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The exchange-bias (EB) effect between a ferromagnet and antiferromagnet is crucial for many existing, as well
as proposed, spintronic devices. For understanding, utilizing, and engineering EB, it is critical to understand how
EB affects microscopic reversal processes, such as nucleation and propagation of domains, and how these in turn
can govern macroscopic characteristics, including hysteresis loop shape. In this work, we disentangle the EB
for nucleation and propagation by combining typical magneto-optical Kerr effect (MOKE) measurements with
a method based on domain-wall (DW) motion. We show that MOKE is well suited for locating the nucleation
sites and measuring the EB at these sites, while by measuring DW propagation, the effective field that the DW
is subjected to can be quantified and the EB field inferred. Our experiments reveal that nucleation sites can
experience wide-ranging EB fields, in contrast to propagation EB, and that there can be a significant difference
in the EB that these two processes experience. Furthermore, we explore the consequences of unequal nucleation
and propagation EB and discover that in addition to the EB of the nucleation site affecting measurements in
the surrounding area, it can also give rise to asymmetry in hysteresis loop shape, something that has been
observed widely but is not fully understood. This work describes surprising phenomena in systems that have
been studied for decades, and we believe that the insights into how the interplay between different components
of magnetization reversal can give rise to unexpected outcomes can be broadly useful for anyone working with

coupled magnetic systems.
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I. INTRODUCTION

The exchange-bias (EB) phenomenon pins a ferromagnet
(FM) in a particular direction due to an exchange interaction
at the interface with an antiferromagnet (AFM) [1-3]. This
has found use in devices such as spin valves and magnetic
read heads [4,5], and has been proposed as a component for
emerging applications including field-free spin-orbit torque
switching [6] and domain-wall based devices [7]. Since mag-
netization reversal is central to nearly all spintronic devices,
understanding the ways in which EB can affect it is crucial
for designing next-generation devices.

The principal microscopic processes underlying magneti-
zation reversal in thin films, with or without EB, are domain
nucleation and propagation [8—11], with sites of microscopic
defects serving as heterogeneous nucleation centers. Macro-
scopic hysteresis loop (HL) properties are largely dictated
by these two processes, and the presence of EB should af-
fect both, although no studies have so far characterized it.
The most well-known effect of EB is, of course, the shift
of the HL along the field axis, which is explained by the
symmetry-breaking effective field due to EB. However, EB
can also make the HL shape asymmetric [3,12—15]. Various
mechanisms validated to different extents have been proposed
to explain this widely observed asymmetry, but many aspects
remain poorly understood.
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In this work, we disentangle the effect of EB on nucleation
and propagation, and show that asymmetry in HL shape can
arise quite generally in EB systems, even if the magnetization
reversal pathway remains symmetric. Our experiments prove
laser magneto-optical Kerr effect (MOKE) magnetometry to
be areliable way to determine EB at nucleation sites, revealing
a surprisingly large site-to-site variation, while we find the
propagation EB, evaluated using domain-wall (DW) creep,
to be much more uniform and substantially different from
many nucleation sites. We discover, both experimentally and
with simulations, that EB determined from HL acquisition
can be significantly influenced by a nucleation site that is far
away, but also that differences in nucleation and propagation
EB can give rise to asymmetric reversal characteristics. We
quantify how these features depend on sample properties and
experimental conditions, and finally show that in real samples
even more complex interactions can take place due to multiple
nucleation sites in proximity.

II. EXPERIMENTAL METHODS

The experiments were conducted in Ta(4)/Pt(3)/
Co(0.8)/Pt(0.5)/Co0gNip,O(x) films, grown by dc
magnetron sputtering (numbers in parentheses indicate
thickness in nanometers) at room temperature on (100)
thermally oxidized silicon substrates. All data were acquired
using samples with x equal to 7 (S1), 8 (S2), and 10 (S3). The
substrates were roughly rectangular in shape with side lengths
~4—10 mm. For the metallic layers, Ar pressure of 3 mTorr

©2024 American Physical Society
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FIG. 1. (a) Typical large-area (9-mm?) HL; H = 1209 Oe and Hy; = —171 Oe. (b) Coercivity map obtained from point-by-point (step
size = 100 um) HL acquisition from MOKE with a scanning stage. HL in (a) is the average of all HLs used to construct (b). (c) Higher-
resolution (step size = 20 um) coercivity map of region defined by black square in (b). (d) Reverse-domain growth of the same region using
wide-field MOKE. Here, white (black, gray) denotes up (down) magnetization. The centers of the reversed domains correspond to the minima
in (c). Down domains were nucleated using a —990-Oe, 200-ms pulse and then expanded using repeated —940-Oe, 350-ms pulses. The black,
medium gray, and light gray regions indicate the extent of the reversed domains after 3, 10, and 17 pulses respectively. Data are from S1.

was used while Cog gNi,O was grown by reactive sputtering
under 1.6-mTorr Ar with P, of 0.07 mTorr. Background
pressure was <5 x 1077 Torr and the materials were grown
at an approximate rate of 2.8, 4.2, 1.1, and 2.4 nm/min
respectively for Ta, Pt, Co, and CoggNip,O. EB was set by
a postdeposition field-cooling step from above 60° C (~Néel
temperature for our samples [16]) using a field >1.5 kOe,
which exceeds the saturation field, oriented perpendicular to
the substrate along the substrate-to-sample direction (defined
as +2z).

Space- and time-resolved magnetization reversal was stud-
ied using a wide-field MOKE microscope with an integrated
scanning laser MOKE (~10 um laser spot) for local hysteresis
loop acquisition. The laser (wavelength of 660 nm) was atten-
uated to sufficiently low power (~1 mW) to ensure negligible
temperature rise at the sample [17]. For sequential measure-
ments, a full HL was acquired in 0.3 s, and a wait time of ~ 3 s
at positive remanence was incorporated between each instance
of an HL acquisition. Incorporation of a wait period in the
positive remanence state is important to revert the thermally
activated AFM grain reversal that happens during the part of
the HL. when magnetization is oriented along —z. Thermally

activated AFM grain reversal is a well-known phenomenon
[18-20] that decreases EB, eventually causing sign reversal,
when the FM is magnetized oppositely to the initial EB direc-
tion (+z).

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show, respectively, a spatially aver-
aged out-of-plane hysteresis loop, analogous to those from
typical macroscopic measurements such as vibrating sample
magnetometry (VSM), along with a spatially resolved map
of the local coercivity, Hc, within the same region in S1.
The macroscopic loop is relatively square, with He ~ 1200
Oe and a loop shift Hgg &~ —170 Oe resulting from EB.
The maximum field is limited by the experimental setup, but
we have confirmed that it is sufficient to reach saturation
(see the Appendix). The spatially resolved measurements, ob-
tained by point-by-point HL acquisition [Fig. 1(b)], however,
show substantial heterogeneity, suggesting that the macro-
scopic He and Hgyre mask the underlying reversal processes.
Figure 1(c) shows a higher-resolution Hs map (step size de-
creased to 20 from 100 um) in the vicinity of two local H¢
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FIG. 2. (a) H and (b) Hgg® as a function of cycle number for the bottom nucleation site in Fig. 1(c). (c) HL obtained by averaging over
all cycles. The insets show the stochasticity-driven distribution in the corresponding switching fields, which is the origin of the scatter seen in
(a) and (b). (d) Comparison between the distribution of Hgg° for this site and for 26 nucleation sites measured throughout the entire sample. (e)
Correlation between H'¢ and Hgg® for the ensemble of 26 nucleation sites.

minima, while Fig. 1(d) shows a nested set of wide-field
MOKE images that reveal the origin of the spatially varying
Hc. In the latter, after saturation parallel to Hgg, a 200-ms,
990-Oe reversed-field pulse was used to nucleate domains.
A series of MOKE images was then obtained by applying
field pulses to expand the reverse domains. Evidently, the H¢
minima in Fig. 1(b) correspond to discrete nucleation sites,
and the increase in H¢ with increasing distance from the
nucleation sites arises from the propagation delay of the nu-
cleated domain walls as the reversal field is swept during loop
acquisition. The macroscopic H¢ is hence a complex function
of the spatial distribution of nucleation sites, the distribution
of nucleation fields at those sites, the field-dependent creep
velocity, and the field-sweep rate. It is reasonable to anticipate
a similarly complex relationship between the macroscopic
loop shift (Hgyg) and the underlying EB.

To disentangle this complexity, we characterized nucle-
ation and propagation independently by examining reversal
locally at an ensemble of nucleation sites, and in the region
between nucleation sites, using domain-wall creep as a probe
of local effective fields. Figures 2(a) and 2(b) show H5" and
Hgp®, respectively, from focused MOKE with the laser spot
positioned over an exemplary nucleation site as a function of
cycle number for repeated HL acquisition. The scatter of the
data is random, and we do not see a significant systematic dif-
ference between the first cycle and the nth cycle, except a very
small decrease in Hgg® as the cycling progresses, possibly due
to thermally activated AFM grain reversal that did not fully
revert (refer to Experimental Methods, Sec. II). Figure 2(c)

shows the averaged HL of all cycles, together with distri-
butions of the positive-sweep and negative-sweep switching
fields observed during these ~ 100 single-switching events.
The cycle-to-cycle stochasticity in the nucleation field is what
gives rise to the scatter in Figs. 2(a) and 2(b) leading to a
relatively small variation in the shift field, as seen in Fig. 2(d).
By contrast, the range of the mean shift field measured on 26
distinct nucleation sites spans > 60 Oe. This variation cannot
be accounted for by stochasticity in the switching process
and rather indicates that the exchange-bias field Hg5® in the
vicinity of a nucleation site varies considerably from defect
to defect. Although we cannot identify the nature of the de-
fects nor the underlying origin of the variation in Hgg®, w

can rule out some possibilities by looking at the correlatlon
between HM¢ and Hgg® for the ensemble of 26 nucleation
sites. As shown in Fig. 2(e), there is weak negative correlation
between the two, which may suggest a common contributor
to variations in HZ" and Hgg®. Whatever parameter or combi-
nation of parameters is locally different at the nucleation sites
causes HM and Hgp® to vary in opposite senses. However,
the relative variation from the mean for HZ' is ~ 5 times
smaller than that of Hgg®. Since EB is an interfacial effect
and the perpendicular magnetic anisotropy of our samples is
interfacial as well, we expect both H2"® and Hgg® to vary as
x 1M , tuling out locally varying Mg and/or tg); because that
would cause a proportionate change of the same sense. We
cannot rule out locally varying fapwm, interfacial exchange Jex,
or AFM anisotropy Kapym, and further experiments would be
needed to come to a more informed conclusion. Nevertheless,
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FIG. 3. (a) In(vpw) as a function of H '/ measured near the bottom nucleation site in Fig. 1(c). The solid lines are fits to the data using
Eq. (1) which give HEg? = —169.8 & 1.6 Oe. (b) Hiz" map around the region containing the two nucleation sites in Fig. 1(c) obtained from
DW creep measurements. A reliable vpw cannot be obtained within the initial two nucleated domains and where two DWs meet, shown as

black in the figure.

we can conclude that there is not a single, well-defined Hgg
for nucleation-dominated reversal.

To characterize Hgg away from nucleation sites, we mea-
sured the DW creep velocity for field-driven expansion of
circular domains oriented parallel and antiparallel to Hgg. For
this purpose, the system can be described as a 1D DW in a
2D medium [21,22] where the DW velocity vpw in the creep
regime follows the scaling law [21,23,24],

YDW = Vg XD _ﬂ( Hcrit )1/4 (1)
KT \ |Hefr| ’

where H. is the critical depinning field, E}, is the disorder-
induced barrier height, vy relates to attempt frequency, k is
the Boltzmann constant, 7' is temperature, and H.g is the
effective field [25]. Here, H.sr consists of the applied H, and
the EB field, i.e., Her = H, — HE5", where by convention,
+H, is (anti)parallel to (positive) negative HZp”. The mea-
surements were done for large (radius > 10 um) domains,
minimizing effects of DW tension [22]. Figure 3(a) shows
vpw versus H, for expanding (down) up domains oriented
(anti)parallel to HPp". As expected, Hpp” hinders (assists)
the expansion of down (up) domains. Cofitting the curves in
Fig. 3(a) to Eq. (1) assuming identical vy and Ej(Hei)"/*/kT
yields HE;® = —169.8 £ 1.6 Oe.

To estimate the local variation of H”, we converted a
map of differential DW displacements, acquired by imaging
domain expansion using many short field pulses, to a map of
local vpw taken as the ratio of the differential displacement to
the pulse width. Although in Fig. 3(a), both polarities of field
were used to get the full set of creep data points needed to
fit with Eq. (1), here we only used vpw for expanding down
domains (i.e., DWs driven by —Hy). In this case, since the do-
mains are always expanding into +M regions, measurements
lasting minutes can be performed as thermally activated AFM
grain reversal is not an issue, in contrast to the inverse case of
expanding up domains (i.e., DWs driven by +H7). However,
this lack of data for +Hy forces us to fix vy and Ep(Hy)'*
to the values extracted from the fit to the data in Fig. 3(a).

Figure 3(b) shows the resulting local HEy" map, which sug-
gests that local variations of HE;" away from nucleation sites
are far smaller than the variation of HZ}° amongst individual
nucleation sites. Note that the variation in HZp” in Fig. 3(b) is
an upper limit, since we assumed spatially uniform parameters
v and E,(H.i)'*, so that local variations in vpw are cast
entirely into local variations in HF”.

Since HRY and HE” are generally different, Hynig is spa-
tially inhomogeneous and depends on the distance d from the
nearest nucleation site. As d tends to 0, Hgy; tends toward
HJ%°, whereas one expects that Hyyr should approach HEP
at large d. This is exactly what we find in Fig. 4(a), which
shows Hgye as a function of d measured in the vicinity of
a nucleation site in S2 and in S3. The general shape of the
curves is similar despite different DW creep parameters and
nucleation parameters for the two sites, indicating behavior
that is not specific to a particular sample or nucleation site.
Even when the DW creep parameters are the same, such as
for three different nucleation sites in S2 [Fig. 4(b)], the rate of
approach of Hgy to HE" as d increases seems to depend on
the nucleation parameters HZ" and Hgy°.

To understand this behavior better, we constructed a simple
model that accounts for nucleation and propagation during the
field-sweep process. The model considers a nucleation site at
location d = 0 in a uniformly magnetized film with the system
described using six variables—coercivity of the nucleation
site H"°, EB of the nucleation site Hgg®, sweep rate of the
external field C (in Oe/s), a uniform propagation EB HE;” and
uniform creep parameters vy and Ep(Hoi)'* /kT. Assuming
deterministic nucleation that does not depend on the sweep
rate, we simulate an external field sweep and calculate the
field at which a domain wall reaches a distance d from the
nucleation site. For example, for down-to-up reversal, nucle-
ation occurs when the external field equals H + Hgg. By
convention, Hgy® is negative when it is parallel to +H.. If time
t =1, at the instance of nucleation and assuming the DWs
are driven entirely in the creep regime, we can calculate the
position of the DW at a time ¢ = 1, by integrating Eq. (1) with
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FIG. 4. (a) Experimentally measured Hgys for one exemplary
nucleation site each in S2 and S3 as a function of distance from
the site. The HE* for S2 and S3 is around —120 and —180 Oe,
respectively. (b) Hgyre in S2 as a function of distance from three
different nucleation sites. Solid lines are guides for the eye. The
numbers in the legends refer to Hi"* and Hgy in Oe, respectively.

respect to time,

1/4
d / ; vpwdt / " Vg eXp Es Heri dt
= pwdl = 0 —\ 7o .

3l 151 kT in - H]EZ)]rSOP

2

External field and time are related by the sweep rate via the

relation H, = Ct. Hence, by changing variables we can arrive

at an expression that provides the field Hgyjich, + at which the
DW reaches d, which is the switching field for that location,

Hyyitch,+ E H 1/4
o b crit
d:/ vwexp [—2 [ — ) |1/caH.,
e+ g KT \ |H. — Hig®|

3)
where by definition, H3" 4+ HEE® = Ct; and Hyiich,+ = Cho.
This expression allows one to numerically calculate Hgyiech, +
for each d, given a set of creep and nucleation parameters.
The procedure is repeated for up-to-down reversal to yield
the negative switching field Hgyiich,—. From these two val-
ues, the local coercivity and hysteresis loop shift are defined
as, HC = (stitch.+ - stitch,—)/z and Hshift = (stitch,+ +
Hgyitcn,— )/ 2, respectively.

Figure 5 shows calculated Hgir as a function of d for some
combinations of H and HEy, using Hy,» = —120 Oe, C =
14400 Oels, vy = 1.34 x 10*' m/s, and Ej(Heq)"/*/kT =
306 0e!/*, which are close to the experimentally measured
values for S2. The simulated curves show that the greater

the difference between Hfs' and HER”, the slower Hgnin ap-
proaches HEp" [compare the different curves within each plot
of Figs. 5(a), 5(b), and 5(c)]. Note that for two Hgg® that
are equally higher or lower than HEy", the curves are mirror
images of one another. Moreover, we see that the rate of
approach becomes significantly slower as HZ" is increased
[compare between (a), (b), and (c) in Fig. 5]. All of this
agrees with the experimentally measured data in Fig. 4(b),
and this behavior is explained by considering the effective
field Hesr, pw that drives DW propagation immediately after
nucleation,

Hetr, pw = Howieen — Hig" = (£HM + HEY) — HE. (4

Here, Hgyiten = £HMC + HEE® is the nucleation field for
down-to-up (+4) or up-to-down (—) magnetization reversal.
From Eq. (4), the higher is H:", the higher is He, pw, Te-
sulting in faster vpw and less influence of HZ". In the limit
of infinite H2"°, the DW would reach the measurement spot
instantaneously and Hfy" would have no effect. Figure 5(d)
shows the normalized difference between Hyyr and HEg”,
namely, Hi = (Hgire — Hig")/HER", as a function of nor-
malized distance. The distance is conveniently normalized
based on the approximate velocity of a DW immediately upon
nucleation and the nucleation field. Thus d, a dimensionless
parameter, is defined as

C

voexp (— 5 (fiar) ) Hae

d=d

&)

where C is the sweep rate of the HL. measurement. Plotted in
this way, Hgy;re does not depend on any of the parameters that
appear in Eq. (5), so that most of the curves in Figs. 5(a), 5(b),
and 5(c) overlap, as shown in Fig. 5(d).

We can also quantify the influence of a nucleation site by
defining a critical influence distance d¢ as the d at which Hgp;g
is within 5% of HZp" (i.e., |Hwl| = 5%). dc depends very
sensitively on the creep parameters, as shown in Fig. 5(e),
which plots dc as a function of HEs/HEL™ for different
Ep(Hei)'* /kT values. Thus, depending on the system, the in-
fluence of nucleation sites on Hg,i can vary from nanometers
to millimeters, and given a high enough nucleation density,
even in the case of a large-area macroscopic measurement like
VSM, Hgire can be significantly different from HEZ”, if the
average HES/HELP is sufficiently far away from 1. A more
general way to visualize the influence of nucleation is to plot
the normalized critical influence distance d¢ [Fig. 5(f)], which
depends only on the ratio H2 /HELT .

Another surprising feature of unequal Hpy and HE" is
that HLs can become asymmetric. Figure 6(a) depicts a HL
belonging to the center of the site shown in red points in
Fig. 5(b), where the up-to-down magnetization reversal occurs
over a larger field range than the down-to-up case. To sim-
ulate such HLs, we considered circular regions of a certain
size (10-um diameter in this case) with a single nucleation
site at the center, resembling a MOKE laser centered on a
nucleation site. Then, from the switching fields (Hgwitch + and
Hgyiten,—) calculated as a function of d as described previously,
one can determine the size of the reverse domain at any
given field, and hence the fraction of area switched, x, as a
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FIG. 5. Calculated Hg; as a function of d for H™¢ equal to (a) 840 Oe, (b) 900 Oe, and (c) 960 Oe are shown for a series of HJ;° values.
The two numbers in the legend refer to H2"* and H;° in Oe, respectively. (d) Same data as (a)—(c) plotted with normalized variables (see text).
The curves for different Hj" but same Hgg®, and curves with exactly the same |Hgyir — Hgg°"| overlap. (e) Critical influence distance d¢ as a
function of HEs/ HL", shown for three different Ey(H.;)*/kT values. H ¢ was taken as 900 Oe and other parameters were the same as
(a)—(c). The curves approach and reach zero at Hga'/ HEg® = 1. (f) Same plot as (e) using normalized distance.

function of applied field. The magnetization, then, is propor- and temperature on the degree of asymmetry. What is notable
tional to the expression (41)x + (—1)(1—x). Note that our is that in this regime, the up-to-down transition varies much
model does not consider the Gaussian profile of a typical =~ more strongly than the down-to-up one when the parameters
MOKE laser beam, which would smear out the transitions in are changed. The origin of this asymmetry can be tied to the
the HL. Calculated in this way, the simulations [Figs. 6(b) and difference in the average vpw during the two reversals. For
6(c)] agree with experiments, and also predict a significant the case |HZY| < |H§}r3°p| shown in Fig. 6, it can be seen from
influence of the experimental conditions such as sweep rate Eq. (4) that Her, pw is higher for down-to-up reversal than

(a) (b) (c) (d)
T T T T T T T T T 2 T T T
1 1t 1t . ]
% o m 1+ .l..... g
= = = " o ,ad
) c c .-..AAAA
o > > K 2k
c 0 5 Of _ . or . < Of ~ .
S % 0.05s g 288K AAA._““ g =
L ~ —0.5s — P
& : sot | = ||| = Y
= ——50s 308 K et ¢ 05 ]
P ] 1 ] A} ] + 25
. . . . . . . . . 2 . . .
-1000 0 1000 -1000 0 1000 -1000 0 1000 0.6 1.0 1.4
H, (Ce) H, (Ce) H, (Oe) HL T HE”

FIG. 6. (a) A typical HL of the nucleation site corresponding to the red data points in Fig. 4(b). (b), (c) Simulated HLs of a nucleation
site with H2* = 900 Oe and H}° = —20 Oe, showing the evolution of switching asymmetry as a function of experimental conditions such
as sweep rate (b) and temperature (c). The legend in (b) refers to tyeep = 7200/C. Other parameters for calculations were the same as those
used for Fig. 5. In (c), we do not consider the temperature dependence of any of the parameters—-only the explicit 7 dependence in Eq. (3)
is accounted for. (d) Asymmetry parameter f (see text) as a function of Hfy*/ HE;”. doax Tefers to the radius of the circular region considered
for performing the calculations.
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down-to-up (b) and up-to-down reversal (c). Like Fig. 1(d), white is up magnetization and black (gray) is down magnetization. After an initial
nucleation pulse, (b) shows the extent of the reversed domain after n = 0, 1, and 2 (686-Oe, 700-ms) pulses, and (c) shows the extent of the
reversed domains after n = 1, 3, and 5 (—990-Oe, 500-ms) pulses were applied.

up-to-down, resulting in faster vpw and a sharper transition
in the former case compared to the latter. Hence, the degree
of asymmetry depends on all the parameters that appear in
Eq. (3) but it is much more convenient to normalize the
diameter of the HL acquisition area by Eq. (5). As depicted
in Fig. 6(d), the degree of asymmetry then depends only on
HR /HES® and the normalized diameter, characterized by
dmax. Here, the asymmetry is quantified by the factor f =

log(iZ“"w—?’“’d’“"), where AH denotes the width (in units of
up—to—down

field) of the respective transition.

Finally, more complex interactions between nucleation
sites may arise due to proximity of sites with large differences
in Hgg®. Figure 7(a) depicts a case in which two nucleation
sites with HES¢ significantly higher and lower than HEZ” are
near one another. Due to the dissimilar Hg’, their reversal
fields are staggered such that the high-EB site suppresses the
down-to-up magnetization reversal of the other site [Fig. 7(b)]
and vice versa [Fig. 7(c)]. In between these two sites, the
origin of the propagating DW is different for either side of
the HL, leading to characteristics that would now be an en-
tanglement of two sites in addition to the DW propagation
parameters. The full consequence of such cases remains to be
explored.
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IV. CONCLUSION

We have demonstrated that nucleation and propagation
EB can be disentangled by combining traditional MOKE
measurements with DW dynamics-based measurements. Our
experiments reveal that nucleation sites can have EB that is
significantly different than the propagation EB, and that the
variance in HZy is generally larger than that of HE,”. Exper-
iments and simulations both show that the spatial influence
of nucleation sites generally increases with increasing differ-
ence between HEy and HEZ”, and that an asymmetry in the
magnetization reversal characteristics can arise because of this
difference. Our formalism for the analysis of these features
can be applied beyond our specific system, and we further
show that more complicated behavior may occur in situations
with multiple nearby nucleation sites. Our work sheds light on
phenomena in EB systems that have been studied for a long
time, and the findings can have implications for characterizing
and analyzing any system where two or more materials are
magnetically coupled.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

FIG. 8. (a) HL obtained using a maximum field of approximately 1500 (red), 2500 (blue), and 3500 (black) Oe, with a constant sweep rate.
(b) Distribution of Hj*® and Hg} obtained using different maximum fields (increases from bottom to top).
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APPENDIX: HYSTERESIS LOOPS USING HIGHER FIELDS

HLs for the measurements shown in Figs. 1 and 2 of
the main text were obtained using the highest practical field

for the experimental setup used. An important factor for the
limited fields was the use of a temperature controller for
keeping the temperature stable. Figure 8(a) shows HLs ob-
tained after removing the temperature-controller stage, which
allows higher fields to be reached at the sample (sweep rate
kept constant). There is no discernible effect on the switching
fields when the maximum field is increased beyond the sat-
urating field and the distribution of H{" and Hgg®, shown in
Fig. 8(b), remains the same within experimental error. These
data were obtained from sample S3, which has characteristics
like S1 (used for Fig. 1 to Fig. 3). Sample S1 was inadvertently
altered after the initial experiments, rendering it unsuitable for
follow-up measurements.
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