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Glassy dynamics in CuMn thin-film multilayers

Qiang Zhai,""" David C. Harrison,”> Daniel Tennant,' E. Dan Dahlberg,”> Gregory G. Kenning,? and Raymond L. Orbach':f
VTexas Materials Institute, The University of Texas at Austin, Austin, Texas 78712, USA
2School of Physics and Astronomy, The University of Minnesota, Minneapolis, Minnesota 55455, USA
3Department of Physics, Indiana University of Pennsylvania, Indiana, Pennsylvania 15705, USA
(Received 4 December 2016; published 6 February 2017; corrected 8 April 2019)

Thin-film multilayered spin-glass CuMn/Cu structures display glassy dynamics. The freezing temperature
T, was measured for 40 layers of CuMn films of thickness £ = 4.5,9.0, and 20.0 nm, sandwiched between
nonmagnetic Cu layers of thickness ~60 nm. The Kenning effect, T; o< In £, is shown to follow from power-
law dynamics where the correlation length grows from nucleation as £(¢,T) = cjao(t/1o)?7/®, leading to
[(Ty/Ty)cr In(teo/T0)] + Inc; = In(L/ay). Here, T, is the bulk spin-glass temperature, c; and c, are constants
determined from the spin-glass dynamics, 7., is the time for the correlation length to grow to the film thickness, 7y is
a characteristic exchange time ~4i/ k3 T,, and ay is the average Mn-Mn separation. For ¢ > f.,, the magnetization
dynamics are simple activated, with a single activation energy A (L)/kpT, = (1/cz)[In(L/ap) —Inc,] that
does not change with time. Values for all these parameters are found for the three values of £ explored in these
measurements. We find experimentally A, (L£)/kp = 907, 1246, and 1650 K, respectively, for the three CuMn
thin-film multilayer thicknesses, consistent with power-law dynamics. We perform a similar analysis based on
the activated dynamics of the droplet model and find a much larger spread for A ,,x(£) than found experimentally.
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I. INTRODUCTION

The dynamical properties of spin glasses are strongly de-
pendent on dimension, with recent interest in the “mesoscopic”
regime [1], defined by length scales £ less than 50 nm. For
example, recent experiments [2,3] on GeggMn;;, with £ =
15.5 nm, have displayed dimensional crossover from D = 3
to D = 2 as a function of time and temperature. This crossover
occurs because the time-dependent (#) and temperature-
dependent (7') spin-glass correlation length £(¢,7) grows
from nucleation at t =0 to £ at a time designated as f.
At &(t.o,T) = L, the spin glass becomes two-dimensional for
t > t.-.Because the lower critical dimension for spin glasses is
D = 2.5 [4,5], this leads to a spin-glass transition temperature
T, = 0. This means that there is no further growth of £(¢,7) in
either the perpendicular or parallel directions if the temperature
is fixed. The remaining spin-glass correlations for length
scales less than order £ represent an excellent “laboratory”
for exploration of dynamical properties at fixed length scales.

Experimentally, one observes a time-dependent “freezing”
temperature 7y in mesoscopic thin-film spin glasses below
which irreversible behavior is exhibited. In this sense, the
mesoscopic spin glass behaves as a conventional glass, where
the value of 7, depends upon the observation time. We shall
show this explicitly with our experimental values of T, for
the different values of £ we investigated (£ = 4.5,9.0, and 20
nm) for Cug gg3Mng.117.

There are two competing theories for spin-glass dynam-
ics, one based on Parisi’s mean-field solution [6] of the
Sherrington-Kirkpatrick infinite-range spin-glass Hamiltonian
[7] and the other on the “droplet” model developed by Fisher
and Huse [8-12] “motivated by the results of the numerical
‘domain-wall’ renormalization-group studies” [8,13,14]. The
former assumes power-law dynamics for the growth of £(¢,T),
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while the latter assumes activated dynamics for the growth of
&(t,T). Although the two approaches are fundamentally dif-
ferent physical pictures, it has been very difficult to distinguish
either experimentally or numerically between the two. Some
attempts are given in Refs. [15-18]. The experiments detailed
in our paper distinguish between these two approaches by
direct measurement of a microscopic parameter, the system’s
maximum barrier height Ap,x(£), when (¢ > t.,,T) is fixed
at L. Before going into more detail, it is important to outline
the analysis utilized in this paper.

When the spin-glass correlation length & (t, 7') has reached £
at a time 7., the crossover time, D = 3 spin-glass correlations
remain for length scales < £ and generate dynamical spin-glass
behavior. When ¢ > f,, any property dependent on £(¢,7T) is
fixed at the value it has at #,,. A particular consequence is
that the dynamics follow a simple Arrhenius law, with a single
activation energy Amax(£) that does not change with time. The
two approaches referred to above for the value of A (L) are
both scaled by the bulk spin-glass transition temperature 7,
but differ on the dependence of Ap.x(£) on L. Beyond their
theoretical differences (and there are many), there is also the
prediction that the presence of a magnetic field H will destroy
the spin-glass state in the Fisher-Huse droplet model [6], while
the Parisi approach leads to a T,(H,T) as predicted by de
Almeida and Thouless [19].

The next section is a brief review of the experimental
background for mesoscale spin-glass dynamics. Section III
introduces explicit forms for &£ (¢, T') for the two different phys-
ical models and provides a derivation of the expressions for
Amax (L) for each. In Sec. IV we present the multilayer sample
preparation and the measurement protocols. The measurement
protocols are different from those applied to bulk spin glasses
because of what we shall show are time-dependent freezing
temperatures and hence glassy dynamics for mesoscopic
spin glasses. Section V contains the experimental results for
both the L-dependent freezing temperatures and activation
energies. The analysis and comparison with the two models
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for spin-glass dynamics discussed above comprise Sec. VI.
Our results are summarized in Sec. VII.

II. EXPERIMENTAL BACKGROUND FOR THIN-FILM
SPIN GLASSES

The first research to address either finite scaling or the
crossover from three-dimensional to two-dimensional behav-
ior in long-range Ruderman-Kittel-Kasuya-Yosida (RKKY)
spin glasses, after initial reports [20], was that of Kenning
et al. [21]. In their landmark paper, they took note of the
reduction in the freezing temperature 7, with decreasing spin-
glass thickness in multilayer samples of Cu;_, Mn, /Cu. They
determined T by plotting the zero-field-cooled susceptibility
xzre(T) and the field-cooled susceptibility xrc(7T) as functions
of temperature. For D = 3 spin glasses, the two are equal
for temperatures above the spin-glass transition temperature
T,. Below Tg, the two differ from each other, signaling
irreversibility setting in at 7,. For mesoscopic spin glasses,
an analogous separation occurs, but at a freezing temperature
Tf < Tg.

The irreversible magnetization, Mgc(T) — Myzpc(T), in-
creases as the temperature is lowered. For thin-film spin
glasses, the onset of irreversibility with decreasing temperature
is both thickness and time dependent. Representative plots
of Mpc(T) and Mzpc(T) vs temperature 7 for the three
thicknesses investigated in our work (£ = 4.5,9.0, and 20.0
nm), are exhibited in Fig. 1. Similar findings were shown in
Fig. 14 of Ref. [21]. They listed values for 7 in their Table VII
for their range of £ at each of their three concentrations for their
CuMn/Cu multilayers. Their Fig. 21 plotted the ratio T/ T,
as a function of In £. We display their results in Fig. 2, but with
L divided by the relevant average Mn-Mn separation ag (we
estimate ag = 0.523 nm for the CuMn concentration in our
films; see below). It is seen that T/ T, rises roughly linearly
with increasing In(L/ap) out to about L/ay ~ 5, beyond which
it flattens off to the bulk value 7.

Figure 2 represents the first systematic study of the freezing
temperature 7' differing from the spin-glass transition temper-
ature T, as a function of diminishing length scale In £, which
is termed the Kenning effect. We shall show in Sec. VII that it
represents “glassy dynamics” in that 7y will be a function
of the time scale of the experiment. This is based on the
assumption that the correlation length £(¢,7) has reached the
film thickness L, so that there will be activated dynamics with
an activation energy Apa(L). The freezing temperature Ty is
then set by the approximate time scale toeXp[Amax(£)/kpTr],
where 1/7¢ is an exchange rate ~kgT, /li ~ 6.9 x 10'2 s~! for
T, ~ 53 K from measurements of our thick-film samples. As
L increases, the correlation length £(¢,T) continues to grow
in time, with a concomitant increase in f,, and as Eq. (7) will
show below, T’y will approach T, as in Fig. 2.

III. CORRELATION LENGTH GROWTH AND
ACTIVATION ENERGY

Spin-glass dynamics depend upon the cooling protocol to
reach the final measurement temperature 7,,. For example,
the dynamics will be different if the sample is quenched
from an initial temperature above the spin-glass transition
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FIG. 1. Freezing-temperature measurements in a magnetic field
of 40 G: (a) a 4.5-nm CuMn thin film exhibits a freezing temperature
near 25 K, (b) a 9-nm CuMn thin film exhibits a freezing temperature
near 35 K, and (c) a 20-nm CuMn thin film exhibits a freezing
temperature near 46 K.

temperature T, to the measurement temperature 7,, compared
to a temperature change from an initial temperature below
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FIG. 2. The freezing temperatures 7, from Table VII of Ref. [21]
for different Mn concentrations plotted against In(L/ay). The straight
line is a best fit to the data for films up to and including £/ay < 5.
The two points omitted are for film thicknesses of 1000 nm for CuMn
of 14 at. %, and 500 nm for CuMn of 7 at. %. These two films are
sufficiently thick that Ty ~ T,.

T, to T,,. This was the essence of an analysis of previous
experimental data [22,23] in Ref. [24]. For the data presented
here, the measurements of the dynamics at different 7,, were
all initiated from temperatures 7 > Ty, so that the initial state
was always in the paramagnetic temperature regime.

The spin-glass state grows in size from nucleation as
a function of time ¢ with the size scale of the spin-glass
correlation length £(¢,T). The growth of &£(¢,T) differs in the
two approaches discussed in the Introduction. For power-law
dynamics [25-29],

£\ T/T)
g(th) =C1a0<_) ’ (1)
To

where a is the average distance between magnetic moments
and ¢; and ¢, are constants determined from our experimental
data with values of 1.448 and 0.104, respectively (see below).
These values are to be compared with theoretical estimates
[25-29] that predict c¢; of order unity and ¢, lying between
0.104 and 0.169.

The largest barrier height separating free-energy states
is a function of &(¢,7) [22] and saturates at a maximum
value when £&(f.,,7) = L. Because the number of states
increases exponentially with increasing &£(¢,7), the dynamics
are controlled by the largest barrier A (L£). Its value is
determined using the equation [16]

Aman(L) = l[ln <£) - 1I1C1]~ @)
kBTg (&) ao

The maximum barrier height controls the dynamics through
the usual Arrhenius law,

1 1
— = —¢
T To

—Amax(£)/kpT 3)

PHYSICAL REVIEW B 95, 054304 (2017)

Considering next activated dynamics [8—12], the correlation
length grows as

T t A4
Et,T) = aao|:<—> In <—>] , 4)
Tg To

where o« is of order unity and i is a critical exponent.
Experiments [30-32] and simulations [33,34] find values of
Y between 0.65 and 1.1, with most values close to unity. The
spin-glass dynamics obey Eq. (3), with

Amax(L £\
¥=< ) . 6)

ksT, aay

The two relationships for the dependence of Ap,x(£) on L,
Egs. (2) and (5), have different dependences on L. As a
consequence of these differences, the spread in observed values
of Amax(£) as a function of length scale £ will be less for
power-law dynamics (varying as In £) compared to activated
law dynamics (varying as a power of £). Our measured values
of Apax (L) for £ =4.5,9, and 20 nm will be compared to
these predictions.

IV. CuMn MULTILAYER PREPARATION
AND MEASUREMENT PROTOCOLS

The CuMn/Cu multilayer samples consisted of 40 bilayers
of either 4.5, 9.0, or 20 nm of CuMn and 60 nm of Cu.
The multilayer samples were dc sputtered onto 99.99% Cu
foil at an argon pressure of 2 mTorr. Two different 99.999%
CuMn targets were utilized (a set of 4.5-, 9.0-, and 20-nm
CuMn multilayers from each) with nominal Mn concentrations
of 13.5 at. %. The Cu target was 99.999% Cu. Two 1-um-
thick CuMn films were grown, one from each target, and
magnetometry measurements on these “bulk” samples yielded
similar magnetic properties with a spin-glass temperature 7,
of 54 £ 1 K for one target and 52 &+ 1 K for the other. For
simplicity, we shall take 7, = 53 K in what follows. Using the
extrapolation of Refs. [35,36], this translates to a thin-film Mn
concentration of ~11.7 at. %.

The experimental data on the multilayers were obtained
in two laboratories. The measurements at The University
of Texas at Austin were performed on a Quantum Design
superconducting quantum interference device (SQUID) mag-
netometer, while those at Indiana University of Pennsylvania
were performed on a home-built SQUID magnetometer.
The former measured the time-dependent zero-field-cooled
and field -cooled magnetizations, Mygc(¢,T) and Mgc(t,T),
while the latter measured the thermoremanent magnetization
Mrtrm(t,T). In both laboratories, the CuMn mesoscale multi-
layer samples were quenched from a temperature of ~90 K to
a measurement temperature 7,, < T, at a rate of ~10 K/min.

The Indiana University of Pennsylvania apparatus is oper-
ated in a stationary mode, as opposed to relying on motion
through pickup coils, reducing mechanical noise. In addition,
the system has two SQUIDs, with the sample located in one
set of gradiometer coils measured by SQUID A, while a
second gradiometer set measured by SQUID B determined
the background electromagnetic noise as well as other possible
spurious fluctuations. These artifact contributions to our signal
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were then removed from the sample signal by subtracting the
response of SQUID B from that of SQUID A.

The measurements of the two systems are complementary,

as shown by the extended principle of superposition [37],

Mzec(t,T) + Mtrm(t,T) = Mgc(t,T). (6)
In our experiments, like those in Ref. [37], “Mzpc(t,T) yields
a direct measure of the response function.” The field-cooled
magnetization Mgc(t,T) is time dependent in both, so that the
time dependence of the irreversible magnetization Mrrwm(f,7T)
from a zero-field-cooled experiment is the difference between
the two time-dependent quantities, Mpc(¢,T) — Mzpc(t,T).
Thus, two independent measurements must be made to obtain
the time dependence of the irreversible magnetization. For r >
tco, the slope of the logarithm of the irreversible magnetization
as a function of ¢ generates the activation energy A p,x(L).

For the data in Fig. 1, the sample was quenched from an
initial high temperature 7, well above the bulk spin-glass
temperature 7T, to the beginning measurement temperature 7,,,;
then a magnetic field of 40 G was applied, and Mzpc(t,T)
was measured as a function of increasing temperature to the
value 7},. The magnetization was then measured as the sample
was cooled from 7}, to T,,, with the magnetic field remaining
constant at 40 G, generating Mpc(t,T).

At first glance, this protocol may seem reasonable, but it
is insufficient for dynamical measurements for the following
reason. When the magnetic field is first applied, the spin-
glass states with energy barriers A(#,7) < Ez, where Ey
is the change in Zeeman energy, are quenched. This allows
instantaneous transitions of those states in the initial M = 0

PHYSICAL REVIEW B 95, 054304 (2017)

manifold to the new free-energy ground-state manifold with
M = Myc(t,T).

Because Mpc(t,T) changes with time, when the magnetic
field is applied, some (small) magnetization arises from states
that transition before magnetization measurements can be
made. This time-varying magnetization must be subtracted
from the measured time-dependent difference in magnetiza-
tions, Mpc(t,T) — Mzrc(t,T), to obtain the true measured
irreversible magnetization. The manner in which this is
accomplished is to measure the ratio Mzpc(¢,T)/ Mpc(t,T) =
«(t) as a function of time ¢ until it reaches a final constant
value a ¢ to within measurement error bars. For oy = 1, this
would signify that Mzgc(¢,T) has reached the field-cooled
value for the magnetization Mgc(¢,T). However, because of
the time interval for which the measurement of Mzgc(¢,T) is
“blind,” oy < 1, requiring a subtraction of the contribution
to Mgc(t,T) that occurred during that time interval. This is
accomplished by subtracting an amount € =1 — oy from
the measured Mpc(¢,T). The irreversible magnetization,
(1 — €)Mpc(t,T) — Mzpc(t,T), then approaches zero in the
long-time limit. Typically, € is found to be small, on the
order of 0.005. Values of 1 — € are included in the caption for
Fig. 3.

The time dependence of the field-cooled magnetization
Mgc(t,T) is much stronger for mesoscale spin glasses than
for bulk because of the finite number of magnetic moments
at the mesoscale, giving rise to “glassy” dynamics. Given
that the average distance between Mn spins at our sample
concentration of 11.7 at. % is 0.523 nm, we find for
E(t > teo,T) =L =4.5,9, and 20 nm a total of ~334, 2668,
and 29 281 moments in the correlation volume, respectively.
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FIG. 3. (a)-(c) The measured magnetizations, Mgc(¢,T) and Mzrc(¢,T), plotted against time for the three CuMn multilayer thin films at
a representative temperature. (d)—(f) (1 — €)Mpc(¢,T) — Mzrc(¢,T) and its exponential fit to activated dynamics. (a) and (d) A 4.5-nm film at
23 K, 1 —€ =0.994, (b) and (e) 9.0-nm film at 31.5 K, 1 — € = 0.994, and (c) and (f) 20-nm film at 41.5 K, 1 — e = 0.995.
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The consequences will be shown in the experimental results in
the next section and in the summary and conclusion (Sec. VII).

V. EXPERIMENTAL RESULTS

The time-dependent Myzpc(t,7) and Mgpc(t,T) of the
multilayer samples were measured in a commercial Quan-
tum Design SQUID magnetometer. As previously explained,
because Mpc(f,T) is time dependent, it was necessary to
perform time-dependent measurements for both Mzpc(t,T)
and Mpc(¢,T) with exactly the same time and temperature
protocol as outlined in Sec. IV. Specifically, a magnetic field of
40 G was applied 135 s after reaching 7,,, and the temperature
was stabilized; the magnetization was then measured as a
function of time until well beyond the crossover time f,.
Then the temperature was increased back to ~90 K with the
magnetic field held constant and then quenched at the same rate
as before to the same T,,,. The Mgc(¢,T) was then measured for
the same time period as the Mzpc(¢,T). The time-dependent
values of Mzpc(t,T) and Mgc(t,T) are displayed in Fig. 3 for
each of the three CuMn thin-film thicknesses £ at a respective
representative temperature.

Figures 3(a)-3(c) are representative of Mpgc(¢,T) and
Mzrc(t,T) for the three thicknesses. The difference,
(1 — e)Mgc(t,T) — Mygc(t,T) as derived in Sec. IV, is the
time and temperature dependence of the irreversible com-
ponent of the spin-glass magnetization and is displayed
in Figs. 3(d)-3(f). From Eq. (1), there exists a time f,
when &(¢,T) = L. For times longer than z.,, the irreversible
magnetization dynamics are activated [2], with activation
energy Amax(£) given by Eq. (2); the two are related through
Eq. (3). Hence, the time # = f.,, when (1 — €)Mgc(tco,T) —
Mygc(teo,T) crosses over to activated behavior, is related
to Amax(£) through Egs. (1) and (2), as well as Eqgs. (4)
and (5), and can be determined from the slope of In[(1 —
€)Mpc(t,T) — Mzpc(t,T)] vs t fort > t.,. From both Egs. (2)
and (5), Amax(£) should be independent of the measurement
temperature 7,,. Most important is the determination of
Amax(£) as a function of the different film thicknesses L
because of the different proportionality of A (L) to £
between Egs. (2) and (5).

A representative fitting of an exponential decay curve
to (1 — €)Mpc(t,T) — Mzpc(¢t,T) for times longer than f,
is displayed in Figs. 3(d)-3(f) for each of the three film
thicknesses. Table I lists the values of A, (L) at three

TABLE 1. A (£)/kp extracted at different temperatures for
each multilayer CuMn thin film.

£ (nm) Ty (K) T (K) Amax(£)/k (K)
4.5 25 225 907 +2
23 910+7
23.5 904 £2
9 35 31 1243 +£38
315 1243+13
32 1252+10
20 46 41 1648 +4
41.5 1650 +2
42 1652+8

PHYSICAL REVIEW B 95, 054304 (2017)

0.7 T T T T T T T
—4.5nm TRM measurement at 23.25K on home-built SQUID
— Exponential fit

Time (sec)

x10%

FIG. 4. The Mmrm(¢,T = 23.25 K) SQUID voltage plotted
against time ¢. For t > 1, ~ 1.4 x 10* s, Mmrm(t,T =23.25) K
displays activated behavior with A,,x(£ = 4.5 nm) =909 + 5 K.

different measurement temperatures for each film thickness.
As can be seen, A (L) is independent of the measurement
temperature within experimental error and is only a function
of film thickness L, as postulated in Sec. III.

Taking the mean values for An.x(L)/kp from Table I,
we arrive at Apax(4.5nm)/ kg =~ 907 K, Apnax(9.0nm)/kp =~
1246 K, and A,x(20.0nm)/ kg >~ 1650 K.

An independent check on the above analysis was performed
on the 4.5-nm multilayer sample from thermoremanent mag-
netization data Mtrm(?,T) measured over a broad temperature
range in a magnetic field of 20 G. A representative plot
of MyrMm(¢,T) vs time ¢ is displayed in Fig. 4 at T, =
23.25 K. The crossover time for this temperature and film
thickness (4.5 nm) is f,, &~ 1.4 x 10* s (see also the data
exhibited in Fig. 2), so that the fitted slope is well within
the activated dynamical range. The activation energy extracted
from Fig. 4 is Apax(4.5nm)/ kg = 909 £ 5 K, in the middle
of the values reported in Table I. The agreement of this
independent measurement of A, (L) for £ = 4.5 nm from
Mr1rMm(2, T) measurements, complementary to those reported
for Mzpc(t,T) in Table I, gives confidence in the rather
complex analysis required for the latter.

Measurements of Mygpc(¢,T) and Mgc(¢,T) display a
separation at a temperature that we designate as the “freezing
temperature” T¢(L) [21], as discussed earlier. The values of
T¢(L) are film thickness dependent, as illustrated in Fig. 1 for
each of the thin-film thicknesses £. The values extracted from
Fig. 1 are Tp(4.5nm)~ 25+ 1K, T7(9.0nm) ~ 35+ 1K,
and T¢(20nm) ~ 46 £ 1 K and are listed in Table I.

VI. ANALYSIS AND COMPARISON WITH THEORIES

The value of T;(L) is a function of the time scale of the
experiment, as was first observed for the “knee” in the Mgc(T)
data in Ref. [22]. The time dependence of T;(L) is reminiscent
of the conventional glass transition [38], which “is not a
thermodynamic transition at all, since T, is only empirically
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defined as the temperature below which the material has
become too viscous to flow on a ‘reasonable’ time scale.”

For power-law dynamics, Eq. (2) relates the dominating
maximum barrier height A,.x(£) to £ when the correlation
length £ (¢, T) has reached the film thickness L at f,,. This sets
the time scale for our experiments f, through Eq. (3) and fixes
T;. Solving Eq. (3) for Apa(£) when T = #., and substituting
this into Eq. (2) yield

T t L
eyn <2> +1Inc¢; =1In (—) 7
Tg T ap

We extract T from the experimental data as the temperature
at which the irreversible magnetization first appears approach-
ing T, from above, that is, when Mzpc(¢,T7) = Mgc(t,T).
Because Mpc is time dependent, Mzrc(#,T) is “chasing” a
moving target, (1 — €)Mpc(¢,T). In general the time depen-
dence of Mygc(t,T) is much faster than (1 — €)Mgc(t,T),
so that one can consider the end of irreversibility to take
place when Mgzpc(¢,T) has reached (1 — €)Mgc(¢,T). For
mesoscopic spin-glass films, the time scale of the growth of
Mzpc(t,T) is roughly t9exp(Amax/kpT). Hence, Anax sets
the time scale for irreversibility to vanish, or, concomitantly,
for the freezing temperature 7. Thus, for a given time scale
of the experiment 7., the freezing temperature is set by fex, ~
T, €Xp(Amax/kpTy), similar in concept to the conventional
glass transition. But from Eq. (2), Apax o In L. This scaling
relationship of T oc In £ for reasonably constant fc, is the
basis for the Kenning effect [21].

For activated dynamics, Fisher and Huse [8] found a power-
law relationship between T¢(L)/T, and L given by

Tf(ﬁ) |:]n (t(£)>i|1/(l+vzllfz) B <£>(1//3+T//2v293)/(1+1//2l12)

Tg 70 ap

)

(3)
where the subscripts denote the dimensionality of the param-
eters. To evaluate this equation, we need values for ¥, ¥3,v5,
and 63. From Refs. [30-33], ¢, ~ 1.0, and Ref. [39] found
v, =~ 3.45, leading to the product for y,v, ~ 3.45. This is
in contrast to the fitted experimental value ynpv, = 1.6 +
0.2 from Ref. [22]. The exponent 65 ~ 0.2 from Ref. [8].
Putting the theoretically derived numbers together with the
experimental value for y,, one finds

Tf(.C) 4.45 (L) B L (¥3+0.69)
() »(D)-E) - @

For the 9.0-nm film, T (£)/ T, = 0.66, so that Eq. (9) becomes
< 7(9.0nm)
In{ —

) = 6.338 x (17.2)Vs 1069 (10)
To

Reference [8] found 3 > 65 ~ 0.2, and even taking the
smallest possible value for ¥; = 0.2 from 63 given above
yields an impossibly large value for (9.0 nm) ~ 10%! s. Using
the experimental value [20] for ¥, v, = 1.6 results in

<r(9.0nm)
In{ —=

) =2.941 x (17.2)Vs+0:32), (11)
o

Taking again the smallest possible value for 3 = 0.2 yields
an impossibly small value for 7(9.0nm) ~ 5 x 1078 s. Setting
7(9.0nm) equal to 7, for power-law dynamics, t(9.0 nm) ~
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FIG. 5. A plot of the calculated values of A, (£) as a function of
In(L/ag) using ¢; = 1.448 and ¢, = 0.104 in Eq. (2). The closeness
to the drawn straight line, a requirement of Eq. (2), is an indication
of the consistency of fit for power-law dynamics.

416 s, would require ¥3 = 0.56, a not unreasonable value.
Using this value for 13, one can calculate In[z(L)/ 7] for the
other two thicknesses. Using Eq. (8) with i3 = 0.56 yields
values of T(4.5nm) ~ 2.3 x 107 s, much longer than we find
from our experiments, and of 7(20.0nm) ~ 284 s, which is
much shorter. This large spread of times is a consequence of
the power-law relation of t(£) to £ for activated dynamics as
opposed to the logarithmic relation of 7(£) to £ for power-law
dynamics.

In addition to the freezing temperatures, the experimental
results of Sec. V also generated the activation energies for the
three thin-film thicknesses A,.x(L). Repeating from Sec. V,
Amax(4.5nm)/ kg = 907 K, Apax(9.0nm)/ kg = 1246 K, and
Amax(20.0nm)/ kg = 1650K. Equations (2) and (5) give
values for An.x(L) for power-law dynamics and activated
dynamics, respectively.

For power-law dynamics, values for ¢; = 1.448 and ¢, =
0.104 can be extracted from the values for A.x(L£) using
Eq. (2). Because we have three thicknesses £, ¢; and c¢;
are overdetermined. A best fit results in ¢; = 1.448 and
¢ = 0.104. Using these values for ¢; and ¢;, Ayax(£) can in
turn be evaluated as a function of £ from Eq. (2). The results
are displayed in Fig. 5, where the closeness of the experimental
values to the straight line is a display of the consistency of fit
for power-law dynamics.

For activated dynamics, one needs the value of the
coefficient o in Eq. (5), and that requires a value for the
exponent Y = Y, in this case. Using the value ¥, = 1.0,
consistent with Refs. [30-32], and fitting to the measured
value for Apax(9.0nm)/kp = 1246 K, we find ¢ = 0.73 from
Eq. (5), close to unity as expected from Refs. [8—12]. Using
these values for ¥ and «, we can calculate A,,x(L) for the
other two film thicknesses to test for consistency. We find
Amax(4.5nm)/ kg = 623 K and A15x(20.0nm)/ kg = 2769 K.
They are much smaller and much larger, respectively, than the
experimental values.
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The spread of values for Ap. (L) differs substantially
between the two descriptions because of the differing de-
pendences on L. The power-law dynamics proportionality to
In(L/ay) increases much more slowly with increasing L/ag
than the algebraic proportionality to (L/ag)? of activated
dynamics.

VII. SUMMARY AND CONCLUSIONS

We have presented a systematic study of thin-film spin-glass
dynamics as a function of length scale £. As noted in the
Introduction, when the spin-glass correlation length £(¢,7')
reaches L, the system crosses over to the dimension D = 2.
This is below the lower critical dimension of a spin glass
(~2.5), and thus, &(¢,T) is fixed at £. Varying £ allows
measurement of the length-scale dependence of the maximum
barrier height A(L) and the (glasslike) freezing temperature
Ty (L).

Predictions for the length-scale dependence of both A(L)
and T;(L) were calculated from two competing theories.
Quantitative agreement between the experimental data and
power-law dynamics for £(¢,7) is found, while using reason-
able values for the parameters in activated dynamics predicts
a much greater variation with £ than found experimentally.

The thicknesses explored in these experiments contain a
modest number of magnetic spins N, which is sufficiently
small that direct comparisons with simulations are possible.
As discussed in Sec. IV, the dynamical measurements re-
ported here are for N ~ 334 spins (£ = 4.5 nm), N =~ 2668
spins (£ = 9.0 nm), and N ~ 29281 spins (£ = 20.0 nm).

PHYSICAL REVIEW B 95, 054304 (2017)

Simulations using the Janus special-purpose computer have
reported equilibrium properties for millions of Ising spins
[40]. It seems possible that simulations of nonequilibrium
dynamical properties of Ising spins are possible for numbers
of spins comparable to those contributing in our experiments
[41].

Finally, these experiments have established the dynamical
properties of spin glasses as a function of length scale for
fixed temperatures and magnetic fields. The issue of dynamics
associated with changes in these parameters has yet to be
explored. To quote Ref. [42], “An experimental measurement
of TC [temperature chaos] is still missing” (but see Ref. [3],
where temperature chaos is reported for a mesoscopic GeMn
amorphous spin glass). Now that the dynamical properties
of spin glasses at fixed temperature are in hand, systematic
exploration of temperature changes under conditions leading
to temperature chaos in conventional spin glasses (e.g., CuMn)
should be possible. Further, a similar opportunity is present
for magnetic field chaos, an effect that has been explored
theoretically much less than temperature chaos [43]. Spin
glasses at the mesoscale can serve as a laboratory for further
explorations under controlled conditions.
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