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The optical control of magnetism offers an attractive possibility to manipulate small magnetic domains for
prospective memory devices on ultrashort time scales. Here, we report on the local deterministic transformation
of the magnetic domain pattern from stripes to bubbles in out-of-plane magnetized Co/Pt multilayers controlled
only by the helicity of ultrashort laser pulses. Relying on the experimentally determined average size of stripe
domains and the magnetic layer thickness, we calculate the temperature and characteristic fields at which the
stripe-bubble transformation occurs. Furthermore, we demonstrate that in the narrow range of the laser power,

the helicity induces a drag on domain walls.

DOLI: 10.1103/PhysRevB.102.174412

I. INTRODUCTION

Due to potential applications in magnetic data storage, (ul-
trafast) optical control of magnetism emerged as a promising
technique for the deterministic manipulation of magnetization
dynamics and magnetic domain patterns [1-5]. The pos-
sibility to reverse the magnetization as a function of the
helicity of laser pulses is referred to as all-optical helicity-
dependent switching (AO-HDS). Magnetic switching by
AO-HDS occurs in many materials from ferrimagnetic rare-
earth/transition metal alloys [6,7] to ferromagnetic thin films
[6,8-10]. Despite active research in the field of all-optical
manipulation of magnetism [6,11-14], questions related to
the influence of laser pulses on magnetic domain patterns
in out-of-plane magnetized ferromagnetic thin film remain
undercovered.

Stripe and bubble domains are observed in many magnetic
material systems with perpendicular anisotropy, such as ferro-
magnets [15-17] and ferrimagnets [18]. In static experiments,
the transition between two states can be driven as a func-
tion of temperature and/or external magnetic field [15,17,19].
However, up to now there are no reports on the deterministic
transition from stripe to bubble domains in dynamic experi-
ments relying on all-optical switching.

Here, we report localized all-optical helicity dependent
transformation of stripe into bubble domains, in out-of-plane
magnetized Co/Pt multilayer stacks. Within a narrow range
of magnetic bias fields, the illumination by ultrafast pulses
of circularly polarized laser light results in a purely helic-
ity dependent and reversible transition between stripe and
bubble domain patterns. Photoemission electron microscopy
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(PEEM) is used for direct imaging of the magnetic domains,
exploiting the x-ray magnetic circular dichroism (XMCD) as
the magnetic contrast mechanism. We identify two crucial
parameters to achieve the deterministic transition between
stripe and bubble domains, namely the laser fluence and the
strength of an out-of-plane oriented magnetic bias field. We
apply the phenomenological bubble theory to describe the
evolution of the domain state in magnetic materials with per-
pendicular magnetic anisotropy exposed to an out-of-plane
magnetic field. By knowing micromagnetic parameters of the
sample and relying on the experimentally determined average
width of a stripe near the stripe saturation field, we estimate
the magnetic field equivalent to the laser helicity, as well as
the temperature range at which the stripe-bubble transition
occurs.

The structure of this paper is as follows. In Sec. II
we describe the fabrication and initial characterization of
the samples using x-ray-absorption spectroscopy (XAS) and
Kerr microscopy. Furthermore, we present the methodology
together with the experimental setup used to study the laser-
induced magnetization control of domain patterns. In Sec. III,
we assess the transformation of magnetic domains as a func-
tion of laser helicity and discuss in detail the mechanism
behind the stripe-bubble transition. Finally, Sec. IV provides
a general conclusion drawn from our experiments. Appendix
gives a detailed explanation of derivations used to calculate
the characteristic fields and sizes of domains.

II. EXPERIMENTAL DETAILS

Magnetic layer stacks consisting of
Pt(5 nm)/[Co (0.4 nm)/Pt (0.7 nm)] x 5/Pt (2nm)  have
been grown on MgO substrates using magnetron sputtering
at room temperature (base pressure of 5 x 1078 mbar); Ar

©2020 American Physical Society
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FIG. 1. (a) Magnetic hysteresis loop measured in out-of-plane
and in-plane magnetic fields. The square shape of the loop measured
in the out-of-plane field with high remanent magnetization suggests
that the sample has out-of-plane easy axis of magnetization. (b)—(d)
Series of Kerr microscopy images revealing the evolution of the
magnetic domain pattern when the sample is exposed to out-of-plane
magnetic field of different strength. Black and white color represent
two antiparallel out-of-plane magnetic orientations.

is used as a sputter gas at a pressure of 2 x 1073 mbar;
deposition rate 0.5 A/s. Integral magnetic properties are
characterized using a Tensormeter setup [20-22] by means
of anomalous Hall effect measurements. The characteristic
shape of the hysteresis loops measured in out-of-plane and
in-plane magnetic fields [Fig. 1(a)] confirms the out-of-plane
easy axis of magnetization.

The evolution of magnetic domain patterns as a function
of the applied magnetic field along the easy axis direction
is analyzed using a magneto-optical Kerr microscope (Evico
Magnetics) [Figs. 1(b)-1(d)]. It is found that small bubbles
appear when the magnetically saturated sample is exposed
to a reverse magnetic field [Fig. 1(b)]. These bubbles act as
nucleation spots branching into labyrinth domains. With the
increasing magnetic field, domains change their shape and
grow in size [Fig. 1(c)], eventually leaving only islands of
remaining domains [white circular domains in Fig. 1(d)]. The
position of nucleation points is arbitrary and changes in each
magnetization cycle.

AO-HDS experiments are performed at the photoemis-
sion electron microscope (SPEEM at UE49PGMa beamline)
at BESSY II synchrotron facility at the Helmholtz-Zentrum
Berlin [23]. Figure 2(a) shows a sketch of the experimental
setup. A Femtolasers Scientific XL Ti:Sa-laser (central wave-
length 800 nm; pulse duration 80 fs) is used as an optical
pulsing source. A pulse picker placed after the laser output
allows setting the repetition rate from 2.5 MHz down to a
single pulse. In these experiments, we apply pulse trains of
circularly polarized laser pulses at the repetition rate of 1.25
MHz. Assuming Gaussian laser spot, all fluences given in
this paper refer to the peak fluence at the center of the laser
spot. The circular polarization is established by a quarter-wave
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FIG. 2. (a) Apparatus scheme and sample layout. (b) X-ray-
absorption spectrum of Co contains a single sharp peak at 777.5 eV
confirming that the magnetic layer stack is not oxidized.

plate directly in front of the vacuum port of the PEEM UHV
chamber.

The sample is mounted on a sample holder with integrated
laser optics and temperature control [24]. This sample holder
features a small mirror and lens focusing the laser light normal
to the backside of the sample at a spot size of about 3 um. The
out-of-plane magnetic bias field is generated by a solenoid,
6 mm in diameter, centered around the investigated area and
mounted in a notch at the surface of the sample holder.

The sample surface is illuminated by the x-ray beam in-
cident at a grazing angle of 16°. The photoemission electron
microscope images the lateral photoelectron distribution at the
sample surface with a spatial resolution of 30 nm [23].

The magnetic contrast in XMCD-PEEM, is calculated
from a series of PEEM images recorded for left and right
circularly polarized x-rays (c— and c+) at Co L3 (777.5 eV)
absorption edge: XMCD = % [25]. The Co L, and L3
x-ray-absorption spectrum shows no indication of oxidation
[Fig. 2(b)].

III. RESULTS AND DISCUSSION
A. All-optical helicity-dependent switching

Initially the sample is uniformly magnetized in an out-of-
plane magnetic field. After applying a laser pulse train of
6.6 mJ/cm?, the uniform magnetization within the field of
view transforms into stripe domains.

To investigate the presence and onset of AO-HDS, we
analyze XMCD images recorded during the excitation with
opposite laser helicities (Fig. 3). The laser fluence is increased
stepwise from 2.3 to 5.3 mJ /cm?. At a fluence of 3.4 mJ/cm?,
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FIG. 3. (a)—(d) XMCD images showing helicity dependent domain-wall motion at different laser fluence. The intensity of the XMCD signal
is proportional to the projection of the magnetization M along the x-ray beam direction k. Color scale represents two antiparallel out-of-plane
orientations of magnetization (red and blue). Domain wall, a nonmagnetic state or an orthogonal magnetic orientation to the x-rays is color
coded with white. The laser pulse repetition rate is 1.25 MHz; (e), (f) Average difference between PEEM images (acquired with fixed x-ray
polarization) recorded with laser light of opposite helicities. (g), (h) Schematic showing the laser profile and the AO-HDS process.

the change of the laser helicity results in a drag on the do-
main walls indicating the onset of the AO-HDS process at
this fluence. This effect is shown in Figs. 3(a) (for o+) and
3(c) (for o—) at a laser fluence of 3.9 mJ/cm?, where one
magnetic domain orientation grows at expense of the other
one, with the opposite orientation, in the center of the laser
spot. A local demagnetization process occurs at the fluence
of 4.9 mJ/cm?. The demagnetized area is observed in the
center of the laser spot and grows with the increase of the
laser fluence (images in Figs. 3(b) and 3(d) are taken for laser
fluence of 5.3 mJ/cm?).

The magnetic images in Figs. 3(e) and 3(f) are recorded by
alternating the laser helicity at a fixed x-ray helicity. There-
fore, the displayed magnetic contrast arises only from the
magnetization switching as a function of the laser helicity.
Both images clearly show regions in which the local mag-
netization switches as a function of the laser helicity. The
extension of the region reveals that the AO-HDS depends on
the laser fluence within the Gaussian laser spot. In Figs. 3(g)
and 3(h), a schematic of the laser profile is presented. At low
laser fluence, the AO-HDS region appears in the center of
the laser spot [Fig. 3(g)]. At higher laser fluences, the sample
becomes demagnetized in the inner part of the laser spot due
to the excessive laser power. Therefore, the AO-HDS region
becomes ring-shaped, indicating a threshold behavior (Fig.
3(h)). Schematic in Fig 3(g)—(h) is presented relative to the
critical (thermal demagnetization) temperature. This threshold
behavior is explained in detail by Arora et al. [14] and has
been also observed in a study by Alebrand et al. [26]. It has
been shown that AO-HDS switching appears between two
threshold fluences: The lower threshold fluence describes the

transition from no switching to all-optical switching, while
the upper threshold fluence separates the all-optical switching
range from the thermal demagnetization range. The minimum
fluence for AO-HDS to occur decreases with increasing the
laser repetition rate due to accumulated heat.

The origin of helicity dependent switching is still under
debate. In combination with the heat arising from the laser
pulses, there are two most probable phenomena considered
to cause deterministic AO-HDS: inverse Faraday effect (IFE)
[11,27] and magnetic circular dichroism (MCD) [28]. Clari-
fying on which of the two effects is dominant in our system is
out of the scope of this study.

B. Stripe-bubble transition

In the second set of experiments, we investigate the stripe-
bubble transition as a function of the laser helicity and
magnetic field. Since the AO-HDS is achieved only in a nar-
row window of the laser fluence [26], instead of moving the
laser spot, we sweep the laser fluence from 7.5 to 1.5 mJ /cm?.
In this way, the AO-HDS region is moved from outside to
the inside of the laser spot, affecting a larger sample area by
the threshold laser power. Each time the laser power is swept
down, the previous state of the system (bubbles or stripes)
is erased by the initially high laser fluence and new state
forms as a function of the laser helicity. The resulting domain
patterns for such sweeps are shown in Figs. 4(a)—4(c).

The measurements are done for different magnetic bias
fields with a strength of 0.24, 0.36, and 0.48 mT, applied along
the out-of-plane axis. In the presence of the bias fields of 0.24
mT [Fig. 4(a)] and 0.48 mT [Fig. 4(c)] the resulting domain
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FIG. 4. (a)—(c) XMCD images showing helicity dependent cre-
ation and annihilation of bubble domains in nonzero magnetic bias
fields applied along the easy axis of the sample. (d) Scheme of the
characteristic magnetic fields: strip-out field (Hys), stripe saturation
field (Hy), bubble collapse field (H,.), and lower and upper limits of
the magnetic field equivalent to the effective field given by the laser
helicity (H) min and H max, respectively).

pattern is quite similar for both laser helicities. Depending on
the bias field, both helicities cause the formation of mainly
stripe or mainly bubble domains, respectively. However, at an
intermediate bias field of 0.36 mT [Fig. 4(b)], the domain
pattern is very different for opposite laser helicities. While
bubble domains are formed for o+ laser helicity, o — helicity
results in mostly stripe domain pattern. Similar behavior is
observed at negative bias fields, though at a bias field of —0.36
mT the helicity effect is inverted, with o+ causing stripe and
o — the bubble domains to form.

The existence of the upper and lower bias fields, at which
the laser helicity induced switching between stripe and bubble
domains is overruled by the magnetic bias field, and the fact
that the helicity effect inverts in an opposite bias field sug-
gest that the influence of the laser helicity acts equivalent to
an external magnetic field. The magnetic pattern obtained at
0.36 mT bias field and o — laser helicity consists mostly of
stripe domains, resembling patterns acquired at 0.24 mT bias
field. Contrary, when the sample is illuminated with o+ laser
helicity at the same bias field, bubble domains are formed,
similarly as observed at 0.48 mT bias field. This suggests that
for our samples exposed to the laser pulse train at a 1.25 MHz
repetition rate, the effect of the laser helicity is equivalent to
around 0.12 mT.

In the literature, different values of the equivalent magnetic
field induced by a circularly polarized laser pulse can be
found ranging from 10 mT to several tens of teslas [29-32].
However, these studies are typically done using single pulse
laser excitations of different fs to ps duration. In our experi-
ment, the sample is exposed to a laser pulse train of several
seconds, increasing the overall temperature of the system
and finally, reducing the saturation magnetization. This may

Sum

0.36 mT 0mT 0,72 mT

1,02 mT->0,72 mT

FIG. 5. XMCD images showing the change in the domain pattern
at different strength of the magnetic bias field, constant laser helicity
and fluence of 3.59 mJ/cm?. In the last image, the magnetic field is
swept down from 1.02 to 0.72 mT and then the sample was imaged.
The position of the laser spot is indicated in the image.

lead to much smaller estimated effective field compared to
previous research. A small bias field is necessary to stabilize
magnetic bubble domains. However, the field range accessible
to our setup (maximum of 1.33 mT) is not sufficient for the
field driven stripe-bubble transition to occur. In contrast to
the data shown in Fig. 4, Fig. 5 shows a series of XMCD
images that are recorded at different bias fields, and at fixed
laser helicity and fixed laser fluence of 3.6 mJ/cm?, which
is below the demagnetization threshold. Starting from the
bubble state at 0.36 mT bias field [Fig. 5(a)], the bias field
is reduced to 0, causing the bubble closest to the laser spot
to expand [Fig. 5(b)]. On the other hand, if the bias field
is increased to 0.72 mT, the bubble transforms into a stripe
domain, which further transforms to a much smaller bubble
domain at higher fields [Figs. 5(c) and 5(d)]. Please note that
other bubble domains at further distance from the laser spot
remain unchanged.

Je et al. [33] suggest that it is necessary to overcome a mag-
netostatic energy barrier for bubbles to occur. This barrier is
large compared to k,T. Therefore, a transition between stripe
and bubble magnetic domain patterns cannot happen just by
applying small magnetic fields. A temperature increase close
to T¢ produced by the laser is required to provide sufficient
energy to the system. The decrease of the saturation magneti-
zation leads to lowering the energy barrier and, depending on
the strength of the magnetic field and laser helicity, enables
bubble or stripe domains to form [33,34]. This scenario is
applicable to the case shown in Fig. 4, where the initial laser
power is sufficiently high to demagnetize the area within
the laser spot. During the decrease of the laser power, the
magnetic domain pattern is first formed in the presence of the
applied bias field and the laser helicity. As the temperature is
further lowered and the energy barrier increased, the magnetic
pattern freezes.

From our findings, we conclude that the transition from
stripe to bubble domains via circularly polarized laser light is
a cooperative effect between the magnetic bias field, laser he-
licity and temperature. This conclusion is in good agreement
with the study done by Medapalli et al. [9].

C. Bubble theory estimations

Finally, we employ a phenomenological bubble theory
[35,36] to understand better the influence of the effects of
magnetization relaxation and temperature on our results. The
theory allows calculating magnetic fields characterizing the
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stability of isolated bubbles. These characteristic fields are (i)
the strip-out field Hy,, at which bubble spontaneously expands
into stripe domain, (ii) the saturation field for stripes Hy,
above which only bubble domains exist, and (iii) the collapse
field Hy., above which bubble domains are no longer stable.

The characteristic fields are strongly temperature depen-
dent as the saturation magnetization M, strongly changes with
temperature. Experimentally extracted sample parameters are
the magnetic layer thickness ( = 5.5 nm), saturation magne-
tization at room temperature (M; = 0.75 x 10% A/m) and the
average width of a stripe near the stripe saturation field (Hy),
which amounts to (W = 0.76 um). To obtain this average
width, several stripes from the transitional regime between
stripes and bubbles in Fig. 4 are measured.

Since the domains form at temperatures close to the Curie
temperature T¢, their relative domain width w, = W/t can be
used to derive the characteristic length of the material ([, =
9.5 nm) at that temperature (see the Appendix). For the stripe-
bubble transition to occur at 0.36 mT the temperature has to be
around 97% of the T¢. At this temperature the calculated fields
for Hp; and Hyy amount to 0.34 and 0.38 mT, respectively.
This means that below 0.34 mT only stripe domains exist and
above 0.38 mT stripes are saturated while bubble domains
are still present. As the temperature decreases, the saturation
magnetization increases, leading to the increase of the strength
of the characteristic fields. Below this temperature no changes
of the magnetic pattern are observed. We note that while the
theory assumes that the system is at constant temperature in
the experiment, the laser pulse train results in temperature
oscillations. Therefore, the local temperature at least tem-
porarily has to reach around 97% of T¢ to enable the helicity
driven stripe-bubble transition. This estimate is in good agree-
ment with the observation that the stripe-bubble transition
can only occur close to the demagnetization threshold. The
transient temperature could also be calculated directly for a
specific laser power, for example using the two-temperature
model [37]. However, due to the Gaussian laser spot, the exact
position where the stripe-bubble transition occurs is difficult
to determine, which is likely to result in a large error in the
temperature estimation.

The characteristic magnetic field calculated based on the
bubble theory can be used further to estimate the magnetic
field H;, equivalent to the laser helicity. At the bias field,
Hy;as, of 0.36 mT, laser pulses with positive helicity resulted
in the stabilization of bubble domains only. This means that
Hyias + H; > Hy. At the same time, laser pulses with nega-
tive helicity resulted in stripe domains only. This means that
Hyios — H; < Hpg [Fig. 4(d)]. Hence, the lower limit of the
magnetic field equivalent of the laser helicity is 0.02 mT. The
upper limit can be calculated from the bubble collapse field
(Hp.). At this field bubbles are no longer stable, which means
that the effective field arising from the laser helicity cannot be
higher than that field. From the calculations, this field amounts
to 0.56 mT, leading to the upper limit of 0.2 mT. However,
these limits do not fully agree with the experimental results.
This can be due to high pinning of domain wall on the sample
inhomogeneities. Alternatively, it can also be due to the pres-
ence of the surrounding bubbles [36]. Nevertheless, estimated
field range agrees with the experimentally determined value
0.12 mT.

IV. CONCLUSION

We demonstrate experimentally a laser helicity dependent
switching between magnetic stripe and bubble domain states
in Co/Pt multilayers with out-of-plane easy axis of magnetiza-
tion. We directly image the evolution of the magnetic domain
patterns using the XMCD-PEEM technique upon illumination
of the sample with a train of laser pulses at 1.25 MHz repe-
tition rate. The observed deterministic transition between two
magnetic states is a result of the cooperative effect between
the magnetic bias field, laser helicity, and thermal heating
of the sample to temperatures close to T¢. By comparing
the influence of the laser helicity on magnetic domains at
different bias fields, we find that the effect of the laser helicity
is equivalent to a dc magnetic field of 0.12 mT. We apply a
phenomenological bubble theory to calculate the lower and
upper boundaries of the magnetic field equivalent to the laser
helicity, which amount to 0.02 and 0.2 mT, respectively. For
these estimations it is necessary to assume that the tempera-
ture in the area where the size of the bubble changes reaches
about 97% of the T¢.

The possibility of addressing the magnetic state of in-
dividual bubbles is fundamental in magnetic data storage
technologies, specifically, localized control of bubble domain
formation, annihilation, and manipulation. Our results show
that it is possible to use the effect of helicity dependent
switching to realize the deterministic transitioning between
different magnetic domain patterns, as well as to manipulate
individual domains. These findings enable further investiga-
tions of conditions in which the formation and annihilation
of individual bubble domains in an ultrafast manner could be
achieved using optical techniques.

APPENDIX

The approximations for phenomenological bubble theory
calculations are taken from [35] and [36]:

(i) The sample possesses an out-of-plane easy axis of
magnetization. The shape anisotropy (K), uniaxial magnetic
anisotropy (K,), and exchange parameter (A) are deter-
mined at room temperature and amount to 0.35 MJ/m?,
0.51 MJ/m?3, and 4.5 pJ/m, respectively. From here, the qual-
ity factor Q is calculated to be 1.45, which indicates that the
magnetic easy axis points perpendicular to the surface plane.

(i) The sample has a uniform thickness ¢ and its lateral
dimensions are infinite.

(iii) The magnetic field H is applied parallel to the surface
normal.

(iv) The thickness of the plate is assumed to be small
enough so that the domain structure can be considered to
consist of straight domains, and the 180° Bloch walls are
perpendicular to the surface. Moreover, domains are always
large compared to the Bloch wall width.

Beyond the saturation field, the stripes do not collapse into
an equilibrium bubble lattice, but into as many bubbles as
there were independent stripe segments. In this case bubbles
can be treated as an independent entities and bubble theory for
isolated bubble domains can be used [35]. The total energy of

174412-5



NINA NOVAKOVIC-MARINKOVIC et al.

PHYSICAL REVIEW B 102, 174412 (2020)

(@
0 8 l T T T T T _l
s 0.65 - 1 F(d)
§ M fit To=450 K |
< 04f Mg fit Te=500 K 13 i ’
s M fit Tc=600 K - :
0.2F Measured Mg 3 Ir ! :
; | 1
d d
0.0k 1 | 1 1 t + Of, :. be . . : PS . N
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature (°C) d

FIG. 6. (a) Measured and fitted saturation magnetization as a function of temperature. (b) A diagram to derive the bubble stability

conditions.

an isolated bubble domain is

I 1
ey = 2ant3(—1(d) +d+ Ehdz), (A1)
where d =2R/t is the reduced bubble diam-
eter (R being the bubble radius) and I(d)=

—2d[d® + (1 —d*)E(u)/u — K(u)/u] is the stray field
energy gain by the bubble. We approximate the Co/Pt
multilayer stack with a single layer [38], which is 5.5 nm
thick. E(u) and K(u) are the complete elliptical integrals
defined as follows:

/2
E(u) = / V1 — ulsin*ada,
0

/2
K@) = / da/v1 — u?sin’a, (A2)
0
_ d
where u = R

The characteristic fields are calculated by formulating the
equilibrium conditions: for a reduced applied field h = H/Mg
and a given ratio /. /¢, the reduced bubble diameter d = 2r/t
must fulfill the condition

e
F(d) = ” + hd,

(A3)
where F'(d) is the so-called force function. The force function

is a derivative of 1(d):

al
Fd)=— =
(d) 5d
To calculate the characteristic magnetic field at tem-
peratures near 7¢, the saturation magnetization should be
estimated. A superconducting quantum interference device
vibrating-sample magnetometer (SQUID VSM) is used to
determine the dependence of saturation magnetization on
temperature. The temperature dependence was measured by
means of a Quantum Design SQUID VSM in an out-of-plane
field of 100 mT [Fig. 6(a)]. The saturation magnetization
depends on temperature and is fitted by a power law:
T8
Iy

where exponent § is 0.5 from mean field theory [39]. The
saturation magnetization at zero temperature, M, is estimated
to be 0.83 MA/m. Fitting to the data accordingly to the Curie

—;dz[l — E(u)/ul. (A4)

M) = Mo(1 (A5)

law gives an estimate for the Curie temperature to be in the
range of 500 K [Fig. 6(a)]. The model is in agreement with
the experimental results if the assumed temperature is above
97% of the T, allowing for the saturation magnetization to be
calculated.

The characteristic length can be calculated as follows:

2l — w,%ln(l - iz) +In(1 + w}),
t w?
where w, = W/t. From here, /. amounts to 9.5 nm.

A bubble domain of lower or higher density state will
develop in an externally applied perpendicular field depend-
ing on the nature of the remanent state [35]. As the field is
increased, the bubble diameter decreases. The critical field
corresponding to the smallest diameter of the bubble domain
(collapse diameter) can be determined from the condition that
the straight line (I./t + hd) touches the F'(d) curve in one
point [Fig. 6(b)]:

l doF

" =Sbc(d)=F(d)—W

= i—d[d ~ 1+ dEWw) + gl((u)]. (A6)

The intersection of Sp. with the straight line ./t gives
dpc, from which follows the collapse diameter of the bubble
domain r,. = 0.52 um. From here, the critical field Ay, is
obtained from Eq. (A3) (F(dp.) = I/t + hpcdp), and the col-
lapse field amounts to 0.56 mT.

On the other hand, the condition for the strip-out diameter
comes from the derivation of the bubble energy relative to an

elliptic deformation [40]:
l Ir1
s =_[—d2(——Lsd)—Scd] A7
; bs(d) 3lon 3 bs(d) be(d)|  (AT)
with Ly, (d) = 16d [7/*(sin®acos’a/y/ 1 + d?sin’a)da.

The stripe-out diameter and field can be obtained in the
same manner as the collapse diameter and field and are calcu-
lated to be and 1.96 um and 0.34 mT, respectively.

Finally, the saturation field for stripe domains is derived in

[35] as follows:
1
R

2
-

16

1
1 —hy= —[2 arctan (w,) + o, In (1 +
i

and it amounts to 0.38 mT.
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