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Origin of spontaneous magnetization reversal in exchange biased heterostructures
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The dependence of thermally induced spontaneous magnetization reversal on time-dependent cooling pro-
tocols implies that this reversal is energetically favored, contrary to the prediction of existing positive exchange
bias models. Slow cooling through and long waiting near the Néel temperature of the antiferromagnet enhances
the magnitude of the magnetization reversal. Further, cycling the temperature around the Néel temperature
leads to a thermal training effect that causes the reversal magnitude to incrementally increase to a maximum
value. An extended model of exchange bias that explicitly considers domain walls forming parallel to the
interfaces in either the ferromagnet or antiferromagnet is shown to predict spontaneous reversal, the sign of
exchange bias, and to allow a qualitative description of the associated dynamics.
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I. INTRODUCTION

When a ferromagnet/antiferromagnet (FM/AF) hetero-
structure is cooled in a magnetic field (Hpc) below the Néel
temperature (Ty) of the AF,' a phenomenon known as ex-
change bias (EB) causes the hysteresis loop to shift along the
magnetic field axis by an amount known as the exchange
bias field (Hzg). This phenomenon has been intensely studied
in the past decade due to its significance in providing a mag-
netic reference in spin valve devices.* More fundamentally,
exchange bias is of physical importance in understanding a
rich variety of phenomena in coupled magnetic materials.>~3

We recently demonstrated that a thin exchange biased FM
layer can fully reverse its magnetization to point against a
constant Hyc during cooling.® A similar behavior has been
observed in ferrimagnet Gd-Co alloys!® and Gd-Co
multilayer systems,!! which results from two antiferromag-
netically coupled spin species competing to align with the
field. In the present case, a similar competition occurs be-
tween the interfacial coupling and Zeeman energies of
FM/AF heterostructures. A prerequisite for spontaneous
magnetization reversal is positive exchange bias (PEB),
where the hysteresis loop is shifted in the direction of Hy.°
It is generally believed that PEB arises when Hp( is large
enough to overcome the antiferromagnetic interfacial cou-
pling, thus aligning uncompensated AF moments along the
field. In other words, PEB requires |E,p.z|>|E;,|, where
E,r.y and E;,, are the Zeeman energy of uncompensated AF
moments and interfacial coupling energy, respectively. On
the other hand, negative exchange bias (NEB), with the hys-
teresis loop shifted in the direction opposite to Hy, arises
when Hpc is smaller than the interfacial coupling, which
aligns AF moments antiparallel with the field. The spontane-
ous reversal phenomenon observed in PEB systems implies
\Eiuil > |Epatzl +Epinning| > |Erpp.zl; therefore,  |E4p]|
>|Eppy7, or equivalently, |myp| > |mpy,|, where mpy, and
myr are FM and uncompensated AF magnetic moments, re-
spectively. However, experimentally, we find both the verti-
cal shift of the low-temperature hysteresis loop and the
change in saturation magnetization from 7=150 to 10 K to
be smaller than 2% of the saturation magnetization (i.e.,
within the measurement error).!?> Since the above two quan-
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tities are signatures of pinned and unpinned AF moments,
respectively,'? the experimental result suggests precisely the
opposite of what we expect: |mpy,| >|m,z|. Therefore, spon-
taneous magnetization reversal must be interpreted as ener-
getically unfavorable within the existing framework of ex-
change bias. A lower energy state would have positive FM
and negative AF moments, corresponding to negative rather
than the observed positive EB. This contradiction implies
that either spontaneous reversal is a novel metastable state or
our present understanding of exchange bias is incomplete.

It has been proposed that AF or FM domain walls parallel
to the interface are important for a complete picture of ex-
change bias.!*"'® Experimentally, AF parallel domain walls
have been observed by magnetometry,'”-!® polarized neutron
scattering,'® and x-ray magnetic linear dichroism.?° FM par-
allel domain walls were observed by Kerr effect in accord
with micromagnetic simulations.?!?> In addition, recent po-
larized neutron scattering experiments on samples similar to
those displaying spontaneous reversal found negligible un-
compensated AF moments in the bulk for NEB with Hpc
=0.1 kOe, while nonzero bulk uncompensated AF moments
were found for PEB with Hy-=7 kOe.?® These neutron scat-
tering results also suggest that the negative interfacial cou-
pling leads to the formation of parallel domain walls in the
FM for PEB samples.

This work reports on the dynamics and thermal training of
spontaneous magnetization reversal and proposes an ex-
tended exchange bias model that accounts for the observed
results by including the formation of parallel domain walls.
We demonstrate experimentally that larger reversal magni-
tudes can be achieved by (a) low cooling rates, (b) long
isothermal relaxation with 7~ T, and (c) successive thermal
cycling about Ty. These results show that spontaneous mag-
netization reversal is energetically favored rather than meta-
stable, as predicted by existing positive EB models. Model-
ing this system by explicitly taking into consideration the
formation of domain walls parallel to the FM/AF interface in
either the FM or the AF reveals that the sign of EB depends
on the competition between the formation of these domain
walls and the interfacial coupling. We show that the relevant
competition may be tuned via the FM thickness, which leads
to the prediction of the spontaneous reversal phenomenon
and its observed dynamical behavior.

©2007 The American Physical Society
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FIG. 1. (Color online) (a) M vs T of Ni/FeF, normalized by M
with Hpc=0.1 kOe. The dashed line marks 7y=78 K. The red
crossed squares mark the initial and final normalized magnetiza-
tions of the same cooling procedure from 150 to 10 K but without
measurement at intermediate temperatures. (b) Magnetic hysteresis
at T=10 K after cooling with Hyp- of —0.1 kOe (black square),
0.1 kOe (red circle), and 1 kOe (blue triangle) at 10 K/min.

II. EXPERIMENT

The same Ni(3 nm)/FeF,(30 nm) sample on a MgF, sub-
strate was studied as in our previous work.” FeF, is an AF
with Ty=78 K and grows epitaxially untwinned in the (110)
direction on MgF, (110) substrates.”* The FM exhibits
uniaxial anisotropy with the easy axis parallel to FeF, [001]
(the spin axis of the AF). The magnetic field was always
applied along the easy axis of the FM. Prior to cooling, the
FM was saturated with a 5 kOe field, well above the coercive
field H-=0.35 kOe at T=150 K, then reduced to Hp. Figure
1(a) shows the thermally induced magnetization reversal in
Hpc=0.1 kOe. Hysteresis measurements at 7=10 K find
NEB for -0.25kOe<Hp-<-0.1 kOe, PEB at Hpc
>0.5 kOe, and coexistence for —0.1 kOe< Hy-=<0.5 kOe
[Fig. 1(b)]. |[Hgp| =3.9+0.1 kOe for all cooling fields. Coex-
istence of PEB and NEB for an intermediate Hpc has been
interpreted as the AF breaking into “domains” due to lateral
inhomogeneity with uncompensated moments of either
sign.?*> When the lateral size of these domains is much
larger than the FM domain wall width, they independently
induce either PEB or NEB in the FM, causing the experi-
mentally observed double hysteresis loop. Since only PEB is
essential for spontaneous reversal, partial reversal was ob-
served for intermediate Hy- with coexistent PEB and NEB

[Fig. 1(a)].
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FIG. 2. (Color online) (a) M/Mg at T=10 K as a function of
uniform cooling speed d7/dt for Hrp-=0.1 kOe. The line is a fit to
an exponential function. (Inset) Temperature vs time for uniform
cooling speeds of 2.5 [blue (dark gray)] and 0.6 K/min [red (light
gray)]. (b) M/Mg at T=10 K as a function of wait time 7 at tem-
peratures T,,=75 (green triangle), 80 (black square), and 85 (red
circle) K for Hp-=0.1 kOe. (Inset) Schematic of this cooling pro-
tocol. Lines are a guide to the eyes.

Two different cooling protocols were used to investigate
the time dependence of the reversal magnitude. We only con-
sider Hp-=0.1 kOe, for which the magnetization reverses
from saturation at 7=150 K to M =0 at T=10 K. In the first
protocol, the sample was cooled from 7=150 to 10 K with
two decades (0.1-10 K/min) of uniform cooling speeds
[Fig. 2(a) inset]. In the second protocol, the sample was
cooled at 10 K/min from 150 K to an intermediate tempera-
ture 7,,, where the temperature was held constant for a time
7, then decreased to 10 K at 10 K/min [Fig. 2(b) inset]. For
both protocols, M(T=10 K) was measured after the sample
temperature stabilized at 10 K.

Figure 2(a) shows that slower cooling leads to a larger
reversal magnitude. After cooling to 10 K at the largest cool-
ing speed of 10 K/min, the FM reverses from the positive
saturation (M) to 0.11Mg. When cooled at 0.1 K/min, it
reverses from Mg to —0.12Mg. Moreover, the dependence of
M at 10 K on the cooling speed is well fitted by an exponen-
tial function M=M,—A exp(—adT/dr). This fit implies that
the FM reverses to My=-0.14Mg and My—A=0.11M in the
limits of zero and infinite cooling speeds, respectively.

The second cooling protocol demonstrates that the mag-
netization reversal is sensitive to the time spent at 7~ Ty,.
The dependence of the magnetization at 7=10 K on the wait
temperature 7', shows the largest reversal for 7,,=80 K, clos-
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est to Ty (Fig. 2). The magnetization at 10 K decreases from
0.09Mg with 7=0 to —0.23Mg with 7>35 min. For T,,
=85 K, M only changes by 0.07M after waiting for 50 min.
For T,=75K, M(T=10 K) saturates after ~15 min at
—0.1Mg. No wait-time dependence was observed when wait-
ing at the reversal temperature (7=63 K). The results from
these two cooling protocols show that spontaneous magneti-
zation reversal exhibits slow dynamics with a time scale on
the order of 10 min. The fact that the dynamics is most pro-
nounced around 7y hints that this effect depends on the es-
tablishment of AF domains.

Slow evolution of the system toward a larger reversal im-
plies the presence of large energy barriers. It has been shown
that AF/FM exchange coupling can reorient AF moments at
high temperatures, causing Hyp to exponentially decay with
the wait time at a fixed temperature.”>?” The large uniaxial
anisotropy of FeF, (K=1.35X10*kJ/m?®) gives rise to a
large energy barrier for reversal of AF spins once the AF is
ordered. Therefore, the wait-time dependence can only be
observed at T=Ty when the anisotropy is still small. The
above experiment also suggests the presence of inhomoge-
neous AF grains so that uncompensated moments in some of
them orient along or against the field direction regardless of
the cooling protocol, and the orientation of the rest depends
on the cooling details. This is consistent with the model of
polycrystalline AF in the literature. Although FeF, in our
sample is epitaxially grown, the inevitable inhomogeneity of
the uniaxial anisotropy magnitude gives rise to an energy
barrier distribution, and hence shows features similar to
those previously observed in polycrystalline systems.?® More
about the importance of the in-plane inhomogeneity will be
addressed later in the discussion. Below, we show that the
system can be thermally trained and can overcome this en-
ergy barrier by cycling the temperature above and below 7).

The sample was first cooled (with the FM saturated) in
Hpc=0.1 kOe from 150 to 10 K at 0.1 K/min, followed by
heating to 150 K, just below the temperature for the FM to
reverse back along the field direction (Fig. 1). After that, the
sample was cycled between 150 and 10 K. The magnetic
field was held constant at Hr-=0.1 kOe throughout the ther-
mal cycles. The FM reverses with each additional cooling
(with decreasing incremental reversal magnitude) until the
magnetization at 7=10 K reaches —-0.8Mg, significantly
larger than the initial reversal for any cooling speed or wait
time [Fig. 3(a)].

Figure 3(b) shows the dependence of M(10 K) on the
number of cycles N for different Hy and cooling speeds. For
all cases, they follow an exponential dependence,
My(10 K)=M .+ (M¢—M.)exp(-N/7n), where M, is the
convergent M(10 K) when N approaches infinity and 7 is a
characteristic cycle number for each Hy. and cooling speed.
My is defined as M. M., appears to be linearly dependent
on Hpc for constant cooling speed [Fig. 3(b) inset]. Larger
Hpc results in smaller 7, which means a faster approach to
M. This is reasonable because a larger magnetic field
should facilitate reversal by lowering the energy barrier so
that more AF moments may align with Hp.

Several tests were performed to ensure that the observed
dynamics were not experimental artifacts, such as magnetic
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FIG. 3. (Color online) (a) Normalized magnetization M /M g was
measured as the temperature was cycled between 150 and 10 K in a
0.1 kOe field. Nine cycles were conducted. (b) Normalized magne-
tization M/Mg at T=10 K after each thermal cycle between 150
and 10 K as a function of the number of cycles, N. Different cool-
ing parameters were used, Hp-=10 Oe (blue diamond), 50 Oe
(black square), and 100 Oe (red filled circle) with 10 K/min cool-
ing and heating rates, and Hrc=100 Oe with 0.1 K/min (red empty
circle). The lines are a guide to the eyes. (Inset) Asymptotic mag-
netization M../Mg at high cycling number N obtained by exponen-
tial fitting as a function of Hpc. The red line is a linear fit.

field inhomogeneity or temperature fluctuation. To exclude
the artifact of magnetic field inhomogeneity when moving
the sample through the superconducting quantum interfer-
ence device (SQUID) coil by 4 cm, the cooling procedure
used to obtain the data of Fig. 1 was repeated but measuring
only the initial and final magnetization values rather than at
several intermediate temperatures. The sample was thus only
exposed to field inhomogeneity at these extreme tempera-
tures. The reversal magnitude only differs by 3 X 10~*M be-
tween these two methods, which is negligibly small. To in-
vestigate the influence of temperature fluctuation during
sample cooling and temperature stabilization, the sample was
cycled between 10 K and T,. When 7T,=150 K, this corre-
sponds to the earlier experiments investigating thermal train-
ing (Fig. 3). When T, <80 K, the reversal magnitude varies
by no more than 0.01Mg, too small to account for the time
dependence found earlier (Fig. 4). When T, >80 K, a signifi-
cant additional magnetization reversal was observed, and its
magnitude is the same as that corresponding to N=2 on the
red curve in Fig. 3(a). These checks demonstrate that the
time sensitivity of spontaneous reversal is not an experimen-
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FIG. 4. (Color online) Normalized magnetization M/Mg was
measured after each step of the three-step thermal cycle: (1) cooling
from T=150to 10 K (magenta cross); (2) warming to T,
(40-110 K) (red triangles); (3) cooling back down to 10 K (blue
squares). M/M g was reversible for 7, <80 K but irreversible above
80 K. The dashed line separates these two regimes and is close to
Tx. The lines are schematics of the measurement sequence.

tal artifact but rather is intrinsic to the system and unambigu-
ously related to the AF phase transition. Larger reversal for
slower cooling rates and longer wait times around 7y sug-
gests that spontaneous reversal is thermodynamically favor-
able.

III. EXTENDED EXCHANGE BIAS MODEL

These experiments suggest that it is energetically favor-
able for the FM to reverse against Hy., albeit counterintui-
tive since |mpy|> |myp|. This behavior cannot be explained
simply by the competition between the Zeeman energy and
interfacial coupling. Although the inhomogeneity of AF
grains plays an important role®® in the dynamic process, as
will be addressed below, the fact that these AF grains have
spatially variant AF moments cannot resolve the contradic-
tion because the total uncompensated AF moments are much
smaller than FM moments and thus cannot lead to spontane-
ous FM reversal. An additional controversy arises from the
values of Hpc required for establishing PEB. Consider that
[M¢—M(10 K)]/2M g gives the percentage of sample that ex-
hibits PEB at 10 K for an intermediate Hpc. For Hpc
=0.1 kOe, the sample is nearly 90% positively exchange bi-
ased at 10 K after six thermal cycles at 0.1 K/min. The in-
terfacial coupling energy in this sample is E,,
=T rniarSEm - Sar= toHesM gty =0.79 erg/cm?, close to
that previously found in similar systems.?” However, the on-
set Hg for PEB in this case is about 2 orders of magnitude
smaller than that previously found.’® This very small Hp
necessary for PEB challenges present interpretations of PEB
and implies the necessity of a model that can explain our
observation.

Here, we propose an extended model of exchange bias
that can explain both the sign of exchange bias being tuned
by the cooling field and the occurrence of spontaneous mag-
netization reversal. Based on recent experimental results and
exchange bias models,!#-16.20222331 oyr model explicitly
considers the parallel domain wall energy in either the ferro-
magnet or antiferromagnet. In the case of NEB, a parallel
domain wall is developed in the AF. In contrast, PEB results
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FIG. 5. (Color online) Schematic spin structures for NEB and
PEB with Hpg( to the right. The arrows are net uncompensated mo-
ments in the AF and local magnetization in the FM. (a) For NEB, a
180° parallel domain wall forms in the AF near the interface, with
bulk AF moments positive. For PEB, three scenarios arise: (b) an
incomplete parallel domain wall spans the entire FM thickness; (c)
a parallel domain wall forms near the FM/AF interface with the
topmost FM moments positively saturated; (d) the entire FM is
saturated.

from either a parallel domain wall in the FM or a fully satu-
rated FM that frustrates the interfacial coupling for suffi-
ciently large Hpc. By minimizing the total system energy, we
are able to determine the ground state spin configuration with
increasing cooling fields, and hence the onset cooling field
for PEB. When the FM thickness is small compared to its
domain wall width, small cooling fields are sufficient to es-
tablish PEB and spontaneous reversal. Moreover, with de-
creasing temperatures, PEB is increasingly energetically fa-
vored over NEB. Slow cooling or longer waiting around Ty
increases the probability of reorienting AF moments and
therefore increasing the magnetization reversal magnitude.

A. Model details

Based on the above experimental observations, we make
the following important assumptions in our model. (i) The
FM and AF are assumed to be separated by a sharp interface.
(ii) The magnitude of uncompensated interfacial AF mo-
ments is assumed constant, regardless of its sign, because the
absolute value of Hpgp is found to be independent of its
sign.®?*? (iii) Uncompensated AF spins are taken to be fer-
romagnetically coupled among themselves, but antiferro-
magnetically coupled to FM spins. (iv) When a parallel do-
main wall is formed in the AF near the interface, the AF
thickness is assumed to be large enough to contain a full
180° AF domain wall. This is a reasonable assumption con-
sidering the large uniaxial anisotropy of the AF, and there-
fore a small domain wall width (1-3 nm).? (v) Based on
recent neutron scattering results,?? uncompensated moments
in the bulk of the AF are assumed to align positively, and
their magnitude is proportional to Hp for simplicity. As sug-
gested by the spontaneous magnetization reversal
experiment,” the Zeeman energy of bulk AF moments is
much smaller than both that of FM moments and the inter-
facial coupling, and is thus ignored.

Figure 5 qualitatively depicts the spin structures used in
our model after field cooling in Hp.. For either sign of ex-
change bias, bulk AF and FM moments (those far from the
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interface) are favored to align with the cooling field. Com-
petition of the magnetic field and the antiferromagnetic in-
terfacial coupling leads to frustration of the spins at the in-
terface. This frustration results in a parallel domain wall in
either the FM or AF, depending on the relevant energies. It is
worth noting that uncompensated moments in the bulk of the
AF play a critical role in this model. These AF moments
form a parallel domain wall with those at the interface in the
case of NEB, and their magnitude determines the domain
wall energy in the AF in competition with that in the FM.
This is consistent with the idea of domain state model, where
the bulk AF moments arising from dilution of impurity or
defects lead to AF domain structures crucial to the under-
standing of exchange bias.>! However, in our model, the do-
main structure in the FM is equally important as that in the
AF, and as we will show next, the domain wall energy of the
FM can dominate over that of the AF and give rise to spon-
taneous magnetization reversal or rotation.

NEB is typically observed for small Hg.. In this case, the
FM aligns with Hpq, and the antiferromagnetic interfacial
coupling causes the interfacial AF moments to orient against
the field. Since both the magnetic field and the interfacial
coupling favor the FM parallel to Hy., the FM is uniformly
saturated in the field direction, as shown in Fig. 5(a). How-
ever, a parallel domain wall is formed between positive bulk
and negative interfacial AF moments. This parallel AF do-
main wall is similar to what was proposed by Mauri et al.,'*
but here, it freezes upon cooling and does not respond to a
changing magnetic field. Because of the large uniaxial aniso-
tropy of the AF, the energy cost for establishing NEB arises
mainly from the parallel AF domain wall formation.

For PEB, typically established with a large Hpc° both
interfacial and bulk AF moments are positively aligned. In
this case, since the AF interfacial coupling favors FM mo-
ments to align opposite to the field, three FM domain struc-
tures may result depending on Hpc, the FM thickness, do-
main wall width, and interfacial coupling. When Hp is
relatively small (but large enough for PEB) and the FM is
thinner than the FM domain wall width, an incomplete par-
allel domain wall spans the entire FM thickness [Fig. 5(b)].
With increasing Hrc, FM moments will be twisted toward
the field direction until the top of the FM is aligned with
Hpc, with the incomplete domain wall compressed near the
FM/AF interface [Fig. 5(c)]. In these two cases, the energy
cost is on forming the incomplete parallel FM domain wall
and frustrating the interfacial coupling. A large enough Hpc
may also fully saturate the FM, hence eliminating the paral-
lel domain wall [Fig. 5(d)]. This configuration is a special
case of that shown in Fig. 5(c) for =0, where @ is the angle
between interfacial FM moments and Hy- (Fig. 5). In this
situation, the energy cost is only on frustrating the interfacial
coupling.

First, we consider the system energies for NEB and PEB
at T=0 K. The nonzero temperature scenario will be evalu-
ated phenomenologically in the discussion of the dynamics
of spontaneous magnetization reversal. In general, the sys-
tem energies for NEB and PEB can be formulated as

Engg=Epy.z+ Espz+ Eig + Egppw,
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Epgp=Epyz+ Eap.z+ Ei + Epypws

where Ery.z, Esr.z, and E;,, are the FM Zeeman, AF Zee-
man, and interfacial coupling energies, respectively. For
NEB, due to lack of knowledge of the details of the func-
tional form of bulk uncompensated AF moments vs cooling
field, it is not possible to quantitatively evaluate Eyzz. How-
ever, assuming a linear dependence of bulk AF moments on
Hp and the energy cost to form the AF domain wall propor-
tional to the bulk AF moments, the AF domain wall energy
can be written as E,ppy=aHpc. The importance of the
sample-dependent coefficient « is qualitatively illustrated in
Sec. III B, and an estimate of « is given in the discussion.
Assuming E,r, to be negligible, as previously noted, the
system energy can be formulated as

Engp = —HpcMpytpy + 0 + Ejyo + aHpe = Eg + aHpc,

where Eqg=—HpcMpytpy—Ei0 1S a reference energy for
comparison with PEB, where E;,,<0 is the minimum inter-
facial coupling energy with antiparallel interfacial moments
Sry and Sy and negative interfacial coupling Jry 4.

For PEB, we define a reduced FM thickness t=txy,/ Spw,
where Jpyy is the FM domain wall width. For the case of an
incomplete  FM domain wall as in Fig. 5(b) [tpy
<(6/ 1) Spy, or t< 6/ ], the system energy is

[t —sin @+ sin(0— t7)]

Eppg1 = Eg+ HpeM ppOpw =

+ Ejo(cos 0+ 1) + tmVApyKey,
For the case of Figs. 5(c) and 5(d) (¢= 6/ ),
Epggr = Eg+ HpeM gy Spy(0 — sin 0)/ 7 + E;0(cos 0+ 1)
+ 0\5”%.

Minimizing Epgp with respect to 6 gives the energetically
favorable spin structure for each Hy- at 7=0 K.

It is convenient to define a reduced energy E=(E
—Ey)/|E;ul and a reduced cooling field hpe=Hpc!Hggo,
where Hpgpy is the exchange bias field when ftgy=3dpy,
assuming the inverse thickness dependence of Hpyp accord-
ing to the Meiklejohn-Bean model.! In this convention,
the reduced exchange bias field for a reduced thickness
t=tpy! Spw 18 hpg=Hgp/Hgpy=Opw/tpy=1/t. Using the
experimentally determined parameters in the previous sec-
tion, we find E;,0=—poM py| Hepltppy==7.9 X 107* J/m?. Us-
ing a Ni exchange stiffness Agy,=3.4 pJ/m and anisotropy
Kpy=5 kJ/m?, the areal energy density of a FM domain wall
spanning 1 rad is VA z;Kp,=1.30X 10 J/m?. The reduced
system energies for PEB using these parameters is plotted in
Fig. 6(a) for several reduced thicknesses.

B. Model results

This model predicts the existence of PEB with onset cool-
ing fields much smaller than Hgg, and thus spontaneous mag-
netization reversal. The intersection of the PEB and NEB
system energies in Fig. 6(a) gives the cooling field hOFC for
PEB onset. Varying the linear coefficient a in Eygp can
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FIG. 6. (Color online) (a) Reduced system energy &£ for NEB
(thick black line) and PEB (other curves) as a function of Ay for
t=tpy! Spp=0.1 (magenta), 0.2 (red), 0.3 (green), and 1.0 (blue).
Square data points mark the onset /g for PEB, below which NEB
is energetically favored and Epgp are shown as dashed lines. Verti-
cal lines mark the reduced exchange bias field szp=1/1 for different
FM thicknesses. (b) FM magnetization M, along Hp- normalized
by saturation magnetization Mg as a function of hgc.

change the intersection of Eygp and Eppp, and hence hgc.
Moreover, a larger a leads to smaller hgc. Figure 6(a) shows
a possible scenario that demonstrates PEB and predicts spon-
taneous magnetization reversal. The magnetization along the
cooling field, M, is plotted in Fig. 6(b) for the case of PEB,
which shows that both spontaneous magnetization reversal
and rotation are predicted by this model and are thus ener-
getically favored.

). for PEB decreases with decreasing FM thickness.
When r=0.1 (¢z,=8 nm for Ni), Fig. 6(a) shows that very
small hp-=0.1 is sufficient for PEB. The FM magnetization
aligns antiparallel with Ay until hge is larger than ~8, still
smaller than /zz=10. It is worth noting that the condition for
thermally induced magnetization reversal is that /- for PEB
is smaller than &z with small FM uniaxial anisotropy.” With
increasing f, hgc increases, hpp decreases, and the range of
hrc where spontaneous reversal is possible decreases. When
t=0.3 (tp3;=24 nm for Ni), hyp becomes smaller than hOFC,
and full reversal is not found. However, applying h(}c just
large enough to induce PEB with #=0.3 orients the interfacial
FM moments at 96° relative to hpc, and M,/Mg¢=0.35. This
suggests spontaneous FM rotation and an incomplete FM
parallel domain wall. This was found experimentally in pre-
vious vector SQUID measurements of a similar sample but
with 21 nm thick Ni, whose thickness is about 25% of its
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domain wall width.? Interestingly, for =1, the interfacial FM
moments orient at §=62° even when hp-~4, much larger
than hgzz=1, even though the total FM magnetization is al-
most fully aligned with the field (M,/M=0.93). This sug-
gests that parallel FM domain walls persist for magnetic
fields much larger than Hgg, which is consistent with previ-
ous findings.?? For all thicknesses and large enough h, the
FM is fully positively saturated, which corresponds to the
commonly observed and generally assumed minimum-
energy state.

This model also allows insight into the origin of the dy-
namics of spontaneous reversal, which we attribute to the
change of the system ground state with temperature. As the
temperature decreases below Ty, the AF starts ordering with
increasing uncompensated AF moments and Hgp.?> As dem-
onstrated below, temperature can be phenomenologically in-
corporated into our model via interfacial coupling E;, or
Hpp: decreasing temperature corresponds to increasing Hpgp
and vice versa.

Figure 7(a) shows the model results for t=0.1 with Hgg
=0.1, 0.2, and 4 kOe, in real units of Hpc. The dependence
of the PEB onset cooling field ch on Hgp is shown in Fig.
7(b). When T is just below Ty with Hgp as small as 0.1 kOe
[solid red line in Fig. 7(a)], the FM is always fully saturated
regardless of |Hp¢|, which corresponds to the spin configu-
ration in Fig. 5(d) and £pgp=2. In this case, the sign of EB is
only determined by the competition of the AF domain wall
energy with the interfacial coupling and is independent of
tpy- Since NEB was not observed for Hp-=0.5 kOe, the
linear coefficient a of the NEB system energy is chosen so
that the NEB and PEB system energies intersect at Hpc
=0.5 kOe, as marked by the red square in Fig. 7(a). This
yields Eygp=4 kOe™! Hp. With decreasing T and thus in-
creasing Hgp, H(}C decreases due to the possibility of forming
a parallel domain wall in the FM with increasing interfacial
coupling, as shown in Fig. 7(b). The lowest Ho. for PEB is
found when the maximum H g is reached (4 kOe, solid blue
line), as marked in Fig. 7(a) with the blue square. The red
and blue dashed lines in Fig. 7(a) indicate the bounds of H,
above (below) which only PEB (NEB) will be favored for all
temperatures. For Hy- between these bounds, NEB becomes
increasingly unfavorable with decreasing temperature (in-
creasing Hppg).

IV. DISCUSSION

With this extended model of exchange bias, we are able to
interpret the experiments presented earlier. In real systems,
the AF layer can be considered as an ensemble of AF grains
with spatially inhomogeneous magnetic properties,”®33 e.g.,
interfacial coupling. This leads to a distribution of HY,
which is evidenced by the large range of cooling fields that
yield the coexistence of PEB and NEB.?*% This also results
to broadening of the boundaries in Fig. 7(a) (two dashed
lines) into a continuous field range. When the sample is
cooled with Hpc contained within the broadened boundary,
some areas of the sample will always favor one sign of ex-
change bias, regardless of temperature. For example, if Hpc
is within the broadened boundary, some areas of the sample
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FIG. 7. (Color online) (a) Reduced energy & as a function Hp¢
for NEB (black line) and PEB for r/=0.1 when Hgz=0.1 (red), 0.2
(green), 4 kOe (blue). The left and right dashed lines mark the
cooling fields above which PEB is favored for Hgz=4 and 0.1 kOe,
respectively. The square symbols mark the onset Hp¢ for PEB. (In-
set) Zoom-out of PEB energies for PEB when Hgz=0.1 (red),
4 kOe (blue). (b) Calculated onset Hpc for PEB as a function of
Hyp.

will always show NEB because Hc is below the local lower
boundary. Elsewhere on the sample, NEB is only favored for
small HEB just below Ty. As Hgg increases with decreasing
temperature, NEB becomes energetically unfavored in these
regions, and AF moments tend to reverse their sign to favor
PEB.

The time scale of reversing AF moments depends on the
temperature and corresponding anisotropy barrier. If the tem-
perature at which NEB becomes unfavored is close to Ty, the
anisotropy energy is small enough®* for thermal fluctuations
to realign the uncompensated AF moments in the positive
direction. This causes the fraction of the sample exhibiting
PEB to grow. This growth is a thermodynamic process with
an increasing probability of local switching of the exchange
bias sign with slower cooling or longer waiting around T,.
This gives rise to the time dependence of the reversal mag-
nitude presented in Fig. 2. The large anisotropy barrier re-
sults in the long reversal time scales.

When the temperature at which NEB becomes unfavored
is much lower than Ty, AF moments are already frozen and
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the system will not be able to reach its ground state with a
single cooling event. However, it is possible to reach the
ground state via thermal training. It is worth noting that the
thermal training occurs with the magnetic field fixed at Hp.
After the first cooling, the FM and AF moments are aligned
negatively (positively) and positively (negatively), respec-
tively, in the positive (negative) biased region of the sample.
However, due to the much larger domain wall width of the
FM than that of the AF, FM moments vary from positive to
negative orientation over a much larger lateral length scale
than the AF. Warming the sample above Ty frees AF spins
while the FM domain state is unchanged. Since the FM spins
composing lateral domain walls are not fully positive (as
they were prior to the first cooling), the energy cost in estab-
lishing PEB, or the interfacial coupling [the Hpz=0.1 kOe
horizontal line in Fig. 7(a)], becomes smaller than in the first
cooling at T~ Ty. Therefore, it becomes easier to orient in
the AF spins that lie beneath the FM domain wall in the
positive direction, thereby promoting PEB. In this way, the
fraction of the sample displaying PEB expands at the cost of
the NEB region, which causes the magnitude of the magne-
tization reversal to increase incrementally with each thermal
cycle. This process repeats itself successively until the low-
temperature system ground state is finally reached.

V. CONCLUSIONS

In summary, different cooling protocols revealed that
spontaneous magnetization reversal in exchange biased het-
erostructures leads to the energy ground state, not a meta-
stable state implied by existing exchange bias models.
Slower cooling speeds and isothermal relaxation around Ty
lead to larger magnetization reversal. Thermal training was
discovered by cycling the sample temperature about Ty,
causing the FM to reverse successively with each cycle, re-
flecting the incremental conversion of negatively exchange
biased regions to positively biased ones. An extended model
of exchange bias that predicts spontaneous reversal and slow
dynamics by considering the energy stored in antiferromag-
netic and ferromagnetic parallel domain walls is presented.
Further, this model shows that negative exchange bias arises
when a parallel antiferromagnet domain wall is developed
between the uncompensated interfacial and bulk antiferro-
magnet moments, while positive exchange bias occurs when
parallel FM domains develop and frustrate interfacial cou-
pling. Accounting for this parallel domain wall energy re-
solves the contradiction of present positive exchange bias
models with the existence of thermally induced spontaneous
magnetization reversal.
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