Exchange bias without directional anisotropy in Permalloy/CoO bilayers
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We utilize transverse ac susceptibility measurements to characterize magnetic anisotropy in
archetypal exchange-bias bilayers of ferromagnet Permalloy (Py) and antiferromagnet CoO. Uni-
directional anisotropy is observed for thin Py, but becomes negligible at larger Py thicknesses, even
though the directional asymmetry of the magnetic hysteresis loop remains significant. Additional
magnetoelectronic measurements, magneto-optical imaging, as well as micromagnetic simulations
show that these surprising behaviors are likely associated with asymmetry of spin flop distribu-
tion created in CoO during Py magnetization reversal, which facilitates the rotation of the latter
back into its field-cooled direction. Our findings suggest new possibilities for efficient realization of
multistable nanomagnetic systems for neuromorphic applications.

I. INTRODUCTION

Intense research in nanomagnetism has facilitated dra-
matic improvements in information storage and data
processing technologies, owing to ever-increasing mem-
ory densities, read and write speeds. In hard disks
or magnetic random access memory, information is
stored in the magnetization state of bistable nanomag-
nets [1], where magnetocrystalline, interfacial, and/or
shape anisotropies produce a large magnetic energy bar-
rier between stable magnetization states. Long-term sta-
bility requires that this barrier significantly exceeds ther-
mal energy, kg1 = 25 meV for devices operating at room
temperature (RT) T' = 295 K. Here kp is the Boltzmann
constant.

Advances in materials science have enabled effec-
tive anisotropy fields exceeding 1 Tesla, resulting in
anisotropy barriers approaching 100 peV per magnetic
atom [2, 3]. This energy scale sets the ultimate limit for
the minimal size of magnetically stable volume to about
10* atoms. In practice, the anisotropy barrier is low-
ered by imperfections and inhomogeneous magnetization
states formed during magnetization reversal [4].

Even for the largest achievable magnetic anisotropies,
the associated energy density is three orders of magni-
tude smaller than the exchange energy, about 100 meV
per atom for transition-metal ferromagnets [57 |. If ex-
change could be utilized to stabilize the magnetization
state, 10 magnetic atoms would be sufficient to store a
bit of information. Such a small volume is impractical
for magnetic or magnetoelectronic readout of individual
magnetic bits. Nevertheless, exchange-dominated large-
scale magnetic energy landscape may stabilize a multi-
tude of magnetic configurations in a nanoscale volume,
facilitating efficient implementation of non-binary neuro-
morphic nanodevices such as magnetic memristors [6-9].

Ultrasmall multistable nanomagnetic systems based on
exchange interaction can be developed by taking advan-
tage of magnetic frustration. Indeed, the ground state
of geometrically frustrated spin systems is massively de-
generate [10]. However, geometrically frustrated spin
systems rely on a subtle balance of structural and elec-

tronic effects, which may be too delicate for robust room-
temperature device applications. In randomly frustrated
magnetic systems such as spin glasses, random exchange
interactions produce a hierarchical energy landscape, re-
sulting in a multitude of Gibbs states [11]. Unfortunately,
conventional dilute spin glasses are not amenable to ef-
ficient magnetoelectronic control and detection of mag-
netic state required for the memristor operation.

Thin-film ferromagnet/antifferomagnet (F/AF) het-
erostructures may provide an alternative to spin glasses
that can combine frustration effects with efficient con-
trol and detection of the magnetization state [12]. In-
deed, F layers in such heterostructures are amenable to
magnetoelectronic readout and can be manipulated by
spin torque [13], while the frustration of exchange inter-
action at the F/AF interface, generally expected due to
the incompatibility between F and AF magnetic order-
ings [14, 15], can result in glassy behaviors stabilizing a
multitude of magnetization states [13, 16, 17]. Further-
more, the effects of frustrated exchange interaction in
such systems can be tailored by the magnetic properties
and thicknesses of individual layers, and by the strength
of their coupling [18].

F/AF bilayers have been extensively studied in the
context of exchange bias (EB) - asymmetry of the hys-
teresis loop observed upon field-cooling [19-21]. The EB
effect is generally understood as a consequence of the for-
mation of stable uncompensated AF magnetic moments
at the F/AF interface. Their exchange interaction with
the magnetization M of F can be described as an effective
exchange field Hg shifting the hysteresis loop of the lat-
ter. The ”pinning” of M due to EB has found extensive
applications in magnetic recording and sensing [22].

Neuromorphic applications of F/AF heterostructures
require the ability to stabilize multiple magnetization
configurations and efficiently switch among them. How-
ever, a generally accepted picture of the microscopic spin
state in these systems, necessary for its efficient manipu-
lation, has not yet emerged. Instead, numerous compet-
ing models have been developed over more than 60 years
of relevant research, as discussed in multiple reviews [20—-
25]. Below, we outline only the models that we believe



are most directly relevant to our findings.

Mauri et al. [26] proposed that the reversal of the mag-
netization M of F in F/AF bilayers results in ”wind-
ing” of an exchange spring in AF, i.e., twisting of the
Neel order through the AF thickness due to the exchange
coupling at their interface. The difference in energy be-
tween the "wound” and the "unwound” state can be in-
terpreted as the effective Zeeman energy associated with
the exchange-bias field Hg. This model was supported
by the experimental observations of partial rotation of
AF spins due to the reversal of M [27, 28].

In a qualitatively different approach, Malozemoff sug-
gested that frustrated exchange interaction at F/AF in-
terfaces can be described as a random effective exchange
field acting on AF [14], which breaks AF up into Imry-
Ma domains [29]. Conversely, frustrated F/AF exchange
should also manifest as effective random fields acting
on F, which has been experimentally confirmed [15, 30,
31]. For small AF thicknesses, Malozemoff predicted a
crossover to the "Heisenberg domain state” (HDS), in
which the AF domain sizes become smaller than the
domain wall (DW) widths, so the Neel order becomes
twisted everywhere [32]. Such a crossover was recently
experimentally observed [18], and HDS was identified as
a correlated spin glass state - a state that exhibits short-
range AF spin correlations but lacks long-range ordering
- formed below a certain material-dependent thickness of
AF [17, 33].

In yet another theoretical insight, Koon showed that
the exchange energy at F/AF interface is minimized by
the AF spin flop - rotation of the Neel order into direc-
tion orthogonal to the M, accompanied by tilting of the
AF magnetic sublattices into or opposite to the direc-
tion of M, depending on the sign of F/AF exchange [34].
Schulthess and Butler pointed out that according to this
picture, reversal of M should result in the reversal of the
AF spin tilting, leading to uniaxial rather than unidirec-
tional anisotropy [35]. Indeed, a large uniaxial anisotropy
is commonly observed in F/AF bilayers [20, 24].

It is currently believed that different combinations of
the proposed mechanisms of EB are likely responsible for
the wide variety of experimental observations for differ-
ent F/AF systems. However, to the best of our knowl-
edge, microscopic mechanisms most relevant to specific
materials or systems have not yet been identified.

Here, we present experimental results that allow us to
tentatively identify the mechanisms governing magneti-
zation states in a "classic” extensively studied EB sys-
tem comprising antiferromagnet CoO and a model low-
anisotropy ferromagnet Permalloy (Py). Our main result
is highly counter-intuitive: unidirectional anisotropy is
observed for thin Py, but vanishes for thicker Py, even
though the asymmetry of the hysteresis loop persists.
We use several additional complementary characteriza-
tion techniques and micromagnetic simulations to show
that our results are in fact simultaneously consistent with
all the theoretical models outlined above, with one caveat
- Mauri’s exchange spring-like behaviors are likely asso-

ciated with magnetic history-dependent distribution of
local AF moments rather than coherent Néel order twist-
ing. Our findings provide microscopic insight into frus-
trated magnetism that may become crucial for the imple-
mentation of nanometer-scale neuromorphic nanodevices
based on F/AF heterostructures.

The paper is organized as follows. In the next section,
we provide details on sample fabrication and our exper-
imental approach. In Section III, we present our experi-
mental results. In Section IV, we introduce a microscopic
model of the studied system, and present the results of
micromagnetic simulations based on this model, which
capture the salient features of our experimental observa-
tions. Section V summarizes our findings.

II. MATERIALS AND EXPERIMENTAL
METHODS

II.1. Sample preparation

CoO(8)Py(t)Ta(2) magnetic multilayers with Permal-
loy (Py) thickness t varied between 20 and 50 nm were
grown on silicon substrates by sputtering at room tem-
perature, at the base pressure of 5 x 10~ Torr. Num-
bers in parenthesis are thicknesses in nanometers. Ta(2)
served as a capping layer protecting the films from oxida-
tion. The thickness of 8 nm for CoO was above the tran-
sition to the Heisenberg domain state (HDS) at ¢ ~ 6 nm,
minimizing the glassy magnetic dynamics of the AF mag-
netic order driven by the Py magnetization [18, 33]. Nev-
ertheless, our data provide evidence of spin flop reversal
in AF, which is expected even for large AF thickness [35].

The multilayers were deposited in a 150 Oe in-plane
magnetic field, which is known to facilitate magnetic or-
dering in CoO. Py and Ta were deposited by dc sput-
tering from the stoichiometric targets in 1.8 mTorr of
ultrapure Ar, while CoO was deposited from a Co tar-
get by reactive sputtering in a mixture of ultrapure oxy-
gen and Ar, with the partial pressure of oxygen op-
timized as in our previous studies of CoO-based sys-
tems [15, 18, 33, 36]. Measurements below the Neel tem-
perature Ty = 290 K of CoO, were performed after cool-
ing from room temperature (RT) in the presence of an
external magnetic field Hy. = 0.5 kOe.

II.2. Transverse ac susceptibility

The transverse ac susceptibility technique is utilized
to precisely characterize magnetic anisotropy, by detect-
ing oscillations of magnetization in response to ac field
h,.(t) = V2H,. coswt, with a saturating dc field Hgc
applied perpendicular to it [33, 37-40]. All the results
presented below were obtained with H,. = 8 Oe rms at
frequency w/2m = 1.3 kHz. Our ac susceptibility mea-
surement setup, schematically shown in Fig. 1(a), utilizes
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Figure 1. (Color online) (a) Schematic of the MOKE setup
combining transverse ac susceptibility and longitudinal dc
magnetometry. (b) Effective magnetic fields that determine
the instantaneous orientation of the magnetization M in the
quasi-static limit, when the frequency of the ac field hg. is
far below FMR. (c) Calculated ac susceptibility vs dc field, in
the presence of uniaxial and unidirectional anisotropies. The
dotted vertical lines show the fields at which the extrapolated
linear susceptibility diverges. The dashed vertical lines show
the coercive fields.

magneto-optical Kerr effect (MOKE) to detect the oscil-
lations of M driven by h,.. The component M| of M
along the dc field is also measured, allowing us to simulta-
neously obtain the usual longitudinal magnetic hysteresis
loop. The sample is placed on the cold finger fabricated
from undoped Si to minimize inductive shunting of ac
field. All the fields are in-plane, with Hy. produced by
an external electromagnet, and h,. generated by a coil
built into the cold finger to minimize artifacts due to
induction.

A p-polarized laser beam with the spot size of about
2 mm is incident on the sample at an angle of 45° to the
film surface, with Hgy. in the incidence plane, and hg.(¢)
perpendicular to it. The polarization of the beam re-
flected by the magnetic film is rotated due to the longitu-
dinal MOKE effect, with the rotation angle proportional
to M) [41]. The Kerr polarization rotation is detected
using a balanced photodetector scheme, with a Wollas-
tone prism used to split the beam into two orthogonally
polarized beams. The intensity of the beam reflected by
the sample also oscillates due to transversal MOKE asso-
ciated with the oscillating in-plane magnetization com-
ponent m (t) perpendicular to the incidence plane. This
intensity oscillation is detected by the lock-in amplifier

connected to the output of one of the photodetectors.
Thus, both dc and ac measurements can be performed
simultaneously in this geometry.

The measurement geometry of transverse susceptibil-
ity is the same as in the ferromagnetic resonance (FMR)
technique, which utilizes a microwave field perpendicular
to the dc field to resonantly drive magnetization oscilla-
tions. In ac susceptibility measurements, the frequency
of the ac field is typically in the Hz to kHz range, far
below the FMR resonance. In this quasi-static limit, the
resonant dynamical properties of F are irrelevant. Its
magnetization M simply follows the net effective mag-
netic field comprising the external field and the effective
anisotropy field, allowing one to precisely characterize
the latter, as follows.

Consider an F/AF bilayer cooled in field Heoo; > 0,
setting the directions of the effective exchange bias field
H,4 and the effective uniaxial anisotropy field H,, ac-
companying EB. We define these fields by the corre-
sponding contributions to the total magnetic energy of
F per unit volume averaged through its thickness, Fy; =
—~M[(Hge + Hyq) cos 0 + H,, cos® 0/2], where 0 is the an-
gle between the magnetization and the effective fields.

The magnetization M of F oscillates in-phase with the
ac field hg.(t), following the direction of the total field
Hegr + hac(t), as shown in Fig. 1(b). We have veri-
fied that the out-of-phase ac component of M, (¢) for
the studied samples was negligible compared to the in-
phase component. In the limit h,. < Hcfs applica-
ble to our measurements, my(t) ~ |M|hae(t)/Hers =

V2M7 cos wt, where

% — Hac — H(lC
|M| ‘Heff| |Hdc| +Hua:tHud

(1)

is the rms ac magnetization component normalized by
the total magnetization. The ”+” (”-”) sign in the de-
nominator corresponds to saturated state at Hg. > 0
(< 0). The transverse ac magnetic susceptibility xr was
defined in some prior studies as the ratio of the amplitude
of the ac magnetization component to the amplitude of
the ac field [33, 37, 39, 40]. However, in contrast to the
linear susceptibility of demagnetized systems measured
in the absence of dc fields, this quantity by itself is not
fundamentally significant, since it is proportional to the
magnetization, and is dependent on the dc field. In con-
trast, response characterized by My /M is dimensionless
and directly reflects the geometric aspects of the mea-
surement. Below, we colloquially refer to this quantity,
as well as Mrp, as the transverse susceptibility.

The dependence of M7 /M on Hyg,. described by Eq. (1)
is schematically shown in Fig. 1(c). Starting at a large
H,. > 0 along the cooling field direction, Mr increases
with decreasing Hg., and may be expected to diverge at
Hy. = H. = —H,, — Hyug4, which corresponds to the
stability loss. In practice, the magnetization reverses at
the coercive field Hoy > H_.



In the reversed magnetization state, the effective uni-
axial anisotropy field changes sign, while the effective
unidirectional anisotropy field remains the same. Thus,
as the dc field is increased from a large negative value,
My /M increases and is extrapolated to diverge at Hy =
H,, — H,q, but the magnetization reverses at Hoo <
H,.. Based on the above relations, the effective unidi-
rectional and uniaxial anisotropy fields can be obtained
from H_ and H, determined by fitting the measured
My (Hge)/M with Eq. (1), as Hyg = (Hy + H_)/2,
Hyq = (H+ - H—)/2

Some of the prior studies of transverse ac suscep-
tibility analyzed the dependence x;'(Hg.), or equiva-
lently M, Y(H4.)M, the inverse of the quantity discussed
here [37, 39, 40]. According to Eq. (1), these depen-
dences are linear and extrapolate to the intercepts H,
H_, simplifying the analysis. However, this approach
places larger weight on small ac signals at large Hy., lead-
ing to larger errors in H,, H_.

In the studies of EB based on hysteresis loop mea-
surements, a different set of characteristics termed EB
field and coercivity are commonly introduced, defined as
Hgp = (HCQ + HCl)/2 and Ho = (HCQ - HCl)/Z, re-
spectively. The main result of this paper is that the rela-
tion between these two sets of parameters describing EB
is dependent on the thickness of F, revealing the micro-
scopic mechanisms of EB in the studied system.

I1.3. Magneto-optical imaging

Magneto-optical microscopy [42, 43] was utilized to
verify that the effects observed in transverse susceptibil-
ity measurements cannot be attributed to some complex
inhomogeneous magnetization states, and to elucidate
the reversal mechanism. In our custom-built MOKE mi-
croscopy setup, light produced by a 430 nm light-emitting
diode (LED) passes through a collimating system, which
includes a rectangular diaphragm whose image is focused
in the backplane of the 50x objective with 0.85 numeric
aperture, and is shifted from its axis to define the average
incidence angle around 40°. A polarizing beamsplitter is
used to polarize the incident light in the incidence plane,
and to direct the reflected light to the detection path,
which includes an analyzer, a lens, and a camera. Real-
time imaging with temporal resolution of about 15 ms
is limited by the sensitivity of the camera, and spatial
resolution of about 250 nm is diffraction-limited. A two-
stage Peltier cooling system enables variable temperature
measurements, with the base temperature of 218 K.

II.4. Magnetoelectronic characterization

Magnetoelectronic measurements based on the
anisotropic magnetoresistance (AMR) of Py were uti-
lized to independently confirm the anisotropy crossover
observed from the susceptibility measurements. The

main advantage of such measurements, compared to the
traditional magnetometry, is their high sensitivity to
the components of magnetization non-collinear with the
magnetic field. For instance, measurements discussed
below were sufficiently sensitive to detect average angles
of about 2 — 3° between the magnetization and the
field. The corresponding deviations from the saturated
magnetization value are less than 0.1%, beyond the
typical detection limit of standard magnetometry set by
the magnetic background.

The magnetoelectronic measurements were performed
in the 4-probe van der Pauw geometry, with the cur-
rent flowing in the direction of the long side of the
6 mmx2 mm rectangular sample. ac current of 0.1 mA
rms at a frequency of 1.3 kHz was applied to the sample,
and the ac voltage was detected by the lockin amplifier.

AMR is 180°-periodic with respect to the angle be-
tween the magnetization M and the direction of electri-
cal current I flowing through Py, and is minimized when
they are orthogonal. In our measurements, the in-plane
field was precisely aligned orthogonal to the direction of
current, by utilizing the dependence of AMR on the field
direction at RT. Alignment precision of about 1° was lim-
ited by the resolution of the electronic measurement. In
this geometry, the dependence of resistance on the an-
gle 6 between the field and magnetization M of Py is
described by R(f) = Ry + ARsin?(#), where Ry is the
resistance minimum at § = 0°, and AR is the magne-
toresistance. In this geometry, the technique is sensitive
to the component of M non-collinear with Hy., with the
resistance increase proportional to average 62.

III. EXPERIMENTAL RESULTS

II1.1. Magnetic hysteresis and ac susceptibility

We start by analyzing the measurements at RT T =
295 K above the Neel temperature T = 290 K of CoO.
In this case, the magnetic properties of Py/CoO are ex-
pected to be similar to those of standalone Py films. In-
deed, the longitudinal dc MOKE hysteresis curves are
consistent with the soft low-anisotropy magnetic prop-
erties of Py [Fig. 2(a,c)]. The transverse ac suscepti-
bility curves [Fig. 2(b,d)] exhibited negligible hysteresis,
sharply peaking at H,. approaching 0, as expected from
Eq. (1) for negligible anisotropy, i.e., Heyr = Hg.. Large
dips at Hy. = 0 are associated with the formation of a
multidomain state during the magnetization reversal, re-
sulting in vanishing susceptibility at ac fields below the
domain wall depinning.

Fitting of the ac susceptibility data with Eq. (1) [curves
in Fig. 2(b,d)] yielded negligible effective anisotropy
fields. We used the scaling between M7 /M and the mea-
sured ac magneto-optic signals inferred from the fitting
for the analysis of low-temperature data. This reduced
the number of fitting parameters to one (the anisotropy
field), minimizing the fitting uncertainty. Separate tests
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Figure 2. (Color online) Longitudinal dc MOKE hysteresis
loops (a,c) and transverse ac susceptibility (b,d) acquired at
T = 295 K for Py(t)/CoO(8) bilayers with ¢ = 20 nm (a,b)
and 50 nm (c,d).

for standalone Py films confirmed negligible temperature
dependence of the magneto-optic coefficients.

Figure 3 shows the results for 7' = 80 K, for Py thick-
nesses t = 20 nm, 35 nm, and 50 nm. The longitudi-
nal MOKE hysteresis loops shown in the insets illustrate
that the samples exhibit well-defined switching between
two reversed orientations of M. The coercive fields Heoq,
Hco determined from the dc MOKE hysteresis loops co-
incide with the peaks in the corresponding branches of
ac susceptibility curves, consistent with the calculations
in Fig. 1(c). All three samples exhibit directional asym-
metry of dc MOKE hysteresis loops characterized by the
effective EB fields Hp = —(He1 + Hez)/2 of 185 Oe,
80 Oe, and 62 Oe for ¢ = 20 nm, 35 nm, and 50 nm,
respectively. The EB field scales approximately inversely
with ¢, consistent with averaging of the effects of F/AF
interface over the Py film thickness.

Magneto-optic imaging discussed below shows that
magnetization reversal occurs via propagation of do-
main walls (DWs) separating two oppositely magne-
tized states, resulting in perfectly square hysteresis loops
obtained by averaging the magneto-optical images of
65 pum x 65 pm sample regions [see Fig. 5]. Small de-
viations from the square shape of the hysteresis loops in
Fig. 3 are thus associated with the local variations of DW
nucleation and propagation thresholds in different sam-
ple regions, resulting in multidomain intermediate states
of Py. Analysis of the field dependence of susceptibil-
ity described below was performed using the decreasing-
field-magnitude branches of the hysteresis curves, corre-
sponding to the quasi-uniform magnetization states.

The susceptibility data for ¢ = 20 nm [Fig. 3(a)] are
consistent with the presence of unidirectional anisotropy.

T=80K
(a) t=20nm———

Figure 3. (Color online) ac susceptibility vs dc field for
Py(t)/CoO(8) bilayers with Py thicknesses ¢ = 20 nm (a),
35 nm (b), and 50 nm (c), measured at 7' = 80 K. Symbols
are data, curves are fits as described in the text. Insets show
longitudinal MOKE hysteresis loops acquired simultaneously
with the ac susceptibility. Arrows show the directions of the
field sweep.

Indeed, the asymmetry of susceptibility can be approxi-
mately described as a shift in the negative-field direction,
as expected due to a positive effective EB field H,4. The
data for ¢ = 35 nm and ¢ = 50 nm [Figs. 3(b),(c)] also ex-
hibit a noticeable asymmetry. However, this asymmetry
is predominantly associated with the hysteretic magne-
tization reversal. As deiscussed above, the hysteresis is
likely associated with inhomogeneous states involved in
the reversal process, whose response to ac field is depen-
dent on the spatial magnetization distribution. To avoid
this complication, we focus only on the dependence of
susceptibility on Hy. for the quasi-uniform magnetization
states, obtained when the field magnitude is decreased
from large saturating values. For these branches, the sus-
ceptibility is almost symmetric with respect to the field
direction. Thus, we come to a surprising conclusion: the
effective unidirectional anisotropy field essentially van-
ishes, despite a significant asymmetry of the hysteresis
loops.

We note that for ¢ = 20 nm [Fig. 3(a)], the peak
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Figure 4. (Color online) Same as Fig. 3, at T = 218 K.

of transverse susceptibility in the upward field sweep is
significantly smaller than in the downward sweep. For
t = 35 nm and 50 nm [Figs. 3(b),(c)], the asymmetry is
even more dramatic, as the peak in the upward sweep is
replaced by a non-hysteretic crossover to the downward-
sweep branch. We will discuss our interpretation of these
behaviors in the next section.

We quantified the effective exchange fields by fitting
the decreasing-field-magnitude branches of susceptibility
curves with Eq. (1). This equation provided excellent fit-
ting for all the data, except for the negative-field branch
for ¢ = 20 nm [Fig. 3(a)]. In the latter case, the fitting
curve underestimated the susceptibility at large negative
fields, and overestimated it at small fields. This discrep-
ancy is explained by a significant inhomogeneity of the
magnetization state due to the torques exerted on M by
AF, as discussed in the next section. The values of ef-
fective unidirectional anisotropy field H,4 obtained from
fitting are 110, 0, and 20 Oe for ¢ = 20, 35, and 50 nm, re-
spectively. The vanishing of unidirectional anisotropy in
thick Py is consistent with the qualitative analysis above.

For the uniaxial anisotropy field, we obtain H,, = 670,
230, and 170 Oe for t = 20, 35, and 50 nm, respectively.
Thus, in contrast to the unidirectional anisotropy, the
uniaxial anisotropy does not abruptly vanish with in-
creasing Py thickness. Its gradual decrease with increas-
ing t is consistent with the diminishing effects of AF on
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Figure 5. (Color online) (a) Representative MOKE snapshots
of a 65 um x 65 um area for the Py(35)CoO(8) sample cap-
turing its magnetization reversal, at the labeled instants of
time. The images were acquired at T' = 218 K, with the hor-
izontal dc field slowly swept at a rate of 0.14 Oe/s from the
initial value of —23.7 Oe. (c) Partial MOKE hysteresis loops
obtained by averaging the intensities over the images such as
those in (a).

thicker Py films.

We have performed measurements at other values of
temperature T', to ascertain that the observed crossover
of magnetic anisotropy is a robust characteristic of the
studied structures. Figure 4 shows the results for T =
218 K, which is the base temperature of the magneto-
optical imaging discussed below. This temperature is
much closer to the Neel temperature Ty = 290 K of CoO,
and consequently the EB effects are significantly smaller
than at 80 K. Nevertheless, a shift of the longitudinal
hysteresis loops in the negative-field direction is appar-
ent. Fitting the susceptibility curves with Eq. (1) yields
H,q = 120 Oe for t = 20 nm, and 20 Oe for t = 50 nm.
We note that the unidirectional anisotropy is almost un-
changed from T = 80 K, even though the EB is signifi-
cantly smaller. In the rest of this paper, we present com-
plementary measurements, analysis and simulations that
elucidate the microscopic mechanisms of these behaviors.

II1.2. Magneto-optic imaging of magnetization

reversal

To ascertain that the surprising effects observed in the
ac susceptibility measurements are not associated with
some complex disordered magnetization states, we per-
formed real-time magneto-optical imaging of the mag-
netization reversal process with a slowly swept field.
Figure 5 shows results representative of all the studied
samples, for both directions of magnetization reversal.
We have repeated measurements over different sample
regions, to verify that our observations are representa-
tive. For both field sweep directions, the reversal typi-
cally proceeded via a sweep of a nearly straight DW. In
the less-typical instance shown in Fig. 5(a), an upward-
propagating DW was stopped by a defect in the middle-
right part of the image, and reversal proceeded via a



downward-propagating DW. Nevertheless, the entire re-
versal was completed within 1 Oe range of Hgy..

No significant DW roughness or distortions during
propagation were observed, consistent with weak magne-
tization pinning by defects. The magnetization in the re-
gions separated by the DW is uniformly saturated in the
opposite directions, as is also evident from the square par-
tial hysteresis loop obtained by averaging the MOKE in-
tensity over the image area [Fig. 4(c)]. Based on these re-
sults, we conclude that the studied systems remain quasi-
uniformly magnetized except for reversal, validating the
presented analysis of anisotropy based on the transverse
susceptibility measurements.

ITI1.3. Magnetoelectronic characterization of

magnetization state

Magnetoelectronic measurements utilizing AMR in-
dependently confirmed the surprising dependence of
anisotropy on Py thickness observed in transverse sus-
ceptibility measurements. Figure 6 shows representative
magnetoelectronic hysteresis loops for ¢ = 20 nm and
50 nm acquired at T = 80 K, the base temperature of
our transverse susceptibility measurements.

In our measurements, the current direction was orthog-
onal to the cooling field H.,o. Thus, in measurements
with Hy. || Heoor shown in panels (a) and (c), the re-
sistance R was minimized when the magnetization was
saturated in the direction of the field. Deviations from
saturation are detected as a resistance increase, which is
approximately proportional to <€)2>, the average of the
square of the angle between M and H,.. Conversely, for
Hy. L Heoo [panels (b) and (d)], R decreases when the
magnetization deviates from the direction of the field.

To facilitate direct comparison between the data for
different Py thicknesses, we used 2.5 times larger horizon-
tal (field) scales in panels (a),(b) than in panels (c),(d),
respectively. This accounted for the 2.5 times smaller
Py thickness in these panels, resulting in smaller effects
of Hy. relative to those of the effective exchange fields
at F/AF interface. Similarly, we adjusted the vertical
(resistance) scales to account for the different values of
magnetoresistance for the two samples. Specifically, the
AMR of the sample with ¢ = 20 nm is 0.2 2, while the
AMR of the sample with ¢ = 50 nm is 0.085 Q. Accord-
ingly, the overall vertical scales in panels (a),(b) are 2.3
times larger than in panels (c¢) and (d), correspondingly.

The appropriateness of such scaling is evident from the
data for Hg. | Huo;, which are nearly identical for two
different thicknesses. In this case, as the magnitude of
Hy. 1L Hg,, is decreased, R gradually and almost non-
hysteretically decreases, at H;. = 0 almost reaching its
minimal value achieved at large Hg. || Heoor [compare to
panels (a), (c)]. Thus, at small Hg. the magnetization
forms a quasi-uniform configuration orthogonal to Hye,
consistent with the dominant effects of H,, and/or Hyq.

The results forHg. || Heoor, are noticeably different for
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Figure 6. Magnetoelectronic hysteresis curves for the Py

thickness ¢ = 20 nm (a,b) and ¢ = 50 nm (c,d) acquired
with the field direction parallel (a,c) and perpendicular (b,d)
to the cooling field, at 7" = 80 K. The current flows perpen-
dicular to the cooling field. The dotted vertical lines in (a),
(c) show Hge. = 0.

two thicknesses. For ¢ = 20 nm, the heights of the two
peaks associated with reversal are similar, and the overall
asymmetry with respect to the field direction exhibits
an overall shift consistent with the presence of H,4. In
contrast, for t = 50 nm, the peak in the downward field
sweep is significantly taller than for the upward sweep.
At larger Hg,., the variations of R and the asymmetry
between the two directions of Hg. are much smaller than
for t = 20 nm. These results are consistent with our
analysis of ac susceptibility.

IV. ANALYSIS AND SIMULATIONS

We first summarize the key observations that do not
fit in the common picture of EB as the result of an ef-
fective exchange field produced by "frozen” AF spins at
F/AF interface. We then introduce a microscopic picture
that captures our observations, and present micromag-
netic simulations supporting its viability.

IV.1. Qualitative analysis

Our main new observation is that for sufficiently large
Py thickness ¢, the unidirectional anisotropy vanishes,
despite a sizable asymmetry of the magnetic hysteresis
loop. For instance, for ¢t = 50 nm at 7' = 80 K, magneti-
zation reversal occurs at coercive fields Ho1 = —146 Oe,
Heo = 22 Oe [see inset in Fig. 3(c)], yielding the conven-
tionally defined EB field Hg = —(Hc1+He2)/2 = 62 Oe,
and the coercivity Ho = (Heo — He)/2 = 84 Oe. These
values are traditionally associated with the unidirectional



and uniaxial anisotropies, respectively. However, quanti-
tative characterization of anisotropy by transverse ac sus-
ceptibility yields effective unidirectional anisotropy field
H,45 = 20 Oe, more than 3 times smaller than Hpg, while
the effective uniaxial field is H,, = 170 Oe, twice as
large as the coercivity. These effects are confirmed by
the analysis of the magnetoelectronic hysteresis curves,
whose asymmetry for large Py thicknesses cannot be de-
scribed as a shift induced by an effective field.

For ¢ = 20 nm, the susceptibility and the AMR, data
can be approximately described as a shift, but the field
dependence of susceptibility significantly deviates from
the fitting curve [Fig. 3(a)]. This result cannot be ex-
plained by the spatial variations of the magnitude of ef-
fective exchange fields with the same orientation. In-
deed, for some distribution Hepr; = (Heps) + AH;,
where AH; is the local deviation of effective field from
the average (H.sy), Taylor expansion of Eq. (1) with re-
spect to AH;/ (Heys) yields (Myp/M) ~ Hqof (Hesy) +
(AH?)/ (Heff>2, which describes enhancement of sus-
ceptibility at small fields, opposite to the observed trend.
These results provide evidence for deviations of the mag-
netization state from saturation that become enhanced
at small Hg., resulting in reduced susceptibility. How-
ever, magneto-optical imaging shows clean switching be-
tween two oppositely magnetized saturated magnetiza-
tion states. Thus, such deviations must be small and/or
spatially localized to nanoscale dimensions.

We now introduce a microscopic model that accounts
for these seemingly contradictory observations, as well
as other puzzling features of our data. We start with
the idea of Koon, Schulthess and Butler, that exchange
interaction at F/AF interface results in the spin-flop in
AF, producing uniaxial anisotropy [34, 35]. Indeed, both
the susceptibility and AMR measurements reveal uniax-
ial anisotropy whose easy axis is well-aligned with the
cooling field. The stability of the anisotropy axis im-
plies that the local Néel vector must be ”frozen” by the
field-cooling, which is likely facilitated by the random
variations of exchange coupling at F/AF interface that
result in complex AF energy landscape enabling multi-
ple metastable magnetic configurations, among them the
spin-flop configurations favored by the field-cooling.

By itself, this interpretation does not explain EB, be-
cause the spin-flop state is bistable [35]. To explain the
existence of EB in the absence of directional anisotropy,
we invoke the argument of Malozemoff, that interface
imperfections frustrate exchange interaction across the
A /AF interface [14]. This implies that upon field-cooling,
the direction of AF spin-flop locally randomly varies
around the average defined by the field-cooling.

Consider now the process of the Py magnetization re-
versal via domain wall (DW) sweep [see Fig. 5]. For mag-
netic films with in-plane anisotropy, the DW is of the Néel
type, with the magnetization twisted in the DW in-plane.
The AF spin tilting reversal driven by the propagating
DW imprints the twist direction into an asymmetry of
the interfacial AF spin distribution with respect to the

field direction. The effect of this asymmetric distribution
on the reversed magnetization M of Py is a torque ro-
tating it in the opposite direction. Spatial fluctuations of
F/AF exchange coupling result in local "hotspots” where
this torque is large, providing local nucleation centers for
the reversal of magnetization back into the field-cooled
direction, which is expected to occur close to Hy. = 0,
consistent with the data [see Figs. 3, 4].

The proposed mechanism locally acts as an effective
AF exchange spring that “winds” during initial reversal,
and whose unwinding facilitates the reversal of M back
into the cooling-field direction, reminiscent of the mech-
anism proposed by Mauri [26]. However, if an actual
exchange spring were created in CoQ, its wound-state ex-
change energy FE., per unit area of the film would deter-
mine the effective unidirectional field Hy,q = Eey/2uoMt.
In contrast, the proposed mechanism does not require a
difference in magnetic energy between the two opposite
magnetization states, consistent with the lack of unidirec-
tional anisotropy in our measurements for thick Py films.
Central to our interpretation of the origin of EB in the
studied system is the asymmetry of the magnetization
reversal process. Such asymmetry has been extensively
reported for a variety of F/AF systems, suggesting its
general significance for EB [31, 44, 45].

The proposed mechanism explains the observed depen-
dence of anisotropy on the Py thickness ¢, as follows. For
t = 20 nm, the torques exerted on M by AF result in its
more significant twisting than in thicker Py, where the
effects of spatially varying F/AF exchange become effi-
ciently averaged through the F thickness. In turn, this
implies that the torques exerted by thinner F on AF are
smaller, resulting in only partial reversal of spin-flop state
in AF. Thus, for thin Py, some of the AF spins remain
"frozen”, in agreement with the conventional picture of
EB.

The proposed mechanism also explains why the suscep-
tibility exhibits large peaks only for the decreasing-field
branches. For increasing field, the reversal of M facil-
itated by the nucleation at ”hotspots” occurs once the
energy of the reversed state becomes lower, i.e., at the
crossing of the Hy. < 0 and Hy. > branches of suscep-
tibility curves [see Eq. (1)]. For negligible H,gq, this is
expected to occur at Hy. = 0, in excellent agreement
with data [Fig. 3].

IV.2. Micromagnetic simulations

We now present micromagnetic simulations that
support the proposed mechanism. The simulations
were performed with Mumax3 software [46-48], us-
ing a mesh of micromagnetic cells with dimensions
2.5 nmx2.5 nmx3 nm, where the third dimension refers
to the out-of-plane direction. The simulated area was
320 nmx 320 nm, with the Py layer thickness varied be-
tween 24 nm and 48 nm. The magnetic parameters of
Py were: saturation magnetization M q; = 8 x 10° A/m,



oy
1y
]
—~
=
~
L
—
T

@ 1f

2—}0,' J #  48nm

] |—

-0.8 -04 00 04 08
Hgy (kOe)

Figure 7. (Color online) (a) Schematic of the vertical stack
of micromagnetic cells used in simulations. Straight arrows
show the magnetic moments, curved arrows show the inter-
actions. 0;,7 = 1..N is angle between H,4. and the magnetic
moment of cell i, ¢ is the angle between H,. and magnetic
moment of the cell representing AF, Jr and Jp/ar are ex-
change interaction constants within F and at F/AF interface,
respectively, K is the uniaxal anisotropy of AF layer, ar -
random angle between easy anisotropy axis and Hg.. (b-d)
Simulated hysteresis loops for the F thickness ¢ = 24 nm,
36 nm, and 48 nm, as labeled.

Gilbert damping constant 0.02, and exchange stiffness
Jp =13 x 10712 J/m.

The bistable spin-flop state of AF was modeled by a
single layer adjacent to F, with randomly oriented uniax-
ial anisotropy of fixed magnitude K = 550 kJ/m?, which
provided a good matching with the experimental hystere-
sis loops. The exchange constant Jp,4p for interaction
between this layer and F was the same as within F, but
the exchange between the cells representing AF was neg-
ligible. A similar approximation is utilized in the ”gran-
ular” models of EB [49-51]. The parameters and the
interactions through the vertical stack of micormagnetic
cells are schematically shown in Fig. 7(a).

At the start of simulations, the magnetic moments of
all the cells, including F and AF, were initialized in a uni-
form state with ¢ = 6; = 0 [see Fig. 7 for nomenclature]
that defined the ”field-cooling direction”, and the system
was then allowed to relax. The field H4. was applied at a
small positive angle relative to this direction, to simulate
the directional asymmetry induced by the reversal via
domain wall sweep. To determine the stationary state
for a given Hy., the system was allowed to relax until its
dynamics became negligible.

Panels (b-d) in Fig. 7(b-d) show the simulated hystere-
sis loops for Py thicknesses ¢ = 24 nm, 36 nm, and 48 nm,
close to the values utilized in measurements. All three
loops exhibit directional asymmetry and enhanced coer-
civity which decrease with increasing ¢, consistent with
the experimental observations. Furthermore, the coer-
cive fields are in close agreement with those measured for
similar values of t. However, the gradual reversal into the
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Figure 8. (Color online) (a) Simulated distribution of the AF
magnetization angle ¢ in the initial state at Hge = 0.8 kQOe,
for t = 24 nm (symbols) and ¢ = 48 nm (curve). (b) Dis-
tribution of ¢ in the reversed state at Hqe = —0.8 kOe,
for t = 24 nm (solid symbols), and ¢ = 48 nm (open sym-
bols). (c¢) Map of torques exerted by AF on saturated M in
the reversed state, calculated as |sinel, for ¢ = 48 nm. (d)
Map of AF-induced unidirectional anisotropy calculated as
(cose + cospF)) /2, for t = 48 nm. (e),(f) Same as (c),(d),
for t = 24 nm. The maps (c)-(f) are 320 nmx320 nm.

”field-cooling” direction, and the abrupt reversal against
it are opposite to the experimental trends. These differ-
ences are likely associated with the neglected effects of
long-range AF correlations on the magnetic energy land-
scape, as well as thermal fluctuations.

We now analyze the microscopic mechanisms underly-
ing these switching behaviors, focusing on the distribu-
tion of angle ¢ between the AF spins and Hy,, for thick-
nesses t = 24 and ¢ = 48 nm. The initial distribution is
centered around ¢ = 0 and is the same for both thick-
nesses [(Fig. 8(a)], as determined by the initial simulation
conditions and the distribution of uniaxial anisotropy.

In the reversed state, the distribution for ¢ = 48 nm
is dominated by the peak around ¢ = 180°, i.e., nearly
all of the AF spins become reversed and the directional
anisotropy associated with the ”frozen” AF spins is neg-



ligible [open symbols in Fig. 8(b)]. In addition, there is
a bump at small ¢, but no such feature near ¢ = 360°.
This directional asymmetry is associated with the rota-
tion sense of M during reversal, defined by a small tilt
of Hy. relative to Hepo. A spatial map of |sing|, which
determines the torque exerted by the AF spins on the sat-
urated M, exhibits "hotspots” that serve as nucleation
centers for reversal into the field-cooled state.

The unidirectional anisotropy of F due to the un-
flipped AF spins is given by (cosp® + cosp/)) /2, where
o (p)) is the AF spin angle in the initial (reversed)
state. The corresponding map also exhibits ”hotspots”,
Fig. 8(d). However, the characteristic magnitudes are
small, consistent with the experiment.

In contrast to t = 48 nm, for ¢ = 24 nm the AF spin
distribution forms a broad peak between ¢ = 0 and about
200°, strongly breaking the rotational symmetry [open
symbols in Fig. 8(b)]. Just like for ¢ = 48 nm, the spatial
distribution of torques forms ”hotspots” that serve as
reversal nucleation centers [Fig. 8(e)]. However, in this
case ( is broadly distributed over a large range of angles
instead of being concentrated around 0 and 180°. As
a consequence, both the torques and the unidirectional
anisotropy are substantially larger [Fig. 8(e),(f)].

The large spatially inhomogeneous torques exerted by
this AF spin distribution on M result in significant de-
viations of the latter from the direction of Hy.. These
results are consistent with our experimental data. They
also explain a surprising recent observation that the ef-
fective exchange field in CoO /Py bilayers with thin Py is
spatially uncorrelated only for M || Heoo, but is corre-
lated on the scale of the magnetic exchange length for the
opposite direction of M [15]. Indeed, the distribution in
Fig. 8(b) for t = 24 nm is strongly asymmetric, resulting
in spatially correlated torques on the Py magnetization.

V. SUMMARY AND OUTLOOK

We have presented several complementary measure-
ments and simulations, which revealed that the magne-
tization states and reversal mechanisms in a model ex-
change bias system, a Py/CoO bilayer, are likely dom-
inated by the random distribution of spin-flop in CoO.
Magnetization reversal becomes imprinted on this distri-
bution, resulting in ”"hotspots” of asymmetric AF spin
distribution that exert local torques on the Py magneti-
zation in exchange spring-like fashion. These "hotspots”
serve as domain wall nucleation centers, facilitating mag-
netization reversal into the initial field-cooled state. A
striking consequence of this mechanism is the negligible
unidirectional anisotropy for sufficiently thick Py films,
despite a significant directional asymmetry of the mag-
netic hysteresis loop.
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Our findings can be verified by a variety of modern
techniques. For instance, the absence of unidirecitonal
anisotropy can be verified as a symmetric with respect
to the external field direction ferromagnetic resonance
frequency. Meanwhile, the linewidth is expected to be
larger for the field direction opposite to the cooling
field. The "hotspots” of local torques can be detected
by nanometer-scale imaging using magnetic force mi-
croscopy or magnetic circular dichroism, which should
reveal localized twists of magnetization in the direction
determined by prior reversal.

Our microscopic picture is substantially different from
the known to us prior work. Nevertheless, in addi-
tion to AF spin-flop and random field effects, our pic-
ture naturally incorporates elements of ”granular” and
AF exchange-spring models of exchange bias. These in-
gredients revealed by our study of CoO/Py are likely
present, in varied proportions, in other exchange bias
systems. We believe that our results can provide an ef-
fective template for their quantitative characterization,
as well as for developing new devices taking advantage of
exchange bias. For instance, our work has shown that ex-
change bias reversal for switchable memory applications
can avoid having to overcome the directional anisotropy.
Therefore, efficient reversal can be achieved simply by
localizing the mechanism driving the reversal, such as
the electric field [52] or strain [53], to a small "hotspot”
region of the device.

Our findings are encouraging for the development of
F/AF-based magnetic memristors [7, 13]. It was re-
cently suggested that an ideal memristor can be imple-
mented based on F/AF bilayers by utilizing viscous dy-
namics of Néel order close to the AB blocking tempera-
ture T [12]. Similarly, a proof-of-principle implementa-
tion of F/AF bilayer-based magnetic memristor required
operation close to Tz [13], severely limiting thermal com-
pliance of such devices. Our results indicate that these
requirements can be eliminated, by taking advantage of
the bistable spin-flop state of AF as an atomic-scale mul-
tilevel memory mechanism. As is evident from Fig. 8, the
distribution of AF spin-flop states reflects the history of
the F magnetization dynamics, making this system well-
suited for memristive applications.

The dynamics of AF spin-flop reversal in F/AF het-
erostructures is likely governed by the high dynamical fre-
quencies of AF. The energy scale involved in this dynam-
ics is of the order of exchange energy, i.e., about 100 mV
per pair of interfacial spins. Thus, fast multistable de-
vices are achievable in the deep nanoscale regime. Effi-
cient implementations of such devices will likely rely on
the ability to tailor the magnetic properties and the in-
teraction strengths to enable efficient and fast driving
of AF spin-flop reversal during memristor writing, while
retaining long-term stability in the absence of driving.

This work was supported by the NSF award Nos.
ECCS-2005786 and ECCS-1833581.
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