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Anisotropic magnetoresistance measurements show that the magnetization state in epitaxial
Ni80Fe20/Fe50Mn50 bilayers exhibits aging over a wide range of temperatures and magnetic fields.
The observed power-law time dependence indicates that aging is characterized by a wide range of
activation time scales. Aging characteristics are also inconsistent with a superposition of indepen-
dent activation barriers expected for Arrhenius-type relaxation. The observed effects indicate a
fundamental connection with the critical phenomena in complex condensed matter systems.

PACS numbers: 85.70.Kh,89.75.-k,89.75.Da

In bilayers of materials with different lattice param-
eters, structural frustration can result in dislocations
or even formation of amorphous interlayers1. Similarly,
magnetic frustration can be expected at interfaces be-
tween materials with different magnetic orders2, originat-
ing from the random effective fields experienced by both
materials due to the exchange interaction across their
interface. In particular, some of the unusual magnetic
properties exhibited by bilayers of antiferromagnets (AF)
and ferromagnets (F) have been attributed to the mag-
netic domain walls that are formed to reduce the inter-
facial exchange energy3,4, or even disordered spin states
near the F/AF interface5,6. After almost 60 years of ex-
tensive research, fundamental understanding of F/AF bi-
layer systems remains elusive. Besides theoretical chal-
lenges in describing the effective exchange fields at the
F/AF interfaces, common experimental approaches, such
as the hysteresis loop measurement, can lead to irre-
versible changes of the magnetic configuration, thus ob-
scuring the essential signatures of frustrated systems such
as aging7. Methods capable of magnetic characterization
without varying the experimental parameters are needed
to provide insight into the properties of these systems.

We utilized anisotropic magnetoresistance (AMR) to
characterize the evolution of the magnetization state in
F/AF bilayers without perturbing the system. Our mea-
surements reveal power-law relaxation over a wide range
of temperature T , indicating multiple scales of activation
energies and activation times. The observed power-law
form of relaxation is also independent of the prior mag-
netic history, demonstrating that aging is a cooperative
process; it cannot be described in terms of independent
activation barriers. These results provide a connection
between the magnetic properties of F/AF bilayers and
critical phenomena in complex systems.

Our samples were deposited by sputtering on annealed
(0001)-oriented sapphire. An epitaxial (111)-oriented
Pt(5) buffer layer was deposited at 550◦8, followed by the
F/AF bilayer Py=Ni80Fe20(10)/Fe50Mn50(d) deposited
at room temperature T = 295 K to avoid interdiffusion
of the magnetic interfaces, and capped with SiO2(20)
to prevent oxidation. All thicknesses are in nanome-
ters (nm). The rms roughness of the films was less than
0.3nm, as verified by atomic force microscopy, and epi-
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FIG. 1: (Color online) (a) Dependence of resistance on the
in-plane orientation of H , at T = 295K, H = 100 Oe (solid
symbols), and 5 K, H = 2 kOe (open symbols). θ = 0 is per-
pendicular to current. (b) Temperature dependence of mag-
netoresistance, determined from R(θ) obtained at H = 2 kOe,
after initial field-cooling at H = 500 Oe, θ = 0. (c) Magneto-
electronic hysteresis loop obtained at 5 K, after four similar
prior loops. Curves: fits based on the exchange field model
described in the text. Coercive fields H− and H+ are labeled.
(d) Coercivity HC and exchange bias field HE vs T .

taxy was confirmed by a combination of x-ray diffraction
and magnetic anisotropy measurements9. We have fab-
ricated and studied several samples with thickness d of
FeMn ranging from 1 to 3.5 nm. Below, we focus on
a sample with d = 2 nm, which exhibited an onset of
exchange bias (EB)10 at TB = 140 K, within the range
T = 5− 300 K accessible in our measurements.
Magnetoelectronic characterization was performed in

the van der Pauw geometry, using an ac current I =
0.1 mA rms and lock-in detection. The resistance
R(θ) exhibited a 180◦-periodic sinusoidal dependence on
the in-plane orientation of a sufficiently large field H
[Fig. 1(a)]. The magnetoresistance ∆R = R(90◦)−R(0)
determined at saturating H = 2 kOe exhibited a mono-
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FIG. 2: (Color online) Aging at T = 5 K. (a) Symbols: time
evolution of resistance R at Hf = −300 Oe, after prior aging
at Hi = 350 Oe for 1000 s. Curve: fitting with the power-law
dependence R(t) = R0 + At

−c, R0 = 3.496 Ω, A = 0.011,
c = 0.081. Inset: R−R0 vs t plotted on the log-log scale. (b)
Seven sequential aging cycles at Hf = −500 Oe, as labeled,
each preceded by aging at Hi = 350 Oe for 1000 s. (c,d) c

(c) and R0 (d) vs aging cycle, immediately after cooling from
RT. Error bars show the fitting uncertainty.

tonic decrease with decreasing T not affected by the onset
of EB low temperatures [Fig. 1(b)], confirming that the
AF layer did not directly contribute to the magnetor-
electronic signals. Measurements described below were
performed with field perpendicular to current [θ = 0].
To establish EB10, the sample was cooled from RT at

H = 500 Oe. When varying H , R(H) exhibited sharp
peaks at the coercive fields H−, H+ [Fig. 1(c)]. The MR
observed in the hysteresis loop is close to ∆R = 0.28Ω
at 5 K, indicating that the reversal of the Py magnetiza-
tion M occurs through the configuration almost homo-
geneously transverse to H, consistent with a high spatial
uniformity of the magnetic properties. The dependencies
of the EB field HE = −(H+ +H−)/2 and of the coerciv-
ity HC = (H+ − H−)/2 on T [Fig. 1(d)] are consistent
with previous studies11–14.
To investigate the temporal evolution of the magneti-

zation state, H was ramped at a rate of 2 kOe/s from
the initial value Hi above H+ [or below H−] to the final
value Hf below H− [or above H+], and subsequently R
was recorded in 1 s time increments, with the lock-in time
constant set to 100 ms. The evolution of R with time,
as shown in Fig. 2(a), was observed over a wide range
of T and Hf . Magnetic aging in F/AF heterostructures
has been previously mostly discussed in terms of the Ar-
rhenius activation, which can be described by the expo-
nential decay R(t) = R0 +R1exp[−t/τ ] over the charac-
teristic time τ ∝ exp[E0/kT ]

15,16. Here, k is the Boltz-
mann constant, and E0 is the activation energy. How-
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FIG. 3: (Color online) (a) R vs t at T = 5 K, Hf = 150 Oe,
after prior aging at Hi = −300 Oe over the time intervals
∆ti = 500 s (bottom curve), 200 s, 100 s, 51 s, 21 s, 11 s, 6 s,
and 3 s (top curve). (b) c vs ∆ti. (c) Symbols: A vs ∆ti,
line: logarithmic fit to the data.

ever, our data could not be adequately fitted with expo-
nential decay. One can assume a certain distribution of
activation barriers, providing additional fitting parame-
ters17,18. Such a distribution represents a Laplace trans-
form of the time dependence, and thus can be generally
expected to yield a good fit to any aging dependence.

In the extreme limit such as encountered at critical
points in phase transitions, the absence of the character-
istic scale results in power-law dependencies of physical
properties on the control parameters19. Indeed, power-
law dependence R(t) = R0 + At−c provided an excel-
lent fit for our data, confirmed by the linear depen-
dence on the log-log scale [inset in Fig. 2(a)]. We note
that this result is consistent with the power-law decay
of EB commonly observed in consecutive hysteresis loop
measurements, usually described as the training effect20.
For a distribution described by the Arrhenius law, a
large (small) exponent c indicates the dominance of small
(large) activation barriers, while A characterizes the frac-
tion of the system involved in aging.

The results of aging measurements depended on the
previous aging history, reminiscent of the training ef-
fect5,21. Figure 2(b) shows the results of seven consec-
utive aging measurements performed following an iden-
tical pre-aging procedure, which consisted of applying
Hi = 350 Oe over time ∆ti = 1000 s. The first mea-
surement was performed immediately after field-cooling
from RT to 5 K. While the power-law exponent c ex-
hibits only a modest irregular dependence on the aging
cycle [Fig. 2(c)], the characteristic values of R, and in
particular its asymptotic value R0, exhibit a monotonic
increase [Fig. 2(d)]. This result indicates that the state
reached at large t is dependent on the magnetic and ther-
mal history, reminiscent of the kinetic trapping in glassy
systems 22,23. The results described below were obtained
after several prior aging cycles, when the aging charac-
teristics mostly stabilized.

If we assume that the studied system can be described
by some distribution of independent activation barriers,
then at long aging times it should always reach the same
equilibrium state that is independent of its prior his-
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FIG. 4: (Color online) Dependence on H at T = 5 K. The
duration of aging for both field directions was 1000 s, with
Hi = 350 Oe (−500 Oe) for Hf > 0 (< 0). (a) c vs H . Error
bars show the fitting uncertainty. (b) Symbols: R(t = 1s)−R0

vs H . Curves: fitting of the |H | > 200 Oe data, based on the
effective exchange field model described in the text.

tory, which is inconsistent with the data of Fig. 2. Thus,
the relaxation in the studied system likely cannot be de-
scribed by the Arrhenius activation. To further test this
conclusion, we consider an experiment that consists of
applying filed Hi over a short time ∆ti, followed by the
field reversal and subsequent measurement of aging. In
the Arrhenius activation model for some distribution of
independent subsystems, most of the subsystems with
long activation times τ ≫ ∆ti are not activated during
the short time ∆ti, and consequently do not contribute
to the subsequent aging. Thus, Arrhenius aging would
reveal a reduced amplitude of the long-time tail of R(t),
resulting in a larger decay exponent c or a deviation from
the power law.

We performed measurements with ∆ti varied from
500 s to 3 s [Fig. 3(a)]. All the aging curves were well de-
scribed by the power-law decay, with the same exponent
c within the ≈ 10% data spread [Fig. 3(b)]. Together
with the dependence of the asymptotic behaviors on the
magnetic history, this result demonstrates that aging in-
volves cooperative processes that couple multiple activa-
tion energy scales, and thus cannot be described by the
Arrhenius law with any distribution of barriers.

While the exponent c was independent of ∆ti, the de-
cay scale A decreased by about 15% when ∆ti was de-
creased by two orders of magnitude [Fig. 3(c)]. One can
expect that A should vanish when ∆ti becomes smaller
than the shortest activation times in the system. The ap-
proximately logarithmic empiric dependence in Fig. 3(c)
extrapolates to A = 0 at t = 10−4 s. Thus, activa-
tion timescales likely span at least seven orders of mag-
nitude, from 10−4 s to at least the measurement time of
103 s. We note that extrapolation of aging characteris-
tics to t = 10−4 s does not lead to unphysical results.
For instance, the total estimated variation of resistance,
R(t = 10−4s) − R0 = 104cA, did not exceed 0.12 Ω
in all the aging experiments at 5 K. It is smaller than
∆R = 0.28 Ω at this temperature.

Domain wall motion and/or magnetic domain activa-
tion in both F and AF can contribute to aging. To es-

tablish the relative contributions of these layers, we stud-
ied the dependence on the field Hf . The Zeeman energy
should result in the exponential dependence of activation
in F on Hf , while for the AF the dependence of aging on
H should be weak. Figure 4(a) shows the exponent c for
aging at different Hf ranging from −650 Oe to 650 Oe.
The resistance variations became too small for reliable
measurements at |Hf > 650| Oe. The values of c exhibit
random variations around the average c = 0.084, and no
correlation with Hf . Thus, aging involves activation pro-
cesses in AF that are not directly influenced by H . The
error bars in Fig. 4(a) reflect only the fitting uncertainty,
but do not account for the additional errors caused by
the transient fields at small t, or aging while H is being
ramped.
While the power-law exponent was independent of Hf ,

the relaxation scale decreased with increasing Hf . In
Fig 4(b), we plot the difference between the first mea-
sured resistance value at R(t = 1s) and the asymptotic
value R0 at large t, determined from the fitting. The de-
pendence in Fig. 4(b) is consistent with aging that occurs
entirely in the AF layer. Specifically, the exchange expe-
rienced by F at the interface with AF can be described by
the effective field H

′ with average time-dependent com-
ponents H ′

‖, H
′
⊥ in the direction of H and perpendicular

to it, respectively. The average angle formed by M rel-
ative to H is φ ≈ H ′

⊥/(H +H ′
‖), and the corresponding

resistance

R = Rmin +
∆R

2

[

H ′
⊥

H +H ′
‖

]2

, (1)

where Rmin is the resistance minimum at φ = 0. Our
model is supported by the excellent agreement of the fit
based on Eq. (1) with the R vs H dependence [curves in
Fig. 1(c)], yielding H ′

⊥ = 148.5 ± .5 Oe from two inde-
pendent fits of both hysteresis loop branches up to the
switching points. It would be less meaningful to fit the
same curves beyond the switching point, because of the
aging that occurs concurrently with this measurement.
Using the form of Eq. (1) to analyze the dependence of
the relaxation magnitude on Hf in Fig. 4(b), we obtain a
good fit for all the |H | > 200 Oe data, with H ′

‖ = 50 Oe,

∆H ′
⊥ = 105 Oe [curves in Fig. 4(b)]. Here, ∆H ′

⊥ is the
overall reduction of H ′

⊥ due to the aging at t > 1 s.
Thus, the dependence of the aging curves on Hf can be
explained entirely by the effect of H on M , while its di-
rect effect on the aging process itself is negligible.
Behaviors similar to those discussed above for T = 5 K

were observed at higher T , extending significantly above
TB = 140 K [see Fig. 5(a) for the 210 K data]. To
quantitatively characterize the dependence on T , aging
was measured with Hf adjusted so that the correspond-
ing value resistance on the R vs H curve was approxi-
mately larger than its minimum value by about 0.2∆R
[Fig. 5(b)]. The exponent c exhibited an increase from
0.08 at 5 K to about 0.2 at 200 K [Fig. 5(b)]. Increased
random variations of c at higher T can be correlated with
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FIG. 5: (Color online) (a) Symbols: R vs t at T = 210 K,
Hf = −65 Oe and Hf = 55 Oe, as labeled. Curves: fittings
using the power-law dependence with c = 0.126 and 0.246,
respectively. (b) Hf vs T used in the aging measurements.
(c,d) c (c) and A (d) vs T . Filled (open) symbols are for
Hf > 0 [Hf < 0].

the decrease of A at T > TB [Fig. 5(d)], which resulted
in increased uncertainty and prevented reliable measure-
ments at T > 210 K. The increase of c with increasing T
is consistent with the larger relative contribution of fast
activation processes. Nevertheless, the power-law form of
aging curves indicates a non-negligible contribution from
the activation times τ ≈ 1000 s even at 210 K. The ex-
istence of residual aging effects above TB complements
prior observations of AF-induced anisotropy in F even
above the Neel temperature of AF24.
Summarizing our main findings, magnetoelectronic

measurements reveal aging in thin-film F/AF=Py/FeMn
bilayers over a wide range of temperatures. The ag-
ing curves exhibit simple scaling with the applied mag-
netic field, demonstrating that the activation processes
are confined to the AF layer. Aging is characterized by
the power-law dependence on time and a weak depen-
dence on temperature, indicating a wide range of the ac-
tivation energies, and the range of activation times that

at T = 5 K is estimated to extend over at least seven
orders of magnitude, from 10−4 s to at least the longest
measurement time of 103 s. Finally, the same power-law
aging exponent is preserved independent of the magnetic
history, indicating that aging is a cooperative process,
and cannot be described by some distribution of subsys-
tems characterized by the Arrhenius law.

The observed cooperative multiscale aging character-
ized by the power-law time dependence is reminiscent of
the self-organized criticality and the associated avalanche
dynamics25. In ferromagnets, such avalanches of mag-
netic domain reversal are observed as the Barkhausen
noise26. In the studied system, activation of a certain
AF region can activate or deactivate neighboring regions
due to the exchange interaction, resulting in avalanches
of AF activation. Since the activation barriers must scale
with the volume of the activated regions, and there is no
apparent characteristic activation energy in the system,
the geometry of the activated AF regions is likely frac-
tal. Further spatially resolved studies, e.g. based on
x-ray dichroism microscopy, will likely elucidate the spa-
tial characteristics of activation. Microscopic images in
Ref.27 are very conducive of this physical picture. Stud-
ies of aging in nanopatterned systems may provide addi-
tional information about the characteristic spatial scales
of the cooperative phenomena.

Our results may have significant implications for other
F/AF heterostructures based on single-crystal and even
polycrystalline AF materials, where crystallinity may
provide a natural limit for the geometry of the activated
AF clusters and cooperativity, but some signatures of
the described behaviors will likely remain. F/AF bilay-
ers may also represent a controllable, by means of the
magnetic field and temperature, model system that can
provide insight into other complex systems that exhibit
critical phenomena. For instance, the random effective
exchange field experienced by the AF provides an im-
plementation for the Imry-Ma problem of random-field
magnetism28, and for which recent simulations indicate
the possibility of complex relaxation phenomena29.

We thank Eric Weeks and Stefan Boettcher for helpful
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