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Evidence for temperature chaos in spin glasses
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We study the field cooled magnetization of a CuMn spin glass (SG) under temperature perturbations. The
T-cycling curves are compared with the reference curve without temperature cycling. There is a crossover
from the cumulative aging region to noncumulative aging region as the temperature change is increased. The
cumulative aging range scales with the chaos length, £., becoming comparable to the correlation length, &, at the
crossover boundary. The extracted chaos exponent, { = 1.1, is in agreement with theoretical predictions. Our
results strongly suggest temperature chaos exists in real SG systems.
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I. INTRODUCTION

The equilibrium spin configuration in the spin glass (SG)
phase [1-3] is predicted to reorient for arbitrarily small tem-
perature variations on a length scale greater than ¢.(77, T2),
the chaos length [3,4]. The temperature chaos (TC) effect was
first exhibited through a renormalization group approach [5,6]
and T = 0 fixed-point scaling arguments [3,4]. It has been
studied analytically [7-16] and observed through simulations
[17-20] on different lattice structures [21-29] by utilizing
improved computable lattice sizes [30] and strategies [31-37]
in both droplet-like [38—41] and replica symmetry-breaking
scenarios [42,43]. Apart from the many results obtained at
equilibrium, a recent simulation study [44] exhibited the
evidence of TC in nonequilibrium states using the Edwards-
Anderson Ising SG model.

In contrast with the relevant accomplishments in theo-
retical studies, the experimental verification [45-50] of TC
remains controversial [51-54]. Because of sluggish glassy
dynamics, experiments on SGs work exclusively in a nonequi-
librium regime, accompanied by aging (logarithmically slow
relaxation) [55-58], rejuvenation [59,60], and memory effects
(recovery of the response generated at a temperature stop
before successively cooling and heating back to the original
temperature) [61-63]. It has been argued that rejuvenation, a
renewal of the aging process (or a discontinuity in exploring
phase space), can occur without invoking TC. Doubts [64—66]
have been cast on these latter claims [67-70], because such
findings could be obtained by tuning of parameters [71] or
be camouflaged by small timescales, lattice size [72], and
cooling rates effects [73] in simulations. It has been argued
further that a second rejuvenation [71,74], under the protocol
when the system is cooled to a lower temperature and then
heated back, should be understood within the formalism of
TC. A well-established picture of TC in SGs will contribute
to a better understanding of similar phenomenon in more
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general random systems [75-80] and to developing quantum
annealers [81-84].

Here we take rejuvenation [49,85] in the aging process of
the field cooled (FC) magnetization as a sign of the onset of
TC. The experimental protocol we employ involves a temper-
ature cycling process, whence the rejuvenation effect should
be classified as second rejuvenation. We calibrate the chaos
length using the correlation length, £, a measure of the size of
glassy domains [86], controlled by the varied initial tempera-
ture 77 and fixed aging time ¢;. The scaling relation between
the chaos length and the reversible temperature range §T™,
where the aging is cumulative between two temperatures in a
T -cycling process, is shown to be satisfied. A chaos exponent
¢ [4] close to the theoretical value of unity is extracted. These
results strongly suggest the existence of TC in the canonical
CuMn SG.

The remainder of the paper is organized as follows. We
present the experimental protocol in Sec. II. The transition
from cumulative aging to noncumulative aging is exhibited
in Sec. III. The chaos exponent ¢ is extracted and compared
with theoretical values in Sec. IV. We give a discussion and
the conclusion in Sec. V. The technical details are given in the
Appendixes.

II. EXPERIMENTAL PROTOCOL

The underlying premise behind our experiments is based
on a length scale argument. In the absence of TC, aging at two
temperatures 77 and 7, contributes cumulatively to the growth
of the correlation length at each temperature. In the presence
of TC, the correlation growth at 77 cannot be projected onto
the growth of the correlation length at 7, and vice versa.
For example, consider aging at 7; to generate a certain
correlation length, £(77). On changing the temperature to 75,
instantaneously (7)) = &§(Th). If £.(T1, T5)/€(Ty) > 1, aging
at 7, continues the correlation length growth from &(7Ty).
If, however, £.(T1, T»)/E(T) < 1, the system experiences
incoherent spin-flipping dynamics. In 7'-cycling experiments,
the situation is further complicated because, during the
process of heating the system back to 7j, £(¢) is changing
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TABLE I. The extracted reversible cumulative aging range 67"
and the effective aging time tém for different 77. The data are sam-
pled every 100 s; the time translation used to overlap to the reference
curve is multiples of 100 s.

T; (K) 18 17 16 15 14
8T™ (mK) 450 510 600 690 300
£ (s) 2000 2000 2500 3000 1500

with time, while the chaos length ¢.(77, T5) is fixed by the
temperature separation. This complication will be discussed
in detail below.

We chose working with the FC magnetization [87], the
magnetization response of a sample aged in a constant
field without field change after being cooled to 77 from
above T, rather than conventional alternatives like zero-FC
(ZFC) [88,89] magnetization or thermoremanent magnetiza-
tion [85,90]. This is to eliminate the possible chaos induced
by a magnetic-field change [91,92].

Our specific protocol consists of two parts: One to measure
the FC magnetization, Mgc(t, T1, H), without a temperature
perturbation as the reference curve and the other with temper-
ature cycling to study cumulative aging and TC. The reference
curve was measured by cooling the sample from 40 K, well
above T, the SG condensation temperature, to the measure-
ment temperature, 77, in a constant field H = 40 Oe at 10
K/min. After the temperature was stabilized at 77 for 100 s,
the reference curve magnetization, M{fcf(t, T), was recorded.

In the T-cycling experiment, the sample was cooled from
40 K to T; at 10 K/min, and the magnetization was recorded
under the same temperature stabilization condition for a dura-
tion of 10* s. For clarity, the first aging period is denoted as #,,
and the instantaneous point in time before dropping the tem-
perature further is referred to as f1. After 7, the temperature
was lowered to T, = Ty — AT. The temperature cooling rate
was adjusted to lie between a range from 8 to 100 mK/min
in order to minimize temperature downshoot after reaching
T>. After tz(l) =10°s aging at 7>, the sample was heated back
with a symmetrical heating profile to 7}, again avoiding tem-
perature overshoot.

It should be noted that because of the finite cooling rates,
the correlation length will continue to grow during the cooling
and heating process. The time spent in the cooling and heating
process between 77 and 75 is denoted as tz(z) of the order of

100 s. Together with tél), the total time spent during tempera-

ture cycling would be 1, = tz(l) + t2(2)_ The magnetization was

recorded 100 s after the temperature was stabilized at 7; dur-
ing the period 73 and was denoted as M]f%l(Tl, t3;, 0,1, ).
It should be emphasized that the magnetization measurements
were conducted during #; and #3 at 7} only. More details of the
experimental protocol are provided in Appendix A.

One needs an appropriate method to characterize the ref-
erence curve and the T-cycling curve in order to interpret
the experimental results. Traditionally, a collapse of a fam-
ily of curves to a master curve [85] and the effective aging
time [49], t@ff [defined as the time when the relaxation curve,
S(t) = dM(t)/dlog(t), peaks], have been used to characterize
the aging curves. The former needs additional parametriza-

tion in order to convert the physical time into reduced time
[93]. For the latter, the time at which S(#) peaks becomes
more difficult to extract for long waiting times, as the S(r)
curve broadens substantially. Moreover, the relaxation curve
is measured under a change of magnetic field. The effective
aging time is reduced as a function of field and correlation
length [94,95], leaving the assumption that #, ~ & [49] to
be somewhat precarious for large values of &, where t, is the
time before a field is switched on or off. This may explain why
the data points do not overlap well at the timescale of 107 s in
the cumulative aging range reported in Ref. [49]. Along with
possible magnetic-field-induced chaos, these factors may be
responsible for their small value of ¢ that lies well outside the
theoretical estimates.

Because TC has been reported to be a subtle [43] and
gradual [34] effect, we have chosen to overlap the cycling
curve and reference curves directly. The drawback of our ap-
proach is the vulnerability of signal quality to external noise.
A squid signal jump caused by environment noise ruins a set
of measurements. Note that before 7}, there is no difference in
protocols between the reference curve and the T'-cycling curve
measurements; le%l(T 1,1) and M;fg(t) can be overlapped di-
rectly. After 71, if a time translation é¢ can be found, such that
M;él(Tl, 3+ 68t;Th, 13T, 1) = M1, Ty ), the aging can be
taken as cumulative and reversible. Otherwise, when the over-
lap process fails, rejuvenation is signaled as a consequence
of TC.

The sample used in our experiments is a 6 at. % CuMn
single crystal [96] grown at the Ames Lab with a SG tran-
sition temperature T, = 31.5K. Details of the preparation
of the sample can be found in Appendix C. The magne-
tization measurements were taken on a Quantum Design
commercial superconducting quantum interference device.
The temperature sensor is located within 5 mm of the
sample.

III. THE TRANSITION TO TC

In order to observe the transition from cumulative aging
to noncumulative aging (i.e., TC), we fixed 7} and gradu-
ally lowered the temperature 7, = T} — AT in a series of
measurements until the T-cycling curves could no longer be
overlapped with the reference curve. Initially, the AT was re-
duced at 100 mK steps to locate a rough onset of TC. Because
the temperature resolution of our measurement was & 5 mK,
a 10 mK temperature step was used thereafter to determine a
more accurate boundary between reversible cumulative aging
and noncumulative aging. A typical example is shown in
Fig. 1 at 18 K, where the approximate magnitude of reversible
range is 67" = 450 mK. The same process was repeated for
different values of 7; down to 14 K. The reversible cumulative
aging temperature ranges are listed in Table I. A complete
set of data for all the measured temperatures can be found
in Appendix D.

The underlying physical process can be described by a
competition between the correlation length £ and the chaos
length £.(Ty, T, = Ty — AT). After aging at T} for a period
of t;, the correlation length reaches & (71, t1), as described by
either power-law growth [86,97] or logarithmic growth [98]
for the droplet-scaling model [2]. For brevity, we consider
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FIG. 1. The example of T} = 18 K. The temperature is gradually lowered to 7, after #; &~ 10*s and heated back after 12(1) ~ 103s. The
T-cycling curve is then shifted by 8 to overlap the reference curve. In the reversible temperature range, (a) and (b), the cycling curve can
be overlapped with the reference curve over the whole period t; & 7 x 10*s. In the chaotic range, (c) and (d), the cycling curve can only be
partially overlapped. Thus we conclude that, at 7 = 18 K, TC sets in for AT > 450 mK.

power-law dynamics with a similar analysis for the other.
Following a temperature drop, if

x1 =4L(T1, 1)/E(Th, 1) 2 1, (D

the correlation length will continue to grow. The time
taken in the cooling process has been omitted in the above
expression.

However, one should be aware that the aging rates of £ at T}
and 7; are, in general, different. According to the power-law
growth rate, £(t, T) = b(t/19)"/*T), where b is a geometrical
factor, 1/79 ~ kgTy/h is the exchange attempt frequency, and
the exponent z(7') sets the aging rate. The factor, z(7") [99],
is linearly dependent on T and has the form z(T') = z.T,/T,
where z. [96] can be approximately taken as a constant over
our temperature range. For cumulative aging, the aging time
t; at T can be effectively converted to aging time # at 7>

through
(/7o) = @t} /7). (2

After the aging period #, at T, the correlation length reaches
approximately

E(Tr, ; Th, 1) ~ bt} +15)/ 7]/ &8, (3)
in which téz) can be projected to an effective aging time tf*)
at T, and 1§ = £V + 1**) if Eq. (1) holds.

Whether aging is cumulative or not, upon heating the sys-
tem back to 7; depends on the variable

X2 =L(T1, 1) /6(T2, 12511, 11). 4)

Again, if x, > 1, the correlation length growth continues,
and cumulative aging results in an overlap of the reference
curve and the cycling curve over the full experimental time
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period. Either the opposite of Eq. (1) or x, < 1 in Eq. (4)
will result in a chaotic reorientation of the spin configura-
tion. Thus, in general, the measured reversible range §7™"
is a function of (Ti, t;) that sets the correlation length be-
fore the temperature drop to 75, and (T3, t) that sets the
correlation length growth during the temperature cycling
period.

IV. EXTRACTION OF THE CHAOS EXPONENT ¢

TC was initially introduced through a renormalization
group argument. In that context, we shall use the associated
scaling arguments for the extraction of ¢. The chaos length
(overlap length) £.(Ty, T3) is the length scale within which
the spin correlations are free of the influence of temperature
variation. For small temperature changes, the free energy at
temperature 77 [3] is approximated from the free energy at 7,
through a Taylor expansion,

F(I) ~ F(Ty) — (T — T)S(T), &)

where F(T) = y(T)¢’, and S(T) = o (T)¢%/?, the droplet
interface free energy and entropy, respectively. Here, d; is the
surface fractal dimension [3]. Alternatively, noticing that the
energy term is similar at the two temperatures at the chaos
length scale [32],

F(T) = F(T2) + TS(T) — ThiS(Th). Q)

On a sign change of the free energy at 77, the above approxi-
mations in Egs. (5) and (6) yield

y(n) 1/(ds/2—-0)
bl ) = | s 7 ’
(h, 13) |:(T] — Tz)a(Tz)]
_ y(Th) v
(N, D)= |:T]O'(Tl) — Tza(Tz)] v

Thus the chaos exponent, { = d;/2 — 6, and S(T) is propor-
tional to +/T [72].

To extract a value for ¢, we assume that the length scale
£.(Ty, T,) =~ &, at the boundary between cumulative aging and
noncumulative aging. Here &, is the correlation length when
the system is heated back to 77, and T} — T, = 6T™(T1, T»).
For power-law growth, & = bay(t./1o)!7/ &™) where . is the
timescale used to estimate &. Recall that, in the reversible
range, the cycling curve can be overlapped with the reference
curve after a time translation. The time difference between
the first point of the translated curve measured during #; and

f1 is denoted by t2(T‘ ), the time taken as the effective aging time

over the period of #,. The sum of tz(Tl) and #; is used for 7, at
the crossover boundary (the lowest temperature drop without
rejuvenation). The exponent z. = 12.37 [96] was measured on
the same sample. The scaling relation between ¢.(&.) and the
temperature drop, following Eq. (7), is exhibited in Fig. 2,
with ¢ ~ 1.1 for two different approximation schemes. This
value is within the range of well-accepted values for ¢ that
scatter around unity from theoretical calculations and sim-
ulations [32,34,36,44,100] for the 3D Ising model. Specific
values of the chaos exponent from literatures are provided in
Appendix B.

For logarithmic growth, the correlation length would grow
as & = bao[log(tc/to)kBT/A(T)]1/‘”, where A(T) is the free-

\ \ \
1.1 — =
t=t,+t™, ¢ = 1.11 £ 0.03

W =t (= 1.13£0.03 |

540 560 580 600 620 640 660 680 700
Tl lOg(fc/Tll)

FIG. 2. Using a power-law growth for &, the chaos exponent
¢ ~ 1.1 is extracted for different approximation schemes following

Eq. (7).

energy barrier for the thermal-activated process [49]. Using
the same choice of #. and assuming A(7") does not vary too
much, the fitted curve in Fig. 3 gives the ratio ¢ /¢ &~ 1.7. By
requiring ¢ = 1.1, ¢ = 0.65, in the range of reported values
[94,101] for the droplet model.

V. DISCUSSION AND CONCLUSION

The concept of TC was introduced in the context of
equilibrium properties [3,4]. Nevertheless, the glassy domain
characterized by the correlation length formed toward equi-
librium should be indistinguishable from that in equilibrium.
Moreover, the concept of TC has been shown to exist under
a nonequilibrium condition [44]. Further, the idea of TC is
compatible with other prominent theories of SGs [34,42,44].
Beyond that, the analogy of TC is widely reported in more
general frustrated complex systems, for example, with { = 1

\ \ \
t=t, 41, ¢/ = 1.74 £ 0.07

6.3 6.35 6.4
log[T', log(t./m)]

6.45 6.5 6.55

FIG. 3. Using a logarithmic growth law of &, the ratio of ¢/ =~
1.7 compared with the power-law growth result is shown in Fig. 2.
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for the disordered Bose fluid [80]. Although the value of ¢
appears to vary for different physical systems (see a different
reported value for elastic media [75]), the scaling law between
£, the chaos length and an external perturbation may well be
general.

Though CuMn is often categorized as a metallic Heisen-
berg system, the introduction of anisotropy (because,
e.g., of the omnipresent Dzyaloshinskii-Moriya interaction)
[102,103] breaks the rotational symmetry and makes the sys-
tem one of Ising universality. In addition, Ising behavior of
CuMn has been affirmed through the synergy between exper-
iments and simulations [104,105].

With only one free variable, z., in the power-law approxi-
mation (actually a measured value for the identical sample),
the closeness between the extracted chaos exponent and
theoretical values from the Ising model calculations and sim-
ulations is striking. The crossover from cumulative aging to
noncumulative aging is therefore well explained within the
framework of TC. Although other possible explanations to the
rejuvenation phenomena cannot be ruled out, we believe our
findings provide strong evidence for TC in a real SG system.
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APPENDIX A: THE PROTOCOL AND MEASUREMENTS

To clarify the notation for the FC temperature-cycling
measurements reported in the paper, a schematic plot of the
experimental protocol is shown in Fig. 4. The measurements
were conducted on a Quantum Design MPMS machine with
a superconducting magnet. Before each set of measurements,
the magnet field was oscillated from 1 T to 0 Oe to reduce
any remanent field. A paramagnetic sample was measured at
300 K to establish the compensating field required for a zero

A

40K > Tc
t2

t1 t(Qza) ﬂsz) i3

7=t st

t

T+ \
To=Ti-AT
/ H=400e 2=

Field Parameters

t(s)

FIG. 4. Schematic plot of the FC magnetization T'-cycling exper-
imental protocol. The time duration ratio is exaggerated for clarity.

TABLE II. The chaos length ¢.(7i,T;) is proportional to
|T; — T>|~"/%, defining the chaos exponent ¢. It has been studied
extensively theoretically, but there are few direct experimental mea-
surements. The values of ¢ listed in the table range from 0.7 to 1.2.
The only experimental study [49] known to the authors reported ¢ =
0.385.

Reference ¢ Notes

[8] 1 Mean-field Ising SG, analytical
[18] 1.0+0.2 2D Ising, simulation

[22] 0.85 2D Ising, numerical

[49] 0.385 AgMn, experimental

[72] 1.01, 1.15 3D Ising SG, numerical

[39] 0.745 Migdal-Kadanoff approach, simulation
[41] 1.12 £ 0.05 4D EA Ising SG, simulation
[26] 0.95 £ 0.05 2D Ising SG, numerical

[32] 1.04 3D Ising SG, numerical

[20] 0.7-1 Various lattice model, simulation
[34] 1.06 3D Ising SG, simulation
[36] 0.96(5) 3D Ising SG, simulation
[106] 1.19(7) 4D Ising SG, simulation
[44] 1.19(2) 3D Ising SG, simulation

magnetization response. The CuMn sample was preserved in
liquid nitrogen before usage.

APPENDIX B: REPORTED TC EXPONENT ¢ IN VARIOUS
SG MODELS

Values for the chaos exponent ¢ from numerical studies,
simulations, and experiment are listed below in Table II.

APPENDIX C: THE SAMPLE DETAILS

The details for the sample preparation are already reported
in Ref. [96]. For the reader’s convenience, we reproduce the
description here.

Crystal growth and sample preparation were carried out by
the Materials Preparation Center (MPC) of the Ames Lab-
oratory, USDOE. Cu from Luvata Special Products (99.99
wt. % with respect to specified elements) and distilled Mn
from the MPC (99.93 wt. % with respect to all elements)
were arc-melted several times under an Ar at atmosphere and
then drop-cast into a water-chilled copper mold. The resulting
ingot was placed in a Bridgman-style alumina crucible and
heated under vacuum in a resistance Bridgman furnace to
1050 °C, just above the melting point. The chamber was then
backfilled to a pressure of 60 psi with high-purity argon to
minimize the vaporization of the Mn during growth. The ingot
was then further heated to 1300 °C and held for 1 h to ensure
complete melting, and for the heat zone to reach a stable state.
The ingot was withdrawn from the heat zone at a rate of 3
mm/h. About 1/3 of the crucible stuck to the alloy. The ingot
was finally freed after alternating between hitting with a small
punch and a hammer and submerging in liquid nitrogen.

Cross-sections 1-2 mm thick were taken from near the start
of the crystal growth and from the end for characterization.
One side of each was polished and examined optically and
with x-ray fluorescence (XRF). From the XRF measurements,
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w
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0 10 20 30 40 50 60 70

FIG. 5. The SG transition temperature 7, is determined by mea-
suring the ZFC and FC magnetization in a small magnetic field.
The ZFC and FC magnetization differs from one another at T,
approximately 31.5 K for our sample.

the sample was found to be a single phase and at the end of
the growth to be Mn rich. The samples were then etched in a
25% by-volume solution of nitric acid in water. Optically, the
start of the growth was a single phase, single crystal, while the

end of the growth had large grains with a second phase along
the grain boundaries. Small pits were seen both optically and
by XRF. The pits could be minimized by varying polishing
techniques but not gotten rid of.

Only the body portion of the crystal growth was used for
the experiments. The ends of the growth were looked at as part
of the characterization. They were not used because the end of
the growth contained multiple grains and a second phase. An
additional examination of the body was done to ensure that
enough of the body had been cut away so as to remove the
unwanted parts. The small shallow grains that remained on
one end of the body were avoided when cutting the sample to
be measured. As mentioned above, the XRF showed the body
of the crystal growth to be a single phase. The composition
gradient was gradual and smooth, and there was no evidence
of Mn inhomogeneity seen in either the XRF or the optical
characterization. The quality of the single crystal can be as-
certained from Fig. 5. The peak in the ZFC magnetization is
quite sharp and falls at the knee of the FC magnetization.

APPENDIX D: TRANSITION TO CHAOS DATA SETS

In this section, the data sets used to determine the bound-
ary between reversible cumulative aging and noncumulative
chaotic aging are given for each of the initial temperatures
(T = 18 K in Fig. 6, 17 K in Fig. 7, 16 K in Fig. 8, 15 K in
Fig. 9, and 14 K in Fig. 10).
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