid line was
tively for both the experimental data in the literature and thef@lculated using a domain model.

new results on the temperature dependence presented he|[he

For the reasons outlined above, a domain model will be usegligljI tlr:g? EZS rté%%rrltggh?g;sélv?:]ystr:ggrtvt\a/cei |\r,1wtlf|16; (;lct:(lajrsatg;]e,tsgd

to analyze the experimental results. The domain model ha . . .
already been shown to account for the temperature and fré”uange In the magnitude of the maximum valueSo8yy,

quency dependence of the ac susceptibflitywill be found anqrggecﬁgingﬁﬂ#j r%?lzict)ﬂ dvgltg;fnter:/]vpi)tﬁr?eurjr:e'erature is
that a domain model is also successful in reproducing the 9 g ax P

data on aging, with one exception: the change in the peaEhown in Fig. 2. The behavior is similar to that of another
position of S=dM/dInt with temperature. The failure ap- Spin glass that has already been repotfedd.is interesting

pears to be related to the replacement of the spectrum tpat virtually all the data in the literature are obtained at a

energy barriers to spin reversal by a single average barrieﬁemperaturebO.ng Ut the effect Is strongest at a much
ay p y 9 g lower temperature.

The remainder of this paper will be organized as follows: The change in position of the peak is shown in Figs. 3 and
first the experimental techniques and the results will be pre-, S . . . . )
4. \While it is claimed in the literature that this peak occurs at

sented, then the theory used to analyze that data, and fmallg, time equal to the waiting time, it is clear from Fig. 4 that

a discussion of the implications of these results. this is only the case at one temperature, about Q. Ihere-

20+
EXPERIMENTAL DETAILS AND RESULTS

A polycrystalline sample of GyMng ; was prepared by
guenching from the melin order to minimize segregation of
the manganegeThe moment as a function of time was mea-
sured with a superconducting quantum interference device
(SQUID) magnetometer in a field provided by a supercon-
ducting magnet. Temperature control was better than 0.01 K.
T4 depends on the waiting time, and for a waiting time of
300 s was about 42 K.

In order to measure the effect of waiting time on the ini- y
tial moment the sample was cooled in zero field from a tem- 0.0 et
perature of 100 K to a temperature bel@y. After reaching ‘ 9
thermal equilibrium a field of 5 Oe was switched on after '
waiting for 30 s, and the evolution of the moment with time
was measured, the experiment was then repeated except thatgig. 2. The change i8=9 M/dInt with Int for three waiting
the sample was held in zero field for 300 s before the fieldimes. The points are data from Ref. 4 for waiting times of 100 s,
was applied. The difference in the magnetization after thegquares; 1000 s, diamonds, and 10 000 s, triangles. The solid lines
field had been applied for 30 s for the two waiting times isare a fit using the domain model, and the dashed lines are one using
shown in Fig. 1. the hierarchical model from Joét al. (Ref. 3. Note the lack of

The detailed dependence &t JM/dInt on Int and wait-  agreement of the hierarchical model for sntall
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5.0 THEORETICAL BACKGROUND

A domain model has been shofvto yield quantitative
agreement with experimental results published by Svedlidh
et al™® for the change i, with frequency, and with Int
for FeysMnysTiO,. The frequency dependence of S for
Cuy gMny ; published by Granbergt al,! and the tempera-
ture dependence of the effect of waiting time on aging in this
material obtained as outlined above will be addressed here.

There are three contributions to the moment produced by
the applied field: the first is due to domain boundary motion,
the second arises from the nucleation of new domains, and
the third from the percolation structut®.Nucleation and
growth of new domains limits the effects of aging: eventu-
ally waiting before applying a magnetic field will cease to
have any effect because the system will simply reach equi-
librium. It is evident from the experimental data that this is

15
only important at temperatures closeTpg.
10 . L An Ising spin glass with only nearest-neighbor interac-
e e e g 4 X 888N S 58 2 tions will be considered. The Hamiltonian is
T(K)

FIG. 3. The temperature dependence of the maximum val@e of H= _J%“) S§—H 2,: Si,
for a waiting time of 300 s. The points are the data, the line was
calculated using a domain model. where the spinsS;=*+1, J is the nearest-neighbor ex-
change, and{ is a uniform magnetic field. 0
fore the identification of the peak position with waiting time A number of different t_heo_retlc_:al approa_ct"ré'% y|e_Id
is clearly wrong. This simple idea may possibly be rescued #he result that the dor_nam .S'ZE is a function of Irt in .

. T T . disordered systems. Since it has also been well-established
the effect of a finite cooling time is included but this CannOtexperimentally that domains in disordered systems scale with

be simply a question of measuring the waiting time from they, ; 1 yhe following expression should be able to account for
time when the sample began to cool.

the experimental data:

The lines in the figure were calculated, and the theory for
those calculations will now be outlined.

R~(A |n£)a, (1)
T

E/T

whereR is the domain sizer=w, *e F'T is a microscopic

2000 relaxation time withwy a fundamental attempt frequency,
and E a barrier height to spin reversal. A range of barrier
1800 | heights are present; should be interpreted as the result of
an effective medium approximatio& will be treated as an
1600 § u adjustable parameter. It is not always satisfactory to replace a
spectrum of relaxation barriers by an average, and this ap-
14004 ® proximation may be the least satisfactory aspect of the whole
g " model.
& 1200 . A is a temperature dependent constant. Fisher and’Huse
5 have A=T/A(T), whereA is an energy on the order of J.
¥ 1000 . The calculation in the appendix yields a similar resuit:
< = =T/I(T+Q).
§ 800 1 n t/T can be identified as the number of spin reversals in a
600 | - timet along a line of spins. In that caseshould relate to the
" . “tortuosity” of the lattice, and should be the “spreading” or
400 - “chemical” dimension that computer simulations find to be
. 0.88 in three dimension<.
200 - . _ It is clear that ift,, is measured from the end of a waiting
time t,,,
0 , . . :
15 20 25 30 35 40 Roc| Aln twtt)|®
T(K)

FIG. 4. The temperature dependence of the time at which the The waiting time plays a crucial role because while wait-
maximum value of S, for a waiting time of 300 s, occurs.

ing in zero field domains grow. However domain growth
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also takes place while the sample is cooling to the measure- A[INP(t/75) = InP(t/77)]  2buH| AcIn®~1k
ment temperature; so an effective cooling titpeshould be Mo P = =) ,
added tot,, : [Aln(g+k)] T [In®=9(g+k)
4
tetty+t whereb=aD,c=ads, and it has been assumed thtis
ROCAama( %) EIAalna(gC—’_gW—’— k) (2) Sma” s

The spins can be expected to lie on a percolation structure
e, Oy, andk are the number of spin reversals after cooling,that can be viewed as a collection of clustér&elow the
waiting, and a time, respectively. As the sample is cooled, percolation limit the clusters are isolated from each other.
eventually a temperature will be reached where domaibove it an infinite cluster appears. The infinite cluster can
growth ceases ang, becomes constant. The time at which be viewed as an assembly of clusters, some of which are
the peak inS will occur is t,=t,+g.wo '€¥™, and, if the  connected, this is the “blobs” and “links” modéf
effective medium approach is valid, should increase expo- Below the percolation threshold the cluster size distribu-
nentially as the temperature decreases aftdsecomes con-  tion can be approximated bys=s""**e~*'® wherer (not
stant. The results shown in Fig. 4, however, show no evito be confused with the relaxation tijnis ~2.18!® s is the
dence of such an exponential increase at low temperaturesiumber of spins in the cluster , a@ |p—p.|*”.*8 In three
dimensionso=0.45® and since the threshold for site per-
colation on a fcc lattice isp,=0.198, for p=0.1,C
~0.0057.
Contribution from domain-wall motion If nucleation of new domains is neglected, only those

Equation(2) implies that domains much larger thRrare clustgrs large er_10ugh to contain at least one domain bound-
q (2) imp g ary, i.e., for whichR>AIn%g+k), can contribute tav,,.

improbable. Due to the fluctuations in boundary position do S .
mains disappear, thus domains of scale much smaller thah'US Ed-(4) must be multiplied by the fraction of the total

~R are also improbable. This suggests that the size distribJ—‘umber of spins in multidomain clusters, which is
tion is relatively narrow. The domain size distribution can be fm

AGING

obtained by solving the stochastic equation involved, how-

ever that is beyond this work, and the distribution of domain

sizes will simply be replaced by the average dke 0
Fluctuations in the position of the boundary of a domain f

that has been growing for a tinteare occurring on all time

scales less than Therefore the domains will be irregular on  And the moment produced by domain-wall motion be-

all scalesr <R: a domain that has grown for a tintg+t,  comes

and for whichR={A In[(t,+1)/7]}* will have structure on all

SW;
RP D
—CR

~e

SWs
1

scalesR’=[AIn(t'/7)]?<R, which has developed in times 2buH| A%InP~1k b
’ M .o e—C[A In(g+k)] ) (5)
t'<t,+t. T Ine-9(g+k
In a magnetic fieldH the relaxation timer=w, 'e¥'T be- N (g k)
comes

Contribution from percolation clusters

T = wg eE ) T=reth, 3 Clusters smaller thanA(Ing)? are smaller than the do-
main size, and will be single domain. If the nucleation of
When a magnetic field is applied the fluctuations innew domains is neglected they cannot contribute to the mo-
boundary position will no longer be equal. If the field has ment. After the field is applied, domain growth will take
been applied for a timg the boundaries will have moved a place in the larger, multidomain, clusters at different rates for
distance ~[AIn(t/7°)]3, involving [AlIn(t/7")]?° spins (a  the two spin orientations. Some clusters, those for which
possible effect of the field oA has been neglectedThus A lIn?g<R*<[Aln(g+ke ™3 will become single domain,
the number of favorably oriented spins will exceed the oth-and, because their average volumes are different, will con-
ers, and a net moment will resultn~{[Aln(t/7")?® tribute to the moment:
—[AIn(t/77) PP}
Thus, at the end of,,, this model envisions domains of M MfAblﬂb(g+keh) o-Cs
average scalB~[A In(t.+t,)/7]2, with very irregular bound- cl APInb(g+ke™ M)
aries whose moments average to zero. After the field has, .
been applied for a timé the average domain size becomesWh'Ch’ for smallH becomes
~[Aln(t.+t,+t)/7]? but the fluctuations in boundary posi- H
tion occurring duringt no longer average to zero :ZaD'LL—
The net moment will be proportional to the total boundary T
area. The boundary is fractal, and the area of a domain of
size R will be ~R% whered,>d—1, the total number of

[Aln(g+k)]°~te CR. (6)

gtk

The total isM=My+M¢yster» and

domains isN/RP, whereN is the total number of spins; so 1] { APJnad-1k K RD
the total boundary area isNR%™P=N/[AIn(g+k)]2C~%. Mo = i e SR (7
The moment is~mN/RP 9%, T RP -9 g+k/In(g+k)
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SxdM/dInt, and forCR°<1 and after some algebra contrary to observation. Another, less serious difficulty, is
the fact that the hierarchical model does not account at all
well for the initial value ofSthat depends quite strongly on

w

ADInaD—lk
RD*dS

1
Soc —

T

aD—-1 ak
Ink  (g+k)In(g+k)

—

It would appear that neither model is entirely satisfactory

gk RD in its present form. The domain model can be improved by

><(D—dS+CDRD)] +— including a spectrum of relaxation times. A possible im-
Tl (g+k)2]lIn(g+k) provement to the the hierarchical model would be to include
(b—1)k K correlations between relaxing spins, which might then lead to

Xi1l

CRD}eCRD_ (8) @ sensitivity to the percolation structure. Possibly the time
dependence of such correlations might be viewed as domain
growth by another name.

* gln(g+k) gln(g+k)

The second term in Eq8) is multiplied by gk/(k+g)?
which has a maximum whek=g. It is responsible for the
peak inS and it is easy to see why the maximum occurs
whenk~g. It should be noted that this contribution depends At the concentrations of interest here the clusters have a
on the existence of percolation clusters. The existence dfighly ramified character, thus the spin correlations must
percolation clusters in turn depends on site disorder. Thergyropagate along one-dimensional paths. It will be the thermal
fore a material in which this disorder is absent, and which{luctuations along these paths that will control the evolution
consequently, does not display percolation clusters, shoulgf the magnetization. The spins in these sequences must have
not display the peak ir§ at k=g. This conclusion is sup- a minimum of two nearest neighbo@iN). In what follows
ported by results for the nondisordered pyrochloreit will be assumed that the average time for a spin with two

APPENDIX

Y ,Mo0,0,."° NN to reverse is much longer than any laboratory time, and
this direct relaxation will be neglected. This approximation
DATA ANALYSIS AND DISCUSSION will clearly break down close td—g.

Consider the microscopic nature of the spin relaxation: it
clear that the relaxation of a spin reduces its constraint on
Gts neighbors, one of which can then relax, thereby reducing
. the constraint ornts neighbors, and so on, along a sequence
fitting all thre€yt ghing. Consider a sequence of spins, the relaxation of a
spin at positionn in the sequencéthe sequence starts at
=0) is much shorter if the spin at—1 has relaxed. The
relaxation time of the spin ab is reduced by a factor
~e~2YT py relaxation of the spin at—1. If the spin atn

—1 only has two neighbors, the spinsreéandn—2, and the
spin atn— 2 is reversed, then both orientations for the spin at

— 102 The fi L - h | n—1 are equally probable. However, the relaxation of the
_h' h. € b'ts were qﬁgﬁ_lgs_egsmvg tg the \I/alue d){] spin atn is more probable ih—1 is in one of its orienta-
which must be greater t =2, and obviously less than tions, thusr,~27,_,. If the spins in the line oh spins all

D=2.5. A value of 2.2 was used fal;. have two NN. thenr.~ 2"

Thus, with two adjustable parameters, the domain model If the spin ’atn—ln has tﬁree neighbors, one of which has
provides good agreement with all the experimental data Wiﬂf‘elaxed the probability that the spin @t 1’ has reversed is
one exception, the change tg with temperature. As dis- _J/T/(e’J/T+e_J/T) and 7,~(1+e2M) 7 With four
cussed previously, this probably illustrates the inadequacy ’ " n-1
replacing a spectrum of relaxation barriers with a single av-
erage barrier.

Another limitation of this simple theory results from ne-
glect of nucleation and growth of new domains. This is 7, ~ 7,2MP2(1 4 e2V/T)"P3(1 + */T)"Pa. . . (1 4 (22~ DITynp;
clearly responsible for the shift in the peak positionSofo
times shorter than the waiting time &g is approached from
below. It presumably is also responsible for the decrease i
the peak value o8 close toT.

It is likely that the hierarchical model would be able to T~ exd p,In 2(1+Q/T)n] 7o,
reproduce the data in Fig. 4. This model also avoids the
messy problem of accounting for domain nucleation andvhere,Q~2J[ps+2p,+ - - +(z—2)p.l/p,In 2.
growth. Unfortunately, quoting Jogt al: “The peak ofS(t) Finally, identifyingt with 7, ,
att=t,, in the hierarchical model arises from the massing of 1 T
occupied states aA(t,) att=t,.” If that is the case,S e — | —
should display a maximum at=t,, in Y,M0,0,, which is p2In2\T+Q

The experimental data used provided a stringent test oig
the model: the fits were very sensitive to the values of th
parameters employe@vith the exception oflg). While fit-
ting any one set of data was relatively easy,
was not.

In fitting the data,A=T/(Q+T) was used, andQ was
calculated usind=>50 K, the value obtained by Morgownyk
and MydosH?® which led toQ=4504 K. The remaining pa-
rameters are the values Bfand wg, anddg, since no data is
available that would yield values for them these were ad
justed to yield the best fit, which resulted =220 K,wq

N, 7,~(1+e*'T)r,_;, and so on.
If pq is the probability that a spin hagNN, andz is the
maximum number of NN,

~ T02np2(eZJ/T)np3(e4J/T)np4. . (e(2z—4)J/T)npz’

Which may be written

t

In—.
7o
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