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Nanoscale magnetic bubbles in Nd2Fe14B at room temperature
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The increasing demand for computer data storage with a higher recording density can be addressed by using
smaller magnetic objects, such as bubble domains. Small bubbles predominantly require a strong saturation
magnetization combined with a large magnetocrystalline anisotropy to resist self-demagnetization. These condi-
tions are well satisfied for highly anisotropic materials. Here, we study the domain structure of thin Nd2Fe14B
lamellae. Magnetic bubbles with a minimum diameter of 74 nm were observed at room temperature, approaching
even the range of magnetic skyrmions. The stripe domain width and the bubble size are both thickness dependent.
Furthermore, a kind of bubble was observed below the spin-reorientation transition temperature that combine
bubbles with opposite helicity. In this paper, we reveal Nd2Fe14B to be a good candidate for a high-density
magnetic bubble-based memory.

DOI: 10.1103/PhysRevB.105.064426

I. INTRODUCTION

Magnetic bubbles are small magnetized cylindrical vol-
umes in magnetic films with uniaxial, perpendicular magne-
tocrystalline anisotropy that can be used for computer data
storage [1]. Magnetic bubbles were extensively studied from
the 1960s to the 1970s, finally culminating in the highly
sophisticated magnetic bubble memory that was introduced
in the 1970s. At that time, the focus was on oxides that
include rare-earth iron garnets, orthoferrites, and hexaferrites
[2]. These materials exhibit magnetic bubbles with typical
diameters in the 1–100 μm range. Unfortunately, owing to
the large size, bubble memory cannot compete with semicon-
ductor memories with a bit size of ∼30 nm. The need for
smaller bubbles for commercial applications led to the recent
introduction of the concept of skyrmions [3,4].

Compared with skyrmions, the diameter (usually 1–
100 nm) of which mainly depends on the Dzyaloshinskii-
Moriya interaction, the diameter of bubbles depends on both
the intrinsic and extrinsic properties such as anisotropy, satu-
ration magnetization, and the film thickness [2]. The diameter
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d of a bubble reaches a minimum for d = h [2,5,6] when the
thickness h satisfies the condition:

h = 16
√

AK1

μ0M2
s

, (1)

where A is the exchange stiffness constant, K1 is the magne-
tocrystalline anisotropy, μ0 is the vacuum permeability, and
Ms is the saturation magnetization. Detailed analysis can be
found in the Appendix. Although a small uniaxial magnetic
anisotropy K1 is favorable for decreasing the diameter, a large
K1 is required to resist the self-demagnetization of lamellae
or films, which requires K1 > 1

2μ0M2
s . Therefore, obtaining

small bubbles dominantly requires strong Ms [7] in combi-
nation with relatively high K1. Conventional materials for
obtaining bubbles were ferrimagnetic (garnets and hexafer-
rites) or canted antiferromagnetic (orthoferrites); therefore,
bubbles were large because of the low Ms.

A similar combination of large anisotropy and saturation
magnetization is also required for permanent magnets. A good
hard magnet fulfills K1 > μ0M2

s [8]; therefore, magnetic bub-
bles can be found in all highly anisotropic materials when
prepared in a form of thin lamellae or film. Moreover, due to
the large Ms, the bubbles in hard magnets can be rather small.
In fact, the existence of small bubbles in hard magnetic barium
ferrite [9], L10 Fe-Pt [10], and MnBi [11] with diameters of
130, 150, and 160 nm, respectively, at room temperature has
already been confirmed.

Materials based on the Nd2Fe14B compound with tetrago-
nal crystal structure are used for permanent magnets with the
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largest energy product. This material has a high Curie temper-
ature of Tc = 588 K and large magnetocrystalline anisotropy
of K1 = 4.9 MJm−3 at room temperature [12], which is
sufficiently strong to resist self-demagnetization. The fer-
romagnetically coupled moments of Nd and Fe become
noncollinear below the spin-reorientation transition temper-
ature TSR = 135 K, and the net moment is gradually tilted
away from the c axis, forming an easy-cone spin structure
at low temperatures [13]. As a well-known material, most of
the previous studies were focused on the magnetic properties
of the bulk material at room temperature. However, less at-
tention has been paid to the domain structure of mesoscopic
sized crystals or films, and studies of the domains in films or
lamellae below TSR have not yet been well reported. At room
temperature in mesoscopic samples, such as thin lamellae, the
competition between minimizing the domain wall energy and
the dipolar interaction [9] leads to a stripe domain structure
[14] rather than the two-phase two-branched pattern (star-
like/mazelike) that occurs in the bulk material [5,13]. These
stripe domains (sometimes classified as band domains [5]) are
the ground state for skyrmions or bubbles, which are stabilized
by an applied magnetic field. The saturation magnetization of
Nd2Fe14B at room temperature (μ0Ms = 1.6 T) is the largest
among all hard magnets, providing a good opportunity for
bubble memory with a small bit (domain) size.

In this paper, we present our study of the domain struc-
ture of thin Nd2Fe14B lamellae using magnetooptical Kerr
microscopy and Lorentz transmission electron microscopy
(L-TEM). Magnetic bubbles with a minimum diameter of
74 nm were observed at room temperature, even comparable
with the size of magnetic skyrmions. A type of bubble spin
structure was observed below TSR.

II. EXPERIMENTAL DETAILS

A. Single-crystal characterization

Single crystals of Nd2Fe14B were purchased from MaTeck,
Jülich, Germany. The composition was characterized by
wavelength dispersive x-ray spectroscopy as Nd2Fe14B with
an uncertainty of ∼0.5%. The orientation of the single crystals
was confirmed using the Laue method.

B. Preparation of micron-sized transport devices

Thin lamellae of Nd2Fe14B were cut using a focused
ion beam (FIB). The sample size was 80.00 (aaxis) ×
3.5 (baxis)μm2. The thickness varies from 2.4 to 13 μm along
the c axis. The lamellae were affixed to sapphire substrates
using epoxy and gold contacts that were deposited via sput-
tering.

C. Magnetization measurements

The magnetic properties of the single crystals were mea-
sured using a vibrating sample magnetometer (MPMS 3,
Quantum Design). An empty sample holder containing only
the substrate and epoxy was measured for comparison to re-
move the diamagnetic background. The mass was calculated
using the volume of the sample.

D. Magnetooptical Kerr microscopy

Domain images were obtained using the polar Kerr effect
in a wide-field magnetooptical Kerr microscope [15,16] at
room temperature on a (001) surface.

E. L-TEM

The magnetic phases were imaged with a double-corrected
FEI Titan³ 80–300 and a JEOL Jem F-200C transmission elec-
tron microscope operated in Lorentz mode at an acceleration
voltage of 300 and 200 kV, respectively. The sample was
maintained at the required temperature using liquid nitrogen
in a Gatan double-tilt cooling holder.

III. RESULTS

The evolution of domain structure of a thin Nd2Fe14B
lamella with a (001) surface in the presence of a magnetic field
applied parallel to the c axis at room temperature is shown
in Fig. 1. The thickness of the sample is 2 μm; therefore,
the competition between ferromagnetic exchange, wall en-
ergy, and dipole-dipole interaction changes the domain pattern
from that of two-phase branched domains in bulk samples
to that of stripe domains in thin lamellae without an applied
magnetic field [see Panel A of Fig. 1(a)]. When the magnetic
field becomes stronger, the darker domain phase parallel to
the magnetic field expands, and the brighter domain phase
antiparallel to the magnetic field shrinks (see Panels B and
C). A further increase in the field has the effect of transform-
ing the stripe domains into individual bubbles (Panels D–F)
before the magnetization finally saturates (Panel G). During
the demagnetization process, the single-domain state remains
until the sudden appearance of stripe domains in Panel I. The
magnetic field corresponding to the domain pattern in Panels
A–I can be taken from the plot in Fig. 1(b).

The high-resolution observation of the stripe domains and
magnetic bubbles was also performed using L-TEM, as shown
in Fig. 2. The images in Figs. 2(a)–2(d) were captured from
a 250-nm-thick sample, whereas the inset of Fig. 2(a) and
Figs. 2(e) and 2(f) are taken from a sample with 90 nm
thickness. The magnetization inside the stripes is opposite to
that of the applied magnetic field. The domain wall is a Bloch
type, where the moment lies in plane. The Bloch lines that
arise when wall segments with an opposite rotation sense meet
are indicated by yellow arrows, wherein the gray level of the
domain wall in the images changes between dark and light. A
schematic of the domain structure and zoomed image of the
stripes at 0.8 T, marked by the dashed box in Fig. 2(b), are
shown in Fig. 2(c). The individual bubbles become smaller
with increasing magnetic field, and the diameter shrinks from
300 nm at 0.95 T to >180 nm at 1.04 T in the 250-nm-thick
sample. Using the transport-of-intensity equation (TIE) [17],
the magnetic bubbles are identified as type II [18], with Bloch
lines in the Bloch wall in Fig. 2(f). The Bloch line indicates an
in-plane component of the moment, which might be because
the sample is slightly tilted (∼3° out of the [001] zone axis)
to reduce dynamical diffraction in the L-TEM experiments.
Interestingly, the topological Hall effect was also observed in
the thin lamella without tilting. The value of the topological
Hall angle is like that raised by skyrmions [19,20]. Detailed
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FIG. 1. (a) Kerr microscopy images: domain structure of a thin lamella of Nd2Fe14B (2 μm thick), observed by Kerr microscopy on of
the (001) surface with a magnetic field applied parallel to the c axis (perpendicular to the observed plane) at room temperature. The magnetic
fields corresponding to the domain patterns in A–I can be taken from the plot in (b). (b) Magnetization curve in a thin lamella of Nd2Fe14B.

data can be found in the Supplemental Material [21]. How-
ever, since type-II bubbles are topologically trivial and should
not give rise to any topological Hall effect, it remains an
open question whether the bubbles are chiral with the field
applied along the c axis. It might be possible that type-II
bubbles transfer to type-I bubbles when the tilt is removed
[9].

The period of the stripe domains in zero field and the
minimum diameter of the bubbles near the collapse field are
strongly dependent on the thickness. A decrease in the thick-
ness from 250 to 90 nm is accompanied by a decrease in the
periodicity λ from 360 to 120 nm. Reportedly, even a period-
icity of 30 nm was observed in a 10-nm-thick L-TEM sample

edge [14]. In addition, the minimum diameter of the bubble
decreases from 180 nm in the 250-nm-thick sample to ∼74 nm
in a sample with a thickness of 90 nm. In theory, a minimum
diameter of 50 nm can be realized in a 50-nm-thick sample,
calculated using Eq. (1) (see Discussion and Appendix).

To study the thickness dependence of the domain struc-
ture further, a wedge-shaped sample with a thickness ranging
from 2.4 to 13.7 μm was prepared. The thickness-dependent
domain structures are shown in Fig. 3. As the thickness in-
creases, the width of the stripe domains gradually increases
from 0.9 to 3.5 μm at zero field, as shown in Fig. 3(b).
The trend follows that the width is proportion to the root of
the thickness [5], as summarized in Fig. 3(d). In an applied

FIG. 2. Domain structure of stripe and magnetic bubbles observed by Lorentz transmission electron microscopy (L-TEM) at room
temperature. (a) μ0H = 0 T. (b) μ0H = 0.8 T. (c) Enlargement of the box in (b). (d) Individual bubbles at 0.95 and 1.04 T in a sample
that is 250 nm thick. (e) Bubble at 0.63 T in a 90-nm-thick sample. (f) Direction of the projected in-plane magnetic induction reconstructed by
the transport-of-intensity equation (TIE).
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FIG. 3. Thickness-dependent domain structure. (a) Wedge-shaped thin lamella viewed from the side. (b) Domain structure as seen from
the top of the wedge from [001]. (c) Domain structure from the area demarcated by the box in (b) in an applied magnetic field of 0.9 T. Some
of the bubbles are marked by white circles to show their size. (d) Dependence of the stripe domain width on thickness. (e) Dependence of the
bubble diameter at 0.9 T on thickness.

magnetic field of 0.9 T, the diameter of the bubbles also
increases from 0.55 to 0.75 μm as the thickness increases
from 2.4 to 5.7 μm, as shown in Fig. 3(c) and 3(e). It is worth
mentioning that the strip domain starts to change its shape
toward branching when the thickness is >6.2 μm [Fig. 3(b)],
which is also the critical boundary between the bulk and the
mesoscale thin lamella. To reduce the stray field provided
by the large stripe domain [5], surface domain modification
(branching) starts to appear at the cost of an addition domain
wall energy on the condition that D/(Q

√
A/Ku) = 103, where

D is the thickness, Q is the quality factor Q = 2Ku/(μ0M2
s ),

and A is the exchange constant that can be estimated from
its Curie temperature. The values at room temperature are
Q = 4.5, Ku = 4.9 MJm−3, and A = 8 pJm−1 [12]. Therefore,
the critical thickness D is ∼6 μm, which agrees well with our
experiment.

At temperatures below TSR = 135 K, Nd2Fe14B has an
easy-cone-type noncollinear spin structure. The domain
structure at low temperatures was observed by L-TEM (see
Fig. 4). Compared with the domain structure in Fig. 3(a),
additional lines exist that are perpendicular to the stripes in
the ground state, as indicated by the arrows. A schematic of
the domain structure is shown in Fig. 4(c). These lines are 90°
domain walls, which separate two domains in a head-to-head
way. This domain structure is forbidden in soft magnetic ma-
terials, but the strong magnetocrystalline anisotropy owing to
Nd forces the moments to be aligned along the easy direction

rather than along the c axis. Nonetheless, a large component
of the magnetic moment remains along the c axis; therefore,
the stripe domains still exist.

In an applied magnetic field, the 90° domain walls quickly
vanish [Fig. 4(b)] alongside the shrink of these stripes. Finally,
stripe domains break into bubbles. However, the spin texture
of this contrast is definitely different from either type-I or II
bubbles. Additional tails remain, which point in the easy di-
rection, marked by the yellow arrows. The projected in-plane
magnetic induction map shows that it is like a combination
of a type-I and a type-II bubble in Fig. 4(f) rather than sim-
ple bubbles in a previous study [22]. The detailed magnetic
structure of this kind of domain combined with a tail remains
to be elucidated. More measurements are required to properly
understand its nature.

The size and helicity of skyrmions are mainly determined
by the Dzyaloshinskii-Moriya interactions and the crystal
structure. However, a unique feature of magnetic bubbles is
that their topological charge and size can be controlled by the
thickness of the sample and an external magnetic field. Here,
we further demonstrate that the magnetocrystalline anisotropy
itself can influence the bubble structure.

We also observe a topological Hall effect at low temper-
atures below TSR in the bulk material (see Fig. S5 in the
Supplemental Material [21]). However, this effect is due to
the noncoplanar spin structure of Nd and Fe rather than any
topological domain structure in the thin lamellae.
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FIG. 4. Domain structure below the spin-reorientation transition temperature at 110 K. (a) Domain structure in the absence of a magnetic
field. (b) Domain structure at 0.48 T without 90° domain wall. (c) Schematic view of the domain structure above (left) and below (right) TSR

at zero magnetic field. Additional 90° domain wall appears below TSR. (d) Domain structure at 0.59 T with individual bubbles starting to form.
(e) Bubbles with two cores inside and a tail extending in the easy direction. (f) Direction of the projected in-plane magnetic induction from the
area inside the red box in (e).

IV. DISCUSSION

In Figs. 5(a) and 5(b), the phase diagrams of Nd2Fe14B in
the bulk form as well as thin lamellae are compared for field
applied along the c axis. The phase boundaries for the bulk
are obtained from the field-dependent susceptibility from the
magnetization curves shown in Fig. S3 in the Supplemental
Material [21], while those for thin lamella are obtained from
the microscopic domain images. The bulk sample has a uni-
axial easy-axis magnetic structure >135 K and an easy-cone
structure below. In the latter phase, the cone angle shrinks
in the presence of an applied magnetic field >1 T. However,
for a thin lamella, the competition between the wall energy,
exchange, and dipole-dipole interaction, which is between that
of short- and long-range order, leads to stripe domains and
bubbles. Below the spin-reorientation transition temperature,
a stripe domain with an additional 90° domain wall appears,
which transforms into complex bubbles in an applied mag-
netic field.

The minimum bubble size observed in Nd2Fe14B is one
of the smallest that has been found yet in all skyrmion and
bubble materials at room temperature [see the compilation
in Fig. 5(c)], owing to the large saturation magnetiza-
tion of this material. This value is also comparable with
that of certain multilayer film systems, which have diam-
eters in the <100 nm range [23–27]. To further decrease
the bubble diameter, it is desirable to slightly decrease K1

while maintaining its easy-axis magnetization, according to
Eq. (1).

Based on the intrinsic magnetic properties at room tem-
perature [28] and calculation using Eq. (1), we predict that,
among all R2T14B compounds (R = rare earth or Th, T = Fe
and Co), the theoretical minimum diameter of bubbles in
La2Fe14B can be as small as 30 nm because of the much
smaller K1, which is even smaller than the 50 nm in Nd2Fe14B.
The minimum diameter can be further decreased in alloys with
partial substitution of Nd by Sm, or Fe by Co, to lower K1

while maintaining a strong Ms and still large enough to resist
self-demagnetization. In this case, the theoretical minimum
diameter for a (Nd, Sm)2Fe14B alloy could be as small as
25 nm (see Table I). Despite the drawback of a high magnetic
field (∼1 T) to obtain the bubbles, the small size is promising
to increase the magnetic recording density.

V. SUMMARY

In summary, we report the existence of magnetic bubbles in
Nd2Fe14B. The experimentally observed minimum diameter
of 74 nm at room temperature is one of the smallest among all
reported materials owing to the large saturation magnetiza-
tion of Nd2Fe14B. The domain structure depends on both the
magnetic field and the thickness. Below the spin-reorientation
transition, stripe domains with additional 90° domain walls
appear owing to the in-plane anisotropy, and they are trans-
formed into complex bubbles upon application of a magnetic
field. In this paper, we not only shed light on Nd2Fe14B,
but the results are also applicable to other hard magnetic
materials. Unlike many skyrmion materials with low magnetic
ordering temperatures, several well-known hard magnets have
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FIG. 5. Phase diagram for (a) bulk and (b) thin lamella Nd2Fe14B. (c) Minimum observed diameter of skyrmions or bubbles at room
temperature compiled from previous reports [9,10,27,29–33].

a high Curie temperature and strong magnetization, which are
promising for applications.

TABLE I. Room temperature magnetic properties and minimum
bubble diameter. The magnetic properties were taken from Ref. [28].
Sm2Fe14B, Er2Fe14B, Tm2Fe14B, and Yb2Fe14B have easy-plane
spin structures at room temperature. Here, Ha is the anisotropy field,
and to satisfy the condition for bubble stabilization, K1 > 1

2 μ0M2
s ,

Ha > Ms.

Moment
(μB/f.u.)

μ0Ha

(T)
Tc

(K)
d

(nm)

Y2Fe14B 26.8 2.3 566 37
La2Fe14B 28.6 2 543 30
Ce2Fe14B 22.9 3.5 529 56
Pr2Fe14B 31.9 8 567 53
Nd2Fe14B 32.5 7 588 49
Sm2Fe14B 30.2 – 622 –
Gd2Fe14B 17.5 2.5 659 78
Tb2Fe14B 14 22 623 316
Dy2Fe14B 14 15 592 255
Ho2Fe14B 15.9 8 570 151
Er2Fe14B 17.7 – 551 –
Tm2Fe14B 22.6 – 544 –
Yb2Fe14B 23 – 525 –
Lu2Fe14B 22.7 2.6 541 49
Th2Fe14B 25.9 2 480 33
Pr2Co14B 23 14 995 151
Nd2Co14B 23 5 1007 91
(Nd, Sm)2Fe14B 31 1.6 600 25
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APPENDIX

For a uniaxial system, the minimum diameter d of the
bubble is reached when the thickness h satisfies the condition
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[2,5]:

h = 4l. (A1)

Here, l is the characteristic length, which can be expressed
by

l = σw

M2
s

, (A2)

where σw is the domain wall energy density, μ0 is the vacuum
permeability, and Ms is the saturation magnetization. The do-
main wall energy density σw = 4

√
AK1, where A and K1 are

the exchange stiffness and the magnetocrystalline anisotropy,
respectively. Therefore,

h = 16
√

AK1

μ0M2
s

. (A3)

The minimum diameter d is equal to the thickness h.
In Nd2Fe14B at room temperature, the domain wall energy

density is γw = 25 × 10−3J m−2 and using A = 8 pJm−1,
K1 = 4.9 MJm−3, and μ0Ms = 1.6 T 12, our calculation de-
termined that h = d = 48 nm. For other R2T14B compounds
(R = rare-earth element, T = Fe and Co), the theoretical min-
imum diameter of the bubbles was calculated similarly. The
exchange stiffness A was estimated according to the Curie
temperature compared with Nd2Fe14B.

In La2Fe14B, the minimum d can be as small as 30 nm,
which is even smaller than that of 50 nm for Nd2Fe14B.
The decrease in size is mainly owing to the reduced K1 in
the absence of magnetic rare-earth elements. The minimum
diameter can be further decreased by alloying Nd with Sm
or Fe with Co to obtain K1 = 1

2μ0M2
s while maintaining the

large Ms. In this case, the theoretical minimum diameter for
the (Nd, Sm)2Fe14B alloy could be as small as 25 nm.
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