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From linear to nonlinear response in spin glasses: Importance of mean-field-theory predictions
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Departures from spin-glass linear response in a single-crystal Cu:Mn~1.5 at. %! are studied for a wide range
of changes in magnetic fieldDH. Three quantities, the differenceTRM2(MFC2ZFC), the effective waiting
time tw

e f f , and the differenceTRM(tw)2TRM(tw50), are examined in our analysis. Three regimes of spin-
glass behavior are observed asDH increases. Lines in the (T,DH) plane, corresponding to ‘‘weak’’ and
‘‘strong’’ violations of linear response under a change in magnetic field, are shown to have the same functional
form as the de-Almeida–Thouless critical line. It is suggested that the mean-field description of spin-glass
dynamics, with two additional experimentally justified assumptions, predictsH/HAT scaling for remanent
magnetization curves. This scaling is shown to hold with high precision. Our experimental results support
predictions of the mean-field theory of aging phenomena.
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I. INTRODUCTION

The properties of spin glasses in a magnetic field h
been the subject of considerable attention. It is widely r
ognized that the Parisi replica-symmetry-breaking ans1

provides an essentially correct equilibrium mean-field so
tion for the infinite-range Sherrington-Kirkpatrick~SK!
model.2 The spin-glass phase in this model is separated f
the paramagnetic phase in the (T,H) plane by the de-
Almeida-Thouless~AT! critical line.3 The situation is less
clear in the case of finite-dimensional short-range mod
Rigorous theoretical results show viability of the mean-fie
approach for description of these systems,4 but progress is
impeded by significant analytical difficulties. Numeric
studies have repeatedly suggested the existence of an
type critical line atd53 and higher dimensions.5,6 However,
magnetic-field effects present a difficult challenge for co
puter simulations. Finite size and difficulties in equilibratin
large samples do not yet allow a clear distinction between
mean-field picture and the droplet scenario.7 Because of this,
the existence of the spin-glass phase transition in a magn
field is considered a most relevant open problem.6

The experimental evidence for an AT-type critical beha
ior remains somewhat ambiguous, and depends on the n
of a spin-glass sample. Many spin glasses have been sh
to have mean-field-like phase diagrams,8,9 with an onset of
strongMFC2ZFC irreversibility along a certain line. This
irreversibility is usually interpreted as a sign of replic
symmetry breaking. However, real spin glasses are alw
out of equilibrium, and the measured AT lines are time d
pendent. It has been claimed that analysis of this time dep
dence suggests that there is no phase transition in a mag
field in an Ising spin glass.10 Torque measurements, on th
contrary, have demonstrated that various Heisenberg
glasses are characterized by a true spin-glass ordered p
below a transverse irreversibility line in the (T,H) plane.11

In general, it is hardly possible to obtain informatio
about theequilibrium phase diagram directly from exper
ments. We show in this paper that a study of magnetic-fi
effects on thenonequilibriumdynamics can shed light o
magnetic properties of the equilibrium spin-glass state.
0163-1829/2002/66~1!/014412~10!/$20.00 66 0144
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Our motivation for this work is twofold. First, magnetic
field effects are understood fairly well within the mean-fie
theory, where they are derived from first principles. T
minimum possible overlapqmin(H) of two states in the pres
ence of a magnetic fieldH plays an important role in this
approach. Yet, as usually happens in spin-glass physics
theoretical predictions cannot be easily related to experim
tally observable phenomena. Even those models of s
glass dynamics that are based on the mean-field-like hie
chical picture of the phase space tend to treat magnetic-
dependence phenomenologically in terms of the Zeeman
ergy. We show that experimental results support the me
field description.

The second reason for this work is practical. Spin-gla
relaxation properties are usually studied under a chang
magnetic field. It is often believed that the subsequent
sponse is linear in magnetic field ‘‘for reasonably small fie
values12 ~say,10 G!.’’ We show in this paper that the very
definition of what one means by ‘‘reasonably small’’ fields
impossible without knowledge of the spin-glass phase d
gram. This knowledge becomes vital when results for diff
ent temperatures or different samples are compared.

The paper is organized as follows. The following Secti
describes a theoretical picture underlying our analysis. S
tion III A is devoted to a study of linear-response violatio
observed in magnetization measurements. In Sec. III B,
nonlinear effects are analyzed in terms of the effective w
ing time. In Sec. III C, the waiting-time dependence of t
measured quantities is discussed in detail. Section III D p
sents some new results on magnetization scaling. The
section summarizes our conclusions.

II. THEORETICAL BACKGROUND

A. Mean-field dynamics

The main obstacle to an experimental test of mean-fie
theory predictions is the problem of relating experimenta
accessible spin-glass dynamics to the static equilibrium pr
erties of the spin-glass state, described by the Parisi solu
Phenomenological phase-space models have provided im
tant insights into possible physical mechanisms for sp
©2002 The American Physical Society12-1
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glass relaxation.13,14 A recent theoretical breakthrough ha
been achieved within the mean-field theory of aging p
nomena, proposed by Cugliandoloet al.15–21 Because these
theoretical developments have profound significance for
interpretation of our experimental results, we shall brie
review them here.

The well-known fluctuation-dissipation theorem~FDT!
~Ref. 22! establishes a link between linear response of a s
tem to an external perturbation, and fluctuation propertie
the system in thermal equilibrium. Let us consider a syst
of N Ising spins. The autocorrelation function of states
times t and t8 is given by the following expression:

C~ t,t8!5~1/N!(
i 51

N

^Si~ t !Si~ t8!&. ~1!

The response of the system at timet to an instantaneous fiel
at time t8 is defined as follows:

R~ t,t8!5~1/N!(
i 51

N

d^Si~ t !&dh~ t8!. ~2!

In thermodynamic equilibrium, both functions are tim
translation invariant, and related by the fluctuatio
dissipation theorem:

Req~ t2t8!5
1

T

]Ceq~ t2t8!

]t8
. ~3!

Violation of this theorem in a general off-equilibrium situ
tion is described by the functionX(t,t8)<1:15,16

R~ t,t8!5
X~ t,t8!

T

]C~ t,t8!

]t8
. ~4!

Violations of the FDT are associated with departures fr
linear response. A second-order nonlinearity does not ap
because magnetization changes sign when the field is
versed. It has been shown23 that presence of a third-orde
nonlinear response turns the fluctuation-dissipation theo
into a fluctuation-dissipation inequality. This is consiste
with the fact thatX(t,t8) in Eq. ~4! is generally less than
unity.

It has been suggested15,16 that, in the limit of long times,
the functionX(t,t8) depends on its time arguments throu
the correlation function only, i.e.,X(t,t8)5X@C(t,t8)#. A
very important result of the theory is that, under the assum
tion of stochastic stability,19 X@C# is related to the equilib-
rium order parameter functionx(q):

lim
t,t8→`

C5q

X@C~ t,t8!#5x~q!. ~5!

The functionx(q) is an integral of the Parisi order paramet
P(q),1 which can be introduced for short-range spin glas
within the standard replica-symmetry-breaking formalism4

According to Eq.~5!, there is a deep relationship betwe
spin-glass dynamics and the static equilibrium properties
the spin-glass state. It implies that ‘‘in any finite-dimension
01441
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system, replica-symmetry breaking and aging in the respo
functions either appear together or do not appear at
~Ref. 19!.

When the aging phenomena are considered, the rele
times aret5tw1t andt85tw , wheretw andt are the wait-
ing time and observation time, respectively. The dynami
Edwards-Anderson~EA! order parameter and the minimum
correlation are defined as follows:16,21

qEA5 lim
t→`

lim
tw→`

C~ tw1t,tw!; ~6!

qmin5 lim
t→`

C~ tw1t,tw!. ~7!

Equation~6! definesqEA as the value of the correlation func
tion at the limit of validity of the fluctuation-dissipation theo
rem. Equation~7! reflects the property of weak ergodicit
breaking in spin glasses; if the waiting time is finite and t
magnetic field is zero~giving qmin50), the system is able to
escape arbitrarily far from the configuration it reached at
5tw .16

It is well known that there are two main regimes of spi
glass relaxation. In the equilibrium, or stationary regimet
!tw), the fluctuation-dissipation theorem holds and the
sponse function depends only ont. In the nonequilibrium, or
aging regime (t.tw), the FDT is violated and the relaxatio
depends ontw for any t. Both regimes have been observe
experimentally24 and studied numerically.17,25 The transition
from one regime to the other is marked by a peak in
relaxation rate, orresponding to strong violation of the FD
at t'tw .

These effects are naturally explained within the me
field theory of aging phenomena. In the equilibrium regim
the correlation function decreases rapidly~on the linear time
scale! from 1 toqEA , andX(C)51. In the aging regime, the
correlation function relaxes slowly fromqEA to qmin , and
X(C),1.18,20 The transition from one regime to the other
directly related to replica-symmetry breaking atq,qEA .

Magnetic susceptibility, measured in spin-glass expe
ments, is the integrated response. If a small magnetic fie
turned on att5tw , the susceptibility measured att5tw1t is
given by the expression

x~ tw1t,tw!5E
tw

tw1t

R~ tw1t,t8!dt8. ~8!

In the limit of long times, the susceptibility depends on
time arguments through the correlation, i.e.,x5x(C). It is a
linear function with a slope21/T in the equilibrium regime:

x~C!5@12C#/T, qEA<C,1. ~9!

In the aging regime, the relaxing part of the susceptibil
xag(C), is nonlinear:

x~C!5@12qEA#/T1xag~C!, qmin,C,qEA . ~10!

The Parisi-Toulouse approximation26 makes use of the
following assumptions: the equilibrium susceptibilityxFC is
independent of temperature, whileqEA and qmin are func-
2-2
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tions of only temperature and magnetic field, respectively
is also assumed thatq(x,T)5q(x/T).26 The dynamical ver-
sion of this approximation implies18,21 that the function
xag(C) in Eq. ~10! is bothT andH independent. This mean
that the dependencex(C) is universal in the aging regime
and follows a master curvex̃(C). If the value of the suscep
tibility at the limit of validity of the FDT, i.e., atC5qEA , is
denoted asxZFC , one can write the following:

xFC5xFC~H !, xZFC5xZFC~T!. ~11!

Figure 1 exhibits the master curvex̃(C). The quantityqd is
the initial correlationC(tw ,tw), which depends on the num
ber of spin components. It appears instead of unity in E
~9! and ~10! if the spins are not Ising.

According to Fig. 1, the remanent susceptibility,xFC(H)
2xZFC(T), is related to the differenceqEA(T)2qmin(H). In
order to derive a magnetic-field scaling relationship, we m
introduce two additional assumptions. First, we consi
relatively high temperatures and assume that the ma
curvex̃(C) at low C can be approximated by a straight lin
Recent measurements of both the susceptibility and
correlation27 suggest that this approximation works well i
deed. Then the triangles in Fig. 1 are geometrically sim
for all allowedT andH, and the following relation holds:

xFC~H !2xZFC~T!

xFC~0!2xZFC~T!
5

qEA~T!2qmin~H !

qEA~T!
. ~12!

Second, let us suppose thatqmin(H) is a homogeneous func
tion of orderp, that is,qmin(aH)5apqmin(H) with somep
Þ0. Then, introducing the critical AT field via the relatio
qmin@HAT(T)#5qEA(T), one can write:

qmin~H !

qEA~T!
5

qmin@H/HAT~T!#

qmin~1!
. ~13!

FIG. 1. A diagram of spin-glass relaxation at temperatureT after

magnetic fieldH is applied. The thick line is the master curvex̃(C).
The straight-line segment from (qd,0) to (qEA ,xZFC) represents the
equilibrium relaxation regime. The slope is21/T. The master curve
segment from (qEA ,xZFC) to (qmin ,xFC) corresponds to the agin
regime.~Cugliandoloet al., Ref. 21!.
01441
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It follows from Eqs.~12! and~13! that the remanent suscep
tibility, xFC(H)2xZFC(T), should scale asH/HAT . This is a
consequence of the proposed universality ofx(C) in the ag-
ing regime. We shall further discuss this issue in Sec. III

B. Chaotic nature of the spin-glass state

Another important issue is the chaotic nature of the sp
glass state with respect to magnetic field. It has been d
onstrated numerically that a small change in external fi
leads to a considerable reorganization of a s
configuration.28 The Parisi solution suggests that an avera
equilibrium overlap between two states at different but sim
lar magnetic fields, (h12h2)2N@1,4 is equal toqmin , i.e.,
the minimum possible overlap.29 Analysis of fluctuations
around the Parisi solution, carried out by Kondor,30 demon-
strates that the correlation overlap functionCH(r ) for two
spinsi and j at a distancer behaves as

CH~r !5^SiSj&H^SiSj&0}exp~2r /jH!. ~14!

This means that the projection of the correlation^SiSj&H at
field H onto the correlation̂ SiSj&0 at zero field vanishes
beyond the finite characteristic lengthjH . Near Tg and at
low fields, this magnetic correlation length is simplyjH
51/qmin(H). In the mean-field theory,qmin(H)}H2/3, so
that jH diverges rapidly as the field goes to zero.

The behavior of the correlation function, Eq.~14!, is a
consequence of replica-symmetry breaking. The lo
temperature spin-glass phase has an essentially infinite n
ber of pure equilibrium states. Each of them is characteri
by an infinite correlation length. These states have equal
energies per site, except for differences of the orderO(1/N).
Only a few states with the lowest energies contribute sign
cantly to the partition function. Because of the small ene
differences, any small~but finite! amount of energy added t
the system is enough to reshuffle the Boltzmann weights
the different states and thus completely reorganize the e
librium spin configuration. Application of a magnetic field
an example of such a perturbation.

The magnetic correlation lengthjH has the following
meaning.31 When a magnetic fieldH is applied to the system
the minimum possible overlap of two states is equal
qmin(H). Consequently, all the states having overlapsq
,qmin are suppressed by the field. Their free energies
crease, and they acquire the finite correlation lengthjH . The
spatial spin correlations, corresponding to these states,
vive only within this range. All the other pure states are s
characterized by an infinite correlation length. At the AT lin
where qmin5qEA , all the states have a finite correlatio
length, and the system becomes paramagnetic. Thu
change in magnetic field has a randomizing effect on
spin-glass state. The ratioqmin /qEA is a natural measure o
this effect.

The chaotic nature of the spin-glass state is also refle
in the phenomenological droplet model. The magnetic co
lation length is determined as an average droplet size
which the Zeeman energy is equal to the energy of the dr
let excitation. It is given by the following expression:32
2-3
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jH}H22/(d22u). ~15!

Even though this result, withd53 andu'0.2, is similar to
the result of the mean-field theory, the physics is quite d
ferent. Spin-glass properties in this model are governed
low-energy excitations of the ground state, created by co
ent flipping of compact clusters of spins. It is suggested t
the magnetic fieldH would flip all the droplets with sizes
greater thanjH and thus destroyall spin-glass correlations
beyond this length scale. Therefore, at any nonzero fi
there is only a paramagnetic state with the finite correlat
lengthjH .

In both these approaches, the chaotic nature of the s
glass state with respect to magnetic field leads to depart
from linear response asDH increases.

III. EXPERIMENTAL RESULTS AND ANALYSIS

The purpose of this paper is to study violations of t
fluctuation-dissipation theorem under an increasing fi
changeDH. According to Eq.~5!, aging dynamics of the
spin-glass state are ultimately determined by its static e
librium properties. Any violation of the FDT contains info
mation about replica-symmetry breaking. Therefore, stud
of the gradual deviation from linear response asDH in-
creases can provide insight into the nature of the spin-g
phase diagram. Direct experimental determination of the
relation function, Eq.~1!, requires sophisticated measur
ments of the magnetic noise spectrum.27 Instead, we make
use of quantities that can be obtained from magne
susceptibility measurements. The first quantity of interes
the difference between the thermoremanent magnetiza
~TRM! and the remanence, measured in zero-field-coo
~ZFC! magnetization experiments:TRM2(MFC2ZFC).
It has been shown33 that, within the linear regime, this quan
tity is zero, provided that all three magnetizations are m
sured at the same time after the initial quench. The sec
quantity of interest is the effective waiting timetw

e f f , defined
as the value of the observation tim
t, at which the relaxation rateS(t)52]TRM(t,tw ,DH)/
] lnt has a maximum. It has been argued34 that within the
linear-response regime,tw

e f f'tw , so that the peak inS(t) is
essentially unaffected by a small magnetic-field change.
third quantity we study experimentally is the differen
TRM(tw)2TRM(tw50). It describes a change in the me
sured magnetization as a result of the waiting time, and t
allows closer examination of aging effects.

Most experiments were performed on a single crysta
Cu:Mn ~1.5 at. %!, a typical Heisenberg spin glass with
glass temperature of about 15.2 K. Results of conventio
studies of the phase diagram for this sample will be repo
elsewhere. A commercial MPMS magnetometer by Quan
Design was used for all the measurements.

A. Measurements ofTRM, MFC , and ZFC

Figure 2 exhibits dependences ofTRM, MFC2ZFC,
and their difference, on the field changeDH. In the TRM
experiment, the sample is cooled down to the measurem
temperatureT512.0 K, in the presence of the fieldH
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5DH, which is then cut to zero. In the ZFC experiment, t
sample is cooled at zero field, and then the fieldH5DH is
applied. All data points were taken at the same short ob
vation timet'40 s with zero waiting time, and an effectiv
cooling time of about 600 s. Error bars are smaller than
symbol sizes. The same will apply to all figures without err
bars.

According to Fig. 2, three different types of spin-gla
behavior can be distinguished for different ranges
magnetic-field variationDH. For field changes fromDH
50 to DH1'120 Oe, the differenceTRM2(MFC
2ZFC) is zero to within our experimental accuracy. B
tween DH1 and DH2'420 Oe, there are weak deviation
from linear response. AtDH5DH2, corresponding approxi-
mately to the peak in theMFC2ZFC remanence, violation
of linear response becomes strong, and the differenceTRM
2(MFC2ZFC) is a linear function ofDH with a large
slope.

Temperature dependences of the characteristic fi
changes,DH1 andDH2, are exhibited in Figs. 3 and 4. Th
figures also display the critical AT line, determined for th
same sample at the same observation and cooling times
ing the onset of strongMFC2ZFC irreversibility as the
signature of the spin-glass phase transition. We assume
this dynamical line approximates the equilibrium AT line f
infinite waiting time. The differenceMFC2ZFC in Fig. 2 is
not zero at the AT field of'1400 Oe because transver
freezing above the AT line leads to a weak longitudin
irreversibility.35

One can see from Fig. 3 that all three lines in the (T,DH)
plane have the same functional form,Tg2T5aDH2/3, typi-
cal of the equilibrium AT critical line3 in the SK model.
Moreover, the two linear-response violation lines,DH1(T)
and DH2(T), determine dynamical transition temperatur
that are very close to the actual glass temperatureTg . It
would thus be incorrect to say that the critical AT-type lin

FIG. 2. The remanent magnetic moments,TRM and MFC
2ZFC, as well as their difference, measured atT512.0 K
50.79Tg andtw50. The two arrows indicate the characteristic fie
changes,DH1'120 Oe andDH2'420 Oe, for the weak and
strong linear-response violations, respectively.
2-4
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plays a role at high fields only. Our results demonstrate
this line manifests itself dynamically even at very low field
A characteristic field change for a given degree of line
response violation appears to be a constant fraction of the
field. It means, from a practical point of view, that resu
obtained at different temperatures can be directly compa
only if they have the sameDH/HAT(T) ratio.

A comment should be made at this point. It has be
argued36 that aT}H2/3 dependence for critical lines is not
unique feature of the mean-field theory. A similar power la
could be obtained from purely dynamical consideratio
without using the concept of the spin-glass pha

FIG. 3. The dynamical AT lineDHAT(T), the strong linear-
response violation lineDH2(T), and the weak linear-response vio
lation lineDH1(T), determined from the linear fits to experiment
data, plotted asDH2/3 vs T.

FIG. 4. The same lines as in Fig. 3, but plotted asDH(T). Note
that the two linear-response violation lines below the AT line re
resent a dynamic crossover from one relaxation regime to the o
They arenot features of an equilibrium phase diagram. The arro
indicate directions in which these lines change as the waiting t
tw increases.
01441
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transition.36 A dynamical freezing line,Tf(H,v), appears in
the droplet model as well.32 In the present analysis, we d
not rely on the existence of theH2/3 dependence by itself
Our argument is based on the fact that the experimenta
and linear-response violation lines have thesamefunctional
form, as illustrated in Figs. 3 and 4. This result suggests
there is a close relationship between the static and dyna
properties of the spin-glass state, assuming that the meas
AT line is related to the equilibrium one.

Of course, measured values of the characteristic fi
changes depend on both the waiting time and the observa
time. This point is illustrated in Fig. 5 where values
TRM2(MFC2ZFC) are plotted for tw50 and tw
530 min. As the waiting time becomes larger,DH1 in-
creases, whileDH2 decreases. Thus, longer equilibratio
times make the system less susceptible to external pertu
tions, but only up to a certain limit. This issue will be di
cussed further in Sec. III C.

B. Measurements of the effective waiting time

Let us now turn to a discussion of the effective waitin
time tw

e f f . Figure 6 exhibits dependence of log10(tw
e f f) on the

magnetic-field changeDH for three different waiting times:
tw530 min, 5 min, and 0 min. The temperature is t
same as in Fig. 2. The inset displays an example of the
perimentalS(t) curve. The position of its maximum is th
effective waiting timetw

e f f .
In Fig. 6, one can easily discern three regimes of the F

violation, corresponding to the three regimes of deviat
from linear response seen in Fig. 2.

As the magnetic-field changeDH increases from zero up
to about 100 Oe, the effective waiting time decreases o
slightly. This means that the FDT holds for observation tim
less thantw

e f f'tw . Of course, if the waiting time is short,tw
e f f

is determined by the cooling procedure.
In the interval from 100 Oe to about 400 Oe, the effe

tive waiting time drops sharply, and the field dependence

-
er.
s
e

FIG. 5. The functionTRM2(MFC2ZFC), describing viola-
tion of linear response, fortw530 min andtw50. The second and
the third arrows from the left indicate, respectively, the higher va
of DH1 and the lower value ofDH2 for the longer waiting time.
2-5
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its logarithm is linear. In this case, nonequilibrium behav
appears much earlier, and the FDT holds only at short tim
t!tw

e f f!tw . This corresponds to the weak departure fro
linear response betweenDH1 andDH2 in Fig. 2.

When the field change exceeds 400 Oe, the FDT
strongly violated. One can see from Fig. 6 that, in this
gime, the curves for long waiting times approach the cu
for zero waiting time, and the waiting time dependence
most disappears. This situation corresponds to the strong
viation from linear response at short observation times ab
DH2 in Fig. 2. Therefore, the break from the linear depe
dence of log10(tw

e f f) on DH, observed at large field change
is directly related to strong nonlinearity in spin-glass
sponse. The effective waiting-time in this case is determi
primarily by the zero waiting time results, defined by t
experimental protocol.

The waiting-time dependence in Fig. 6 supports the c
clusion drawn from Fig. 5 that an increase in waiting-tim
leads to an expansion of the linear response region to hi
values ofDH. An increase in the observation timet has the
opposite effect. The field dependence is more pronounce
longer times. This accounts for the fact that the character
field changes, extracted from the effective waiting-time e
periments~Fig. 6!, seem to be lower than those obtain
from the short-time magnetization measurements~Fig. 5!.
Another interesting feature of our results is that the dep
dence of log10(tw

e f f) on DH for tw50, determined exclu-
sively by the cooling procedure, does not exhibit the lo
field plateau seen at longer waiting-times. This behavio
analyzed in Sec. III C.

Temperature dependence of the effective waiting-time
exhibited in Figs. 7 and 8, where log10(tw

e f f) vs DH data for
tw530 min are plotted for four different temperatures. T
results for the smallest field change of 10 Oe are not exa
the same because the effective cooling time increases a
measurement temperature is lowered. It is quite evident f

FIG. 6. Logarithm of the effective waiting timetw
e f f as a function

of DH, measured atT512.0 K50.79 Tg for three waiting times.
The dotted lines are linear fits in the interval 100–250 Oe. The in
exhibits the logarithmic relaxation rateS(t) for tw530 min and
DH510 Oe.
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Fig. 8, however, that the four curves scale rather well
gether if plotted vsDH/DH2. This means that the critical AT
line sets a characteristic magnetic-field scale at any temp
ture belowTg , and that it plays an important role forall
aspects of spin-glass dynamics.

C. Waiting-time dependence ofDH 1 and DH 2

Waiting-time dependences of the characteristic fi
changes, corresponding to the weak and strong lin
response violations, deserve special attention. Our exp
mental results, exhibited in Figs. 5 and 6, suggest thatDH1
increases withtw , while DH2 diminishes.

In order to check this conclusion, we have measured fi
dependence of the thermoremanent magnetizat

et

FIG. 7. Logarithm of the effective waiting-timetw
e f f measured as

a function ofDH for tw530 min at four temperatures:Tr5T/Tg

50.70, 0.75, 0.79, and 0.85. Note the similarity in shape and p
nounced difference in magnetic-field scales.

FIG. 8. The experimental results of Fig. 7, plotted vsDH/DH2.
The critical field changeDH2, corresponding to strong violation o
linear response, is proportional to the AT fieldHAT(T). The straight
line is a guide for the eye.
2-6
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FROM LINEAR TO NONLINEAR RESPONSE IN SPIN . . . PHYSICAL REVIEW B66, 014412 ~2002!
TRM(t,tw ,DH), for three different waiting-times:tw

530 min, 5 min, and 0. The measurement temperature
T512.0 K50.79Tg . For convenience, we shall refer to th
zero-waiting-time dependence asZTRM(t,DH). This relax-
ation is governed by the cooling process and not by
waiting-time. The absence of the low-field plateau in t
field dependence of the effective waiting-time fortw50 in
Fig. 6 suggests that theZTRM is not characterized by a
single well defined time scale.

Figure 9 exhibits logarithm of the ratio (TRM
2ZTRM)/DH as a function ofDH. Two different types of
behavior can be clearly distinguished. The ratio increase
long as the field change is less than about 120 Oe, and
creases at higherDH. The field dependence of its logarithm
can be approximated by straight lines in both regimes. T
results in Fig. 9 can be understood if we compare them w
the data in Fig. 6. At low field changes, the effective waitin
time for theZTRM decreases more steeply with increasi
DH than the effective waiting-time for theTRM, which has
a plateau in this region. The decay of theZTRM becomes
faster in time, and the ratio (TRM2ZTRM)/DH, measured
at fixed observation time, increases withDH. At higher
magnetic-field changes, the drop in the effective waitin
time for theTRM is greater than for theZTRM. As a result,
the ratio (TRM2ZTRM)/DH decreases. According to Fig
9, the transition from one regime to the other occurs at
higher magnetic-field change for the longer waiting-tim
This observation supports our conclusion that the platea
the field dependence of the effective waiting-time broad
as the system equilibrates.

The inset in Fig. 9 displays the logarithm of the (TRM
2ZTRM)/DH as a function of observation time at consta
DH510 Oe. Its waiting-time dependence is readily und
standable: the system remains longer in the quasiequilibr

FIG. 9. Logarithm of the normalized increase in the thermo
manent magnetization (TRM2ZTRM)/DH as a function ofDH at
a constant observation timet540 s. The waiting-times aretw

530 min andtw55 min. The arrows indicate points where no
linearity appears. The inset displays the same quantity, but
function of log10(t) at a constantDH510 Oe. The curve 1 is for
tw5105 min, and the curve 2 is fortw517 min.
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regime for longer tw , so the maximum in theTRM
2ZTRM shifts towards longer observation times. The sa
appears to be true for the field dependence, exhibited in
main body of Fig. 9, the system after a longer waiting-tim
can sustain a stronger perturbation and still remain in
quasiequilibrium regime.

This similarity between the effects of the observation tim
and the field change can be naturally explained within
mean-field picture. The weak ergodicity breaking scena
mentioned in Sec. II A suggests that, as the observation t
increases, the system can evolve very far from the stat
time tw , with the minimum correlation set byqmin(H). Cha-
otic nature of the spin-glass state with respect to magn
field, discussed in Sec. II B, forces the newequilibriumcon-
figuration after a small field change to have the minimu
overlap qmin(H) with the old configuration. Thus, both a
increasing observation time and an increasing field cha
make the spin-glass state less correlated with the state at
tw .

It is of interest to examine the waiting-time dependenc
of DH1 and DH2 for the two ‘‘competing’’ descriptions of
spin-glass dynamics: the droplet model and the phase-s
picture.

In the droplet model,32 if R(tw) is an average droplet siz
andLt is an observation length scale, two limiting cases c
be distinguished. ForR(tw)!jH , the FDT is violated when
Lt;R(tw), and the field does not play a significant role. F
jH!R(tw), the FDT is violated as soon asLt;jH , and the
waiting-time is relatively unimportant. These regimes cor
spond approximately to the experimental regimes withDH
,DH1 andDH.DH2, as discussed above. There is also
intermediate regime withR(tw);jH . This regime is very
interesting physically, because violation of the FDT depen
on interplay among all three length scales:Lt;R(tw);jH .
Unfortunately, no predictions for this regime are give
within the droplet model.32 It has been argued12 that, if a
crossover between linear and nonlinear regimes is define
a conditionR(tw)5jH , the field change, needed to provok
nonlinear relaxation, should decrease with increasingtw .
This argument can explain the waiting-time dependence
DH2. However, it fails in the case ofDH1, which increases
with tw . Therefore, the experimentally observed waitin
time dependence ofDH1 appears rather counterintuitiv
within the droplet scenario.

The phase-space picture of spin-glass dynamics does
vide a consistent explanation for these phenomena. In
approach, evolution of a system in the phase space ca
viewed as a series of transitions among traps, separate
free-energy barriers.14 As the system equilibrates, it encoun
ters traps with higher barriers, and these traps increasin
resemble the pure states, contributing to equilibrium.15 The
quasiequilibrium relaxation regime at short observat
times corresponds to evolution within each trap, and the s
sequent nonequilibrium behavior is related to evolution fro
trap to trap. As the waiting timetw increases, the system ha
to overcome a higher effective barrier to leave a trap. T
takes a longer time, or~if the observation time is fixed! a
larger field change. Therefore, the characteristic field cha
for the weak linear-response violation,DH1, increases with
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tw . However, after overcoming a higher barrier, the syst
can explore a broader free-energy landscape due to hiera
cal structure of the phase space. It takes less time o
smaller field change to produce a state very different fr
the one attw . The nonequilibrium behavior is thus mor
affected by external perturbations for longer waiting-tim
Therefore, the characteristic field change for the stro
linear-response violation,DH2, decreases withtw .

Our results demonstrate that the transition from the q
siequilibrium to the nonequilibrium regime is better defin
after longer waiting-times, both as a function of the obser
tion time and as a function of the field change. This conc
sion agrees with results of numerical simulations, wh
show the same effect when susceptibility is studied as a fu
tion of correlation.17

D. Scaling of the remanent magnetization

It was shown in Sec. III A that the equivalence of th
TRM and theMFC2ZFC breaks down already atDH1(T),
which, even at relatively short observation times, is o
10% of the corresponding AT field. Nonlinearity in respon
however, can be observed for any field changes be
DH1(T). In this case, theZFC magnetization is linear in
magnetic field, but theTRM5MFC2ZFC is nonlinear due
to the influence of the field-cooled state.37

We argued in Sec. II A that the mean-field theory of agi
phenomena predicts theH/HAT(T) scaling of the remanen
susceptibility,xFC(H)2xZFC(T), if two additional assump-
tions are made. First, the master curvex̃(C) should allow a
linear approximation. Second, the minimum correlati
qmin(H) should be a homogeneous function of the field.

In order to see whether the first assumption is reason
we determined the master curvex̃(C) according to the
method of Cugliandolo et al.21 If the zero-field-cooled sus
ceptibility is measured at the limit of validity of the FDT, th
corresponding correlationC(T) can be obtained from Eq
~9!. Then the values ofxZFC(T) for different temperatures
plotted vsC(T), span the master curvex̃(C). The experi-
mental master curve is displayed in Fig. 10. The data po
were taken in the interval fromT52.4 K to T515.0 K at
the same low fieldH5DH516 Oe. Each measurement w
independent of the others, and included a quench from ab
the glass temperature.

Figure 10 demonstrates that the experimental depend
of x̃ on C is close to linear over a wide range of correlation
This justifies the assumption underlying Eq.~12! that the
master curvex̃(C) at relatively lowC can be approximated
by a straight line. Results of the combined susceptibili
correlation measurements lead to the same conclusion.27

The inset in Fig. 10 exhibits three lines. The AT critic
line is the same as in Fig. 3. The second line gives temp
ture dependence of the position of the peak inTRM(H),
which we denote asHM(T). The third line corresponds to
temperature dependence of the position of the peak
(MFC2ZFC)(H), which we refer to asHm(T). These
peaks are easier to identify than the AT line itself. We sh
01441
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use bothHM(T) and Hm(T), which are proportional to the
AT field, as scaling parameters. Note thatDH1,DH2'Hm
,HM .

The experimental form for the AT line suggests that, to t
leading order of magnitude,qmin(H)}H2/3. Therefore,
qmin(H) is indeed a homogeneous function of orderp52/3,
and the assumption underlying Eq.~13! is also verified.

Figure 11 exhibits field dependence of the remanent m
netization (MFC2ZFC)(H), measured for different tem
peratures in the intervalT/Tg50.7–0.85. The curves ar

FIG. 10. The master curvex̃(C) for the single-crystal Cu:Mn
~1.5 at. %!, estimated from the experimentalxZFC(T) dependence.

The master curve for the SK model isx̃5(12C)1/2. The inset
shows, from top to bottomHAT(T), the experimental AT line;
HM(T), the position of the peak inTRM(H); andHm(T), the po-
sition of the peak in (MFC2ZFC)(H).

FIG. 11. Scaling of the remanent magnetization curves for
ferent temperaturesTr5T/Tg . All the curves are for the single
crystal Cu:Mn~1.5 at. %!. Solid circles:Tr50.70, Hm5750 Oe;
open circles: Tr50.75, Hm5550 Oe; solid squares: Tr

50.79,Hm5420 Oe; open squares:Tr50.85,Hm5260 Oe. The
positions of the peaks,Hm(T), are used as scaling parameters. T
inset exhibits the corresponding field-cooled magnetization cur
2-8
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FROM LINEAR TO NONLINEAR RESPONSE IN SPIN . . . PHYSICAL REVIEW B66, 014412 ~2002!
plotted versush5H/Hm(T), and normalized by one ath
51. All data points were taken at the same short observa
time t540 s with zero waiting-time. One can see that t
quality of scaling is very good forh,1, i.e., within the
linear-response regime. The scaling, however, deteriorate
the AT line corresponding toh'3.5 is approached. This ma
be attributed to effects of the transverse freezing35 on the
longitudinal irreversibility, which are more pronounced
higher temperatures and higher fields.

The inset in Fig. 11 displays field dependence of
field-cooled magnetization for the same measurement t
peratures. The data are presented as taken, without any
caling of the field or adjustment of the magnetizati
magnitude. It is evident that theMFC(H) is virtually inde-
pendent of temperature. This means that the Parisi-Toulo
approximation26 works well in the case of the Cu:Mn~1.5 at.
%! sample.

The scaling of the remanent magnetization curves in F

11 suggests that the master curvex̃(C) in Fig. 1 is universal,
that is,T andH independent. It would be interesting to se
therefore, if this curve depends on the choice of sam
Different spin-glass samples have different microsco
properties, and consequently, different magnetic-field sca
If the Parisi-Toulouse approximation holds, the magne
field H appears in the analysis throughqmin(H) only. There-

fore, if the master curvex̃(C) is sample independent, an
qmin(H) has always the same functional form, we can exp
the scaling of magnetization curves to hold for differe
samples.

In order to study this issue, we have measured the fi
cooled and the thermoremanent magnetizations as func
of H5DH for five different spin-glass samples. In additio
to the single crystal Cu:Mn~1.5 at. %!, described previously
we have used a single-crystal Cu:Mn~0.6 at. %!, with the
glass temperature of about 6.0 K. Both samples have b
prepared in Kammerlingh Onnes Laboratory~Leiden!. Simi-
lar single crystals have been used for neutron-scatte
experiments.38 The other three of our samples are polycry
talline. The polycrystal Cu:Mn~6.0 at. %! has been exten
sively studied before.8 Its glass temperature is near 31.0
The thiospinel CdCr1.7In0.3S4 is an insulating short-rang
spin glass withTg516.7 K. It has also been studied
detail.9 The second thiospinel sample, used in our analy
has been obtained from the part of the first sample by sif
it through a 100 nm mesh. This was done to probe the fin
size effects.39 The sifted thiospinel has a slightly lower gla
temperatureTg'16.5 K.

Figure 12 displays field dependence of the thermore
nent magnetizationTRM(H) for five spin-glass samples
The curves are plotted versush5H/HM , and normalized by
one ath51. All data points were taken at the same sh
observation timet590 s after a field change, following
waiting-time of 30 min. The overall scaling in Fig. 12
very impressive considering the diversity in properties
these spin glasses. The major departures from perfect sc
appear to result from finite-size effects. The inset in Fig.
exhibits scaling of the field-cooled magnetization curv
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MFC(H). The scaling is also good, suggesting that the fu
tional forms ofqmin(H) are similar for different samples.

The results in Fig. 12 may be interpreted as indication

the fact that the master curvex̃(C) in Fig. 1 is essentially
sample independent. Thus, there is universality for the m
netic properties of different spin-glass systems.

The magnetization scaling in spin glasses has been
served before, most notably by Bouchiat and Monod,40 who
carried out the first systematic study of the remanent mag
tization. However, each magnetization curve in their analy
included only six data points, and the curves were found
scale ‘‘to better than610%’’ ~Ref. 40!. Temperature depen
dence of the scaling parameter was fitted using an expo
tial approximation,Hmax(T)}exp(2bT/Tg), and the results
were discussed in terms of the Ne´el model for an assembly
of magnetic particles.40

The contribution of the present paper is twofold. First, w
show that the scaling of the remanent magnetization ho
with remarkable accuracy, at least within the linear-respo
regime. The magnetization curves for metallic and insulat
spin glasses are also found to scale together. Second
results demonstrate that the scaling parameters,Hm(T) and
HM(T), have the same temperature dependence as the
critical field: Hm(T)}HAT(T)}(12T/Tg)3/2. We argue that
the H/HAT scaling of the remanent magnetization can
derived from the mean-field dynamics. Thus, the obser
scaling supports predictions of the mean-field theory of
ing phenomena. It also provides important information ab
properties ofx(C) in the aging regime.

FIG. 12. Scaling of the thermoremanent magnetization cur
for different spin-glass samples. Solid circles: polycrystal
thiospinel (Tr50.86, HM545 Oe); Open circles: sifted polycrys
tal of thiospinel (Tr50.86, HM550 Oe); solid squares: singl
crystal Cu:Mn~0.6 at. %! (Tr50.80, HM5200 Oe); open squares
polycrystal of Cu:Mn~6.0 at. %! (Tr50.83, HM5300 Oe); solid
diamonds: single crystal of Cu:Mn~1.5 at. %! (Tr50.80, HM

5550 Oe). The positions of the peaks,HM(T), are used as scaling
parameters. The inset displays scaling of the corresponding fi
cooled magnetization curves.
2-9
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IV. CONCLUSION

Violation of the fluctuation-dissipation theorem is one
the most important features of spin-glass dynamics. In tra
tional relaxation experiments, this violation is studied a
function of observation time. In the present paper, we pr
it as a function of an increasing field changeDH by measur-
ing ‘‘irreversibility of the irreversibility,’’ TRM2(MFC
2ZFC). This quantity slowly deviates from zero as the o
servation time increases. Because linear field scale co
sponds to logarithmic time scale, significant departures of
TRM2(MFC2ZFC) from zero can be observed at rel
tively low DH. Our experiments show that linear-respon
violation lines in (T,DH) plane have the same function
form as the de-Almeida–Thouless critical line. This conc
sion is further supported by measurements of the effec
waiting-time tw

e f f and analysis of waiting-time effects. Ou
results suggest that there is a fundamental link between s
n

hy
v
.

is

to

n
.

, i

zo
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and dynamic properties of spin glasses, predicted by
mean-field theory of aging phenomena.

We also argue that theH/HAT scaling for the remanen
magnetization can be derived from the mean-field picture
spin-glass relaxation, if two additional assumptions a
made. These assumptions are verified experimentally.
scaling of the magnetization curves is shown to be very
curate, both for different temperatures and different samp
These results suggest that the mean-field theory of ag
phenomena correctly describes magnetic-field effects
spin-glass dynamics.
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