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Abstract

The nucleation and subsequent growth of the reversed magnetic domain at a finite temperature are stochastic processes,
which are analyzed using an ensemble of magnetic elements. In this study, we investigate the stochastics of magnetization
reversal in multiple trials for the sole magnetic domain. Specifically, we utilize the robust magnetic domain structure formed
in a dual-exchange-biased P/Co/Aw/CrOs/Pt thin film. Our investigation encompasses the latency of reversed domain
nucleation and the subsequent domain wall motion based on time-lapse magnetic domain observations. The time evolution
of the magnetic domain is observed after applying a pulsed magnetic field superimposed on a DC field. Magnetization
reversal is triggered by the nucleation of a small embryo with finite latency, followed by domain wall propagation. The
nucleation probability of the embryo increases exponentially with the DC field, thus indicating that the nucleation process
obeys the Poisson process. An analysis of the relaxation time for nucleation provides a suitable expression for the energy
barrier. The nucleated domain wall propagates with temporal stops, thus indicating creep motion. The temperature
dependence of the relaxation time and domain wall creep motion reveal that the magnetic anisotropy in the
antiferromagnetic layer significantly affect both the energy barrier for nucleation and the depinning potential of domain
wall propagation. This study provides comprehensive understanding into the coercivity mechanism and contributes to the
thermal stability of magnetic/spintronic devices.

* Corresponding author: shiratsuchi@mat.eng.osaka-u. ac.jp.



10

11

12

13

14

15

16

17

18

19

20

21

23

24

25

1. Introduction

Controlling the magnetization direction in nanosized magnets such as thin magnetic layers and magnetic
nanoparticles is a fundamental issue in magnetic materials. This pursuit encompasses the elucidation of the magnetization
reversal process via a magnetic field cycle [1] and/or an electric current [2] as well as the stability of the magnetization
direction against perturbation by a weak field, time, and temperature [3-6]. The hysteresis curve of magnetization as a
function of the magnetic field is one of the most fundamental methods to characterize magnetic properties. In the case of
ferromagnetic (FM) materials, coercivity, which is the magnetic field at which the magnetization becomes zero, is one of
key performance parameter. Despite long history of research on magnetic materials, there is still unresolved problems on
the coercivity mechanism, such as the Brown paradox [ 7]. The switching process relevant to coercivity is typically involved
in the nucleation and growth of reversed magnetic domains, except in specific cases, such as coherent rotation. From an
engineering perspective, nucleation and subsequent domain wall (DW) motion determine the thermal stability, switching
energy, and switching speed of magnetic storage and spintronic devices. Therefore, the nucleation and growth of reversed
magnetic domains must be elucidated.

Because the nucleation of the reversed magnetic domain and DW motion are time-dependent phenomena at a finite
temperature involving the stochastic motion of the magnetic domain [4,8-13]. Hence, various approaches such as
temperature [10], field-sweep-rate dependence of coercivity [8,11], time dependence of magnetization at a constant field
[4,8,9,12,13], and time-lapse magnetic domain observation [4,8] were considered. In most previous studies, an ensemble
of magnetic elements/magnetic domains was analyzed. Although the investigation for the individual and identical magnetic
domain is a direct route to address the stochastics of magnetic domain motion, it has been lacking. This is partly due to the
magnetic domain pattem during trial-by-trial reversal changes [4,14]. Previous studies attempted to extract the signal of an
individual magnetic domain from the total signal [6,15]. In these studies, because the signal was obtained by sweeping the
magnetic field, the individual stochastics of nucleation and subsequent DW propagation could not be distinguished easily.
In this study, we address this issue using a robust magnetic domain structure formed in a dual exchange-biased system [ 16,
17]. Previously, we reported that the magnetic domain pattem in an exchange-biased Pt/Co/Aw/CrO3/Pt thin film formed

by zero-field cooling (ZFC) was robust against the magnetic field cycle [16]. Additionally, we reported that the magnetic
2
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domain pattern can be recovered by removing the magnetic field with finite latency. The robustness of the magnetic domain
pattem relies on a high exchange bias greater than the coercivity [18] and the absence of the training effect [19,20]. The
induced exchange bias is oriented in the direction perpendicular to the film, i.e., the perpendicular exchange bias (PEB) is
associated with the perpendicular magnetic anisotropy (PMA), which is suitable for both findamental research and
applications. Details regarding the PEB using CrO;3 thin films are available in a previous review [21]. Furthermore, the
PEB using CrxOs is versatile, as identified by their switching ability due to the magnetoelectric effect of CrOs3 [22,23],
which involves the electric field control of the stochastic motion of the magnetic domain. In this study, we exploit the
robustness of the remnant magnetic domain pattern and investigate the time evolution of the magnetic domain during the
recovery process. Our approach is based on multiple observations of the sole magnetic domain, which allows us to directly

address the stochastics of the nucleation and subsequent growth of the reversed magnetic domain.

2. Experimental procedures and conditions

A Pt(2 nm)/Co(0.6 nm)/Au(1.0 nm)/Cr03(130 nm)/Pt(20 nm) thin film grown on o-AbO3(0001) substrate was
used as the sample. This stacking structure is similar to that of the previous film, which shows the abovementioned robust
magnetic domain structure owing to the exchange bias [18]. The films were fabricated using a DC magnetron sputtering
system. The details of the sample preparation are available in our previous study [18]. Structural characterization was
performed via in-situ reflection high-energy electron diffraction (RHEED) and X-ray diffraction (XRD). The RHEED
observations were performed using an electron beam accelerated at 25 kV. The XRD measurements were performed using
Cu Ko irradiation. The accelerating voltage and emission current were 45 kV and 200 mA, respectively.

The magnetic properties were investigated based on magnetization curve measurements using a vibrating sample
magnetometer (VSM), superconducting quantum interference device (SQUID) magnetometer, and magneto-optic Kerr
effect (MOKE) magnetometry. A VSM was used to measure the magnetization curve at room temperature for applied
field directions parallel and perpendicular to the film plane. A SQUID magnetometer was used to measure the temperature
dependence of the magnetization. For this measurement, the sample was cooled to 10 K in the presence of a magnetic field

of 2 T applied perpendicularly to the film. At 10 K, the magnetic field was removed, and the remanent magnetization was
3
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measured as a function of temperature when the sample was heated. MOKE measurements were conducted in a polar
configuration, in which the magnetic field was applied perpendicular to the film plane. The sweep time of the magnetic
field for MOKE measurements was 60 mT/s. We investigated the stochastic behavior of the magnetic domain based on
time-lapse magnetic-domain imaging using MOKE microscopy. Time-lapse MOKE microscopy is an established
technique that is widely used for magnetic DW dynamics [4,8,24-27] owing to its short image acquisition time, the
capability of various fieldtemperature sequences, and nondestructive techniques, in contrast to other techniques such as
magnetic force microscopy and Lorentz microscopy. Figure 1 shows a schematic illustration of the MOKE microscope
equipped with DC and pulsed magnets. This setup was equipped with a custom-developed pulse coil. A pulsed magnetic
field was applied with the superimposition of the DC magnetic field Hpc. Hpc was applied using a permanent magnet, and
the DC field strength 16Hpc was varied by changing the distance d between the sample and permanent magnet. The
permanent magnet for the DC field can be removed upon the zero-field cooling. The applied field was perpendicular to the
film plane. Domain images were obtained using a CCD camera with an exposure time of 1/60 s. The observation
temperature varied from 278 to 285 K. The film was cooled in zero magnetic field using a Peltier device, and the

temperature was controlled with the accuracy of +0.2 K using a PID circuit.

3. Results and Discussions
3.1 Structure of fabricated film

The RHEED images of each layer and the XRD profiles are shown in Figs. 2(a)-2(e). In the RHEED images of the
Pt buffer and CrOs layers (Figs. 2(a) and 2(b)), sharp streaks and a Laue zone were observed, thus indicating high
crystalline quality and a flat surface. The diffraction pattermn of the CrOs surface was symmetric with respect to the 00 streak
because twin domains with twin boundaries along [1120]ceos were formed. Spots superimposed by the weak ring
pattem were observed in the RHEED images of the Au, Co, and Pt capping layers. (Figs. 2(c)-2(e)) The spot pattern
indicates the epitaxial growth of every layer, whereas the ring indicates that some layers were partially polycrystalline. In
the XRD profile shown in Fig. 2(f), diffraction peaks assigned to Pt 111/CrO3 0006 and Pt 222/Cr,O3 00012 were observed.

Diffractions from Pt(111) and CrOs(0006) could not be distinguished easily because their lattice spacings were extremely
4



10

11

12

13

14

15

16

17

18

19

20

21

23

24

25

similar. Laue oscillations were observed around the Pt 111/CrOs 0006 diffraction peaks (inset of Fig. 2(f)). The coherence

length estimated from the oscillation period corresponded to the thickness of the Pt buffer layer.

3.2 Time evolution of magnetic domain pattem

Figure 3(a) shows the magnetization curve measured using the VSM at room temperature (~298 K). Rectangular
and S-shaped loops were observed in directions perpendicular and parallel to the film plane, respectively, thus indicating
that the film exhibited PMA. The effective uniaxial magnetic anisotropy energy density Kerwas 2.3 x 10° J/m?, which is
lower than the typical value for a Co/Pt multilayer [28] owing of the abovementioned partially polycrystalline nature. The
inset of Fig, 3(a) shows the temperature dependence of the remnant magnetization. Although the Co layer was extremely
thin (i.e., 0.6 nm), the Curie temperature was sufficiently higher than 300 K. Additionally, the film indicated a PEB below
284 K. A typical exchange-biased MOKE loop after field cooling is shown in Fig. 3(b). The MOKE loop showed a gentle
slope around the coercivity, thus indicating the presence of a coercivity distribution. The coercivity distribution was regarded
as the error of zoHc. The definition of the average value toHc and width AzoHc are shown in in Fig. 3(b). The loop shifted
in the positive direction owing to the negative cooling field. The exchange bias field, z0HEx, exceeded the coercivity and
LoHc. Meanwhile, 1oHexand (oHc were deduced as (toHcr + toHc)/2 and (oHe - toHc2) 2, respectively. The definitions
of toHc1 and toHc> are presented in Fig. 3(b).

Figure 3(c) shows plots of zoHc1 and toHe» as functions of temperature. As shown, toHc1 decreased monotonically
with increasing temperature; meanwhile. zoHc> showed a similar temperature dependence up to 280 K and began to
exhibit an anomaly at 281 K. zoHc» increased rapidly at approximately 281.5 K and stabilized above 284 K. Figure 3(d)
shows the temperature dependences of oHexand roHc, as defined above. toHrx decreased gradually as the temperature
increased up to 281 K, whereas zoHc remained almost stable in this temperature regime. zoHex decreased rapidly at
approximately 281. 5 K, which is associated with the peak of toHc, as observed in various exchange-biased systems [29-
31].

By employing the ZFC to maintain the demagnetized state, the MOKE loop indicated a double-shifted loop, i.c., a

dual PEB [16,21]. To form the dual-exchange-biased state, the sample was demagnetized using a decayed magnetic field
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cycle at room temperature. Figure 4(a) shows a typical MOKE loop that exhibits a dual PEB. This finding agrees well with
results of previous studies pertaining to films with similar stacking structures [16, 32]. The exchange-bias polarity was
determined for each magnetic domain based on our previous study [32]. A time-lapse magnetic domain pattem was
observed in the sole magnetic domain, which indicates a PEB. The time-dependent magnetic-field sequence is shown in
Fig. 4(b). A pulsed magnetic field combined with a finite DC magnetic field was applied. The typical pulse shape is shown
in Fig. 4(c). The pulse amplitude oHys exceeded 48 mT. The pulse width was set to 1/60 s, which is same as the exposure
time of the CCD camera of the MOKE microscope. The field path along the dual-exchange-biased loop is shown in Fig,
4(a). Figure 4(d) shows the corresponding energy diagram at each point in the perpendicular exchange-biased regime. In
the following section, we focus on the magnetization state in the perpendicular exchange-biased regime. Beginning from
State A, where the magnetization decreased, a positive pulsed field was applied. The combination of zoHs and zoHpc was
sufficiently high to saturate the magnetization (State B). After removing the pulse field, only tofpc remained, and the
magnetic state changed to State C. Because this state was metastable, the magnetization was relaxed by thermal activation
(dotted green line in Figs. 4(a) and 4(d)). To enable this scenario, oHpc was set between tofex and LoHco. The value of
LoHpc was varied from 6.0 and 19 mT depending on the measured temperature. The employed oHpc condition at each
temperature are indicated by the black bars in Fig. 2(c). The magnetic domain pattem was recorded during the field
sequence with an acquisition time interval of 1/60 s, and =0 was defined as the time at which the pulse field was removed
(Fig. 4(b)). Observations under the same DC field conditions were repeated typically 100 times. The magnetization of the
negative-exchange-biased regime remained energetically stable along the field path above. Therefore, they were neither
included in our investigation nor considered in the analysis.

Figure 5 shows the example of snapshots of the time-lapse magnetic domain observations. A triangular magnetic
domain (dark gray region) was observed before a field was applied (State A in Fig. 4(a)). The angle &in the triangular
domain shown in Fig. 5(a) was ~60°, thus indicating that the edge direction of the triangle matched the crystallographic
orientation of the film. In our case, the edge direction was parallel to [1120] of the Cr03(0001) layer, which should be
along the twin boundary. When a pulsed field was applied, the magnetic domain vanished due to saturation (Fig. 5(b)) (see

State B in Fig. 4(a)). Immediately after the pulsed field was removed (State C in Fig. 4(a)), the saturated state was
6
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maintained because toHpc was below the inherent switching field. At this point, the magnetization state was metastable, as
shown in the energy diagram of State C (Fig. 4(d)). The metastable magnetization relaxed within a finite relaxation time z
The relaxation manifested as the latency of the reversed magnetic domain nucleation. After a finite latency time #, the
reversed magnetic domain nucleated at the top comer of the triangle (Fig. 5(c)). The #. value was not constant because of
the stochastic process, as shown in the supplementary movies. Nucleation occurred at the site (see the supplementary
movies) where the exchange stiffness and/or effective magnetic anisotropy energy decreased, which is associated with the
local frustration of the spin structure, the distribution of the demagnetizing field, and structural defects. In more than 90%
of the trials, nucleation occurred in the same comer. Nucleation was not observed in the interior of the triangle. The nucleated
magnetic domain expanded, thus indicating DW propagation (Figs. 5(d) and 5(e)). The DW preferentially propagated
along the [1100] direction of the Cr203(0001) layer, as indicated by the blue arrow in Fig. 5(¢). The DW propagated
intermittently, thus suggesting creep motion. The DW edge shape in the propagation direction was rough, which is
consistent with the creep motion of the DW [33]. Finally, the initial magnetic state, 1.., the triangular magnetic domain,
recovered (Fig. 5(f)). The finite #. and creep motion of the DW explicitly indicated that thermal activation significantly
affected the recovery of the initial domain pattern. We confirmed that the same recovery process occurred in every toHpc.
We could not capture the latency of the reversed domain nucleation above 282 K because #. became shorter than the
acquisition time. Therefore, we were able to evaluate only the DW propagation above 282 K. During the observations, no

change was observed outside the triangle, e.g., the negative exchange-biased area, as mentioned above.

3.3 Stochastics of reversed domain nucleation

Figures 6(a)-6(c) show the examples of the #_ distribution obtained at 278 K via typically 100 attempts for each
LoHpc. At toHpe = 16.7 mT, the distribution was sharp and #_ indicated a maximum value at approximately 0.03 s. As
LoHpc increased, the distribution broadened and the #_ for the maximum probability increased, i.e.,: ~0.3 s for toHpc=17.6
mT (Fig. 6(b)) and ~3 s for zoHpc = 19.0 mT (Fig. 6(c)). Figure 6(d) shows the time required for the cumulative number
of nucleation events to occur. The increase in toHpc, with the DC field being distant from the switching field (see Fig. 4(a)),

resulted in a decrease in the driving force for magnetization reversal and consequently increased the time to the occurrence
7
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of an event. Independent of the cumulative number of events, e.g., 15 and 50, the time for an event to occur exponentially
increased with zoHpc. If the nucleation event is a stochastic phenomenon, then the nucleation event is a memoryless
property; in this case, the Poisson process govemns the event. In the Poisson process, the event interval obeys the exponential
distribution. The exponential increase in the time-to-event allows us to assume the Poisson process to describe the
stochastics of the nucleation event. Considering a Poisson process with rate A, the probability of the first Poisson event to

occur until time # can be expressed using a gamma distribution with a probability density function [12].
P = At exp(—At) )
Equation (1) reproduces the #_distribution well, as indicated by the solid lines in Figs. 6(a)-6(c). The #_ distribution provides

the relaxation time of the magnetization zas 1/4. The Poisson process follows the Arthenius law for 1/4[34].

1

1 (AE) 5
T_A—roexp T @

where s the attempted reversal time, ks the Boltzmann constant (1.38 x 107 J/K), and T'the absolute temperature. AE is
the energy barrier for the magnetization reversal, and o is fixed at 1 ns as a typical value. The 7values were obtained using
the A values obtained by fitting the histogram of #_ for each measurement condition. Figure 7 shows the change in 7with
LoHpc, 1.e., Tincreased monotonically with zoHpc. The 7oHpc relationship is relevant to the changes in AE as a function
of 1oHpc, which has been a long-standing issue. In the following section, we discuss AE and the relevant parameters.

The free energy when the reversed domain is nucleated is expressed as [ 11]

E = Lty — Stu,HMj, 3)
where L and S are the DW length and the area of the nucleated domain, respectively; # is the thickness; Ms is the saturation
magnetization; and yis the DW energy density. By denoting 7 as the length relevant to the nucleated domain size, L and S
are proportional to 7 and 7, respectively. Because the valid expression of AE is nontrivial, we discuss two types of
expressions for AE. When AF is regarded as the energy barrier for nucleation of the reversed domain, the following

expression is widely used [35-38]:

HoH )n

Uotlg

AE = E(r) — E(0) = E, (1 — @

Ej is the barrier height required to nucleate the reversed domain; Ho is the intrinsic magnetization reversal field without
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thermal agitation; and 7 is an exponent whose value ranges from 1 to 2 depending on the magnetization reversal process,
and n=2 was derived for the coherent rotation. Vireis et al discussed the nucleation conditions for a diamond-shaped island
[15]. They showed that 7 might be 1 when the nucleated domain size is much smaller than the island size to be reversed,
and when the DW pinning energy is weak such that the DW does not bend under the application of an extemal field.
Furthermore, they expected a nonlinear AE—H relationship at extremely high energy barriers above 400 ksT. Because
magnetization relaxation cannot occur within an experimentally accessible timescale for such a high AE, we can reasonably
assume 7 = 1. In this analysis, H in Eq. (3) was replaced by H—Hrxto consider exchange bias, where Hex denotes the
exchange bias field without thermal agitation, and the £oHrx value used in the analysis differs from the value shown in Fig,
3(c). To avoid the discrepancy, we evaluated the Hrx-independent parameters, i.e., Fo/toHo and toHex - toHo. Figures 8(a)
and 8(b) show the temperature dependences of Ev/toHo and roHex - toHo, respectively. The nucleation volume ¥, can be

extrapolated using AE [39]:

V;IZ_OMOH/MS ®)

Mz s the saturation magnetization [A/m] of the embryo. Using eq. (4) with n= 1, V/;, can be expressed as

Ey
HoHo

Vv, = /M ©)

Thus, Eo/toHo (= VM) [J/T] denotes the number of magnetic moments in the embryo. In the case of the simple FM layer,
Ms can be determined by the material parameter, e.g. 1410 kA/m for pure Co. However, in our case, the precise
determination of the Ms value is nontrivial due to the spin-polarization of adjacent heavy metal layers, Pt and Au, and the
uncompensated AFM moments coupled with the FM moments. Based on the hypothesis that the reverse magnetic
moment fully relies on Co, the embryo size is calculated as 70100 nm in diameter, which is one order of magnitude higher
than that reported for Co/Pt nanodots [28]. Because the embryo size should be comparable to the DW width [28], the
anticipated large embryo size is attributable to the low Kefrof our film, which would increase the DW width. (oHrx - toHo
is relevant to the switching field in the descending branch of the magnetization curve, e.g., toHc> without thermal agitation.
As shown in Fig. 8(b), toHrx - toHo and toHc> showed similar temperature dependences, although toHc> was higher than

LoHEx — 1oHo because of thermal agitation.
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To compare the AE with those of other systems [ 15,40,41], we evaluated £o and Ho by assuming the zoHex value from
the MOKE loop. As mentioned above, the apparent 1oHex value measured using MOKE magnetometry differed from
the inherent £0Hrex value. The uncertainty of the zoHrx value was regarded as the error of zoHrx (see Fig. 3(d)). The insets
of Fig. 8(a) show the plot of Ey as a function of temperature. £o was 1.440.6 eV at 278 K and decreased monotonically to
approximately 0.840.3 eV at 281 K. Because the Curie temperature of the FM layer (P/Co/Au layer) was sufficiently
higher than the measurement temperature regime, as confirmed from the A/~T curve (inset of Fig. 3(a)), the temperature-
dependent Eo suggests that the magnetic anisotropy energy density of the AFM layer significantly affects Fo.

The temperature dependence of toHo is shown in the inset of Fig. 8(b). The goHc value was higher than (oHc (=
(toHc1 — toHc2)2 (see Fig. 3(d)), as determined via MOKE measurements. £oHo increased with temperature, as was the
case for zoHc. Because the enhancement in zofHc near 7 can be attributed to the fluctuating spin structure in the AFM
layer [29-31,42], the similar temperature dependences toHo and toHc suggest that the AFM spin fluctuation inherently
enhances the switching field.

Next, we compare the deduced Eo and goHo values with those of other systems. Table I summarizes the Eo, toHo and
Ko values for some systems. The £y value for our evaluation was lower than that of Co(0.9 nm)/Pt2 nm) multilayer
nanodots [40] and similar to that of Co(0.3 nm)/Pt(0.3 nm) multilayer nanodots [15]. The Eo values appeared to correlate
with K This is reasonable because £ is hypothetically proportional to KoV (V: volume of the embryo), as originally
derived from the Stoner—Wohlfarth model [35]. A positive correlation between £y and Ko has been reported for Co/Pt
multilayer nanodots [28], which is consistent with the prediction above. The CogoPto nanodots showed high £y and t0Ho
values despite the moderate Ko [41]. This is attributed to the difference in the switching modes. The switching mode for
the Co/Pt multilayer nanodots was the nucleation of the embryo and rapid growth [40], whereas the CogoPto nanodots
showed coherent rotation [41]. A similar trend was observed for toHo, which is consistent with the positive correlation
between Eo and toHo [6].

An alterative expression for AE can be derived from the droplet model [11,43,44], i.e.,

11
AE = E(ry) —E(r) = n <.UO_H - HO), %)

10
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where 77denotes a constant related to the DW depinning force; 7 is the droplet radius at which yshows the highest gradient
with respect to ; where 0y/0r is maximum at 7v; and Ho is the highest depinning field of the DW propagation. Based on the
hypothesis of using the mean toHrx shown in Fig. 2(c), toHo falls into the negative oHo value (not shown), thus indicating
that the energy barrier does not decrease to zero, which is unrealistic. This discrepancy is owing to the difference in the
reversal mechanism of the droplet model. Equation (7) was derived based on the DW propagation after nucleation, and Ho
denotes the deepening field of the DW propagation. The rvalue used in the analysis is the latency time, e.g., the nucleation

event of the embryo.

3.4 Creep motion of DW

We further investigated the effect of the AFM layer on the switching behavior based on the DW velocity v. As
mentioned above, the MOKE observations suggest the creep motion of the DW. Based on the time evolution of the
magnetic domain pattern, we analyzed v for each toHpc. Figure 9(a) shows the change in v with zoHpc, where vis typically
less than 1.5 mmys. For each measurement temperature, v decreased as oHpc decreased i.¢., being apart from oHo (or
LoH). v—oHpc was monotonic, except at 283 K, and appeared to be nonlinear. As the temperature increased, the change
in v becomes gentle. At 283 K, which is approximately 73, v indicated a large dispersion. We analyzed the v—oHpc
relationship based on the creep motion of the DW. In the creep regime, v is proportional to ' [33,45]. Combining this

with the exchange bias field, the v for the exchange-biased film can be expressed as

— UC( HoHcrit )1/4 ®)

vV = vy ex
0 ExP kgT \uoH — uoHex

Here, w is the perfector, Uc the pinning potential, and Hei the switching field. Figure 9(b) shows a plot of v as a function of
(toHpe- toHex) ™, For the analysis, we assumed experimentally obtained £0Hex (Fig. 3(c)) values. Except at 283 K, the
plots exhibited a linear relationship, thus supporting the DW motion expressed in Eq. (8). At 283 K, vwas highly dispersed,
and the linear relationship disappeared. As shown in Fig. 3(c), 283 K is approximately 7 and the coercivity shows a
significant enhancement. As discussed previously, the AFM spin structure fluctuated significantly at this temperature. The

fluctuating AFM spin structure may be highly disturbed by the external magnetic field, as manifested by the divergence of
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magnetic susceptibility at 7x [46], which would yield a nonuniform Ut.

Figure 10 shows the temperature dependence of Uc(toHei)". Below 281 K, Uc(toHei)" was 0.50-0.63 eV T
and temperature independent. Above 283 K, Uc(toHai)" decreased to 0.063-031 eV-T". Based on the hypothesis that
LoHi corresponds to toHc>, Uc in a temperature unit was deduced as 2000025000 K below 281 K and 2000-8000 K
above 283 K. Compared with the temperature dependence of toHrx shown in Fig. 3(d), the Uc value increased at 7g,
whereas it was temperature independent in each temperature regime, e.g., below and above 7g. In the case of FM layers
without an AFM layer, such as Pt/Co/Pt [47,48] and Aw/Co/Au [49] films, Uc was almost independent of temperature.

Hence, the increase in Uc(1oHai)" indicates that AFM ordering enhances the depinning potential of DW propagation.

4. Summary

We investigated the stochastics of reversed magnetic domain nucleation using individual magnetic domains to
eliminate the energy barrier distribution, which is difficult in magnetization measurements for large magnetic entities. In
particular, we exploited the robust magnetic domain structure in a dual perpendicular exchange-biased system, i.e., the
Pt/Co/ Au/CrO3/Pt film. Time-lapse magnetic domain observations captured the recovery process of the magnetic domain
pattem after a pulsed magnetic field was applied. The recovery process included the nucleation of the reversed domain and
subsequent DW creep. The reversed domain nucleated after a finite latency, which indicated that nucleation involved a
stochastic event with thermal activation. Multiple trials revealed that the Poisson process accurately described the nucleation
stochastics. The relaxation time for the nucleation event 7 increased with the constant DC magnetic field. The DC-field
dependence of Twas analyzed using two types of energy-barrier functions. The estimated parameters, £ and 77, which are
both relevant to the DW energy, decreased monotonically as temperature increased. The intrinsic magnetization reversal
field Hy evaluated from the nucleation model showed a similar temperature dependence of the coercivity, which suggested
the significant contribution of the AFM spin fluctuation near 75. However, Ho became negative near 75, thus suggesting
that the droplet model was inappropriate for describing the switching event.

The DW propagation was dominated by the creep mechanism. The analysis of DW creep revealed that the pinning

potentials of DW and Uc increased at 7. Below and above T, Uc was almost independent of temperature. Near 75, the
12
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magnetic field dependence of the DW velocity was highly dispersed, which was related to the AFM spin fluctuation. Hence,
AFM ordering significantly affected the pinning potential of DW creep and the nucleation of the reversed domain. This
study provides comprehensive understanding into the coercivity mechanism and magnetization reversal in perpendicular

exchange-biased systems and contributes to the thermal stability of magnetic/spintronic devices.

Supplementary movies
Movie created using time-lapse images of magnetic domain evolution. The observation conditions were as follows: toHpc

=190mTand 7=278 K.
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Figure captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Schematic illustration of MOKE microscope setup with sample cooling system using Peltier device,
pulse coil, and permanent magnet for LoHpc. Strength of toHpc was varied by changing the distance
dbetween the sample and permanent magnet surface.

RHEED images for (a) Pt buffer layer, (b) Cr2Os, (¢) Au, (d) Co, and (e) Pt capping layer. Electron
azimuth is [1120] of o-ALO3(0001) substrate. (f) 28w XRD profile. * represents diffraction peaks
from substrate. Inset shows enlarged image around 24 «=40°

(a) Magnetization curves measured at room temperature (~296 K). Red and black curves represent
curve for applied field direction perpendicular and parallel to film plane, respectively. Inset of (a)
shows temperature dependence of remanent magnetization. (b) Typical MOKE loop exhibiting
exchange bias after field cooling. Curve shown in (b) was measured at 278 K after field cooling. In
(b), the definition and anticipated range of toHc1 and roHc> are shown. (c) Temperature dependence
of toHc1 (open square, orange) and toHc> (open circle, green). Black bars represent toHpc range
applied in time-lapse domain observation (see Fig. 1). (d) Temperature dependence of toHex (red
circle) and toHc (blue circle).

(2) Typical MOKE loop exhibiting dual exchange bias after zero-field cooling measured at 278 K. In
(a), the field sequence for time-lapse domain observations and the corresponding magnetic states are
shown. (b) Time sequence of applied magnetic field. Pulse magnetic field was applied superimposed
with DC field. (c) Typical pulse field shape as a function of time. Pulse height exceeded 48 mT and is
typically 50 mT. (d) Energy diagram at magnetic states A, B and C for magnetization in the positive
exchange-biased region. Black dots and thick blue arrows represent hypothetical magnetization
direction at each state. In metastable state C, the magnetization can relax within the relaxation time 7
via thermal activation (broken green arrow).

Images of magnetic domain pattem: () Initial state, i.e., before applying pulse; (b) saturated state
immediately after applying o, (¢) Nucleated state after finite latency, (d), () DW propagation and
(f) final state, which is a perfectly recovered state and exhibits the same pattem as shown in (a). In (a)
and (e), the crystallographic orientations of CrOs layer are shown. Images shown are based on 7=
278 K and oHpc=19.0mT.
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Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Example of #. distribution obtained at zoHpc of (a) 16.7 mT, (b) 17.6 mT, and (c) 19.0 mT. All
histograms shown were obtained at the observation temperature of 278 K. Red curves show results
fitted using Eq. (1) with the amplitude factor. The time interval of histogram was adjusted for the easy
comparison. (d) Changes in #_ at which the cumulative numbers of events are 15 and 50 for every
measurement temperature. Lines represent results fitted using exponential function.

LoHpc dependence of 7. Black, red, blue, and green dots represent data measured at 278,279, 280 and
281 K, respectively. Lines represent results fitted using Eq. (2).

Temperature dependence of (a) Eo/oHo and (b) oHex - toHo. In (b), toHcz deduced from Fig. 2(c)
is plotted using open squares. Insets of (a) and (b) represent temperature dependence of £o and toHo,

respectively, based on an assumed toHEx value (see text).

(@) toHpc dependence of DW velocity v for every measurement temperature. (b) v as a function of
[LoHbc - toHex™. Lines in (b) represent results fitted using Eq. (6).

Temperature dependence of U toHai)*. Dotted gray line provide visual guidance.
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Table 1
Comparison of Eo, toHo, and K. For the case at room temperature (r.t.), 7= 300 K was
assumed to deduce Ep.

Eo toHo Kese T Ref.
Co(0.3)/P1(0.3) 1.74 eV 67 mT 0.38 MJ/m? 300 K 15
nanodot
Co(0.9)/Pt(2) 5.6 eV 500 mT 2.0 MJ/m? rt. 39
nanodot
CosPt20(20) 17-21eV 600 — 800 mT 1.2 MJ/m3 rt. 40
nanodot
Pt(2)/Co(0.6)/Au(1.0) - - 0.23 MJ/m? - This
ICra05(130)/Pt(20) 0.77-139eV 28 -35mT art. 278-281K
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