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We report a morphological transition in the magnetic domain pattern exhibited by perpendicular anisotropy
ferromagnetic [Co/Pt]sp multilayer films at room temperature and remanence. We found that the remanent

magnetic domain morphology and the associated domain density, defined as the number of domains of a given
magnetization direction per area, strongly depend on the magnetic history. When the magnitude of the previously
applied external field approaches a specific value, typically 75-95% of the saturation field, the magnetic pattern,
which generally forms a maze of interconnected stripe domains, decays into a shorter stripe pattern, and the

domain density increases. We mapped out this morphological transition as a function of the previously applied
field magnitude as well as the Co thickness. We found that a Co thickness close to 30 A yields the highest
domain density with the formation of a pure bubble domain state. Three-dimensional micromagnetic simulations
confirm the formation of a pure bubble state in that parameter region and allow an estimation of the perpendicular
anisotropy (here 2 x 10° J/m? for an input magnetization of 1080 kA /m), as well as the interpretation of distinct
features of the samples’ hysteresis loop based on the corresponding domain pattern.
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I. INTRODUCTION

Ferromagnetic thin films with perpendicular magnetic
anisotropy (PMA) are of interest for both fundamental and
applied research. In PMA systems, magnetic anisotropy and
magnetostatic self-interaction are opposing each other, caus-
ing nonuniform magnetization states at the microscale and
nanoscale [1-12]. In the limit of ultrathin magnetic films,
this competition sometimes leads to the formation of specific
magnetic textures as a pathway to minimize the total energy,
consisting of either vortices [13—15] or skyrmions [16—19].
While both were proposed to be employed in magnetic mem-
ory devices [20-21], the main types of magnetic structures for
developing magnetic memory technologies have been bubble
and stripe domain patterns occurring in thicker PMA films
[22-29]. Indeed, compared to in-plane (IP) magnetic mate-
rials, PMA systems exhibit a far richer variety of magnetic
structures, the different shape and geometry of which are
strongly influenced by their delicate energy balance. While the
magnetic domain patterns exhibited by PMA systems are in-
teresting morphological systems, it is important to understand
their underlying formation process. Indeed, understanding
how the magnetic domain structures form at the microscopic
scale will allow the identification and control of microscopic
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magnetic transitions. Also, it may allow the stabilization of
domain textures even in thick systems without the need of
additional symmetry-breaking energy contributions such as,
for example, the Dzyaloshinskii-Moriya interaction [30,31].

In the past decades, various observations of magnetic do-
main patterns in thin PMA ferromagnetic films have estab-
lished some correlations between the domain shape or size
and the film thickness [8,12,25]. If the film is smooth and
thin enough, the magnetic domains often take the shape of
stripes the characteristic width of which is typically about
50-200 nm. The corresponding length may reach up to many
microns, depending on the thickness and microstructure of the
film but also on the magnetic field history that the material
was exposed to. When long enough, the stripe domains of
opposite magnetization directions interlace and yield a maze
pattern. When they are short, on the order of 100 nm, the
domains take the shape of bubbles, thus forming a pattern of
bubblelike domains of one magnetization direction embedded
in a single background domain made of the opposite magne-
tization direction. Moreover, if the PMA films exhibit little or
no remanence (i.e., no net magnetization in the absence of an
external magnetic field), the total area covered by domains of
the two opposite magnetization directions is approximatively
equal. Such a balanced state may, however, be microscopi-
cally achieved by a rich variety of different domain pattern
morphologies. In the case of out-of-plane (OOP) magnetic
field application, the remanent pattern might consist in the
extreme cases of either a completely interconnected maze
domain pattern or a lattice of isolated bubbles [32].
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The aim of this paper is to understand the morphological
transition between the two above-mentioned maze and bub-
ble magnetic domain patterns while varying certain system
parameters. In particular, we study the dependence of the
magnetic domain morphology at remanence and its associated
domain density with respect to both the thickness of the
magnetic film and the magnitude of a previously applied OOP
magnetic field. For our investigation, we employ Co/Pt mul-
tilayer thin films with a specific set of structural parameters,
for which the net magnetization at remanence is close to zero
[12]. In our paper, we image the magnetic domain patterns at
remanence after applying an OOP magnetic field of varying
magnitude. We then map out a morphological transition be-
tween mazelike and bubblelike domain patterns as a function
of previously applied field and Co thickness. By performing
this detailed study, we are able to identify an optimal magnetic
field and Co thickness, for which the density of reverse
magnetic domains at remanence is extraordinarily enhanced.

The paper is organized as follows. In Sec. II we describe
the fabrication as well as the room-temperature magnetic
properties of our PMA Co/Pt multilayer thin films. In Sec. III,
we explain the methodology used to study the remanent mag-
netic domain patterns. Section I'V shows the results for various
Co thicknesses, including a magnetic domain density study as
a function of the previously applied magnetic field. In Sec. V,
a map of the morphological magnetic transition is shown,
discussed, and interpreted. Section VI shows results of three-
dimensional micromagnetic simulations that allow to better
understand the observed reversal behavior and to extract the
approximate anisotropy value for the sample, which reveals
the most extensive bubble array within our series. Finally,
Sec. VII provides a summary of the accomplished results and
a general conclusion drawn from our work.

II. MATERIAL

Our ferromagnetic PMA thin films consist of
[Co(tco A)/Pt(7 A)]so multilayers, which were deposited
on Si wafers with a native SiO, layer, a 15 A Ta seed layer,
and a 200 A Pt buffer layer and covered by a capping layer
of 23 A of Pt, as illustrated in Fig. 1(a). Each multilayer
includes 50 repeats of a bilayer made of 7 A of Pt and 7, A of
Co, where 4 < tc, < 60 A. The multilayers were fabricated
by using an AJA ATC 2200 sputter system in a multisource
confocal sputter-up geometry with a target-substrate distance
of 4-6 in. and a base pressure lower than 3 x 1078 Torr.
During the deposition, a low Argon pressure of 3 x 1072 Torr
was used and the substrate was rotated at about 3 Hz in order
to obtain high uniformity. Moreover, all the depositions were
performed at elevated temperature, 7 = 523 K, in order to
enhance the fcc (111) texturing of the Pt underlayer, which
consequently promotes a fcc (111) texture throughout the
Co/Pt multilayer structures [33]. Co was sputtered at 250 W
with a deposition rate of 1.8 A/s, whereas Pt was sputtered
at 100 W with a deposition rate of 2 A/s. The structural
characterization performed by x-ray diffraction confirms that
both the 20-nm Pt seed layers and the Co/Pt multilayer films
have a fcc (111) texture, with broad rocking peak widths of
about 12° full width at half maximum (FWHM).

The PMA in our multilayers is achieved via the combina-
tion of texturing and layering. In fact, the preferential orienta-

tion of the magnetization in a single layer of Co sandwiched
in between two Pt layers strongly depends on the Co thickness
tco- In such Co/Pt multilayer systems, the magnetocrystalline
anisotropy and the interface anisotropy are generally oppos-
ing the shape anisotropy caused by the magnetostatic self-
interaction. This generates nonuniform microscopic magne-
tization states as a pathway to minimize the total magnetic
energy. At some critical thicknesses #c,, the magnetization
changes its preferential orientation due to the predominance
of shape anisotropy over the magnetocrystalline and interface
anisotropies, and vice versa. If the thickness 7¢, of a single
Co layer is below ~16 A,! the interface anisotropy overcomes
the shape anisotropy, resulting in an OOP magnetization in-
dependent of the number of repeats N [4,7,33-40]. However,
if the Co thickness is larger than ~16 A, the shape anisotropy,
which is constant and equal to 271M§ in the low thickness
regime (where M, is the magnetization at saturation) [41],
starts to dominate the interface anisotropy, which scales with
the inverse thickness [7], and the magnetization turns IP.
A convenient way to visualize this crossover is by plotting
the product of the effective anisotropy K.s (as defined in
Ref. [7]) and #c, as a function of f¢, itself, leading to a
linearly decreasing behavior as shown in Fig. 1(b). Here, a
positive K. leads to an OOP magnetization, and a negative
K. corresponds to an IP magnetization.

On the other hand, when #¢, further increases to far larger
values, the magnetization eventually switches again towards
the OOP direction. This second reorientation transition is
caused by a dominance of the perpendicular magnetocrys-
talline anisotropy over the shape anisotropy, since for an
OOP domain state the demagnetization energy per volume
is scaling inversely with the thickness in the high thickness
regime [42], whereas the magnetocrystalline anisotropy is
constant (and zero except for the domain walls). This second
transition was predicted by Kittel [43] with subsequent exten-
sions [41,42] of his theoretical considerations, and identified
experimentally later on [44-50]. Figure 1(c) displays the free
energies (per unit area) of an IP single domain configuration
(dark yellow dotted line) and of an OOP multidomain con-
figuration (blue dashed line) as a function of 7¢,. A crossover
from IP to OOP occurs at tc, & 500 A (in a multilayer, this
corresponds to the total integrated Co thickness fco total =
Ntco). The lines in Fig. 1(c) are an adaptation from Ref. [42].
Since the magnetocrystalline anisotropy contribution is posi-
tive and constant for an IP domain, the associated energy per
unit area varies linearly and quickly with 7¢,, hence causing
an intersection with the very slowly increasing OOP line.
There is a fundamental difference with respect to the low
thickness transition displayed in Fig. 1(b): the crossover in
the high thickness regime can only occur in the presence of
OOP magnetocrystalline anisotropy, which in cobalt can be

'The transition Ke(fco) = 0 strongly depends on the effectiveness
of the magnetic/nonmagnetic interface area, which can be affected
by roughness, formation of interface alloys, or discontinuities of the
thin layers. The quantity Kgfc, actually becomes nonlinear at small
Co thicknesses, but with our chosen range for 7, this effect is not
visible in the figure and is not further explored in this paper.
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FIG. 1. (a) Sketch of the multilayer structure: Ta(15 A)/Pt(200 A)/[Co(tco)/Pt(7 A)lso/Pt(23 A) where 1co = 4, 8, 12,16, 25, 31, 40,
and 60 A. (b) Effective anisotropy energy density multiplied by the individual Co layer thickness vs the individual Co layer thickness itself of
Co/Pt multilayers plotted as a straight (black) line. Data are adapted from Ref. [7]. (c) Free-energy density vs Co thickness for single-domain IP
(short-dotted dark yellow line) and multidomain OOP (blue dashed line) configurations, adapted from Ref. [42]. The insets in (b), (c) illustrate
the overall preferential orientation of the magnetization of the Pt/Co/Pt systems for the different Co thicknesses. (d) Schematic illustration
of the remanent magnetic ground-state configuration in [Co(tc,)/Pt(7 A)] y multilayers depending on N and #c,, based on experimental
observations [12,23-28,39,40,42,44-49] The open dots correspond to Pt/Co(zc,)/Pt trilayer structures (N = 1), whereas the filled dots refer
to [Co(tco ) /Pt(7 A)]So multilayers (N = 50). The stars correspond to samples from Ref. [12] with [Co(4 A) /Pt(7 A)] ~ structure. While for low
N we observe a transition from uniform OOP to OOP domains via uniform IP when the individual Co layer thickness increases, this transition
is suppressed at higher N, such that for N = 50 only OOP domain states are observed for all Co thicknesses.

achieved by adopting either the fcc (111) or the hep (0001)
crystallographic orientation.?

According to the above discussion, the thickness range
explored in our paper apparently suggests that our samples
should experience the OOP to IP reorientation transition
displayed in Fig. 1(b). However, because of their multilay-

’Even though the degree of texturing in our films is somewhat
lower (FWHM = 12° angular spread in the crystallographic plane
alignment) than what was observed [11] in previously studied mate-
rials (FWHM = 5°-10°), the magnetocrystalline energy term is still
present. Decreasing the degree of texturing induces a slight lowering
of the crystalline perpendicular anisotropy. Consequently the win-
dow for the IP phase gets slightly larger, i.e., the crossover which nor-
mally occurs at fc, = 16 A shifts towards slightly lower thicknesses,
whereas the second reorientation transition (at fco ota ~ 500 A)
moves toward slightly higher thicknesses due to a higher M/ K ratio.

ered structure, the magnetization in our films remains OOP
throughout the entire range of Co thicknesses. An illustration
of this effect is depicted in Fig. 1(d), which shows a schematic
illustration of the room-temperature magnetic ground state of
the [Co(tc,)/Pt(7 A)] ~ system, combining various studies as
a function of the thickness of the individual cobalt layer #c,
and the number of Co/Pt bilayer repetitions N.?

3 Although the schematic illustration of the magnetic ground-state
configuration is based on many experimental observations [12,23—
28,39,40,42,44-49], it is far from the present paper’s intention to
provide an exact determination of phase lines and boundaries. We are
conscious about the strong dependence on the material parameters as
well as the microstructural quality of the samples. The schematic
illustration is only intended to provide a qualitative overview of the
various phases present and their approximate extent depending on ¢,
and N.
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The open dots correspond to the Pt/Co(tc,)/Pt (N = 1)
structure, which implies a thickness driven reorientation tran-
sition from uniform OOP towards uniform IP for ¢, > 16 A.
Interestingly, this transition occurs via a canted phase [51-53].

In our case, however, because of the N = 50 repeats of
the Co/Pt bilayers, such an OOP/IP/OOP reorientation as for
N = 1 does not occur. The IP phase window, which opens for
16 < 1co < 500 A with N = 1, is completely suppressed for
N = 50 and the magnetization stays perpendicular for all Co
thicknesses. Indeed, the total Co thickness now corresponds to
50 times the thickness of a single Co layer. When multiple Co
layers of individual thickness fc, > 16 A are stacked together
and if the total thickness #co tora1 €Xceeds ~500 A (which is the
case when N = 50), the crystalline fcc (111) texture domi-
nates and creates a net overall OOP anisotropy, as confirmed
by Fig. 1(c). On the other hand, for individual Co thicknesses
fco < 16 A, the strong interface anisotropy, yielding the OOP
magnetization for N = 1, is also preserved for all higher N.
Then, since the magnetostatic energy per volume is constant
for small N and decreasing for high N due to domain forma-
tion, the shape anisotropy never dominates in such multilayers
for any N. Consequently, an OOP preferential orientation of
the magnetization is obtained for the entire Co thickness range
explored in this paper.

In order to predict the rough shape of the uniform IP phase
area in the f¢, versus N schematic illustration [Fig. 1(d)]
beyond the well-known case of N = 1, we took into con-
sideration that the transitional Co thickness at the bottom
phase boundary between IP state and OOP state (starting
for N =1 at 7c, ~ 16 A) should steadily (but slowly) in-
crease with the number of repeats N as the magnetocrys-
talline anisotropy energy increases with the total Co thick-
ness, which itself increases with N. However, in this region
the interface anisotropy energy still dominates but remains
constant for a fixed tc, and the total Co thickness is still
far away from the critical value of 500 A, so the increase
in the transitional Co thickness with N is slow for this
regime. On the other hand, the transitional Co thickness at
the top phase boundary between IP state and OOP state
(starting for N =1 at ¢, ~ 500 A) should decrease quite
rapidly with the number of repeats N. In this regime the
total magnetic thickness and its magnetocrystalline anisotropy
energy dominate, while the interface anisotropy energy plays
only a minor role. In fact one can simply calculate through
which points (N, f#c,) the phase boundary should go, given
that the critical thickness of 500 A does not depend on
N and the interface anisotropy energy increases only very
slowly as we lower fc, (which are both good assumptions).
Hence the top phase boundary should penetrate through the
points (N =1, tco ~ 500A), (N =2, 1o ~ 250A), (N =
3, tco ~ 165A),... (N =17, 1co ~ 30A). .. which all yield
a total critical Co thickness of about 500 A. As a result we
obtain the IP phase region in the schematic illustration of
Fig. 1(d), which reaches out to its highest N values for an
individual Co layer thickness of about 30 A.

Furthermore, a systematic study conducted by Hellwig
et al. [12] on [Co(4 A)/Pt(7 A)]y multilayers for varying
N is also shown in Fig. 1(d) (star symbols). For relatively
thin films (N = 5) a uniform OOP magnetic state was found,
producing a square shaped magnetization reversal curve with
a well-defined switching field. When increasing the number of

repeats N, the reversal is characterized by domain nucleation,
propagation, and annihilation. The high magnetostatic energy
cost causes the uniform OOP state to be replaced by up and
down stripe or mazelike domains at remanence, the charac-
teristic width of which varies with total film thickness [12].
In this context we want to point out that the phase referred to
as “uniform OOP” in Fig. 1(d) is theoretically still associated
with a finite domain size. However, domains in this regime
increase exponentially (very rapidly) in size as the magnetic
thickness goes towards zero and therefore are usually much
larger than the field of view (about 5-10 um) in our mi-
croscopy analysis and thus can be considered practically as
magnetically uniform (thin-film regime). Similarly the “OOP
domain” state in Fig. 1(d) indicates the region where small
sized stripe domains are present and where the domain width
increases slowly with increasing total magnetic film thickness
(square root increase in the thick-film regime) [12].

In order to confirm the exclusive OOP nature of our
samples, we have investigated their magnetization behavior,
i.e., measured their isothermal hysteresis loops. They were
obtained via vibrating sample magnetometry (VSM) using
an EZ7 Microsense and a Quantum Design physical prop-
erties measurement system. Figures 2(a)-2(h) show room-
temperature normalized magnetization curves M(H) mea-
sured for an OOP (red, thick curve) and IP (blue, thin curve)
external magnetic field for different Co thicknesses. The OOP
and IP curves, well documented in the literature [44—49],
both show saturation plateaus at high-field values. In the OOP
configuration, when the field magnitude is lowered back from
positive saturation, the uniformly saturated state transforms
into a mazelike stripe domain state via the formation of
bubblelike domains of opposite magnetization orientation.
This magnetization reversal process occurs rather abruptly at
the nucleation field H,, leading to a steep decline in the total
magnetization M near H = H,, . As the field magnitude H is
further reduced toward zero (remanence), the domain density
as well as the average domain length increase initially. At
remanence a tiny remaining hysteresis effect may exist as the
result of sample imperfections. In the IP configuration, when
the field strength is reduced back from positive saturation,
lateral magnetization rotations occur driven by the demagne-
tization field in conjunction with the perpendicular magnetic
anisotropy. This process yields the formation of stripe domain
patterns at remanence. However, due to the direction of the
previously applied field, a measurable IP magnetization com-
ponent persists due to IP aligned domain walls, causing some
hysteresis at low-field values. We, however, highlight that all
the multilayers have in common that their OOP magnetization
at remanence is close to zero (M =~ 0). All the different Co
thickness films are therefore good candidates for exhibiting
either mazelike or bubblelike domain patterns at remanence
when performing OOP magnetic field sequences.

Intriguingly, when increasing the Co thickness fc,, the
OOP saturation field H2°P and its IP counterpart H'® evolve
in a completely opposite fashion: HOOF gradually increases
with fc,, whereas H YIP gradually decreases with 7¢,. In contrast
to the OOP case, when the magnetization reversal is driven by
an IP magnetic field, there is no shape anisotropy to overcome
in order to saturate the sample. Moreover, when increasing
fco, the interface anisotropy energy term becomes less and
less effective, weakening the total perpendicular anisotropy.
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FIG. 2. VSM room-temperature hysteresis loops with the external magnetic field applied OOP (thick red line) or IP (thin blue line) for the
eight different cobalt thicknesses 7c, = 4 A (a), 8 A (b), 12 A (c), 16 A (d), 25 A (e), 31 A (f), 40 A (g), and 60 A (h). Hereby, the VSM data
are normalized to the magnetization at saturation M. (i) Zoomed-in view of the OOP normalized magnetization loops for the four selected
Co thicknesses: 4, 16, 31, and 60 A. (j) Plot of the OOP saturation field H, (measured at the start of the plateau on the ascending branch) and
nucleation field H, (measured at the end of the plateau on the descending branch) as a function of #¢,.

Therefore, H!® simply follows the reduction of the total
perpendicular anisotropy, whereas HSOOP increases towards
the 4 Mg value for cobalt, due to the increasing effectiveness
of the domain driven reduction of the magnetostatic energy
per volume in the remanent state [41], thus requiring a higher
OOP field to saturate the material. This increase in HO°F, as
well as the accompanied increase in the nucleation field H,
with the Co thickness, can be seen in more detail in Fig. 2(i),
where zoomed views of the OOP magnetization loops for
various Co thicknesses are compared. Figure 2(j) displays
HO%" and H, versus Co thickness, showing the discussed
trend.

In summary of this material characterization section, we
conclude that the entire set of the eight Co thicknesses shows
an OOP easy magnetic axis and exhibits an OOP domain state
at remanence, as highlighted in Fig. 1(d).

III. METHODS

In order to study the morphological magnetic transition
from interconnected stripe to isolated bubble domains in our
Co/Pt films, we mapped out the remanent magnetic domain
pattern as a function of Co thickness and of magnetic field
history. More specifically, we measured for each given Co
thickness the density of isolated domains at remanence af-
ter OOP magnetization in 20 x 20 um? fields of view. We
then followed the evolution of this density (normalized to
100 um?) while varying the magnitude of the previously
applied OOP magnetic field.

For each Co thickness, we applied a series of OOP mag-
netization loops in a descending sequence of magnetic field
strengths. The amplitude H,, of each loop was gradually
decreased, starting at 90 kOe down to zero. After performing a
magnetization loop of a specific amplitude H,,(0 - —H,,, —
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FIG. 3. Magnetization and imaging of the Co(4 A)/Pt(7 A) multilayer. (a) Set of magnetization curves selected from the descending
external field series, measured via VSM, where H,, = 4, 3, 2, and 1 kOe, respectively. Inset: Zoomed-in view of the 4-kOe loop highlighting
the change of slope at 2.9 kOe. (b) Magnetic domain patterns measured at remanence corresponding to the four points indicated in (a). These
images were collected via MFM and are 5 x 5 um? in size. (c) Density of magnetic domains in the aligned and reverse directions as a function

of H,.

+H, — 0), the remanent magnetic domain pattern was im-
aged via magnetic force microscopy (MFM) using a Dimen-
sion 3100 Veeco Digital Instruments by Bruker and magnetic-
coated etched silicon probe (MESP) type tips. Subsequently,
domain densities were extracted computationally using a flood
fill algorithm. The extracted densities for both the domains
with their magnetization aligned with (“aligned domains™) as
well as opposite to (“reverse domains”) the direction of the
applied field were then plotted as a function of H,,.

This experimental procedure was applied to eight different
Co thicknesses: 4, 8, 12, 16, 25, 31, 40, and 60 A. Ultimately,
the density of reverse domains is mapped out as a function of
H,, and Co thickness. The resulting map reveals localized re-
gions, where the density of the reverse domains is significantly
enhanced, indicating a morphological magnetic transition. A
specific field value H* for which H,, yields a maximum
reverse domain density n* is extracted for each thickness. This
maximum domain density n* is then plotted as a function of
Co thickness in order to determine the optimal Co thickness
value yielding the overall highest domain density. In order to
keep the paper compact, we will only show detailed results
from the 4-, 16-, 31-, and 60-A Co thicknesses.

IV. RESULTS

Magnetometry and MFM results for the 4-A Co sample are
shown in Fig. 3. A series of OOP magnetization loops selected
from the descending field series where the magnitude H,, of
the maximum applied field was decreased from 90 kOe down

to zero is displayed in Fig. 3(a). The shown loops correspond
to H, =4,3,2,and 1 kOe. At H,, = 4kOe, the film is fully
saturated (major loop) and at H, = 3kOe the film is just
below saturation. In these two loops, the hysteretic region,
i.e., the area between the ascending and the descending loop
branches, is quite large with the 3-kOe minor loop already
revealing a significantly altered nucleation due to previously
incomplete saturation with remaining bubble domains still left
in the system at H,, [54]. At lower H,, values (2 and 1 kQOe),
the film is significantly below saturation (minor loops) and the
hysteretic region is smaller than for the major loop. Another
interesting feature is a change of slope, which occurs just
before saturation on the ascending branch of the major loop
at about 2.9 kOe [Fig. 3(a) inset]. Interestingly, this point also
marks a transition in domain morphology, as discussed in the
next paragraph.

MFM images of the magnetic domain patterns were taken
at remanence after each individual field reversal was applied.
Figure 3(b) shows a selection of MFM images correspond-
ing to H, =4, 3, 2, and 1 kOe, respectively. For all the
different H,, values, the film exhibits interlaced serpentine
stripe domains of opposite magnetization direction. A careful
statistical analysis of the domain pattern shows, however,
that the density of the reverse domains actually changes
significantly with H,. The plot of the domain density ver-
sus H, in Fig. 3(c) reveals a peak for the reverse domain
density at a H,, value H* ~ 2.9kOe, where the density is
increased from a 180 domains/100 um? baseline to about
520 domains/100 um?. The value H* turns out to be slightly
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FIG. 4. Magnetization and imaging of the Co (16 A)Pu7 A) multilayer. (a) Set of magnetization loops selected from the descending
external field series, measured via VSM. Inset: Zoomed-in view of the 9-kOe loop highlighting the change of slope at 7.6 kOe (b) Magnetic
domain patterns measured at remanence corresponding to the four points indicated in (a) where H,, = 10, 8, 7, and 6 kOe, respectively.
These images were collected via MFM and are 10 x 10 um? in size. (c) Density of magnetic domains in the aligned and reverse directions as

a function of H,,.

below saturation H; = 3.07kOe [indicated by a dashed line
on the graph of Fig. 3(c)], exactly where the slope change
in the major loop occurs [inset of Fig. 3(a)]. It was shown
in earlier studies [54,55] that this slope change just before
saturation corresponds to a transition from contraction of
stripe domains to annihilation of bubble domains.

When H,, > Hj, saturation has been reached prior to re-
turning back to remanence. At saturation, all the magnetic do-
mains have disappeared and the film is uniformly magnetized
in one direction. It is expected that the subsequent domain
pattern morphology at remanence and its associated domain
density should not depend on the value of H,, anymore once
H,, > H;. The measured density value in that region is indeed
nearly constant, at about ~180 & 20 domains/100 m?. The
observed domain density variation in the range of +/ — 20%
is attributed to experimental noise and due to the relatively
limited field of view in this paper. A similar plateau in domain
density for H,, > H; occurs for all the different Co thick-
nesses. This indicates that both macroscopic and microscopic
saturations have been reached in the film when H,, > H,. We
conclude that at that stage no residual magnetic defects from
the field reversal are left in the sample [54].

The behavior for the reverse domain density observed in
the Co(4 A)/Pt(7 A) multilayer concurs with results obtained
on the Co(8 A)/Pt(7 10\) multilayer as described in detail in Ref.
[56], for which the density of the reverse domains exhibits
a peak located at H,, = H* = 4.5kOe and the maximum
density was n* ~ 600 domains/100 um?. The similarity in

the behavior of the Co(4 A)/Pt(7 A) and the Co(8 A)/Py(7 A)
multilayers suggests that an enhancement in reverse domain
density may also occur at higher Co thicknesses.

Figure 4 summarizes magnetization and imaging results
for the 16-A Co thickness. Figure 4(a) shows a set of minor
OOP magnetization loops selected from the descending field
series that was applied to the film. When H,, < 5kOe, the
minor loop shows very little hysteresis, indicating reversible
magnetization processes. When H,, > 5kOe, the loop opens
and hysteresis starts to occur, indicating the onset of irre-
versible magnetization processes. The estimated saturation
field is about H,; = 8.9kOe. Figure 4(b) shows magnetic
domain patterns collected at remanence after the application
of a major loop (H,, = 10kOe) and minor loops (H,, = 8, 7,
and 6 kOe, respectively). Here again, while the film exhibits
at remanence interlaced domain patterns, we observe a peak
in the reverse domain density for a particular H,,, as displayed
in Fig. 4(c). The effect is even more pronounced than for the
Co(4 A)/Pt(7 A) and the Co(8 A)/Pt(7 A) films. The density
is here increased from a 150 4 15 domains/100 wm? baseline
to a maximum value of 565 domains/100 um? occurring for
H,, = H* =~ 7.5kOe. There, the average length of the stripe
domains is significantly reduced. We note that, here again,
H* is slightly lower than the saturation field H; = 8.9kOe
[marked by a dashed line in Fig. 4(c)]. Also, at H* a slope
change occurs on the ascending branch of the major hysteresis
loop [Fig. 4(a) inset]. As for smaller Co thicknesses, this
slope change corresponds to the aforementioned transition
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FIG. 5. Magnetization and imaging of the Co(31 A)/Pt(7 A) multilayer. (a) Set of magnetization loops selected from the descending
external field series, measured via VSM. (b) Magnetic domain patterns measured at remanence corresponding to the four points indicated
in (a) where H,, = 15, 10, 9, and 4 kOe, respectively. These images were collected via MFM and are 10 x 10 um? in size. (c) Density of
magnetic domains in the aligned and reverse directions as a function of H,,.

from contraction of stripe domains to annihilation of bubble
domains [54,55].

The measurements for the 31-A Co thickness, in Fig. 5,
show the most significant morphological changes. Figure 5(a)
displays a set of minor magnetization loops selected from a
descending OOP field series. The minor loops remain closed
for an extended range of H,, values, all the way up to about
10 kOe. When H,, > 10kOe, the loop opens slightly and
a small hysteretic effect occurs towards the extremity, just
below saturation. The saturation field is about H; = 11.4 kOe.
Figure 5(b) shows magnetic domain patterns collected at re-
manence after the application of a major loop (H,, = 15kOe)
and minor loops (H,, = 10, 9, and 4 kOe, respectively). The
pattern at H,, = 15kOe shows a large number of reverse
domains, that are significantly shorter in length than for
other Co thicknesses when H,, > H;. The associated density
baseline at large H,, in the density plot in Fig. 5(c) is con-
sequently much higher, about 680 4 25 domains/100 um?,
than for thinner Co films, where the baseline was at about
150 domains/100 um?. When H,, is decreased down to H,, =
10kOe, which is slightly below saturation Hy, the reverse
domains become even shorter in length to the point of taking
the shape of round bubbles, thus forming a bubble pattern. The
associated domain density significantly increases to nearly
1200 domains/100 um? at a peak H,, value of H* = 9.5kOe.
As H,, is decreased to lower values, the shapes of the reverse
domains transform from pure bubbles back to long stripes, and
eventually form a pure maze pattern of interlaced stripe do-
mains when H,, < 4kOe. The associated reverse domain den-

sity at that stage is back down to about 170 domains/100 pem?.
This significant decrease in density, from 1200 down to about
170 domains/100 ,u,mz, a factor 7 lower, is remarkable.

For smaller Co thicknesses, a decrease in density also
occurs when H,, is decreased from H* to lower values, but the
drop is not as strong (it typically drops by a factor 2—4). Also,
for smaller Co thicknesses, the densities at low H,, <« H*
and at high H,, > H* somewhat match, converging at a
value around 150-200 domains/100 wm?, which corresponds
to an interlaced stripe maze state. Here, for the 31-A Co thick-
ness, the density at large H,, > H* is much higher (around
700 domains/100 um?) than at low H,, <« H* (around 150
domains/100 xm?). Interestingly, we also observe that the
slope change just before saturation, which was previously
pointed out for the 4 and 16 A Co thicknesses, has nearly van-
ished. Instead the loop reveals an almost linear slope regime
all the way from remanence to saturation. As we will later see
from micromagnetic modeling, the steeper slope region that
corresponds to an irreversible stripe contraction is replaced
by a decay of stripes into (lines of) bubbles for thicker Co
samples. This yields a less steep slope in the magnetization
versus field curve. Therefore, the characteristic slope change
typical for thinner Co samples (from contraction of stripes to
contraction and annihilation of bubbles) is not observed for
larger Co thicknesses.

Results for the 60-A Co thickness are presented in Fig. 6.
Compared to the 31-A Co sample, the hysteretic area in
Fig. 6(a) shrinks even further. The estimated saturation field
is now H; ~ 13kOe. Figure 6(b) shows magnetic domain
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FIG. 6. Magnetization and imaging of the Co(60 A)Pu7 A) multilayer. (a) Set of magnetization loops selected from the descending
external field series, measured via VSM. (b) Magnetic domain patterns measured at remanence corresponding to the four points indicated
in (a) where H,, = 30, 12, 10, and 1 kOe, respectively. These images were collected via MFM and are 10 x 10 um? in size. (c) Density of
magnetic domains in the aligned and reverse directions as a function of H,,.

patterns collected at remanence after the application of a
major loop (H, =30kOe) and three minor loops (H, =
12, 10, and 1 kOe, respectively). The pattern at H,, = 30kOe
shows a large number of reverse domains, that are signif-
icantly shorter in length than for Co thicknesses of 16 A
and less. The associated density of the reverse domains
in Fig. 6(c) shows a baseline at high H,, > H; of about
335 %+ 25 domains/100 um?, which is twice as much as the
150 domains/100 um? baseline for the low Co thicknesses,
but only about half of the observed density for the Co 31-A
thickness. When H,, is decreased down to below saturation
(H,, = 12kO0e) the reverse domains become even shorter in
length and form elongated bubbles. Here again, a peak domain
density is observed. The peak occurs here at H* ~ 11.5kOe
where the reverse domain density is increased to nearly
650 domains/100 Mmz. For lower reverse field values H,,, the
reverse domains elongate from the bubble shape back to long
stripe shapes and form a maze pattern again, as illustrated for
H,, = 1kOe, and the density drops back down to about 85 £ 5
domains/ 100 pm?.

At a Co thickness of 60 A the ascending hysteresis loop
branch is in a completely linear slope regime all the way from
remanence to saturation. Characteristic slope changes, such
as those observed for the 4- and 16-A Co thicknesses, are
no longer visible for larger Co thicknesses. This evolution
towards a more linear slope on the ascending hysteresis loop
branch together with a reduced hysteretic area is discussed
and interpreted in more detail in the micromagnetic simulation
section below.

V. DISCUSSION

The variety of remanent domain patterns observed in the
[Co/Pt]sp multilayers confirms a morphological magnetic
phase transition. For large Co thicknesses, the magnetic do-
main pattern at remanence gradually evolves from a short
stripe pattern to a bubble-type pattern and finally to an in-
terconnected mazelike pattern as the magnitude H,, of the
previously applied OOP magnetic field is gradually reduced
from beyond saturation down to remanence. In order to vi-
sualize this stripe-bubble transition, we map, in Fig. 7(a), the
density of the reverse domains as a function of H,, and of Co
thickness. To highlight important features, the density map is
split into two parts: on the left side, a low-field map (covering
the range 0 < H,, < 10.5kOe) with fine interpolating step
size (AH,, = 1.5kOe); on the right side, a high-field map
(covering the range 10 < H,, < 90kOe) with wider interpo-
lating step size (A H,, = 20kOe). Both maps share the same
color scale (where blue corresponds to low density and red
corresponds to high density); the different interpolating step
size, however, causes slightly different colors at their edge,
around H,, ~ 10kOe. While a finer interpolation step size is
necessary to well visualize the peak in the low-field region, it
is not adequate in the high-field region where data points are
much sparser (with gaps as large as 40 kOe between some
points) and a fine step interpolation would create artificial
features.

The density map at low H,, shows a narrow high-density
peak (red color) over a wide low-density background (blue
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FIG. 7. Visualization of the morphological magnetic stripe-bubble transition. (a) Map of the density of the reverse domains at remanence
as a function of H,, and Co thickness. Left portion: Low-field map (covering the range 0 < H,, < 10.5kOe) with fine interpolating step size
(AH, = 1.5kOe). Right portion: High-field map (covering the range 10 < H,, < 90kOe) with wide interpolating step size (A H,, = 20kOe).
MFM images of a pure maze state and a pure bubble state are shown on the right side of the maps. (b) Plot of the optimal field H* and the
saturation field H; as a function of Co thickness. (c) Optimal density n* as a function of Co thickness. This curve corresponds to a cut through
the left portion of the density map, along the dashed line. (d) Average period in the magnetic domain pattern vs Co thickness. The associated
average magnetic domain size is basically half the period. This period was measured by Fourier transforming MFM images of mazelike
patterns, thus providing a statistical average value. (e) Density n of the reverse magnetic domains in the remanent pattern after a major loop
has been applied. This curve corresponds to a cut through the right portion of the density map (a) along the dashed line at H,, ~ 50 kOe.

color). The observed peak extends into a ridge towards higher
fields H,, > H, prolonging parallel to the horizontal H,, axis.
The height of this ridge, about 600 domains/100 um?, is
lower than the peak value (1200 domains/100 xm?) but still
significantly higher than the baseline at low H,,. Everywhere
in the low-density blue region, the domain pattern is mazelike
with long interlaced stripe domains. At the peak of the high-

density region (red dot) the domain pattern has reached a
bubble state, where domains have shrunk down to a minimum
size. For the intermediate density regions (light blue to yellow
color), the domain pattern is in an intermediate state, with a
mix of bubbles and relatively short interlaced stripes.

The high-density peak in Fig. 7(a) (left) extends only over
a small range of H,, values around H*. This peak is prolonged
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by a narrow curved tail at low Co thicknesses. In Fig. 7(b), the
peak field H*, along with the saturation field Hj, is plotted as
a function of Co thickness. The trend followed by H* mimics
that of Hy, which is increasing as a function of Co thickness.
For all the Co thicknesses, H* is systematically slightly lower
than H;. The gap between H* and H; is relatively small
(~200 Oe) for 4-A Co, but increases to larger values (between
1500 and 2000 Oe) for larger Co thicknesses. Overall, the ratio
H*/ H, however, remains within 75-95%.

The value H* approximatively matches the value H,,
at which the minor loop opens and hysteresis starts to
occur. Indeed, in order to favor an optimal high-density
bubble state at remanence, the magnetic film must be
previously magnetized to this specific point H* slightly
below saturation, where magnetic domains have irreversibly
broken down into smaller domains [11,54]. At that point,
some of the domains may have already been annihilated, but
there is still a significantly large density of small bubbles left
[as also observed for Co(4 A)/Pt(7 A), in Fig. 3 of Ref. [11]
and Figs. 2, 3, and 5 of Ref. [54]]. The optimum reversal
point H* seems to coincide with the slope change observed
for the smaller Co thicknesses on the ascending branch of
the major magnetization loop, which marked a transition
from contraction of stripe domains to annihilation of bubble
domains on the way to saturation [54,55]. When the applied
magnetic field H is decreased from H* back down to zero,
the existing distribution of irreversibly broken-up bubbles
prevents the domains from coalescing back into long stripes
and only allows the formation of short-sized stripe or bubble
domains to fill the gaps [see Figs. 5(b) and 6(b)]. For larger Co
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thicknesses that show the decay of stripes into lines of bubbles
more pronounced, the effective OOP magnetic anisotropy
is particularly weak, so that the energy cost associated with
the formation of additional domain walls necessary for
creating these lines of bubbles is relatively low and domain
coalescence does not reoccur as one reduces the external field
then back to remanence. In particular, once a bubble state of
high density is formed, the bubbles will repel each other due
to dipolar interactions, which will make the inverse process of
bubble coalescence less favorable, such that the high bubble
density is mostly maintained when returning to remanence
[44,57,58]. The emergence of the corresponding bubble state
region is illustrated in the schematic illustration of Fig. 8(a).

The observed morphological stripe-bubble magnetic tran-
sition is accompanied by a significant enhancement in the
density of reverse domains. In Fig. 7(c), the maximum density
n* for the reverse domains is plotted as a function of Co thick-
ness. Accordingly, when the Co thickness in the [Co/Pt]s
multilayer is ~30A, it is possible to increase the domain
density at remanence from about 150 domains/100 m? (pure
maze state) to about 1200 domains/100 um? (pure bubble
state) simply by adjusting the magnitude H,, of the previously
applied field to an optimal value H*.

While bubble domains are still observed for Co thicknesses
larger than 31 A, a significant decrease in the maximum
density n*, from 1200 domains/100 um? at 31 A of Co down
to about 600 domains/100 um? at higher Co thicknesses,
occurs. This density drop is partly caused by the increase of
the average domain width. Indeed, when the Co thickness
increases from 31 to 40 A, the average magnetic period

SN
&\\\\\§\§ I i |

i

W i

TP
Loy N
i ‘::'q‘\\ i

H,, = 8.5 kOe

H, = 9.8 kOe

FIG. 8. (a) Replot of Fig. 1(d) with additional indication of the line for minimum effective perpendicular anisotropy (dashed line) that
extends out roughly horizontally from the corner of the IP region at the highest N. This line represents the approximate phase region, where
bubble domains are most likely to form. A bubble-rich state occurs not only when previously applying H* [Fig. 7(c)], but also when previously
saturating the films [Fig. 7(e)]. On the right in part (b)-(d) we show 10 x 10 um? remanent MFM images that illustrate how the magnetic
stripe domains decay into lines of bubbles in order to reduce their magnetization and magnetostatic energy. These images have been obtained
for the Co(31 A)/Pt(7 A) sample after an external field was applied at an angle of 15° with respect to the OOP direction in order to trap
mixed stripe-bubble states with stripe domains aligned to the direction of the IP component of the external field. Here the decay from stripes
into bubbles is well visible and only possible because the domain-wall energy is very low (compare also to Refs. [11,54]). (e)—(g) Zoomed-in
portions corresponding to the yellow frames in images (b)-(d), showing the details of the domain structures.
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across an up/down domain pair slightly increases from 220
to 250 nm, as shown in Fig. 7(d) [12]. However, this increase
in domain size, by a factor 1.15, only slightly contributes to
reduce the domain density. It cannot account for the entirety of
the density drop, from 1200 down to 700 domains/100 xm?,
i.e., by about a factor of 2, when the thickness increases from
31 to 40 A. This significant drop suggests the existence of an
optimal Co thickness in the [Co/Pt]sy multilayer, at around
30 A, for which the density of reverse domains is significantly
enhanced.

The existence of such an optimal Co thickness is con-
firmed by the occurrence of the ridge on the right side of
the density map of Fig. 7(a) when H,, > H*. This ridge
indicates that the density of reverse domains in the remanent
pattern after applying a saturating field is much higher for
31 A of Co than for other thicknesses. A cut through the
map at H,, ~ 50kOe shown in Fig. 7(e) clearly shows once
again a peak at 31 A, where the domain density reaches
about 650 domains/100 um?. For smaller Co thicknesses,
the density is down to about 150 domains/100 xm?, which
corresponds to a maze pattern of long interlaced domains.
For Co thicknesses higher than 31 A, the density is slightly
above 300 domains/100 um?. At these higher densities, the
magnetic pattern consists of a mix of short stripes (the length
of which is less than 1 um, on average) and bubbles (the
diameter of which is around 150 nm).

To test the robustness of the bubble state occurring for the
31-A Co thickness, the experiment was reproduced with an
external field directed at a 15° angle away from the perpen-
dicular direction, thus generating a small IP component while
keeping a strong OOP component. The resulting remanent
patterns shown in Fig. 8 exhibit stripes aligned along the
direction of the IP field component. Even with this imposed
IP alignment, the domain morphology evolves from elongated
stripes toward a mix of much shorter stripes and bubbles when
the OOP component of the field approaches H* [Fig. 8(g)].
The gradual decay from aligned stripes into lines of bubbles
is clearly visible here. A similar behavior of stripe domains
that tend to decay into lines of bubbles was recently also
observed in Fe/Gd multilayers as a function of field and
temperature [59].

The occurrence of such an optimal Co thickness lead-
ing to a pure bubble lattice may be explained in terms of
the competing magnetic energy terms. The subtle interplay
between the demagnetization energy and the perpendicular
anisotropy energy, which reflects itself in the domain-wall
energy, leads to the formation of a bubble lattice when the Co
thickness is in the range of 30 A. Here the cost of forming
additional domain walls when the field is ramped close to
saturation and the stripe domains decay into lines of bubbles
[Figs. 8(b)-8(e)] is very low, thus the lowest energy state
at fields of H,, = H* ~ 85% H; leads to an almost perfect
magnetic bubble state, which is mostly maintained also when
returning to remanence [44,57,58] [Fig. 5(b)]. For lower
Co thicknesses that yield a higher effective perpendicular
anisotropy energy (and consequently a higher domain-wall
energy) each stripe contracts down to very few or even only
a single bubble, which leads to a very sparsely populated
bubble assembly with large spaces in between bubbles, which
then evolves back into more interconnected stripes when

brought back to remanence. Also for higher Co thicknesses
(higher than the critical 30 A) the effective anisotropy energy
is increased due to the rising magnetocrystalline anisotropy
energy, but this increase is very slow and thus bubble domain
formation is still quite favorable (as also observed for the
40- and 60-A samples). However, with increasing Co thick-
ness the characteristic stripe width increases with the square
root of the total magnetic film thickness [12], so that even
if the bubble state remains similar in its arrangement the
average bubble size will increase and thus slowly lower the
domain density. This is why we see a maximum domain
density around this specific Co thickness of about 30 A for
Co/Pt multilayers with 50 repeats. In order to illustrate this
effect the line of minimum effective perpendicular anisotropy
is drawn in Fig. 8(a) as a dashed line. This line extends out
approximately horizontally towards higher N from the right
side of the IP phase area, situated at around N = 20. The 30-A
Co thickness comes the closest to this line of lowest effective
OOP anisotropy and thus reveals the most extensive bubble
domain formation in our series.

VI. MICROMAGNETIC SIMULATIONS

Using MUMAX3 based finite-difference modeling [60] with
periodic boundary conditions, we simulated the magnetic be-
havior of the ¢, = 31 A sample by splitting up the thickness
of the total multilayer into 20 cells of 9.25-nm thickness each
(thus giving a total thickness of 20 x 9.25nm = 185nm).
Furthermore, in order to capture domain states we used lateral
cell sizes of 3nm x 3nm, i.e., with a length scale on the
order of the exchange length in the system. For capturing
at least a few domains (with a diameter of 200-300 nm)
within the lateral size of our simulated area, we decided
to use a 512 x 512 x 20cell grid with a lateral dimension
of 1536 nm x 1536 nm. We chose the Mg value at 1080
kA/m as obtained from the VSM measurements. The PMA
was varied across three values: K, = 2 x 10°, 4 x 10°, and
6 x 10°J/m?3. To obtain the hysteresis loop, the system was
initialized using a random state and the total energy was
minimized for every field step using a steepest-descent solver.
We found quite close agreement of the modeled and measure
hysteresis loop branch for K, =2 x 10°J/m> as shown in
Figs. 9(a) and 9(b).

In Fig. 9(b) ascending hysteresis loop branches for all
three modeled anisotropy values are shown together with the
experimental branch of the 7c, = 31 A multilayer, which was
stretched by a small factor of 5% in order to confirm the
good agreement between modeling and experiment for this
anisotropy value.

The smallest simulated K, value of 2 x 10°J/m?3
matches our experimental results, thus confirming our above
interpretation that the low anisotropy of the system triggers
the extensive bubble domain formation. The magnetostatic
energy for the same multilayer (with Mg = 1080 kA/m) in
a uniform OOP state would be three to four times larger than
this value, thus yielding an IP state if no domain formation
is allowed. However, including domain formation the system
can reach an OOP domain ground state at remanence. Given
that we had to stretch our experimental branch slightly by 5%
in order to get full agreement as shown in Fig. 9(b), we can
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FIG. 9. (a) Experimental ascending hysteresis loop branches from remanence to saturation for four different Co thicknesses together with
the corresponding modeled hysteresis loop branch for Mg = 1080 kA /m (as extracted for the sample with fc, = 31 A) and K, = 2 x 10° J/m?.
(b) Modeled hysteresis loop branches from remanence to saturation for My = 1080 kA/m and three different K, values together with the
corresponding experimental hysteresis loop branch for fc, = 31 A stretched by 5% along the field axis in order to completely match with the
model branch for K, = 2 x 10° J/m?. The inset in (b) shows a cross section through a domain modeled for K, = 2 x 10° J/m?, which shows
extensive formation of IP closure domains (white areas). (c), (d) Modeled plan view domain images cut through the center of the magnetic
multilayer structure [as indicated by the dashed line in the inset of (b)] for K, = 6 x 10° and 2 x 10° J/m?, respectively. The three different
reversal regimes as identified for the fc, = 16 A sample and the K, = 6 x 10°J/m? simulation are indicated in the ascending hysteresis loop
branch in (a), (b) as well as in the domain images in (c), respectively. (e) One-dimensional cross-sectional cuts through the domain structures

for K, = 2 x 10°J/m? as indicated by the white solid lines in (d).

assume that our anisotropy for the 7c, = 31 A multilayer lies
slightly above K, = 2 x 10° J/m>.

If we inspect the other two loop branches with higher
anisotropy values of K, =4 x 10° and 6 x 10°J/m® in
Fig. 9(b), we note that the shape of these branches much
more resembles that of the tc, = 16 A multilayer. For
K, =6 x 10° J/m> we observe three different slope regimes
[Fig. 9(b)] that correspond to different domain processes
as illustrated in Fig. 9(c). First, starting at remanence a
moderate slope (regime 1) with very little hysteresis is
observed. This indicates reversible changes in relative do-
main width of up versus down domains (without changing
the overall up/down domain period) induced by the Zee-
man energy in the increasingly strong external field [11].
At some field value the domains that are opposite to the
externally applied field cannot shrink in width any further
[see image for 7.8 kOe in Fig. 9(c)]. At this point irre-
versible domain contraction processes from the end points
of the stripe domains start to occur [see image for 8.6 kOe
in Fig. 9(c)], which yield a higher M(H) slope and a more
hysteretic behavior (regime 2). Finally, when all the remaining
stripes have contracted to bubbles [see image for 9.1 kOe in

Fig. 9(c)] the slope in the ascending hysteresis loop branch
eventually decreases (reflecting bubble contraction, regime
3) before the system completely saturates and all remaining
bubbles are annihilated. This sequence describes the reversal
for higher anisotropy films that show less bubble domain
formation, as seen in our sample series for Co thicknesses
smaller than 30 A.

In contrast to the K, = 6 x 10° J/m? case, Fig. 9(d) shows
domain images for the reversal at K, =2 x 10°J/m>. In
that case, the ascending branch of the hysteresis loop shows
an almost constant slope. Here the change in magnetization
versus field is almost linear all the way from remanence to
saturation and also hysteresis is minimal. While the reversible
up/down domain width changes in the first reversal phase are
similar to the higher anisotropy samples, the second phase is
different. Here a stripe domain no longer contracts down to a
single bubble, but instead decays into short stripes and then
a dense array of bubbles [see image for 9.0 and 10.0 kOe
in Fig. 9(d)]. This way the slope change due to irreversible
stripe domain contraction down to a single bubble is avoided
and an almost linear regime all the way to saturation occurs.
Also, close to saturation, the slope due to bubble contraction

224404-13



KARINE CHESNEL et al.

PHYSICAL REVIEW B 98, 224404 (2018)

is larger than for the higher anisotropy cases, simply because
the bubble density is much larger.

Important to note is that the magnetization profile is not
homogenous along the thickness of the sample. To minimize
the magnetostatic energy but still provide the OOP alignment
favored by the PMA, a flux-closure domain is formed within
the film thickness [Fig. 9(e)]. This leads to an effective
reduction of the volume of the bubble domain, and therefore
provides a possible stable ground state consisting of densely
packed bubble domains.

VII. CONCLUSION

We have identified a morphological magnetic stripe-bubble
transition occurring for the remanent magnetic domain con-
figuration in [Co/Pt]so multilayers. We varied the thickness
of Co from 4 to 60 A with a fixed Pt thickness of 7 A.
All these multilayers exhibit effective perpendicular magnetic
anisotropy and form submicron-sized OOP magnetic domain
patterns with various morphologies at remanence. For each
thickness, a magnetic transition was observed when the mag-
nitude H,, of the previously applied magnetic field was varied
across a range of values from above to below saturation.
The magnetic microstructure was characterized by collecting
MFM images of the magnetic domain patterns at remanence
after applying a magnetization loop of magnitude H,, decreas-
ing from 90 kOe down to zero. The magnetic transition was
identified by mapping out the density of the reverse domains
as a function of H,, and of Co thickness. The resulting map
[Fig. 7(a)] clearly shows a magnetic transition with the occur-
rence of a narrow high domain density peak in the midst of
a wide low domain density background. The reverse domain
density is highly enhanced from its lowest value of about
150 domains/100 um?, which corresponds to a maze domain
state, up to 1200 domains/100 wm?, which corresponds to a
pure bubble state. For the [Co/Pt]sop multilayers with a Pt
thickness of 7 A this significant enhancement occurs at a char-
acteristic Co thickness of around 30 A and at a characteristic
value H* ~ 9.5kOe for the magnitude of the previously ap-
plied field H,,. Ranging within 75-95% of the saturation field
H;, the characteristic field value H* corresponds to the point
where we observe for lower Co thicknesses a slope change in
the major loop [as can be seen in the insets of Figs. 3(a) and
4(a)] corresponding to a transition from contraction of stripe

domains to contraction and annihilation of bubble domains on
the way towards saturation [55]. For higher Co thicknesses,
H* is the point where the magnetization loop opens up to
its hysteretic region and stripes decay into lines of bubble
domains that remain energetically stable, even if the sample
is brought back to remanence. As we show in our discussion,
the ability to build more domain walls and thus separate stripe
domains into lines of bubbles (Fig. 8) in order to reduce the
overall magnetization and magnetostatic energy only become
energetically feasible if the domain-wall energy is very low,
which is the case when the effective OOP anisotropy of the
multilayer reaches a minimum (but without getting into the IP
regime yet). In Fig. 8, we illustrated that, for multilayers with
50 repeats and a Pt thickness of 7 A, this local minimum lies
at a Co thickness of about 30 A. A comparison between ad-
ditional micromagnetic finite-difference simulations and our
experimental results confirms our interpretation and allows us
to assign an anisotropy of about K, =2 x 10°J/m? to the
[Co(31 A)/Pt(7 A)]50 multilayer, for which we observe the
highest bubble domain density.

This observed morphological stripe-bubble transition
demonstrates the ability to enhance domain densities at
remanence in ferromagnetic thin Co/Pt multilayered films
by optimizing the Co thickness in combination with finely
adjusting the magnitude of the previously applied external
magnetic field strength. Observed here in Co/Pt multilayers,
such a morphological stripe-bubble transition in the remanent
magnetic domain configuration may well be found in other
thin-film systems with perpendicular magnetic anisotropy and
prove itself as being useful for creating dense arrays of
magnetic bubbles for future magnetic data computation and
storage applications.
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