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Role of initial conditions in spin-glass aging experiments
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The effect of initial conditions on aging properties of the spin-glass state is studied for a single crystal
Cu:Mn 1.5 at %. It is shown that the memory of the initial state, created by the cooling process, remains strong
on all experimental time scales. Th&,, scaling properties of two relaxation functions, the thermoremanent
magnetizatioTRM) and the isothermal remanent magnetizafitM) (with t,,;,=0 andt,,=t,), are com-
pared in detall. It is observed that the IRM relaxation as a functidiitgfdemonstrates a superaging behavior.
This result suggests that the subaging, exhibited by the TRM decay, arises from the influence of the cooling
process, and cannot be considered a natural type of scaling in spin-glass dynamics.
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[. INTRODUCTION of u from unity are small, but persistehPhysical meaning
of this scaling parameter remains unclear even though differ-

Aging phenomena in spin glasses have been studied famt interpretations have been propo8édill this suggests
20 years: Despite considerable progress, some problems rethat there may be some additional reasons for the lack of

main open. One of them is the problem tt,, scaling of scaling, which have not been taken into account yet.

time dependent quantitiésThis issue is a touchstone in our ~ On the theoretical side, the situation is more ambiguous.

understanding of spin-glass dynamics. Only when all depaf®henomenological phase-space mo&élsiescribing aging
tures from fullt/t,, scaling are accounted for, both theoreti- @S thermally activated hopping over free-energy barriers,

ena are well understood. In the mean-field dynamics, however, two different cases are

A waiting time t,, between the end of a cooling process distinguished® Those mean-field models, in which one level
w

and a change in magnetic field is a natural scaling paramete(?,f replica-symmetry breaking is exatiike the spherical

because it is the only externally defined time scale. Howevel SPIN mode), have only one time scale in the aging regime,

the existence of this characteristic time scale does not nece?[1 da fuIIt/tm_, scaling may be expec_téﬂiModels W't_h con-
. . : e - “tinuous replica-symmetry breakingiike the Sherrington-
sitate a fullt/t,, scaling of two-time quantities. In fact, vari-

d ; f the full i th Kirkpatrick mode), are characterized by an infinite number
ous departures from the ull scaling are more common thale o 5y ation time scale€If a decay of the correlation func-
thet/t,, scaling itself. The lack of scaling may have different ;o iy the aging regime is viewed as a sequence of infini-

reasons, and no theoretical approach at present can take themima steps, then each step takes much longer than the pre-
all into account. Therefore, we begin this paper with a brief,;;5 ;s gnet3 Therefore, na/t,, scaling is expected in these
review of the main experimental and theoretical results oy odels. It is suggesté3 that full t/t,, scaling for all times
t/t,, scaling. in the aging regime would rule out the continuous replica-
First experimental results on time scaling of the thermoresymmetry breaking scenario.
manent magnetizatiofTRM) were obtained soon after the ~ The phenomenological droplet modélwhich assumes
aging effects were discovered. They demonstrated that thekgat free-energy barriers grow as a power law of the droplet
are small but systematic deviations from ftit,, scaling in  size, B<L?, suggests the logarithmic scaling, thiifi(t,), in
the aging regimé: It was shown that the TRM curves for the long-time limit. It has been arguélihowever, that alge-
different waiting times can be successfully superimposed if &raic relaxation with/t,, scaling can be predicted within this
power of the waiting timety,, with x<1, is used in the model, if one assumes a modified scaling law for the energy
analysis instead of the actug|. This phenomenon is often barriers:Be«In(L).
referred to as “subaging”: the apparent age of the spin-glass Theoretical studies also show that the aging dynamics of
state, determined from the scaling of the TRM curves, insome models are characterized by logarithmic
creases slower than the waiting timg. The t/t% scaling  corrections®!” Depending on the nature of these correc-
was first used in studies of physical aging in polymertions, a full t/t, scaling may® or may not’ be asymptoti-
mechanicS. The spin-glass aging experiments alsocally recovered in the long-time limit.
suggestett* that t, -independent quasiequilibrium relaxation ~ These theoretical results suggest that it would be naive to
at short observation times should be taken into account promnalyze experimental data with a firm belief that they should
erly, if a good scaling over a wide time range is to be(“ideally” ) exhibit a full t/t,, scaling. At the same time, a
achieved. Nevertheless, a ftllt,, scaling in the aging re- reliable experimental evidence of the presefmeabsence
gime was never derived from experimental data. Departuresf such scaling would be very important, because it might
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help to determine the validity of different theoretical pic- It depends on two time$; andt,, measured from the end of

tures. the cooling process. The response of the system atttirte
Many experimental and theoretical studies of aging dy-an instantaneous field, present at time,, is described by

namics in spin glasses have one thing in common: they focuthe response function:

entirely on the aging phenomena, and neglect possible cool-

ing effects. We argue in the present paper that one of the N

reasons for the lack of a futft,, scaling in spin-glass aging R(tl,tz)=(1/N)_Z 3(Si(ty))/ dh(ty). 2

experiments is the influence of the cooling process. Our line =t

of argument is the following. A typical spin-glass relaxation |n thermal equilibrium, both functions depend only on the

experiment includes cooling from above the glasstime differencet;—t,. They are related by the fluctuation-

temperaturé® The approach of the measurement temperaturgissipation theorem. If the system is out of equilibrium, the

is necessarily slow with possible oscillations, because theyllowing generalization of this theorem is expected to hold
temperature has to be stabilized. Temperature cyclingh the long-time limit®

experiments?~?'as well as aging experiments with different
cooling rates? have shown that the thermal history near the R(ty,t,) = BX[C]IC(t1,tx)/dt5. 3
measurement temperature has a profound effect on the sub-
sequent spin-glass behavior. Any aging experiment is, therddere 8=1/kgT, andX[C] is the fluctuation-dissipation ra-
fore, a temperature variation experiment, and properties 0f0, which is equal to unity in equilibrium. It is
the measured relaxation are determined by both cooling angtggeste?*?that, for long waiting timesX depends on its
waiting time effects. As the waiting time increases, the influ-time arguments only through the correlation function, i.e.,
ence of the initial condition, set by the cooling process, di-X(t1,t2)=X[C(t1,t2)], as specified in E3).
minishes. This may lead to systematic departures from full The magnetic susceptibility, measured in spin-glass ex-
t/t,, scaling, compatible with the experimentally observedperiments, is an integrated response. If a magnetic field is
behavior. applied at timet’=0 and removed at’=t,,, the suscepti-
The paper is organized as follows. Section Il discusse®ility, measured at the observation tinieis given by the
general properties of spin-glass relaxation and methods fdpllowing expression:
analysis oft/t,, scaling. In Sec. lll A, features of the cooling
process and properties of the TRM decaytfpe 0 are stud-
ied. In Sec. lll B,t/t,, scaling properties of the TRM and the
isothermal remanent magnetizatiOiRM) are compared in . ) )
detail. In Sec. Il C, our experimental results are discussed id Nis corresponds to the IRM experimental protocol with

comparison with results of numerical simulations. Section [Vtw1=0 andt,,;=t,,. In what follows, the notation IRM will
summarizes our arguments. always refer to the isothermal remanent magnetization with

tw1=0, which is a two-time quantity. Using E¢B) for the
response function and introducing a functigC] through a
Il. THEORETICAL BACKGROUND reIation,BX[C]=dY/dC,9 one obtains the formula

tW
XlRM(t+tW1tw):f0 R(t+t,,t")dt’". (4)

A. Linear response in spin glasses Yirm(tF 1ty tw) = Y[C(t+1t,,,t,)]— Y[C(t+1,,0)]. (5)
In a typical TRM experiment, a spin-glass sample is
cooled down from above the glass temperaflyéo a mea-
surement temperatuie<T, in the presence of a small mag-
netic fieldh. It is then kept at the measurement temperatur
during the waiting timet,,. After that, the fieldh is cut to

The first term on the right is identified with thg-dependent
TRM susceptibility’ The second term corresponds to the
o RM decay after zero waiting time. To avoid confusion, we
shall refer to it as ZTRM, and drop the second argument. We

zero, and a decay of the TRM is measured as a function oyill also use a corresponding observation time_instead of a
the observation time, elapsed after the field change. This total age as the f|rs_t argument of each f“".‘c“o!"- For the
decay depends on the waiting time—a phenomenon calle' RM. the total age I1s e_qual to the pbservanon time. Thus,
aging. The total age of the systemtist,,. In a more com- Eq. (5) can be rewritten in the following form:

plex IRM protocol, the sample is cooled down at zero mag-

netic field and kept for a waiting time,;. Then a small Xirm (L tw) = XTRM(Etw) = XZTRMEH L) 6)

magnetic field is turned on, and, after an additional waitingrpe |ast formula expresses the well-known principle of su-
time 1,5, is turned off again. A subsequent decay of theperposition, which has been verified experimentally in the
isothermal remanent magnetization is observed. It depenggse of spin glassés.

on both waiting times. _ It follows from Eq. (6) that the TRM relaxation is a su-
In order to describe time evolution of a system, the autoperposition of two decays. The IRM is a response associated
correlation functionC(ty,t,) is introduced: with the waiting time. The ZTRM is a response related to the

cooling process. According to Ed5), it depends onC(t
N +1t,,0), which is a measure of the memory of the initial
C(ty.t,)=(1N t)S (1)), 1 state. One can, in principle, consider an integral representa-
(t1,t2)=(1N) 2, (Si(t2)S(t2) (n e Cne can
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TRM ment of the field-cooled susceptibility, which is also a one-
T(t) time quantity. We show in Sec. Ill B that neither of these two

TH conditions holds in spin-glass experiments.

,\ ¢ B. Analysis oft/t,, scaling

c w Spin-glass dynamics are characterized by at least two time
5 scales. The microscopic attempt timg is associated with
IRM the quasiequilibrium decay at short observation times. The
waiting timet,, determines the properties of the nonequilib-
H rium relaxation at long times. Both types of spin-glass be-
havior have to be taken into account when ttg scaling of
¢ the relaxation curves is analyzed.
-tc\/ 0 t, Numerical studies of the off-equilibrium dynamics in the
three-dimensional Edwards-Anderson motiétsuggest that
FIG. 1. Comparison of the TRM and the IRMith t,;=0 and  the autocorrelation functio€(t,t,,) can be well approxi-

tw2=t,,) experimental protocols. The thick curT¢t’) denotes the mated by a product of two functions:
temperature variation during a typical cooling process with an over-

all cooling timet, . A magnetic fieldH is applied before the cooling C(t,t,)oct™ D (t/t,,). (8
in the TRM experiment, and immediately after the cooling in the
IRM experiment.

T()
TH

The waiting time independent factor “ represents the slow
(on the logarithmic scajequasiequilibrium decay &t<t,,.
The function®(t/t,,) (which is approximately constant for
R[t+t,,t', T(t)]dt, 7) t<ty) describeg th_e faster nonequilibrium relaxation at
te longer observation times. Of course, bathand ®(x) de-
pend on temperature.
wheret, is the overall cooling time. Unlike Eq4), the in- A similar multiplicative ansaf? has been successfully
tegrand in the last formula explicitly depends on temperaturéised for scaling experimental TRM relaxation curves
variationT(t") during the cooling process. Therefore, a sum w u
of the integral in Eq(4) and the integral in Eq.7) cannot be Xtrm(t tw) <1 F (te/ty). ©)
written as a single integral of the functi®(t+t,,,t’) from  Two features distinguish Eq9) from Eq. (8). First, an ef-
t'=—t. tot'=t,. This means that the thermal history can- fective timet, (usually denoted by) is introduced. The age
not be taken into account by Simple addition of the COO”ngof the System increases with the observation t|mewa{5t,
time to the waiting time. and the time/age ratio decreases. In order to allow a descrip-

Figure 1 illustrates the difference between the TRM andion of the relaxation by the same agg, the effective time
the IRM experimental protocols. It also clarifies the mean-should increase more slowly than the observation tirfidis
ings oft,, andt.. means thatdt,/t,=dt/(t+t,) and to=t,In(1+t/t,). Sec-

If the memory of the initial state is strong, there will be no ond, possible deviations from futft,, scaling in the aging
one-to-one correspondence betweent{pelependent corre- regime are taken into account by the parameterin this
lation andt,,-dependent linear response. The TRM dependgase dt, /t*=dt/(t+1t,)*, and the effective time is
on the correlatiorC(t+t,,,t,,), but it includes the response
of the initial state. The IRM is a linear response, associated te=t,[(L+t/t,)1 #—1]/(1—p). (10
with the waiting time only, but it depends on the correlation
with the initial state. Therefore, neither the TRM nor the : AN
IRM can be called a “true't,,-dependent response. equivalent to _the observathn Ume~t. .

The linear response theory predicts that the measured sus- The u-scaling appro_ach is very useful for st_udylng depar-
ceptibility [Eq. (4)] depends on the waiting tintg,. How- tures from _fuIIt/tW scghng, no matter Whethgz itself has_ a
ever, it gives no predictions regarditg,, scaling. Equation clear physical meaning or not. WPT use th'.s. method in the
(6) suggests that the TRM and IRM, though characterized b;Pf_ese”t paper and determmeirom juxtaposition of relax-
the same waiting time, cannot have the same scaling propeiion curves, plotted versug/t,,. o
ties. This is because they differ by the ZTRM, which is a A dn_‘ferent _method for separating the quasiequilibrium
one-time quantity without a characteristic time scale. Two@"d @ging regimes has also been successfully emplojted.

. . . . . 2
exceptional cases are possible. First, the ZTRM decays g9 INSPired by dynamical solution of m_ean-ﬁelldg:od]é’rsﬁ
rapidly that the last term in Eq6) can be neglected for The following additive representation is considered

sufficiently larget,,. This case is usually considered in the- —a “

oretical studie$;® which assume that memory of the initial Xrrm(Ltw) <At 7o)+ F(te/ty). (1
condition is lost after very long waiting times, i.eG(t This approach yields a bettsft,, scaling (u closer to unity
+t,,0)—0 ast,—=.?* Second, the ZTRM changes so than the previously discussed methiddt should be noted,
slowly, thatyztru(t+1y,) for long enought,, can be treated however, that derivation of the last forméllemploys an as-
as a nonzero constant. This approach is similar to the treasumption thatC(t+t,,0)=0. Therefore, Eq(11) is exact

0
XzTrM(t+1y) = f

At short observation timest<t,,, the effective time is
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only asymptotically(larget,,), when long-term memory is 050+ "
weak. Nevertheless, this method is justified, because it give: 45 17]
good results on experimental time scales. : o o],
From a strict theoretical point of view, thg-scaling 0401 g I
analysis may be used only in the case of systems with one_ 035 = £
step of replica symmetry breaking. Indeed, for these systems< 0.30.] V
the aging part of the correlation function in the long-time -
limit can be written a2 , 0254
£ 020
Calt+ty,ty) =] '[h(t+ty)/h(ty)], 12 ~
0.15
where h(t) is a monotonically increasing function. The 0]
u-scaling approach corresponds to the following ansatz for |
this functiorf'*® 0.5
0.00 v T T T T T T T T T T T T T T
h(t)=exd (t/ 7o) #/(1— u)]. (13 0 1 2 3 4 5 8 7 8

Systems with continuous replica symmetry breaking, such as £ (min)
the Sherrington-KirkpatricKSK) model, cannot be charac- FIG. 2. Approach of the measurement temperafuckiring the
terized by a single time scale in the aging regime, and Eqcooling process. The temperature cur¥és'), from top to bottom,
(12) is not valid in this case. are forT/T;=0.3,0.4, and 0.77, respectively. The inset shows the
Having said that, one should remember that experimentwghole cooling process fof/T,=0.77.
probe spin-glass dynamics only within limited time intervals,
and theu-scaling analysis works reasonably well in practice.
Moreover, it is not clear which theoretical model is better
suited for description of real spin glasses. Therefore, fol €S
practical purposes, we assume classification of departures
from full t/t,, scaling based on the value of parameterlf
n<1, the apparent age of the spin-glass state increases more Spin-glass behavior is characterized by memory effects:
slowly thatt,,, and spin-glass relaxation as a functiort/af, = properties of the measured spin-glass relaxation depend on
is faster for longer waiting times. We shall refer to this be-history of a sample beloWwy. The cooling process is an
havior as “subaging? If u>1, the apparent age grows integral part of this history. It has been shown that, in real
faster thant,,, and relaxation plotted versugt,, is slower spin glasses, details of the experimental protocol well above
for longer waiting times. This behavior is called the measurement temperatufedo not affect the measured
“superaging.”® The case ofu=1 corresponds to fult/t,  relaxation properties’ However, the thermal history in the
scaling. immediate vicinity of the measurement temperat(say,
6T<0.5 K) has a strong impact on the observed spin-glass
IIl. EXPERIMENTAL RESULTS AND ANALYSIS behavior. This fact suggests that the cooling and w_aiting time
effects cannot be separated and should be studied simulta-
The purpose of this paper is to study how initial condi- neously.
tions affect aging phenomena in spin-glass experiments. By A typical cooling protocol is exhibited in the inset of Fig.
the initial condition we mean history of the spin-glass state2. The temperature drops rapidly to well below the measure-
before the waiting time begins. The initial conditions arement temperature, then rises -+ 5T, and slowly ap-
always nontrivial in spin-glass experiments, because theroachesl from above. By definition, the experimental time
guench, preceding the waiting time, is never infinitely fast. starts when the measurement temperatireis finally
All experiments were performed on a single crystal ofreached.
Cu:Mn 1.5 at %, a typical Heisenberg spin glass with a glass The approach of the measurement temperature is shown
temperature of about 15.2 K. The single crystal was used tin the main body of Fig. 2. For relatively high temperatures,
avoid possible complications due to finite-size effects. An-§T~0.1 K. For the lowest temperature, howevesT
other advantage of this sample is its high de Almeida—0.3 K. A comparison with the results of temperature cy-
Thouless(AT) critical line?’ For example, the AT field at cling experiments suggests that the initial undercool is not
T/T,=0.87, the highest measurement temperature in our exzery important, because of its larggeveral Kelvin magni-
periments, is about 600 Oe. This enables us to use a relaude. The subsequent overshoot, however, may be expected
tively large field changeAH=10 Oe, and still work well to play a significant role in spin-glass dynamics, and cannot
within the linear response regime. A commercial Quantunbe neglected in our experiments.
Design MPMS SQUID(superconducting quantum interfer- A comment should be made at this point. Controlling a
ence device magnetometer was used for all the measuretemperature protocol in real experiments is a difficult task. A
ments. This equipment has been optimized for precision angpin-glass sample is cooled down together with a sample
reproducibility, rather than speed. Thus, cooling is relativelychamber, and the actual cooling process depends on the hard-
slow, and this allows us to study cooling effects in detail.ware. The temperature curves in Fig. 2 are not a matter of

Some of the measurements have been repeated using Cryo-
gen'c S600 SQUID susceptometer, and yielded very similar

A. Cooling process and ZTRM

184422-4



ROLE OF INITIAL CONDITIONS IN SPIN-GLASS . .. PHYSICAL REVIEW B 67, 184422 (2003

choice. They are determined by the appardinghis case, 030 ”

Quantum Design MPM§ and cannot be modified easily. 1 ' %

The present paper is devoted to conventional aging experi = o2s-

ments, and the cooling process in Fig. 2 is very common:;,2 ] } t i

indeed. It should also be noted that Fig. 2 exhibits tempera- 2 4] t 8 ; f
20 03 04 05 06 07 08 08

TIT‘

t 4
¢ 2

ture curves for helium gas, used as a heat transfer ager =

within the sample chamber. The actual temperature of thes,

spin-glass sample lags behind. Therefore, in reality, thel

sample spends more time above the measurement temper =

ture, than shown in Fig. 2. This makes the cooling effects?_.; 0.10

stronger. Results of temperature cycling experimérgag- = .

gest that a protocol, in which the sample is cooled down = ggs

rapidly, and the measurement temperature is then approache '

from below without any overshoot, might reduce the cooling 000

effects. 1 2 3 a5 s 7 8
It is instructive to compare the cooling procedure in Fig. 2 log,(t)

with an experimental protocol including a positive tempera-

ture cycle™® In this protocol, the sample is field cooled to the ~ FIG. 3. The logarithmic relaxation rate for the ZTRM. The mea-

measurement temperatuFeand kept for a long waiting time  surement temperatures, from top to bottom, a®T,

th_ Then it is heated up td + ST and annealed for a short =0.87,0.77,0.68,0.58,0.5,0.4, and 0.3. The inset shows the tem-

time t,,,. After that, it is cooled down and kept at the initial Perature dependence of logarithms of the effective cooling tifle

temperaturd for additional timet, 5. The field is then cut to  (solid symbols and the effective scaling timé™" (open symbols

zero, and the TRM relaxation is measured. It turns out that T is finall hed. th . | b f
this relaxation follows a reference curve with=t,s at L cperaturer is finally reached, there is a large number o

short observation times, then breaks away and moves tdnetastable states, separated by barriers of all hefgits.
wards a reference curve with,=t,;. Therefore, the spin- other words, the cooling process creates an |r_1|t|al_state with
glass state initially exhibits a memory of only those eventsd broad spectrum of relaxation times. This situation corre-

that happened after the temperature cycle. But, as timlg;ponds to the “existence of domains of all sizes within the

progresses, it begins to recall its earlier history. Another reI—Inltlal con_d_ltlon’_’ in the real-space p@u?é‘. .
If a waiting timet,, follows the cooling, properties of the

evant analogy is an experimental protocol with a negative . ) o ) o
temperature shift after initial waitingf. In both experiments, subsequent relaxation will be similar to those in the positive

the relaxation curve after the temperature change cannot HEMPerature cycle experiment. At short observation times,

merged with any of the reference curves measured at a cof2® relz_ixat_lon will be governed Uy, . At longer observation
stant temperature. times, it will break away and slow down, because the long-

The main idea of this paper is that any spin-glass agingime metastable states with high barriers, created by the cool-

experiment is, at the same time, a temperature variation e ng process, will ccr)]me into 'p.lay. ,Th's effect will be more
periment. All effects that manifest themselves in temperatur@onounced aﬁ?rﬁ orter \INa't'ng t|me§. 4 by th i
variation experiments also appear in aging experiments. Properties of the initial state, produced by the cooling

Our reasoning is based on the hierarchical phase-spad¥c€ss. can be studied by measuring a TRM decay,for
picture of spin-glass dynami&g'?o In this picture, the spin- =0, which we call ZTRM. The sample is cooled down in the

glass phase at temperatures befyvis characterized by a Presence of a small fieltj =10 Oe. When the temperature

large number of metastable states with hierarchical organizd$ StaPilized, the field is cut to zero, and decay of the ZTRM
tion, similar to that of the pure equilibrium states in the SK 'S recorded. L _ .
model. These states are separated by free-energy barriers. AsFiguré 3 exhibits logarithmic relaxation rates of this de-
the temperature is lowered, the metastable states split in G&Y: corresponding to different temperatures. The experimen-
hierarchical fashion, and the energy barriers grow. This prot@! ZTRM curves were fitted using a five-order polynomial
cess is reversed if temperature is raised. The hierarchicdf: and then differentiated with respect to ig@). Each
picture has been successfully used to explain results of tenfUrve in Fig. 3 has a peak, and we shaelflfcall the position of
perature cycling experiment&?’ as well as rejuvenation this peak the “effective cooling timet;". Each ZTRM
(chaosliké and memory effects under a temperaturecurve is normalized by 1 ettztﬁff before differentiation is
change® performed. It can be seen from Fig. 3 that the peaks become

Let us consider a typical cooling process and imagine thafhuch broader as the temperature decreases. This means that
the system spends some short time at a temperafure the spectrum of relaxation times broadens as well, and that it
+6T. Several metastable states, separated by free-enerdfynot dominated by a single time scale.
barriers, become populated during that time. As the tempera- Even though the effective cooling tintg'’ corresponds to
ture is lowered, these states split and produce new metastalifee maximum of the relaxation rate, it cannot be treated as a
states with new barriers. The old barriers grow steeply, andiegular waiting timet,,. We have tried to scale each ZTRM
for any value of the temperature there exist barriers divergeurve with the relaxation curves for longer waiting times,
ing at this temperaturé. Therefore, when the measurement using theu-scaling approach and takir‘c@ff as the scaling

0.15
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parameter. No value gf can give even an approximate scal- 3980+ ™
ing, especially at short times. It turns out, however, that the ;55 1 ZIRMtHAH) oz
ZTRM curve for any temperature can be merged with the 3 | 2% MFCtH 020
other TRM curvesusing the same: as used for the longer 5 %7 T o
waiting times, if a much shorter characteristic time for the © aes- < o
ZTRM is introduced. We call this time the “effective scaling ~ 5.052.] '
time” t¢'". It is several times shorter than the effective cool- = ™ | b
ing time. The inset of Fig. 3 exhibits logarithms ¢§f' and o %%
t¢" for different temperatures. = g0
The fact that one can consider at least two characteristicz 1
times for the ZTRM agrees with what is expected from re- 5
laxation in the positive-temperature-cycle experiment. The & 3844
spin-glass behavior at short observation times is governed b'™N 4, ]
tgff, which can be associated with ordinary aging effects 1
during the slow asymptotic approach of the measuremen >t 7o 25 50 35 40 45 a0
temperature. However, the long-time relaxation is strongly log,(t)

influenced by the metastable states, separated by high barri-

ers, resulting from the temperature change. Thus, the relax- FIG. 4. Time dependences of the ZTRM and MFC, measured at

ation rate peaks aﬁ”, and not at[gff_ T/T4=0.79 andH =500 Oe. The field change iaH=10 Oe. The
This argument can be generalized to include the TRMNSet shows the relaxation exponex(t) as a function oH?5,

experiments with longer waiting times. The logarithmic re-

laxation rate has a peak ", the “effective waiting time.” The observed increase N(H) suggests that energy bar-

It is well known thattfjv” for the TRM is greater thaf, .%2 riers, creat(_—:td by the cooling process, are Iower, if cooling is

We believe that this shift in the maximum of the relaxationPerformed in the presence of a high field. This happens, be-

rate is caused by those long-time metastable states, which af@use the accessible phase space is limited y(H). The

created during the cooling process. low-field |r_1|t|al state in our experl_ments appears to be more
It is important to note that the memory of the initial state COMPIeX, i.e., characterized by higher barriers, than the ini-

depends not only on the cooling protocol, but also on thdial state in the Monte Carlo simulations.

overall complexity of the free-energy landscape. This can be

illustrated by measurements of the ZTRM in the presence of B. Comparison of the TRM and the IRM

a high constant field. The minimum possible overlap,

dmin(H), between two states increases with increasing magdeéto\;vnasozggvivr?ténasseucrﬁIlo'? gvcgtér;i;lzw[hrglfg“a;'ovchﬁgg its) ea
netic field H.3° Therefore, certain constraints on barrier P yS. ’

heights are imposed by the field, leading to a faster relaxtesPONse of the system during the waiting titge and the

: ; : . : ZTRM, which is a response of the initial state.
ation. The experiment is performed in the following way. . . .

First, the sample is cooled down to the measurement tem- Figure 5 d'Spl"."yS _the experimental _TRM and ZTRM
perature at the fielt + AH. The field is changed tbl, and curves, and their difference, fofl/T,=0.87 and t,
the ZTRM, is measured for some time. Second, the sample is

. . 10
warmed up to abové@,, and cooled down again, all in the ] 24
presence of the same figitl The field-cooled magnetization 94 209 0.,  TRM-ZTRM (t+)
(MFC) is measured for the same time. The difference of 16
these two magnetizations is then fitted to a power law at long 12
observation times: ZTRM(H,AH)—MFC(t,H) et M), -
The values oH were varied from 50 to 1000 Oe. The field
change was smallAH=10 Oe, so that the response was
always linear.

Figure 4 exhibits the measured ZTRM and MFC decays® 4 ~———
for H=500 Oe. One can see that time dependence of thef: 5 ZTRM (t+,)
MFC cannot be neglected at high fields. The inset shows the ]
relaxation exponenk(H). The exponent appears to be a 21 W
linear function ofq,i,>H?2. This is not surprising, because 1] ;
its temperature dependence is also close to linear, and the A : /‘w
critical line, Ty— T¢(H) <H?3, has a profound effect on spin- R S S S A S S A
glass dynamic4’ The estimated value of(H) near the AT t+t (10°s)
line, which corresponds tél 5t~ 1400 Oe at this tempera- v
ture, is 0.27-0.03. It is interesting that this number com-  FIG. 5. Experimental time dependence of theru(t,t,,) and
pares well with the Monte Carlo resulk~0.25, for the  ygzu(t,t,) for T/T4=0.87 andt,=1000s. The TRM relaxation
three-dimensional Edwards-AndersdB8D EA) model at for zero waiting time is referred to as ZTRM. The inset illustrates
zero magnetic field® the validity of the principle of superposition.

IRM ———

% (L) (au)

TRM (tt,)

(arb. units)
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=1000 s. The inset of Fig. 5 demonstrates that the measure 20
IRM is equivalent to the difference of the separately mea- ]
sured TRM and ZTRMthe waiting time for data in the inset

is 300 9. One can see from Fig. 5 that the response of the 16
initial state dominates the measured TRM relaxation. This _ .
effect is particularly pronounced at low temperatures, at«.: o
which thermally activated processes are slow. Figure 5 sug, 1.24 R
gests that the ZTRM cannot be neglected, nor can it bex
treated as a constant. Therefore, the TRM and IRM relax-=

=

ation curves will have different scaling properties, and = 08

1.8+ B

4 4 4

1.0

: 11 IRM  t =1000s

should be analyzed simultaneously. . 2 IRM t=6310s "y, -

The correlation functiolc(t+t,,,t,,), defined by Eq(1), 067 3: TRM t=1000s
is independent of,, at t=0. Numerical studies of the SK 044 4: TRM 1,=6310s
model demonstrat&®? that the correlation curves for differ- ]
ent waiting times, plotted versust,,, cross at one point, 02 — T T T 7T

. P . -25 -20 -15 -1.0 0.5 0.0 0.5 1.0 15
corresponding td=~t,,. This is a consequence of dynamic log. (t/t )
10 W

ultrametricity. Because a time scale is associated with each
value of the correlation, there exists a valueGyfsuch that FIG. 6. Relaxation curvegsy(t,t,) and yrau(t,ty) for two
t(C)=ty,. If the linear response susceptibility depends on itSyajting times, normalized by 1 4t=t,,. The temperature /T,
time arguments only through the correlation function, ke. =0.87. The IRM decay as a function tft,, is slower for longer
=x(C), the susceptibility curves should also cross at oneaiting times(“superaging”). The TRM decay is faster for longer
point. Experimental results do not exhibit this property. Thewaiting times(“subaging”).

TRM curves for long waiting times lie below the curves for

short waiting times, when plotted v#t,,. The IRM curves  for relatively high temperatures, but drops visibly at low

demonstrate the opposite behavior. temperaturesT/T,<0.4. Similar results have been obtained
In the present paper, we normalize both the TRM andgy various spin-glass sampl&s’

IRM decays by 1 at=t,,, and treat them as “normal”re-  The values ofu for the IRM are greater than unity. They

laxation functions. This approach has several advantagegre near 1.1, but tend to increase at low temperatures. Ac-

First, all departures from fult/t,, scaling, reflected in the ¢ording to Fig. 7, there is a certain symmetry with respect to

shapes of relaxation curves, can be observed clearly. Secon/g,: 1 between the values gf for the TRM and IRM.

the shapes of TRM and IRM decays can be compared in Figure 8 exhibits values of logarithm of the effective wait-
detail, regardless of the fact that their magnitudes are d|ffermg time t&f for these two functions. The relaxation curves
W .

ent. Third, experimental results can be directly comparedyere fitted using a five-order polynomial fit, and then differ-

with results of numerical simulations. We believe that this
approach is physically justified because the influence of th
cooling process leads to systematic changes irstiapeof

relaxation curves, as discussed in Sec. lll A. This method i$

different from the one, traditionally used to studyt,,

scaling??®

entiated with respect to lqgt). The effective waiting time
1 corresponds to the extremum of this derivative. It can be
seen from Fig. 8 that®/™>t,, for the TRM, butt®/'<t,, for

13

Figure 6 exhibits the TRM and IRM relaxation curves, 1.2

measured all/T,=0.87, for two waiting timest,,= 1000

and 6310 s. The TRM data demonstrate the familiar subagin¢,_

pattern: the relaxation, plotted versus,,, is faster for the
longer waiting time. The IRM results show a quite different
behavior: the relaxation as a functiontéf,, slows down as

ty increases. This is the superaging.

In order to make the above conclusion quantitative, we
analyze the/t,, scaling of measured relaxation curves using
the u-scaling approach, discussed in Sec. Il B. We optimize

scaling paramete

n
(-]
1

u to achieve the best possible scaling over a wide range o %5
observation times, with particular attention to the aging re-  ,,.
gime, t>t,,. Inclusion of the quasiequilibrium decay with

the exponentr improves scaling at short times, but it does

¢ [IRM
= TRM

not help at longer times. In the present analysis, the quasi
equilibrium behavior is not taken into account explicitly.

This gives values of. a little further from unity, but does not
affect any conclusions about scaling in the aging regime.
Figure 7 exhibits values of the paramegeifor the TRM

0.3

04 0.5

and IRM. In the case of the TRM; lies between 0.8 and 0.9 the TRM (“subaging”).

184422-7
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FIG. 7. The scaling parameter as a function of temperature
obtained by scaling together relaxation curves tipe=6310 and
1000 s. Note that>1 for the IRM (“superaging”), andu<1 for
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447 =1000s, and in the intervalt/t,=1.5...5 for t,
42 E ; 3 i ; =6310 s. In the case of the ZTRM, the effective cooling
40 3 time, t¢'", was used instead of, .
38 The first conclusion one can draw from Fig. 9 is that the
26] i $ : ¢ : : : ZTRM is the slowestrelaxation measured in the aging re-
a4l 5 ] g 5 gime. This result is in sharp contradiction with results of
’ E 5 numerical simulations, which show that the zero waiting
time decay is théastestpossible relaxation. The dotteédp-
30 pen line in Fig. 9 represents(T) for t,,=0 from the Monte
28] % 5 ¢ ¢ Carlo studies of the 3D EA model of Kiskaat al?®> Our
] experimental values of th&(T) for the ZTRM are about
= o TRM three times lower.
According to Fig. 9, the TRM decay as a functiontf,
] becomes faster as the waiting time increases, while the IRM
20 s o4 o0s o8 o7 o8 o9 relaxation becomes slower. The corresponding values of
TIT N(T,t,) move towards each other and towards the dashed
g (lower) line, which represents numerical results for the EA
FIG. 8. Logarithm of the effective waiting time/", as a func- ~model witht,,=1000 mcs?® This observation suggests that
tion of temperature. The solid symbols correspond,fe 6310 s, the exponenh for the ideal(i.e. free from cooling effecis
and the open symbols t,=1000 s. Note thaté'™>t, for the =~ Spin-glass relaxation should take values somewhere in be-
TRM, andté/'<t,, for the IRM. tween those for the TRM and IRM.

3.2+

log,( t,”")

2.6

2.4

22+

the IRM. While the first of these inequalities is well known, C. Discussion
the last inequality represents a new and somewhat unex-
pected result.

Figure 9 displays values of the relaxation exponent

The phenomenon of superaging may seem rather unusual
from an experimentalist’s point of view, because it has never
been observed in TRM experiments. It turns out, however,

\(T,t,), defined throughy(t,t,)oct (T for t>t,,. This " . : . :
definition is based on the fact that time dependence of sping];t g)l(lasr:p% plr:eigoérlnilza,\;;ﬁ:]fgcétt Igl '\3”102:5 ia}go_rzgsggns'

glass relaxation is essentially algebraic in the aging 32 . . . 33 i
regime®°1525The value ofA(T,t,,) is determined from the tal,” and Fig. 4 in Cugliandolet al.™ demonstrate dy
namic behaviors, very similar to superaging. In all these

slope of the I'|near. f't. to' Iog,().() as a funcyon of Iog)(t).. . simulations of the SK model, the correlation functi@{t
Because of time limitations in our experiments, the fitting .
. : -~ +t,,,ty), plotted versus/t,,, decays slower for longer wait-
was performed in the intervat/t,=1.5...10 for t, . . )
ing times. This would correspond ta>1. However, as
mentioned in Sec. Il B, thg.-scaling analysis cannot be ex-
pected to work equally well for all time scales in a system

045

040 * ° 'TRR":A with continuous replica symmetry breaking.
. o ZTRM In the case of the 3D EA model, it is difficult to distin-
0.354 guish between the subaging and superaging effects, because
= i ? . L Y .
S g0 % 3 ' the correlation curves exhibit godtt,, scaling in the aging
g i 3 % g regime®?However, there may be a slight tendency towards
3 025 ¢ $ superaging, as suggested by Fig. 2 in Kisgeal?® In four
_§ 020 e - dimensions, the correlation function of the EA model after an
g N e infinitely fast quench exhibits the superaging wijih=1.05
® o1s{ e i according to Fig. 4 in Berthier and BouchatfdHowever, it
I . . becomes subaging with=0.96 after a slow cooling! One
R " ° of the conclusions reached by these two authors is that “a
005 n 8 © finite cooling rate effet. . . leads to an apparent sub-aging
1 3 8 behavior for the correlation function, instead of the super-
0 T T T 7 aging that holds for an infinitely fast quencf”
03 0.4 05 0.6 07 0.8 09 ging : . - y ) q .
TIT Numerical simulations of 3D Heisenberg spin glasses also
g

reveal the subaging/superaging ambiguity. The spin autocor-

FIG. 9. The relaxation exponen{(T.t,) as a function of tem-  'elation function exhibits subaging in the fully isotropic case,
perature. The solid symbols correspond,e-6310s, and the open ~ &ccording to Fig. 2 in the work by Kawamutabut becomes
symbols tot,=1000s. The open diamonds denokefor the ex-  clearly superaging in the presence of even weak anisotropy
perimental ZTRM. The error bars in the case of TRM and ZTRM (Fig. 4 there.
are smaller than the symbol sizes. The upper and lower straight All these results suggest that it is the superaging, and not
lines are Monte Carlo results fof,=0 and 1000 mcs, respectively the subaging, that may be the “natural” scaling behavior.
(see the teyt However, any comparison of experimental and numerical
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data should be made with caution, because conventional agRM, experiments? The difference between the two is not
ing experiments measure response functions, while Monteery important, if memory of the initial state disappears
Carlo simulations usually study only correlations. quickly. This, however, is not the case in real spin glasses.
Appearance of the subaging in a typical TRM experiment The above arguments provide a consistent explanation for
can be explained as follows. When the cooling is over, ahe subaging behavior of the TRM, but they are insufficient
number of metastable states, separated by free-energy bartd explain scaling properties of the IRM. Indeed, Figs. 7, 8,
ers of different heights, are already populated. We shall refeand 9 suggest that parameters t&'", and\ for the IRM
to them loosely as the initial state. The response of this stateelaxation are temperature dependent, though to a lesser ex-
the ZTRM, is slow and cannot be characterized by a singlgent, than in the case of the TRM. This means that subtrac-
well-defined time scale. The initial state is not random: it hagion of the ZTRM does not completely eliminate effects of
already evolved towards some equilibrium state, and thishe cooling process. There is no doubt that the IRM is closer
makes it energetically favorable. During the waiting time,to the ideal(i.e., independent of cooling effegtsesponse
evolution continues in the same direction. Thus, aging andunction, than the TRM. However, our experimental data do
cooling effects work together, and the spin-glass state amot give a clear answer to the question about scaling proper-
pears to be older. The characteristic barrier is higher thaties of this ideal function. In particular, we cannot exclude
A(T,t,)=kgT In(t,/7), the barrier associated with the wait- the possibility that it might exhibit fult/t,, scaling.
ing time t,,.2° The TRM decay is slower than the ideal
ty,-dependent relaxation, which can be characterized by some IV. CONCLUSION
exponent\,. However, as the waiting time increases, influ-
ence of the initial condition diminishes. The TRM relaxation,
plotted versus/t,,, becomes faster, and its dependencg,on
stronger. This leads to the subaging behavior witki1,
8>t , and\<\,.

In this paper, we study the influence of initial conditions
ont/t,, scaling properties of spin-glass relaxation. We argue
that the initial condition for aging, created by the cooling
process, is not random, and characterized by a broad distri-
thion of time scales. As a result, the TRM decay, measured

Presence of many metastable states, separated by hlgn spin-glass experiments, is dominated by the response of

barriers, is a well-known problem in Monte Carlo simula- - . : ;

. . . ok the initial state. Subtraction of this response according to the

tions, involving thermolization of large samples. The system_ = . " o .
rinciple of superposition leads to a qualitatively different

easily gets trapped in a metastable state and cannot effrne . X )
ciently explore the entire phase space to find the groun caling behavior for the IRM. While the TRM has the well

state®® The cooling process in spin-glass experiments gives anown subaging properties, the IRM exhibits superaging. To

similar result: the system is trapped before the waiting timeo ! knowledge, t.h's is the first ob_servat|_on of superaging n
. : . spin-glass experiments. A comparison with results of numeri-
begins. However, Monte Carlo studies of aging phenomena

do not typically simulate the cooling protocol. The simula- Cal simulations suggests that it is the superaging, and not the

tions are started directly at the measurement temperaturSUbag'ng' the}t may be the “natural” scaling behavior in spin-
ass dynamics.

from a random initial configuration, and results are average&’
over different initial conditions. This may be the reason why

the subaging behavior is not normally observed in numerical
simulations. Moreover, the random initial configuration cor- We are most grateful to Professor J. A. Mydosh for pro-
responds to zero net magnetization. This means that Montéding us with the Cu:Mn single crystal sample, prepared in
Carlo studies are probably closer to the IRM, than to theKamerlingh Onnes Laboratorfeiden, The Netherlangls
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