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Magnetic bubbles have again become a subject of significant attention following the experimental observation of
topologically nontrivial magnetic skyrmions. In recent work, tailoring the shape of the bubbles is considered a key factor
for their dynamics in spintronic devices. In addition to the reported circular, elliptical, and square bubbles, here we observe
triangular bubble domains in bismuth-doped yttrium iron garnet (Bi-YIG) using Kerr microscopy. The bubble domains
evolve from discrete circular to latticed triangular and hexagonal shapes. Further, the orientation of the triangular bubbles
in the hexagonal lattices can be flipped by decreasing the magnetic field. The sixfold in-plane magnetic anisotropy of
Bi-YIG(111) crystal, which is presumably the mechanism underlying the triangular shape of the bubbles, is measured as
1179 erg/cm3. The study of the morphologies of topologically trivial bubbles in YIG offers insight into nontrivial spin
textures, which is appealing for future spintronic applications.
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1. Introduction
Spin textures are ideal information carriers in spintronics-

based devices. Magnetic bubbles are one of the most classical
textures that have been studied intensely for non-volatile bub-
ble memories for decades.[1–5] In recent years, progress has
been made in skyrmion-based studies, which has led to mag-
netic bubbles regaining attention.[6–13] Both the magnetic tex-
tures form as a result of competition between magnetic ener-
gies, including magnetic exchange, anisotropy, demagnetiza-
tion, and so on.[11,14] The spin textures can differ in topologi-
cal charge, and in some cases, skyrmions can be equivalent to
bubbles without Bloch lines at the domain wall.[12,15,16] In ad-
dition, in terms of dynamics, magnetic bubbles and skyrmions
exhibit common features.[12] Thus, studies of magnetic bub-
bles may offer alternatives for understanding the physical fea-
tures and benefit their future development in applications.

Very recently, the morphologies of skyrmions have at-
tracted significant attention. Heart-shaped and polygonal
magnetic skyrmions are proposed for improving the dy-
namic performances of skyrmion-based devices,[17,18] and el-
liptical skyrmions are experimentally realized in Pt/Co/Ta

multilayers.[19] Moreover, skyrmion lattices with elliptical and
square shapes are reported in bulk MnPtPdSn and GdRuSi
magnets,[20–22] where their evolutions show similarities with
the trivial bubbles reported in garnet materials.[23,24] Skyrmion
bubbles have also been observed in thulium iron garnet
(TmIG) based garnet materials,[25–28] indicating that the study
of magnetic bubbles in YIG may offer alternatives for future
skyrmion-based applications.

YIG takes advantage of the low damping and in-
sulating character, and is therefore useful for spintronic
applications.[29,30] In this work, we focus on the triangular
bubbles observed in Bi-YIG material systems using magneto-
optical Kerr microscopy. Bi-YIG is an outstanding magneto-
optical material.[31,32] Therefore, we have selected Bi-YIG to
study the magnetic structures using magneto-optical Kerr mi-
croscopy. We examine the evolution of magnetic textures,
including circular, triangular, and hexagonal bubbles, and
demonstrate that the orientation of the triangular bubbles can
be flipped by changing the magnetic fields. Our work provides
a prototype of bubble morphologies in garnets, which offers
alternatives for spintronic applications.
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2. Experimental details
The single crystal Bi-YIG studied in this work was pre-

pared using a liquid phase epitaxy (LPE) technique on (111)
orientated gadolinium gallium garnet (GGG) substrate. Addi-
tional Bi2O3 was added in normal PbO–B2O3–Fe2O3–Y2O3

flux to dope bismuth into YIG. The ratio of bismuth to yt-
trium in the Bi-YIG was approximately 1:5, and the thickness
was fixed at approximately 3 µm. To measure the magnetic
hysteresis loops of the samples, magneto-optical Kerr effect
(MOKE) measurements with longitudinal and polar configura-
tions were taken. Rotating-of-field MOKE (Rot-MOKE) eval-
uation was performed to analyze the magnetic anisotropy for
the YIG sample.[33–35] The applied field sweeped polar angles
where the magnetic anisotropy between in-plane and out-of-
plane directions can be evaluated. To observe magnetic tex-
tures in the Bi-YIG sample, a commercial Kerr microscope
and electromagnets (Evico Magnetics) were used. In the ob-
servation, a polar sensitivity setup with out-of-plane magnetic
fields was applied. Fast Fourier transform (FFT) was applied
to the Kerr microscopy images to analyze the symmetry of
the bubble lattices. To examine the underlying physics of the
bubble domain morphologies in the Bi-YIG sample, vector vi-
brating sample magnetometer (VSM) measurement was con-
ducted to evaluate the in-plane magnetic anisotropy.[36] Note
that, unlike the Rot-MOKE measurement, the anisotropy mea-
sured by vector VSM is in-plane, where the applied field ro-
tating angles are azimuthal.

3. Results and discussion
3.1. Magnetic properties of the samples

The magnetic hysteresis loops of the sample are shown in
Fig. 1(a). The magnetic easy axis of the sample is in-plane, as
seen from the red loops. A zoomed-in image of the in-plane
loop is shown as an inset, where the coercive field and satura-
tion field are 18 Oe and 50 Oe, respectively. The out-of-plane
hysteresis loop (the blue curve) shows almost zero remanence
magnetization and higher saturation field of HS = 1800 Oe,
which is the typical anisotropy field of the YIG film.

Figure 1(b) shows the results of the Rot-MOKE measure-
ment. The rotating magnetic field applied to the Bi-YIG sam-
ples is set to 3000 Oe, which is far above the saturation field
HS even along the hard axis. Due to the competition between
the magnetic anisotropy and applied fields, the magnetic mo-
ments align in equilibrium orientation, as illustrated in the in-
set. When the applied field rotates, orientation deviation oc-
curs between the magnetization and the applied field. In ad-
dition, the energy density of unit volume in this case can be
written as[34,35,37]

E = −MsH cos(α −θ)+Kusin2 (θ)

+K4sin2
(

θ +
π

4

)
cos2

(
θ +

π

4

)
, (1)

where Ms is the saturation magnetization, H is the applied
field, Ku is the uniaxial anisotropy constant, and K4 is the
fourfold anisotropy constant. The angles of the applied field
and magnetic moment correlating with the easy axis (in-plane
direction x) are defined as α and θ , as seen in the inset of
Fig. 1(b).
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Fig. 1. (a) In-plane and out-of-plane magnetic hysteresis loops of the
YIG sample. The figure presents a schematic drawing of the sample
structure. A zoomed-in image of the in-plane loop is shown as an inset.
(b) The magnetic torque l(θ) as a function of the angle of the in-plane
magnetic field. The red line indicates the fitting for the torque. Inset:
illustration of the magnetic field and magnetization directions in the
Rot-MOKE measurement.

Through minimizing the magnetic energy density E, the
torque l (θ) on magnetization can be obtained from Eq. (1)
as[34,35,37]

l (θ) = H sin(α −θ)

=
1
2

Hku sin2(θ −θu)−
1
4

Hk4 sin(4θ) , (2)

where θu is the easy axis angle correlated with the x axis, and
Hku and Hk4 are the uniaxial and fourfold anisotropy fields,
respectively. Based on Eq. (2) with free parameter fitting,
Hku is −1839 Oe, Hk4 is 18 Oe, and θu is 0.3◦. The fitting
curve is shown in red in Fig. 1(b). It is clear that the fourfold
anisotropy field Hk4 is relatively small. This result is not con-
sidered in the following discussion. The value of the uniaxial
anisotropy field Hku is consistent with the saturation field in
the hard axis loop shown in Fig. 1(a). The negative Hku rep-
resents an in-plane magnetic easy axis, which aligns with the
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hysteresis loop measurements. The small θu of 0.3◦ indicates
precise control of the angles of the sample and magnetic field
in the measurements. Taking the saturation magnetization as
139 emu/cm3 into Hku = 2Ku/Ms,[38] the uniaxial anisotropy
constant Ku is approximately −1.28×105 erg/cm3.

3.2. Evolution of magnetic structures under out-of-plane
magnetic fields

The results of the Kerr microscopy observation of the
magnetic textures in the Bi-YIG samples are presented in
Fig. 2. Note that the same area of the sample is observed
continuously by sweeping the out-of-plane magnetic field Hz.
Before varying the fields, a background image is taken when
the sample is in the positive saturation state at Hz = 3000 Oe.
Subsequently, the applied magnetic field is swept, each image
is recorded and subtracted by the saturation background, and
the contrast of the magnetic structure is shown in Fig. 2. In ad-
dition to the Kerr microscopy images, FFT is applied to each
image to check the asymmetries of the magnetic patterns.

When the applied perpendicular field decreases from sat-
uration, isolated magnetic bubbles start to nucleate (Hz =

1810 Oe). Since the bubble density is low, no obvious sym-
metrical information can be distinguished in the FFT result, as
shown by the insets in the upper-right corner. Then, the bubble
density continues to increase, a hexagonal symmetry gradually
occurs (Hz = 1633 Oe and 1457 Oe). The hexagonal symme-

try of the magnetic bubbles is clearer when Hz = 1291 Oe is
applied. Considering the results of the magnetic anisotropy
evaluation in this work, the generation of magnetic bubbles
should be a result of competition between the applied mag-
netic field and magnetic anisotropic energies, such as crystal
and shape anisotropies.

From saturation to the formation of a magnetic bubble
lattice, the density and size of the bubbles gradually increase.
The number of bubbles reaches its maximum when the hexag-
onal bubble lattice is well formed. With further decrease of the
magnetic field, the bubbles expand in size, and some of them
deform into stripe domains to compensate for the reduction of
Zeeman energy. The generation of stripe domains obscures
the hexagonal symmetry in the FFT image. In the whole pro-
cess of sweeping magnetic fields, the magnetic bubbles remain
several microns in size, despite their expansion with fields.

Another interesting observation is that at a certain range
of magnetic fields, the magnetic bubbles do not present circu-
lar shapes. For example, when Hz = 1291 Oe, the bubbles are
triangular, and they are hexagonal when Hz = 48 Oe. The tri-
angular bubble shape in garnet was reported decades ago,[24]

but its transformation under magnetic fields was not investi-
gated. Because the morphology of spin textures is important
in spintronic applications, we further increase the magnifica-
tion of the Kerr microscopy imaging to study the morphologies
of the bubbles with respect to magnetic fields.

Hz = 1810 Oe Hz = 1633 Oe Hz = 1457 Oe

Hz = 1291 Oe Hz = 647 Oe Hz = 48 Oe

25 μm

Fig. 2. Magnetic structures of the Bi-YIG sample when applying various out-of-plane magnetic fields Hz (indicated in each image). FFT results
are shown as insets in the top-right corner of each image.

3.3. Magnetic bubble morphologies

We further observed the shapes of the magnetic bubbles
at higher magnifications. A fixed area of the sample was sub-
jected to Kerr microscopy imaging with varying Hz. The re-

sults are shown in Fig. 3. At Hz = 1681 Oe, the bubbles are
nucleated, and the magnetic bubbles are circular in shape, as
illustrated by the white circles in the images. At Hz = 246 Oe,
the magnetization is near the remanence state; the magnetic
bubbles tend to transform into stripe domains, and the bubbles
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present a hexagonal shape. However, when the bubbles are
in lattice states (Hz = 1340 Oe, 1291 Oe, and 1242 Oe), they
are clearly triangular in the highly magnified view. The trian-
gle overlays are provided to show the shape and orientation of
the triangular bubbles and make it possible to investigate the
evolution of the magnetic bubbles when varying the magnetic
field Hz.

Hz = 246 Oe

20 μm

Hz = 1291 Oe

Hz = 1340 Oe

Hz = 1681 Oe

Hz = 1242 Oe

Fig. 3. Field-dependent morphologies of the magnetic bubbles. The
applied out-of-plane magnetic fields Hz are indicated in each image.
Dashed line frames with different shapes and colors are shown to illus-
trate the bubble morphologies.

Interestingly, we find that the direction to which the bub-
bles point can be changed by changing the out-of-plane mag-
netic field. For example, when Hz decreases from 1340 Oe
to 1291 Oe, a magnetic bubble in the yellow frame flips from
pointing up to pointing down, while the bubble in the green
frame flips in the opposite direction. Then, when Hz reaches

1242 Oe, the flip of bubbles happens again. In this process,
it seems that the bubbles can flip randomly once or twice, al-
though some bubbles do not flip.

For topologically nontrivial skyrmions, the
Dzyaloshinskii–Moriya interaction (DMI) and magnetic
anisotropy in the materials determine the size, shape, and
stabilization of the magnetic structures, which, according
to recent studies on the morphologies of skyrmions, are not
circular.[17–20] For instance, it is shown that in Pt/Co/Ta multi-
layers, anisotropic DMI and in-plane anisotropy deform mag-
netic skyrmions to elliptical shapes.[19] Although bismuth is
a remarkable material with strong spin–orbit coupling,[39] the
DMI is considered weak in our Bi-YIG sample. The lattice
structure of YIG is centrosymmetric, where bulk DMI is not
significant. Our Bi-YIG has a thickness in micrometers, and
the interfacial DMI should also be negligible. In addition, it
is reported that no DMI is shown in GSGG/Bi-YIG/Pt mate-
rial structure.[40] Therefore, except for DMI, we assume that
the generation of triangular bubbles could be attributed to the
sixfold in-plane magnetic anisotropy.

To study the in-plane magnetic anisotropy, vector VSM
measurement was conducted.[36] An illustration of the mea-
surement is shown in Fig. 4(a). A constant in-plane field (Hi)
of 50 Oe is applied to saturate the magnetization and is ro-
tated in the sample film plane to drive the moments. Mag-
netization parallel/perpendicular to the applied in-plane field
(mx/my) is measured simultaneously. As a result of the in-
plane anisotropy, the magnetization cannot remain parallel to
the applied field. Since the angle between the applied field
and the starting direction (ϕH ) is known, the angle between
the magnetization and the starting direction (ϕm) can be cal-
culated as ϕm = ϕH − arctan(my/mx). Further, the magnetic
torque li can be calculated as li = m×Hi/V ≈ myHi/V , where
m is the magnetization and V is the volume of the magnetic
layer. li versus ϕm is shown in Fig. 4(b), where the trend of the
data is significantly different from that observed for the uniax-
ial and fourfold anisotropies. Considering the sixfold in-plane
anisotropy, we fit the li according to[36,41]

li = Kiu sin2(ϕm −ϕ2)−
1
2

Ki4 sin4(ϕm −ϕ4)

− 1
18

Ki6 sin6(ϕm −ϕ6) , (3)

where Kiu, Ki4, and Ki6 represent the uniaxial, fourfold, and
sixfold in-plane anisotropies, respectively, and ϕ2, ϕ4, and ϕ6

are easy axis angles related to the starting direction of the ro-
tating fields. A well-fitting result is shown in Fig. 4(b), and
the absolute values of Kiu, Ki4, and Ki6 are approximately
395 erg/cm3, 138 erg/cm3, and 1179 erg/cm3, respectively.
Therefore, through the dominance of Ki6, we confirm the six-
fold in-plane anisotropy in the Bi-YIG sample. The mag-
netic bubbles result from the competition of energies, includ-
ing anisotropy energies in different directions. It has been
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shown that in-plane magnetic anisotropy can induce the ellip-
tical deformation of magnetic skyrmions.[19] In our Bi-YIG,
the sixfold in-plane magnetic anisotropy can induce triangu-
lar and hexagonal bubble morphologies. At low magnetic
fields, the bubbles are hexagonal, and the sixfold in-plane
anisotropy may be the primary cause of this morphology. For
the triangular bubbles, it is shown that their orientation can be
flipped randomly by varying the magnetic field in the experi-
ment observation. In the presence of sixfold in-plane magnetic
anisotropy, anisotropic energies can be equivalent for the bub-
bles in two orientations. With disturbance, the bubbles may
flip randomly. Besides the sixfold in-plane anisotropy, other
underlying physics might contribute to the formation of the
bubble morphologies. This possibility requires further study.
The analysis of the relation between in-plane anisotropy and
bubble shape could offer alternatives to potential morphology-
based manipulation methods in spintronic applications in gar-
nets.

(a)

(b)

Sample (x↩y) plane

H

ϕH

ϕm

mx

m

my
Starting direction

400

200

-200

-400

0

0 60 120 180 240 300 360
ϕm (Ο)

l i
 (

e
rg

/
c
m

3
)

Fig. 4. (a) Illustration of field and magnetization directions in the vector
VSM anisotropy measurement. (b) Solid points: the magnetic torque li
versus ϕm. The red line indicates the fitting for the torque.

Based on the high-magnification view of the magnetic
structures, the statics of the magnetic bubbles are analyzed,
as shown in Fig. 5. A fixed view of 55× 42 µm2 is observed
with various perpendicular fields Hz. Since the bubbles take
different shapes with the transformation of the domain struc-
tures, the evaluation of the bubble diameters is not sufficiently
meaningful for the bubble size. Therefore, the area of a single

bubble under Hz is analyzed, as shown in the upper panel in
Fig. 5. In addition to the bubble size, the distances between
two neighboring bubbles are measured. The borders of bub-
bles are first selected in order to determine their centers. The
distances, as shown in the bottom panel in Fig. 5, are mea-
sured between the centers of two neighboring bubbles. The
external field decreases from saturation to near zero. Hence,
the evolution of the magnetic structures is similar to that in
Fig. 2, and the dominant magnetic texture changes with vari-
ous Hz. When Hz decreases from saturation, isolated bubbles
gradually nucleate and expand, causing drastic change in the
distance between bubbles. Then, triangular bubbles arrange in
a hexagonal lattice form. In this case, the area of a single bub-
ble continues to increase as a result of the continuously chang-
ing Zeeman energy. However, the distance between bubble
centers remains almost unchanged, indicating that the bubble
lattice structure is stable. When Hz is small, large hexagonal
bubbles and stripe domains are shown, and the sizes of and
distances between bubbles continue to change due to the de-
formation of the bubble lattices and external fields.
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Fig. 5. Statistics for the magnetic structures in the YIG sample with
varying Hz. (a) Area of single bubble. (b) Distance between bubbles.
Colored parts indicate the dominant magnetic structures in the observed
area: hexagonal bubbles and stripe domains (orange), triangular bub-
bles (green), and isolated bubbles (yellow). A dashed line is included
in the lower scheme of the figure to clarify the distances between the
triangular bubbles arranged in a hexagonal lattice.

4. Conclusion
In this work, we experimentally realize magnetic bubble

lattices in Bi-YIG/GGG (111) samples. Magnetic structures
are observed using Kerr microscopy. The evolution of mag-
netic textures in the Bi-YIG samples under varying perpen-
dicular magnetic fields is investigated. Using the FFT of the
imaging results, the symmetries of the spin textures are eval-
uated and three different phases of the bubbles are defined.
Magnetic properties such as hysteresis loops and anisotropies
are measured. These properties may explain the phenomena
observed in this work. For the magnetic bubble lattice phase,
triangular bubbles are found. In addition, the orientation of the
triangular bubbles can be changed by changing the magnetic
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field, which may offer an opportunity to manipulate and uti-
lize spin textures. Since the morphologies of skyrmions have
potential for applications and magnetic bubbles are closely
related to topologically nontrivial magnetic skyrmions, this
work provides alternatives to skyrmions and bubbles in mag-
netic garnets, which may be feasible for spintronics based de-
vices and logics.
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100 100406
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