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The memory effect in a single crystal spin glass (Cug.92Mno.0s) has been measured using 1 Hz ac
susceptibility measurements over a reduced temperature range of 0.4 — 0.77, and a model of the
memory effect has been developed. A double-waiting-time protocol is carried out where the spin
glass is first allowed to age at a temperature below T}, T\, , followed by a second aging 4 K lower,
Tw,. The 4 K separation is sufficient to ensure rejuvenation has occurred. The model is based
on calculating overlaps between the growth of the correlation lengths at the two temperatures. It
accounts for the absolute magnitude of the memory effect as a function of both waiting times and
temperatures. The data can be explained by the memory loss being a function of the relative change
in the correlated volume at the first waiting temperature due to growth in the correlations at the

second waiting temperature.

Introduction The origin and nature of memory and
rejuvenation in spin glasses has been the subject of in-
vestigations, both experimental and theoretical, for over
two decades [1-15]. When held at a temperature below
the glass temperature T}, the state of a spin glass is well
known to age with time [16-18]. Rejuvenation is the pro-
cess by which the spin glass appears to lose knowledge of
its prior aging when the temperature is lowered. Mem-
ory, on the other hand, is displayed when the spin glass
is reheated to the aging temperature and it recovers, at
least partially, the aged state. Although there is some
agreement to the origin of the aging phenomena [(JF)
REFS], rejuvenation and memory present a conundrum
that has eluded a satisfactory simultaneous explanation.
The appearance of these effects together is central to un-
derstanding the spin glass state, in particular, how one
can understand memory observed after rejuvenation.

This begs the question — if the spin glass appears to
have “forgotten” it aged during rejuvenation, how can it
“remember” its previous cooling history? Several expla-
nations have been postulated, but never quantitatively
tested experimentally [1, 11, 13, 19-21]. As we show
in this letter, our double-waiting-time experiments and
model explain this mystery.

In this letter, we use apparent spin glass memory loss
in ‘a single crystal of Cug g9aMng g as a probe of both
memory and rejuvenation. Additionally, we present a
simple physical model which correctly accounts for our
results. We argue that this picture may provide an ex-
planation for rejuvenation and memory in other glassy
systems [22-24].

A canonical low frequency ac susceptibility measure-
ment displaying the three out-of-equilibrium effects of ag-
ing, rejuvenation, and memory [!] is presented in Figure
1. The reference curve, where no aging is exhibited, is
plotted alongside the curves that exhibit these three out-
of-equilibrium effects. Traditionally [I, 20], and in our

work, we focus on the imaginary part, x” of the suscepti-
bility because the size of these effects is more pronounced
than in the real part, x’. We note that similar conclu-

sions to the ones we present for ' can also be drawn for
!
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FIG. 1. The imaginary part of the 1 Hz magnetic susceptibil-
ity, X" (w). The dashed data are the reference curve measured
while continuously cooling the sample at 1 K/min. The dot-
dash data include waiting at Ty, = 22.5 K for a time t,,, =1
hour and the rejuvenation upon lowering the temperature; the
temperature cooling rate is also 1 K/min. The solid curve is
the heating data taken at a rate of 1 K/min that shows the
memory effect back at T,,. The inset shows an example of
a double-waiting-time experiment. Ax¢ is the change in sus-
ceptibility during aging and A% is the difference from the
reference curve upon heating. For these data the cooling and
heating rate is 35 K/min between the two waiting times.

Our efforts revolve around the following observation.
As can be seen in Figure 1, while the heating curve
(solid red line) does have knowledge of the cooling curve
(black dot-dash line), they do not lie on top of each
other. Importantly, this shows that spin glass memory
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exhibits “memory loss.” Of the many previous works that
see memory, a few appear to see nearly perfect memory
[1, 19], while others do not [L1, 20]. A common qual-
itative picture states that memory is an effect of spin
glass droplets whose dynamics are organized in a hier-
archy ordered by their size. The distribution of droplet
sizes correspond to a distribution of different relaxation
times that are probed in spin glass experiments. How-
ever, recent simulation results [25] indicate that tempera-
ture chaos drives rejuvenation as a random process of de-
stroying locally correlated regions of spin overlap, rather
than just affecting the spin configurations themselves.
These differing explanations again lead us to question
how memory can follow rejuvenation, given that the sys-
tem has gone chaotic and therefore lost knowledge of its
previously grown correlated state.

Because of the recent progress made in understanding
rejuvenation as a consequence of temperature chaos [25],
we return to the observation of memory loss in spin glass.
We follow the so-called “double memory” experiments by
[11, 19], and focus on tuning the memory effect between
two aging intervals at different temperatures separated
by rapid temperature changes. In a similar spirit, we
dub our protocols “double-waiting-time” experiments.

We quantify the memory, M, by computing the ratio

AX/P/I — XIIIQ(TUH) — X//(tun + thaTun)

M= )
AX% X%{(Twl) = X" (twy Ty )

(1)

shown pictorially in the inset of Figure 1. This quan-
tity is a dimensionless parameter that compares the three
measured susceptibilities. The numerator, Ax%;, is the
difference between the reference curve x’; at T, and the
susceptibility upon returning to Ty, after having aged
for an additional t,, at the lower temperature. The
denominator, Ax¢y, is the difference between the refer-
ence curve x% at Ty, and the dynamic susceptibility at
T, after aging for t¢,,. Perfect memory occurs when
X" (twy + twss Tw;) = X" (tw,s Tw,) and corresponds to
M = 1. If there is no memory (M= 0), the heating curve
follows the reference curve, X" (tu, +tw,, Tw,) = X%(Tw,)-
We shall ascribe rejuvenation to temperature chaos
[26] recently observed experimentally [27] in a sample
of Cug.goMng g cut from the same boule as the sample
we report on here. As shown computationally in Refs.
[13, 25], when the temperature is lowered to T, such
that the spin glass has gone chaotic, then spin glass cor-
relations develop over regions with a new length scale,
with the relaxation occurring as if there were no corre-
lations grown at T},,. Thus, we take the correlations at
T, and T, to be independent. We have ensured our
temperature drop of T,,, — T,,, = 4K is large enough to
guarantee rejuvenation, as shown pictorially in Figure 1,
has occurred in our double-waiting-time experiments.

From this argument, it follows that the memory effect
is an interplay between correlation lengths, as recently
confirmed [28]. In our experiments, we increase the cor-
relation lengths by waiting for a variable amount of time.
If we increase t,,, while keeping t,,, constant, then we
would logically expect more memory at 7,,,. Alterna-
tively, by holding ¢,,, constant, but increasing t,,,, then
one would expect less memory at T),,. This argument is
akin to the “temperature microscope” of Bouchaud et al
[29] used to describe locally-ordered spin configurations
within the droplet picture, as well as the phenomeno-
logical picture presented in Ref [11]. Importantly, the
temperature microscope implies memory in the double-
waiting-time experiments can be understood as a func-
tion of a single variable: the ratio between the dynami-
cal correlation lengths grown at either temperature. Fur-
thermore, other conventional pictures such as in Ref. [26]
imply that any growth of any correlated regions at T,
will lead to memory loss. In what follows, we scrutinize
this argument by measuring how the memory, defined in
Eq. 1, varies throughout our double-waiting-time exper-
iments.

Methods The following describes our undertaking of
a systematic, quantitative study of the memory effect.
All the ac susceptibility measurements were taken us-
ing a Magnetic Property Measuring System (MPMS) 3
[30] . The measurement frequency was 1 Hz, with an
ac field amplitude of 10 Oe, sufficient to observe out-
of-equilibrium effects while staying in the linear regime.
For the reference susceptibility data shown in Figure 1, a
cooling rate of 1 K/min was used. The glass temperature,
T, was found through dc magnetization measurements to
be Ty = 41.6 K[31].

For the double-waiting-time experiments, we approxi-
mate a quench to be a cooling rate of 35 K/min to reduce
unintended aging effects. For consistency in the mea-
sured results, the temperature was allowed to settle at
each waiting temperature before recording the first mea-
surement. While the temperature change from T,, to
T, is only about 10 seconds, the first data point taken
was around 100 seconds. For each recorded point, 10
measurements were averaged. We opted to use the cool-
ing protocol pictured in the inset of Figure 1. The pro-
tocol for our double-waiting-time experiments was as fol-
lows. First, the system was quenched from 7' = 60K >
T, to an aging temperature T;,, < T, and is allowed to
relax for a time t¢,, . Then, the system was quenched
to a lower temperature T,,, < T,,, where it evolved for
time t,,. Finally, the system was then rapidly heated
to the starting temperature 7,,, where the susceptibility
was compared to the reference system. The temperature
drop AT = Ty, — Ty, was chosen to ensure that the
sample has fully rejuvenated; this AT is held fixed at 4
K.

Results and Discussion In Figure 2, we see that the
double-waiting-time protocol can have a significant effect


schlagel
Sticky Note
Jonason et.al. and Leflock et.al.

schlagel
Highlight

schlagel
Highlight

schlagel
Highlight


Loy e s ° e FE s - & °
¢ ® ©
¢ ¢ 4 g 3
0.8
0.6
0.4
0.2 [} 18K (@]
¢ 25K ¢
0.0 | 27.5K O |
3 4 A 30K A 1 2 3 4 5 6

0, (1) (f, = 3hr)

tu'g(hr) (tu'l = 1hr)

FIG. 2. For both a. and b., the first and second waiting temperatures are the same: T, (18, 22.5, 27.5, and 30 K) and

T,

— Tw, = 4K. In both cases either the first (a.) or second (b.) waiting times were varied from 0 — 6 hours (the horizontal

axis), while the other waiting time was fixed at 3 and 1 hour, respectively. Closed markers indicate a variation of the first
waiting time, while Open markers indicate a variation of the second waiting time. The lines are predictions based our model.

The statistical error bars are present on each data point, though they are typically smaller than the marker.

on the magnitude of the memory retained. The trend is
clear — the longer t,,,, the more memory is retained, but
the longer t,,,, the less memory is retained. Additionally,
in experiments with a lower set of waiting temperatures,
more memory is always retained than in ones that have
a higher set of waiting temperatures. Furthermore, the
fact that the memory coefficient increases with t,,, means
that the memory loss seen is more complicated than the
picture presented in Ref. [26] where any growth in the
correlation length leads to memory loss. Indeed, this
increase suggests that the degree to which temperature
chaos erases the spin glass’ memory is a gradual, rather
than an abrupt, process.

There are at least two length scales at play — the size
of correlations at Ty, , and those at T,,,. We estimate the
correlation length based on the relationship developed by
Kisker and Rieger [32]

§t,T) o (t>CQT/Tg 7 (2)

ao 70

where ag is the average spacing between manganese im-
purities, 70 &~ 2 x 107!, the timescale of microscopic
fluctuations, ¢; &= 1 and ¢y =~ 0.1. These estimates have
been compared to three experimentally extracted corre-
lation lengths (starre L-points) using a dc protocol.

The data in Figure Z can be described by the tempera-
ture microscope picture, which considers the ratio of the
correlation length & at Ty, to &1 at T, . In this picture,
an increase in &; leads to a decrease in £5/&;, and an in-
crease in &, leads to an increase in &3 /&7, exactly what is
seen in Figure 2, and it is consistent with the qualitative
pictures discussed in the literature [11, 29].

This analysis with only two length scales implicitly
makes another prediction, however. Considering that
memory is a dimensionless quantity, and that it clearly
depends on both length scales, one would expect that
memory would be a function only of their ratio, &/,

if these are the only length scales relevant in the exper-
iment. Therefore, double-waiting-time experiments that
hold this ratio constant would always exhibit constant
memory. We tested this prediction using the expressions
for the dynamical correlation lengths in Equation 2, by
identifying multiple experiments from Figure 2 that hold
the calculated ratio &3 /&; fixed. We show these results in
Figure 3. As seen in this figure, for three different con-
stant values of £, /&1, memory is not constant. In fact, not
only does the memory vary, it decreases with increasing
&1, seemingly counter to the results in Figure 2a where
memory increases with increasing &;. It is evident then
that the specific details of the protocol dictate whether
an increase in & increases or decreases M. Thus, mem-
ory must explicitly depend on &;. However, since memory
by definition is dimensionless, there must be at least one
other independent length scale which also controls M.

To understand these results, we have developed a
model whose derivation is given in the supplemental ma-
terials. We consider a growing correlated region of size
&1 at waiting temperature Ty,,, encapsulated by a vol-
ume V, = 0% . Here, we take £ and £, length scales that
are parallel and perpendicular to the ac field, and we
require that they are large enough to consider different
volumes of size V; as statistically independent. In equi-
librium, and in the absence of a real-space anisotropy, we
would expect that these scales are both equal to a static,
isotropic correlation length. For the sake of generality in
modeling the (dynamical) experimental data, we make
the ansatz that they are different from each other.

The spin glass state evolves as the dynamical corre-
lation length & grows. Now, consider a quench to T,,.
Since we have cooled to a sufficiently low temperature
such that the sample has fully rejuvenated, the spin glass
energy landscape at T,,, does not have the same set of
minima as it does at T},,. This means that any new cor-
relations at T,,, grow independently from those at T, .


schlagel
Sticky Note
I do not see where the starred points are

schlagel
Highlight
not defined

schlagel
Highlight
We are in a nonequilibrium state, right?  The sentence before says to expect ... equal...isotropic...

Confusing by having both nonequilibrium and equilibrium statements in the same paragraph.  If an equilibrium state is irreverent to this discussion, considering leaving this information out.



1.0 &/6
N 0.699 = 0.002
0.733 £ 0.003
081 =N B 0.772 +0.002

0.6 1 ﬁ

0.4

6 8 10 12 14 16 18 20

S|

FIG. 3. M plotted as a function of &; for three different values
of fixed & /&1. Since the memory can be decreased by either
increasing or decreasing £; depending on the conditions of the
experiment, this strongly indicates the presence of another
length scale. The solid lines are the fits to the data using
the model presented in this letter. Statistical error bars are
present on each data point, though they are typically smaller
than the marker.

This is consistent with the probabilistic nature of temper-
ature chaos that has been found numerically [25]. From
there, we can model this as a single correlated region
of volume V¢, growing within V%, only then to have sec-
ondary correlated regions of volume Vg, growing inde-
pendently from the first. Thus, upon quenching to T,,,
the new regions can appear anywhere within V, with an
assumed uniform probability. If any new growth at Ty,
overlaps with the original cluster during the waiting time
tw,, then we assume this reduces the memory upon re-
turning to T, .

Within this model, memory loss is the average rela-
tive change in V¢, within V; after randomly developing
new clusters at T,,,. That is to say we must compute
AV /Vg,, where the overbar denotes statistical averaging
over all independent volumes of size V. Details of how
we calculated AV /V, can be found in the supplemental
material, but the main point is that the average change
in volume AV depends on where Vg, grows — within, at
the edge of, or outside V¢,. The final expression for a
spherical correlated volume, AV / Ve, , is proportional to

AV Ve (&)
vflo‘ve<&>' ®)

From this expression, and by comparing it with Figure 3,
we identify two cases that help ascertain the behaviors of
f and ¢ from our ansatz. The first case would be if there
is no independent length scale at the first waiting temper-
ature other than £, thereby implying £ ~ & and £, ~ &;.
Thus, Equation 3 would predict that memory loss only
depends of the dimensionless ratio £2/&1, incompatible
with the data shown in Figure 3. The second case, mean-
while, would be that there is spatial isotropy, £ = ¢,
but they are independent of &;. In this case, Equation
3 would imply that memory loss does not depend on &;

101 gy
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FIG. 4. The data from Figure 2 plotted against the model
presented in Equation 4. Additionally, the three starred data
points use correlation lengths were extracted from dc exper-
iments with the ac values of memory. The data collapse
supports our model. Ty, (18, 22.5, 27.5, and 30 K) and
Tw, — Tw, = 4K. In both cases either the first (closed mark-
ers) or second (open markers) waiting times are varied from
0 — 6 hours, while the other waiting time is fixed at 3 and 1
hour, respectively. Statistical error bars are present on each
data point, though they are typically smaller than the marker.

at all, again incompatible with the experimental results.
Hence, we conclude only one length scale must indeed
scale with &; while the other is independent of it. The
only anisotropy in the problem that we can identify is
due to the external ac field (albeit in spin-space rather
than real-space), and therefore we take ¢, ~ & and ¢
to be the independent length scale. By substitution into
Equation 3, we have

AV dr& (&)
Vfl(x'?’£<£1>.

With this expression, we combine all data from Figure
2 into a single plot shown in Figure 4, with the mea-
sured memory being the vertical axis and the calculated
value of &;(&2/€1) being the horizontal. We see clear evi-
dence of data collapse from all of the double-waiting-time
experiments, indicating that the memory effect in these
experiments are not functions of only the ratio &/,
as expected from previous work [11, 13, 20], but rather
memory depends on both length scales explicitly. Indeed,
as our model suggests, the only way the dimensionless
quantity of memory can be a function of both lengths
is if there is at least another length scale present: /.
From our model, we can provide an interpretation for
this length. Its size, compared to &;, controls how prob-
able it is for new correlated regions grown at the second
waiting temperature to overlap with those from the first
waiting temperature. For it is only growth at T, that
overlaps with the original growth at T}, , rather than any
growth at all, that leads to memory loss.

We wish to emphasize that the data shown in Figure 4
comes from 48 independent double-waiting-time exper-
iments, and the horizontal axis represents a protocol-
dependent, calculated value from Equation 4. The fact

(4)
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that this shows a distinct data collapse represents agree-
ment between these independent trials and provides
strong evidence supporting the mechanism of memory
loss outlined above. Random competition between the
growth of correlated volumes at the two waiting temper-
atures drives memory loss in spin glass, with a separate
length scale controlling the strength of the memory loss.

Now, the data shown in Figure 3 can be understood
as well. If the ratio £/, is fixed, any increase in & will
lead to an increase in memory loss by Equation 4, and
therefore a corresponding decrease in M. This is to be
contrast with Figure 2a, where increasing &; with fixed
&5 will lead to a decrease in the term &; (52/51)3, thereby
increasing memory.

It is possible to be more precise with our modeling.
As shown in the supplemental materials, since the reduc-
tion in " corresponds to an increase in &, the relation
between M and AV [V, is predicted to be of the form

/d
B ar & (6)]
M—wll—?)E(El)} , (5)

where w ~ O(1), ¢, and p are unknown fitting pa-
rameters. For Figure 4, the values of w, ¢, and p are
found to be [(JM) change ws to ¢ with error and units
(ap)|lw =1.2+£0.02, wy =0.04+0.01, and p=7.11+2.1
and d = 3, the spatial dimension.

This predicted fit is shown in Figure 4, and we find
that the data in Figures 2 and 3 are well-represented by
this model. Notably, the same three fitting parameters
are used for all eight curves in Figure 2 and the three
constant & /&; curves in Figure 3.

Conclusions Using quantitative measures of memory
loss in spin glass systems, we have developed a model that
explains memory. We find that overlapping, independent
growth of spin glass correlations in double-waiting-time
experiments controls the memory loss we observe. By
modeling the amount of memory retained as a function of
dynamical correlation length growth, we find that there
exists an additional spatial length scale that controls the
impact the independent growth of correlations from the
second waiting temperature has on established correlated
regions grown at the first waiting temperature.

Our modeling relies on it being possible to separate
the spin glass sample into uncorrelated anisotropic vol-
umes of size V; = £¢% | spanned by two length scales ¢
and ¢, . Fitting our model to our data requires that the
latter, £, , measured in the plane normal to the ac field,
scales with the dynamical correlation length grown at the
first waiting temperature, & (ty,, Tw, ), whereas the for-
mer, £, is independent of it. This implies that a spatial
anisotropy exists in the problem that, at this point, is
not understood. There are several mechanisms that can
yield a spin-space anisotropy in spin glasses — such as
an external magnetic field acting as an effective uniaxial
random field [33], or magnetic anisotropies which may

induce chiral ordering in vector spin glasses [34]. While
these spin-space anisotropies may be present in our sam-
ple, it remains unclear why these spin-space effects would
impact the real-space growth of spin glass correlations in
a cubic crystal like CuMn. Despite this, the data collapse
in Figure 4 is consistent with there being an independent
length scale controlling memory, and our model suggests
that this scale is spatially anisotropic. It is possible that
this anisotropy is a dynamical effect that would presum-
ably decay away in equilibrium (if they spin glass samples
could relax long enough to reach it), or it may indicate
that crystalline defects, such as dislocations, play a role
in spin glass dynamics in an analogous way to what is
seen in other disordered magnetic systems [35-39].

At the same time, our results open new and exciting
lines of inquiry. For example, it has been noted [1] that
these out-of-equilibrium measurements must be taken at
very low frequencies, otherwise, aging vanishes. This
means that the measuring frequency must introduce an-
other time or length scale into this problem — but how it
exactly does so is unclear.

It is important to emphasize that the spin glass corre-
lated volumes as described in this letter are not just due
spin-spin correlations as suggested in the droplet picture
[40]. Instead, given the recent numerical results on tem-
perature chaos driven rejuvenation [25], these correlated
volumes are grown in the local Edwards-Anderson over-
lap. Crucially, this allows a description of memory follow-
ing rejuvenation — when the temperature is lowered, it is
the overlap, rather than the spin configurations which are
frozen in, or “imprinted". Once the system goes chaotic,
the growth of correlations at either waiting temperature
will be independent of the growth of correlations at the
other waiting temperature. However, the correlations at
the lower temperature could form in the same location
as the original correlated regions. When this occurs, the
volume of the original correlated region decreases, lead-
ing to the memory loss observed. It is anticipated that
this picture can shed light on other glassy systems which
exhibit rejuvenation and memory [(JF) REFS].
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