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Abstract

Glassy dynamics in Ferromagnet/Antiferromagnet bilayers
By Tianyu Ma

We demonstrate that thin polycrystalline films of antiferromagnet CoO and NiQ, in bilayers with
ferromagnetic Permalloy, exhibit slow power-law aging of their magnetization state. The aging
characteristics are remarkably similar to those previously observed in thin epitaxial
Fe(50)Mn(50) films, indicating that these behaviors are likely generic to
ferromagnet/antiferromagnet bilayers. For our CoO samples, aging is observed over a wide
temperature range in very thin film. In thicker CoO, aging effects become reduced at low
temperatures. Aging entirely disappears for large CoO thicknesses. We also investigate the
dependence of aging characteristics on temperature and magnetic history. Analysis shows that
the observed behaviors are inconsistent with the Neel-Arrhenius model of thermal activation,
and are instead indicative of cooperative aging of the antiferromagnet. Our NiO sample exhibits
power law aging over a wide range of temperatures. The temperature dependence of the
temporal evolution rate exhibits two qualitatively different regimes, with a crossover at the
exchange bias blocking temperature. Our results show that the exchange bias blocking
temperature represents a transition between two different aging dynamics, reminiscent of the
glass transition in amorphous materials. Our results provide new insights into the mechanisms
controlling the stationary states and dynamics of ferromagnet/antiferromagnet bilayers, and

potentially other frustrated magnetic systems.
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I. INTRODUCTION

Aging is a spontaneous evolution of the system’s properties under fixed experimental
conditions, as it relaxes toward equilibrium. Aging can result in deterioration of some useful
properties (e.g. increased brittleness often encountered in aged plastics), but can be also
useful (e.g. improved taste of wines due to their chemical aging). It entails a decrease of
the free energy and a slow change of thermodynamic averages.|[1| In the simplest case of
a classical two-state system trapped in a metastable state, the probability that it relaxes
into the equilibrium state is exponentially dependent on time, with the characteristic time
constant described by the Arrhenius equation [see Sec. III]. Aging is also common to frus-
trated systems, where significant deviations from the Arrhenius law are generally observed.
The aging characteristics of frustrated systems are determined by their complex potential
landscape, and provide insight into a number of important properties such as the nature
of the equilibrium state, the relevant degrees of freedom, and the susceptibility to external
perturbations. In amorphous materials with quenched disorder,|2-4| measurable quantities
such as the thermo-remanent magnetization|5| and the thermal energy|6, 7| decrease inter-
mittently. However, even simple coarsening systems can exhibit an aging phenomenology
that evolves gradually.[8] In granular systems, the total energy has been observed to decay
inverse-logarithmically,[9] or exhibit a weak power-law[10] relaxation towards saturation in

the ground state.

In magnetic systems, aging has been extensively explored in diluted spin glasses, where
frustration arises due to the random variations of long-range exchange interactions in the
bulk of the material.[11] However, surprisingly little is known about the aging effects in

frustrated magnetic thin-film heterostructures that play an important role in modern infor-



mation technology. A proverbial example of such a system is a ferromagnet /antiferromagnet
(F/AF) bilayer. The most well-known phenomenon exhibited by F/AF bilayers is exchange
bias (EB) - asymmetry of the magnetic hysteresis loop acquired by F below the Neel tem-
perature T of AF,[12] which is utilized in magnetic sensors, e.g. in computer hard drives,
to "pin" the magnetization of F. The EB effects are two orders of magnitude weaker than
the local exchange interaction across the F/AF interface. However, the latter is generally
randomized due to the unavoidable interface roughness and/or atomic-scale intermixing of
the interface, resulting in only small residual average effects. Nevertheless, both F and AF
in a F/AF bilayer experience a large local random exchange field that varies on the atomic

length scale and can lead to magnetic frustration.

The F/AF system can be a fertile ground for the studies of frustration effects, since
its properties can be easily controlled by the experimental parameters. For example, the
average magnitude of the effective random field is inversely proportional to the thickness of
the corresponding magnetic layer, and therefore can be independently varied for both F and
AF by the appropriate choice of the film geometry. Random field exerted by AF on F should
vanish above Tl, and gradually increase with decreasing temperature 7" < T. Converse
is also true for the effects of F on AF with respect to the Curie temperature T¢ of F. The
external field H stabilizes the ferromagnetic order but has a negligible effect on AF ordering.
Thus, by varying H and T, one can explore the effects of competition between ordering
and disordering contributions to the state of the system over a broad range of parameters,
in an experiment performed on a single system, thus eliminating the obscuring effects of
statistical variations. Furthermore, one can explore the effects of spin dimensionality by
studying magnetic materials with different internal magnetic anisotropies, which can be

controlled independently from the random field. One can also explore the effects of spatial



dimensionality, for example the crossover from two to three dimensions, by stacking thin-film

F/AF bilayers into a thick multilayer.

There is presently little evidence for the frustration effects in F/AF bilayers. A recent
study|[13] demonstrated aging in a thin-film epitaxial AF FesoMns,=FeMn, in bilayers with
ferromagnetic NiggFeyg=Permalloy=Py. Measurements of the dependence on the magnetic
history and temperature provided evidence for the non-Arrhenius nature of relaxation, con-
sistent with the expected effects of frustration. However, it is not known whether the ob-
served effects are specific to the studied epitaxial system or generic to F/AF bilayers that are
typically polycrystalline. In contrast to the single-crystalline systems, interactions among
AF grains are often expected to be negligible for polycrystalline systems, and as a result
simple Arrhenius-type relaxation is predicted for such systems.[14-16] It is also not known
if frustration can be controlled by varying the thickness of the magnetic films, as suggested

above.

Here, we demonstrate non-Arrhenius aging in bilayers of a polycrystalline antiferomag-
net CoO and NiO with ferromagnetic Py. In contrast to the previously studied FeMn-based
bilayers, the Neel temperature of CoO Ty = 290 K is readily experimentally accessible,
enabling measurements of aging for different AF thicknesses throughout the entire temper-
ature range relevant to the magnetic ordering in CoO. Because NiO has low anisotropy, we
can observe relatively large frustration even for thick NiO. Thus, the relative effects of NiO
roughness on magnetic energy landscape are smaller, revealing intrinsic aging features. We
show that the aging characteristics of both thin polycrystalline CoO and NiO are remarkably
similar to those of thin epitaxial FeMn, suggesting that the observed behaviors are generic
to thin-film F/AF bilayers, regardless of crystallinity and specific material properties. With

increasing CoO thicknesses, we first observe a decrease of aging at low temperatures, and



for even thicker films a complete disappearance of aging at any temperature. These behav-
iors are qualitatively consistent with the higher activation energy barriers expected for the
Arrhenius-type activation. However, measurements of the dependence on temperature and
aging history show that aging is cooperative and cannot be described by the Neel-Arrhenius
model, providing further evidence for the significance of frustration effects in this system. We
also measure aging at various temperatures ranging from below to above the exchange bias
blocking temperature for NiO. The temperature dependence of aging exponent ¢ exhibits

two qualitatively different regimes, with a crossover at the blocking temperature.

II. EXPERIMENT

The CoO and NiO samples utilized in our study were fabricated by magnetron sputtering
at room temperature, in a high-vacuum deposition chamber with the base pressure of less
than 1 x 1078 Torr. First, for the deposition of CoO sample, a CoO layer with thickness d
was deposited by reactive sputtering in a mixture of Ar and Os, followed by the deposition
of a 10 nm thick Py layer in ultrapure Ar, and finally a 20 nm thick capping SiO, layer
protecting the structure from oxidation. The deposition rates for all the layers were between
0.3 and 0.5 A/s. The roughness of the surfaces/interfaces of about 0.3 nm rms, similar to the
substrate surface roughness, was determined by atomic force microscopy using samples whose
deposition was stopped at the corresponding stages of the process. The partial pressure of O,
required to achieve stoichiometric CoO was optimized using a series of test CoO /Py samples,
as described in Ref. [[17]]. The films deposited in excess oxygen pressure exhibited a reduced
Neel temperature Ty, and a rapid increase of exchange bias (EB) at temperatures below
50 K associated with the freezing of "loose’ oxygen spins.[18] Similarly, under-oxidized CoO

films exhibited reduced EB. Optimized properties were achieved at partial oxygen pressure



of about 2 x 1073 Torr. For the NiO sample, we use HF to clean our Si subtract to remove
SiOs. 15 nm thick NiO was deposited by reactive sputtering in a mixture of Ar and Oa,
followed by the deposition of a 10 nm thick Py layer in ultrapure Ar, and finally a 3 nm
thick capping Ta layer protecting the structure from oxidation. The deposition rates for all

the layers were between 0.3 and 0.6 A/s.

We studied one sample with NiO thickness d = 15. We studied six samples with CoO
thickness d = 2, 4, and 10 nm, labeled CoO2, CoO4, and CoO10 respectively, with results
verified for each thickness in two nominally identical samples. Their magnetic properties such
as the blocking temperature Tz characterizing the onset of the hysteresis loop asymmetry
- the exchange bias (EB) - were consistent with the previous measurements of EB in thin
polycrystalline CoO films.[19] The characterization and studies of aging were performed
using magnetoelectronic measurements in the four-probe van der Pauw geometry, with ac
current I = 0.1 mA rms at a frequency f = 1.3 kHz, and lock-in detection of ac voltage
V. At a fixed temperature, the variations of resistance R were caused by the anisotropic
magnetoresistance (AMR) of Py. To obtain a well-defined initial magnetization state of both
F and AF, in all of the measurements described below, the samples were cooled starting from
T = 300K above the Neel temperature Ty = 290 K of CoO at a rate of 4 K per minute,
in a saturating field H = 500 Oe. In all the measurements, the field was applied in-plane
perpendicular to the average direction of current, resulting in a minimum of AMR when the

magnetization M of Py was aligned with the field.

Figure 1(a) shows a representative magnetoelectronic hysteresis loop for the CoO2 sample
acquired at T'= 5 K. The dependence of R on H reflects the field-dependent orientation of
the Py magnetization, resulting in a variation of the anisotropic magnetoresistance R(6) =

Ronin + ARsin?(0), where 6 is the angle formed by the local direction of M relative to the
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Figure 1. Magnetic properties of the CoO2 sample. (a) Magnetoelectronic hysteresis loop obtained
at 5 K after two prior similar "training" loops, (b) Temperature dependence of coercivity He and
exchange bias field Hg.

direction of H, R, is the minimum of resistance at § = 0, which is approached at large
H, and AR is the magnetoresistance. The peaks at fields H, and H_ are identified with
the reversal of M. The corresponding peak values of resistance are close to the resistance
maximum R = R,,;,, + AR = 4.66 Q) at 5 K, implying that the reversal occurs through the
magnetization orientation almost uniformly orthogonal to H. This result is surprising, given
the expected large random variations of exchange interaction at the F/AF interface, but is

consistent with the previous observations for epitaxial FeMn/Py bilayers.|[13]

The hysteresis loop becomes asymmetric below the blocking temperature T = 145 K.
This asymmetry is quantified by the effective EB field Hy = (H,+ H_)/2 that increases with
decreasing T' < T |Fig. 1(b)]. The coercivity H. = (H+ — H_)/2 characterizing the broad-
ening of the hysteresis loop also increases with decreasing T" < Ts. These thickness- and
temperature-dependent magnetic properties are consistent with the previous measurements

of EB for thin polycrystalline CoO films.[19]

To observe aging, the field H was reversed from the initial value H; below H_ to the
final value H; above H., and resistance was recorded in 1 s time steps while keeping all the
experimental parameters constant. In the experiments described below, both the time At; of

"pre-aging" at field H; and the aging time at field H; were 1000 s, unless specified otherwise.
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Figure 2. Aging in the CoO2 sample at T' = 5 K obtained at field H; = 400 Oe, after pre-aging at
field H; = —1600 Oe. (a) Aging dependencies were obtained sequentially, as labeled, immediately
after cooling from 7' = 300 K in field H = 500 Oe. Each measurement was preceded by aging over
time At; = 1000 s at field H; = —1600 Oe. (b) Asymptotic resistance extracted from the power-law
fitting of data in panel (a) vs the number of the aging cycle. The fitting uncertainty is similar to the
symbol size, (c,d) relaxation scale A (c) and power-law exponent (d) extracted from the power-law
fitting of aging data obtained with different pre-aging times A¢; = 1000 s, 300 s, 100 s, 30 s, 10 s,
and 3 s. The values of Ry, and AR for CoO2 at 5 K are 4.29 € and 0.38 2, respectively.

When multiple aging experiments were performed, the field was reversed to H; immediately
after completing the aging measurement, and the above procedure was repeated. In all the
measurements, the field was ramped at a fixed rate of 2 kOe/s. The value of H; was chosen
so that the corresponding value of R was larger than R,,;, by approximately 0.1 — 0.3 of the
full MR. The corresponding average angle formed be the Py magnetization M with respect
to the direction of the field was 6 ~ 18 — 33°. At these relatively small angles, the variation
of the magnetoelectronic signals is to a good approximation proportional to the variation of
the effective exchange field exerted by CoO on Py, as shown in Sec. III. Thus, the evolution
of the magnetoelectronic signals is a direct quantitative measure of the aging dynamics in

CoO.

Figure 2(a) shows several aging curves for CoO2 squentially acquired after field-cooling.



We obtained a good fitting to all the aging data by using a power-law dependence R =
Ry + At™¢. An alternative fitting with an inverse logarithmic dependence also produced a
good fit, but the uncertainty of the fitting parameters was generally more significant. We use
power-law fitting in the analysis described below. The main difference among the sequential
aging curves is the overall upward shift of resistance, as illustrated by the monotonic increase
of Ry extracted from the power-law fitting [Fig. 2(b)]. Both the scale A and the power-
law exponent ¢ exhibited only small random variations [not shown|. The dependence of
aging characteristics on the prior aging history is in a quantitative agreement with the
previous measurements of epitaxial FeMn,[13] suggesting that these are robust characteristics
reflecting the general aging mechanisms in the F/AF bilayers. We note that the dependence
of Ry on the aging history is inconsistent with the Neel-Arrhenius activation model, which
predicts relaxation towards a unique equilibrium state characterized by R = R,,;, = 4.29 Q

for the CoO2 sample at 5 K, independent of the previous aging history.

We performed several additional tests for the applicability of the Arrhenius model, as
described below. In one of the tests, the "pre-aging" time At; in the reversed state was
varied. According to the Neel-Arrhenius model, most of the grains with long activation
times 7 do not become activated for short At; < 7, resulting in smaller aging effects at
long times. The corresponding analytical expression derived in Sec. IIT generally deviates
from the power-law form, but for very short At; it can be approximated as a power law
with exponent (¢ + 1). The results of measurements performed with At; varied from 3 s to
1000 s are presented in Fig. 2(c,d). Both the exponent ¢ and the scale A obtained from the
power-law fitting exhibit only small random variations inconsistent with the Neel-Arrhenius
model. Similar results were obtained for the epitaxial FeMn-based bilayers.[13] This implies

that the magnetic grains, or more generally the subsystems that become activated during
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Figure 3. The power-law exponent ¢ (a) and the scale A (b) vs T', for the CoO2 sample. Inset in (a)
shows the temperature-dependent values of Hy and —H; used in these measurements. The values
of Ryin and AR are: 4.29 ©, 0.38 Q2 at 5 K; 4.31 , 0.38 2 at 25 K; 4.35 2, 0.39 Q at 50 K; 4.52 2,
0.39 Q at 75 K; 4.67 €2, 0.39 © at 100 K; 4.82 Q, 0.38 Q at 125 K; 4.98 ©, 0.365 Q at 150 K.

the aging process, strongly interact with each other, resulting in cooperative activation not

described by the Neel-Arrhenius model.

The dependence of the aging characteristics on temperature provides further insight into
the aging mechanisms. We observed aging in the CoO2 sample starting from the lowest
measured temperature of 5 K to above the blocking temperature Tz = 145 K. At each
measurement temperature, the aging field H; was adjusted so that the corresponding value
of R was above the AMR minimum R,,;, by about 1/3 of the total AMR, as discussed
above. For a system characterized by the power-law aging at some temperature Tj, the Neel-
Arrhenius model predicts that the power-law exponent varies as ¢(T) = ¢(Ty) +1n(7/Ty), see
Sec. ITI. The experimentally determined exponent ¢(7") exhibits a much smaller increase from
c¢=0.125 at 5 K to 0.21 at 150 K [Fig. 3(a)]. A similar small increase from approximately
c =0.1at 5K to 0.2 at 200 K was previously observed for expitaxial FeMn.|[13|. The
aging scale A exhibits a sharp peak at 100 K. Its decrease at lower temperatures can be
qualitatively attributed to "freezing out" of AF spins. As temperature increases above
100 K, the potential landscape of AF likely becomes so shallow that there are very few

metastable states with relaxation times long enough for our measurements. This temperature
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Figure 4. (a-c) Magnetoelectronic hysteresis loops, and (d-f) aging data for the CoO10 sample.
The values of H;, Hy used in aging measurements were: —830 Oe and 430 Oe in (d), —130 Oe and
—20 Oe in (e), —30 Oe and 30 in (f), respectively. The hysteresis loops were acquired after 2 prior
"training" loops, and dR is the resistance variation relative to the first acquired value. The values
of Ryin and AR were: 3.93 ©, 0.38 Q at 5 K; 5.92 Q, AR = 0.30 © at 270 K; 6.32 2, 0.29 Q at
300 K, respectively.

dependence of A is different from FeMn, where only a decrease of A at high-temperature
was observed. The difference between the two systems likely originates from the stronger

temperature dependence of magnetocrystalline anisotropy of CoO, compared to FeMn.

In addition to the dependence on temperature and magnetic history, the thickness of the
magnetic film is expected to affect aging. In the framework of the granular model, the grain
volume is expected to be proportional to the thickness of the film, accordingly modifying the
activation energy. At a given temperature, the characteristic activation times should increase
with increasing thickness of AF. Since the activation time is determined by the ratio of the
activation energy to temperature, this implies that aging in thicker films should be observed

at higher characteristic temperatures, approaching the Neel temperature Ty for large AF
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thicknesses. In particular, if aging is observed above 5 K for a 2 nm thick film, then for a
10 nm thick film it can be expected above 25 K. Measurements of temperature- and thickness-
dependent aging effects for CoO are facilitated by the easy experimental accessibility of its
Ty = 290 K. We have performed measurements similar to those described above for two
additional thicknesses of CoO, 4 nm (sample CoO4) and 10 nm (sample CoO10). We first
describe the results for CoO10, which exhibits behaviors starkly different from CoO2, and

then discuss the intermediate case of CoOA4.

For the Col0 sample, we performed measurements of the hysteresis loops and aging at
temperatures ranging from 5 K to 300 K, above Tyy. Representative results for 7" = 5 K,
270 K, and 300 K are shown in Fig. 4. Three features qualitatively distinguish the hysteresis
loops for CoO10 from those for CoO2. First, the variation of resistance is only about 10% of
the total magnetoresistance. Second, the resistance abruptly drops after reaching the peak,
instead of gradually decreasing with increasing magnitude of H. Finally, there is negligible
hysteresis of resistance after the drop. These observations indicate that the magnetization of
Py abruptly reverses through a highly inhomogeneous state via an avalanche. The closing of
the hysteresis loop right after the reversal provides evidence for the absence of aging, which
is confirmed by direct measurements shown in Figs. 4(d-f). Aside from the digitization steps,
the variations in these data do not exceed 0.2% of the total AMR, and are likely caused by
the slight temperature drift. The lack of aging at any temperature relevant to magnetism
in CoO is inconsistent with the granular activation picture, according to which one would
expect aging to appear for thick CoO at temperatures close to Ty. Instead, it is likely that
small effects of exchange interaction with Py scaling inversely with the AF thickness are
insufficient to disturb the magnetization state of CoQO. It is presently not clear how this

observation can be reconciled with the existence of EB in this system, which implies that
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Figure 5. Results for the CoO4 sample. (a,b) Magnetoelectronic hysteresis loop obtained at T'= 5 K
(a) and 220 K (b), after 2 prior similar loops. (c) Aging data obtained at 5 K and 220 K, as
labeled. dR is the resistance variation relative to the first acquired value, (d,e) relaxation scale A
(d) and Power-law exponent c (e) vs T', (f) Temperature dependence of —H; and Hy used in the
measurements of aging. Aging data at 5 K were obtained at field Hy = 240 Oe, after pre-aging at
field H; = —1020 Oe. The values of Rnin and AR were: Ry = 3.94Q and AR = 0.377Q at 5 K,
5.07 Q, 0.34 © at 200 K; 5.21 Q, 0.335 Q at 210 K; 5.3 , 0.33 © at 220 K; 5.46 2, 0.325 Q at
230 K; 5.6 ©, 0.32 Q2 at 240 K; 5.66 €2, 0.32 2 at 245 K; 5.73Q2, 0.315 Q at 250 K.

the exchange interaction with Py is sufficiently strong to perturb the magnetization state of
Co0. One possibility is that the effects of aging in CoO on Py very close to Ty are simply

too small for detection with our technique.

The behaviors of the CoO4 sample with a 4 nm CoO layer are intermediate between those
of CoO2 and CoO10. At low temperatures, the hysteresis loop exhibits a sharp drop of resis-
tance at the reversal points, and variations of resistance that constitute only a small fraction

of the total AMR [Fig. 5(a)]. The resistance variations become gradual and approach the
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total AMR at higher temperatures [Fig. 5(b)]. The low-temperature characteristics closely
match those of the CoO10 sample, while at higher temperatures they are similar to CoO2.
These similarities are confirmed by the measurements of aging, which demonstrate negligible
variations of resistance at low temperatures, and significant aging at higher temperatures
[Fig. 5(c)]. Power-law dependence provided a good fit to the aging data over the entire of
temperature between 7' = 190 K and 250K K, where significant aging was observed. With
increasing temperature, the scale A increases to a peak at T = 225 K, and then decreases
again at higher 7', while the exponent c increases from about 0.1 at 200 K to about 0.4 at

T =240 K.

We note that the temperature dependence of aging in the CoO4 sample is at least qual-
itatively consistent with the granular activation model. The absence of aging at low tem-
perature can be interpreted in terms of the freeze out of all the grains, while the reduction
of aging effects at 7' > 225 K can be indicative of fast activation that cannot contribute to
our slow aging measurements. The variation of the exponent c is also in a semi-quantitative
agreement with the Neel-Arrhenius model, [see Sec. III]: for ¢(T" = 200K) = 0.1, the model

predicts ¢(T = 240K) = 0.1 4+ In(1.15) = 0.3, not far from the experimental value.

Based on the observed hysteresis and aging for different CoO thickness, one can make
a general conclusion important for the interpretation of magnetic hysteresis loops in F/AF
bilayers and perhaps other frustrated magnetic systems. Namely, abrupt reversal followed
by the closing of the hysteresis loop is observed in the absence of aging. Significant aging
effects are correlated with gradual magnetization rotation through a configuration in which
the magnetization is almost uniformly perpendicular to the field. In this case, the observed
gradual closing of the hysteresis loop after reversal is consistent with the presence of aging

effects concurrent with the field sweep during the hysteresis measurement. We have verified
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Figure 6. Two hysteresis loops for the CoO4 sample acquired at the same T = 220 K, after several
similar training loops. Data were acquired at a rate of 0.2 s/point (open symbols) and 90 s/point

(solid symbols).
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Figure 7. Results for the NiO sample. (a)Magnetoelectronic hysteresis loop and aging data
obtained at T=190K (b)Magnetoelectronic hysteresis loop and aging data obtained at T=225K
(c)Temperature dependence of exchange bias field H, (d)Power law exponent ¢ vs T

this conclusion by performing hysteresis loop measurements at different field ramp rates, as
illustrated in Fig. 6. Slower rates result in a smaller hysteresis, as expected for the aging
effects. Both the coercivity and the EB field extracted from the two sweeps differ by about a
factor of two, demonstrating that these characteristics are not well defined for F/AF systems

that exhibit aging.
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The aging behaviors of NiO sample are qualitatively different for two temperature regimes
[Fig. 7(a)(b)] characterized by the exchange bias blocking temperature. We observed quali-
tatively different power law exponent ¢ dependence on temperature. The exponent ¢ remains
small and almost independent of temperature when 7' is below the exchange bias blocking
temperature Ty, and rapidly increases with temperature when 7' is above T,. This sharp
crossover is reminiscent of glass transition in amorphous materials. The blocking tempera-
ture is not a characteristic temperature that can vary with different measurement rates, but
a subjectively critical temperature of a crossover from one type of behavior to another. It
shows that the aging mechanism changes from sandpile avalanche with weak temperature

dependence, to a system with stronger temperature dependence than Arrhenius activation.

IIT. SUMMARY AND CONCLUSIONS

To summarize our experimental findings, we observed and analyzed significant aging
effects in thin-film polycrystalline CoO /Permalloy and NiO/Permalloy bilayers. For the CoO
sample, the aging characteristics depend on the parameters such as the thickness of CoO,
temperature, and magnetic history. In all cases, aging is well approximated by the power
law with a sub-unity exponent. For 2 nm thick CoO, aging is observed over a wide range of
temperatures and its characteristics are remarkably similar to those previously observed in
2 nm thick FesoMnj, suggesting that the observed behaviors are generic to F/AF bilayers.
No aging is observed for a 10 nm thick CoO film at any temperature. For the 4 nm thick
CoO film, aging is observed in a relatively narrow range of temperatures between 190 and
250 K. Our measurements revealed a correlation between the magnetic hysteresis loop and
aging, which provides a simple test for the presence of aging in other F/AF systems, and

demonstrates that the coercivity and exchange bias, commonly used to characterize the
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hysteresis loop of F/AF bilayers, are not well defined in the presence of aging. For the NiO
sample, we observed similar aging characteristics that do not agree with Arrhenius activation.
The temperature dependence of aging exponent ¢ exhibits two qualitatively different regimes,
with a crossover at the blocking temperature. The system evolves from sandpile avalanche
with weak temperature dependence, to a system with stronger temperature dependence than

Arrhenius activation.

To gain insight into the mechanisms of aging, we studied the dependence of aging charac-
teristics in the 2 nm thick CoO film on its magnetic history. These measurements revealed
large inconsistencies with the Neel-Arrhenius model commonly applied to polycrystalline
thin-film F/AF systems. First, the experimentally determined asymptotic value of resis-
tance during the aging process significantly depends on the magnetic history, while the
Neel-Arrhenius model predicts that the system asymptotically reached the ground state,
independently of history. Second, the power-law exponent characterizing aging is inde-
pendent of the duration of aging in the state with reversed magnetization of F, while the
Neel-Arrhenius model predicts reduced aging at long times approximately described by a
larger power-law exponent. The experimental dependence of the exponent on temperature
is significantly smaller than expected from the Neel-Arrhenius model. The complete ab-
sence of aging in the 10 nm thick CoO is also likely inconsistent with the Neel-Arrhenius
model, which predicts a gradual increase of the characteristic activation temperature with

increasing film thickness.

With our temperature dependence of aging characteristics measurement of NiO /Permalloy
bilayer, we discovered that the exchange bias blocking temperature is not a characteristic
temperature that can vary with different measurement rates, but instead a subjectively

critical temperature of a crossover from one type of system to another.
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APPENDIX A: RELATIONSHIP BETWEEN MAGNETOELECTRONIC

MEASUREMENTS AND MAGNETIZATION AGING

The evolution of the magnetoelectronic signals, due to the anisotropic magnetoresistance
(AMR), is caused by the temporal evolution of the angle 6 formed by the local magnetization
M of F relative to the electrical current. In our experiment, the latter is aligned perpen-
dicular to the external field H, such that the resistance minimum is achieved at 6 = 0.
The magnetic anisotropy of the ferromagnet (Permalloy) is negligible on the scale of the
fields applied in our experiments, so the finite value of # can be attributed entirely to the
exchange interaction with AF. This interaction can be modeled by the time-dependent and
spatially varying effective exchange field H' with components H |’|, H'| that are parallel and
perpendicular to the applied field, respectively. In terms of these components, the angle 6
is defined by

tan(f) = _Hy (1)

H1|+H’

and the measured resistance is

1 — cos(20)

R - Rmzn + (Rmax - Rmm) 2 9

(2)

where Rpin (Rpmaz) is the minimum (maximum) of AMR. The aging experiments are per-
formed at relatively large H, such that the resistance value is approximately 0.1 — 0.3 of
the total MR above R,,;,, corresponding to relatively small average 6 ~ 18 — 33°. For these

values of 0, H' <, and the second-order expansion

R<0) ~ Rmz’n + (Rma:p - Rmm)02 (3)



18

gives an error of less than 8%. To establish the relationship between the time-dependent
resistance and aging of AF, we note that the observed variations of R due to aging are much
smaller than the total AMR, i.e., A8 < 0, where Af is the variation of 6 due to aging.

According to Eq. (3), the corresponding variation of resistance is

R(H + A@) - Rmm + (Rma:p - Rmm)(e + A9)27 (4)

~ R(0) + 20(Rnaw — Ronin) G, (5)

i.e. the observed small variations of R are linear in Af. Similarly expanding Eq. (1) in
terms of the small variations of the effective exchange field AH, |’|, AH' caused by aging, we
obtain AR oc AH' . The variations of the latter are a direct measure of the evolution of the
staggered magnetization of AF, as described e.g. in the Neel-Arrhenius model by Eq. (8).
Thus, our magnetoelectronic measurements can be interpreted, up to a scaling parameter,
directly in terms of the AF aging dynamics, without the need for any technique-dependent

corrections of the measured functional dependence.

APPENDIX B: NEEL-ARRHENIUS MODEL OF AGING

According to the Arrhenius law,|20] the characteristic time it takes for a particle to remain

trapped in a metastable state in a potential well is

U
T:ToeXp{kB—T}, (6)

where 73 is the attempt time determined by the dynamics of the particle in the potential

well, U is the activation barrier, kg is the Boltzmann constant, and 7" is the temperature of
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the thermal bath. Accordingly, the probability that the particle initially trapped in the well
remains trapped at time £ is

P(t)=e /", (7)

The Neel-Arrhenius model describes the magnetization reversal in granular magnetic
materials in terms of the Arrhenius law, which is applied to individual magnetic grains.
The activation barrier U for each grain depends on its magnetic anisotropy, volume, and
magnetization (for ferromagnets), as described by the Neel-Brown model.|21] In the trivial
case when all the grains are identical, one expects exponential relaxation of the magnetization
towards its equilibrium state, as follows from Eq. 7 applied to a statistically large number of
subsystems, M (t) — M (oc) = [M(0) — M (oc0)]e™/". The initial metastable state is prepared,
for example, by suddenly changing the magnitude and/or direction of the applied magnetic
field H. More generally, the magnetic grains can vary in size, magnitude and orientation of
their anisotropy. Defining p(7) as the relative volume density of grains with activation time

7, we obtain

M(t) — M(o0) = [M(0) — M(c0)] / et/ p(r)dr. (8)

This relationship can be in principle expected not only for the ferromagnetic (F), but also
for the antiferromagnetic (AF) grains, with M interpreted as the staggered magnetization.
In practice, the distribution of grains is usually not known. Furthermore, the magnetic
materials described by this model may not be formed by the well-defined isolated grains. An
important question is then whether one can infer the grain distribution, and more generally
the applicability of the model, from the measured magnetization aging curve M(t). To

answer this question, we note that by introducing a new variable, the rate r = 1/7, Eq.(8)
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is transformed into
M(t) — M(oo) = —[M(0) — M (o0)] /e”p(r)dr/?“Q- (9)

Since [M (t) — M (o0)] is a (reversible) Laplace transform of p(r)/r?, one can at least formally
find a function p(r) that can be interpreted as the distribution of magnetic grains responsible
for the observed aging behaviors, regardless of the specific form of M(¢). Thus, to determine
whether this physical picture is applicable to the studied system, one must develop specific

tests, as described below.

1. Grain distribution for power-law aging

Here, we will focus on the specific form of the aging dependence, R(t) — R(c0) = At™¢
observed in our experiments. We emphasize the empirical nature of this dependence, which
for small ¢ is indistinguishable from the logarithmic dependence R(t) — R(c0) = A/In(t —
to)-[9] Aging described by the power law can be modeled in terms of the superposition of

contributions from the exponential Arrhenius aging of individual grains,
R(t) - R(oo) = At~ = AR / p(r)e*dr, (10)
0

where AR is a normalizing coefficient with the units of resistance proportional to the mag-
netoresistance of the system, and p(7) is the relative density of grains with activation time

7. Inverse Laplace transformation then yields

p(r) = T4, (1)
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where I'(c) is the gamma function. We note that this distribution cannot be normalized by

/ Tpm =1, (12)

because of the divergence of the integral at small 7 for any ¢ > 0. This problem can be
resolved by introducing a cut-off 7,,;, physically justified by the existence of the smallest
grain size present in the system, which cannot be smaller than a single lattice site. The value
of 7., affects the normalization constant Ay in Eq. 10. Here, we are mainly concerned
with the functional form of the aging curves, and therefore below will ignore the subtleties

associated with the normalization of the relevant quantities.

2. Dependence on temperature

Assume that at some temperature T, aging exhibits a power-law time dependence char-
acterized by exponent ¢(T'). A Neel-Arrhenius activation model can be then used to analyze
the expected aging characteristics at other temperatures. Indeed, one can use Eq. (11) to
determine the distribution py(7) of activation times at temperature 7', and then Eq. (6) to
evaluate the corresponding distribution pp/(7) at a different temperature 7”. In addition
to the explicit exponential dependence on T in Eq. (6), the activation energy U generally
decreases with increasing 7', and disappears at the Neel temperature Ty of AF. When in-
creasing T', both of these contributions lead to a decrease of 7. At T" < Ty, we can neglect
the dependence of U on T, providing a lower bound on the expected variation of 7 with

temperature. the activation time at 7" for a grain characterized by activation time 7(7") at
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T is

T(T") = e~ oerr (1mAT/T), (13)

= 7(T)(1 = AT/T)r>"/7, (14)

where we made an approximation AT =T7" — T < T. From Egs. (13) and (11),

pr (1) = pr(r(T) (1 + AT/T) 75 "7, (15)

o 7T ATIT, (16)

The Laplace transform of this expression gives the expected power law exponent for aging
at T, ¢(T") = ¢(T) + AT/T(1 + ¢), for small AT. Thus, ¢(T) = T/To(1 + C(Tp)) — 1 for
arbitrary T', Ty. For example, choosing Ty = 5 K, 7" = 200 K, and using ¢(5K) = 0.1, we
get ¢(200K) = 43. Such a strong dependence of the power law exponent on temperature is
inconsistent with the experimental observations, indicating that the Neel-Arrhenius model

is not applicable to this system.

3. Dependence on aging history

The Neel-Arrhenius activation model also makes certain predictions about the depen-
dence of aging behaviors on the previous aging history. In particular, we consider here an
experiment that consists of three steps: i) the system is allowed to relax for a very long time

-7 for

with the field applied in a certain direction (defined as ’+’), ii) the field is reversed to
a time interval At;, and iii) the aging measurement is performed after again reversing the

field to "+

We assume that the power-law aging following the form of Eq. (10) is observed for large
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At;, from which one can infer the distribution Eq. (11) of the grains. After step i) in
the aging sequence, all the grains relax to an equilibrium configuration. In step ii), the
field is reversed for a time interval At;, resulting in relaxation of only some of the grains.
Because of this partial relaxation, only some of the grains become reactivated and can
contribute to the subsequent aging in step iii), thus affecting the functional form of aging.
To evaluate the relationship between At; and the final aging dependence, we need to account
for the probability P(7) = e~2%/7 that the grains with the activation time 7 were not re-
activated during the time interval At;. The grain distribution in Eq. (10) is then replaced

by p(7)[1 — P(At;)], yielding

R(t) — R(c0) = AR /00 p(T)[1 — e~ 24/ dr, (17)

= At = (t+ At;) ] (18)

We note that Eq. (17) correctly describes the limiting cases of At; = oo and At; = 0.
In the former case, all the grains should become re-activated during step ii) of the aging
sequence. Accordingly, the At;-dependent correction vanishes in this limit, resulting in the
expected power law aging dependence. In the latter case, the field has not been reversed at
all, so there should be no aging. Indeed, the two terms on the right-side of Eq. (17) cancel

each other in this case.

According to Eq. (17), aging at time ¢ comparable to At; cannot be described by the
power law. However, since the experimental data could be adequately fit by the power law,
we can evaluate the exponent expected for such a fitting from the aging dependence given

by Eq. (17). In particular, for very short pre-aging times of a few seconds, most of the aging
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measurement satisfies ¢ > At;. Expanding (t + At;)™! =~ t7¢ — cAt;t~ (D we obtain

R(t) — R(o0) &~ AcAtt~ (), (19)

i.e. one expects to observe a significant increase of the power-law exponent from c to (¢+1).
This significant increase of the power law exponent expected from the Neel-Arrhenius model

at short At; is inconsistent with the negligible variation of ¢ observed in our experiment.
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