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In this study, we show the real-space observation of the magnetic domain configuration in amorphous
Ce14Fe80B6 ribbon using Lorentz transmission electron microscopy. Cross-tie domain walls composed of
magnetic vortices (Vs) and antivortices (AVs) are observed. The evolution of Vs/AVs manipulated by
temperature, in-plane magnetic field, and electrical current is clearly demonstrated. Magnetic V nucle-
ation and annihilation in pair are observed because of the stimulus of external fields.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The manipulation of noncollinear or noncoplanar spin textures,
such as magnetic domain wall (DW) propagation in racetrack
memory, vortex (V) and skyrmion dynamic behavior, has attracted
significant research interest because of the underlying fundamental
science and technical applications [1e6]. The spatial region for one
conventional magnetic bit is reaching its fundamental limit,
thereby restricting improvements in the storage capacity of the
magnetic disk. A number of alternatives to overcome this limit have
been suggested. Racetrack memory with digital data stored in a
series of movable magnetic DWs was first demonstrated in
magnetically soft permalloy nanowires [7]. When electric current
traverses a magnetic DW, spin angular momentum is transferred
from electrons to spins, leading to DW propagation [8]. The
particle-like magnetic skyrmion, nontrivial bubble, and V with a
size of 10e100 nm are appealing as basic units because of their
topological properties and efficient current-driven behavior,
thereby presenting potential applications for high-density
agnetism, Institute of Physics,
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information-bit data storage and spintronic devices [1].
Uniaxial magnetic anisotropy is an important parameter that

determines the topological spin configuration. Skyrmions are
usually obtained with medium anisotropy, whereas magnetic
bubbles are formed with strong anisotropy. V is favored when the
anisotropy is very weak and the in-plane magnetization is domi-
nant [9]. The Chern number or winding number w is commonly
used to identify the topology. The magnetization distributions of V
and antivortex (AV) are related via the winding number w ¼ �1 for
AV andw¼þ1 for V [10]. The total winding number of the thin-film
element is a topological invariant that consists of V/AV pairs. The V
state with perpendicular magnetization at the core site [10e12] is a
stable magnetic configuration for soft ferromagnetic platelet DWs.
Circular configuration with a curling in-plane magnetic configura-
tion (V) and the related spin-transfer torque-driven DW behavior
can be considered distinct elements for magnetoelectronic random
access memory [1]. While experimental control behavior of DWs
has been observed, the underlying physical mechanisms between
electric current and magnetization have yet to be clarified
[8,13e17].

Significant experiments and theories have been devoted to un-
derstand the dynamics of Vs and the magnetization reversal
behavior. The gyrotropic motion of the V core was observed by
micromagnetic simulations and experiments [2,18e21]. The
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Fig. 1. LTEM images for temperature dependence of magnetic vortices (Vs) in amor-
phous Ce14Fe80B6 sample prepared via ion milling. The underfocused LTEM image of
magnetic domain evolution from individual vortex (V) at (a) 293 K, domain walls at (b)
203 K to cross-tie wall with increasing V/AV pairs at (c) 183 K and (e) 125 K is shown.
The inset of (a) is the selected area electron diffraction with amorphous characteristic
of the ribbon. (d) Corresponding in-plane magnetic texture of (c) obtained by TIE
analysis with the magnitude and orientation of the magnetization depicted by the
color and the arrows. (f)e(h) The magnetic domain evolution when increasing the
temperature with broken cross-tie wall and decreased V/AV pairs. The cores of mag-
netic V/AV are marked in red for AVs and yellow for Vs, and the opposite chirality of V
is depicted as V and eV with dark and bright contrast. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article).
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temperature dependency and the magnetization reversal behavior
based on V nucleation/annihilation [20,21] along the cross-tie wall
have been investigated in patterned films [3,13,14,22,23], where
edge constriction introduces special spin orientation. Theoretical
prediction and experimental results show that V/AV core periodi-
cally nucleates in pair [24,25]. The density and dynamics manipu-
lation of magnetic Vs are important for the potential application as
magnetic-memory units. However, most studies were performed
via magnetic property measurements without direct in-situ
observation, and the experimentally dynamic behavior was
mostly limited to permalloy sample with constraint shapes. CeFeB
alloys were previously studied as permanent nanocrystalline
magnets [26e28], as well as amorphous magnetic refrigerant ma-
terial [29]. The overconsumption of Nd and Pr elements [30] for
permanent magnets resulted in intense demand for balanced use of
the rare-earth resource. Thus, exploring the magnetic domain
structures, in-situ magnetization reversal behavior, and phase
transition behavior in novel magnets with low-cost but surplus
rare-earth elements, such as Ce and La, would be of great interest.
Our findings about magnetic V evolution in amorphous Ce14Fe80B6
without pattern constriction will provide a fruitful playground for
the exploration of fundamental physics and will open the door to
take advantage of diversified rare-earth resources.

2. Experimental

Polycrystalline Ce14Fe80B6 ingot is synthesized by using arc
melting technique in a high-purity argon atmosphere, and amor-
phous ribbons are prepared by using single-roller melt spinning
method. The details of the preparation and other magnetic per-
formances will be reported elsewhere. Two Lorentz transmission
electron microscopy (LTEM) samples are cut from a piece of ribbon
and thinned via focused-ion-beam (FIB) method and conventional
ion milling method, respectively. To image the crystal microstruc-
ture and magnetic domain configuration, a JEOL-dedicated LTEM is
used with almost no magnetic remnant field around the sample. In
situ TEM observations of magnetic domain evolution under
external fields are conducted using a liquid-nitrogen TEM sample
holder (100e300 K), an in-plane magnetization holder, and an
electric current holder. With the use of the Fresnel LTEM method,
the magnetic DWs can be imaged as converges (bright contrast) or
diverges (dark contrast) of the electron beam on the defocused
(under or overfocused) image planes by the Lorentz force. The high-
resolution in-plane magnetization distribution map is obtained
using the commercial QPt software based on the transport of the
intensity equation (TIE) with three sets of images with under, over,
and in (or zero) focal lengths. The colors depict the magnitude and
direction of the lateral magnetizations, which can be deduced from
the arrows and the color wheel.

3. Results and discussion

3.1. Temperature dependence of cross-tie domain wall configuration

The temperature dependence of the magnetic domain evolution
of the TEM sample prepared via conventional ion-millingmethod is
shown in Fig. 1. The amorphous structure is confirmed by selected
area electron diffraction, as shown in the inset of Fig. 1a. The in-situ
cooling experiments from 293 to 125 K (Fig. 1aee) and the heating
experiments from 125 to 293 K (Fig. 1feh) demonstrate the
appearance of cross-tie DW and the augmentation of V/AV at low
temperature. The V nucleation and annihilation agree well with the
preceding report [31], demonstrating that V persists longer with
decreased thermal activation at low temperatures. Meanwhile, the
decrease in saturation magnetization facilitates V annihilation at
high temperature.
The Curie temperature is approximately 270 K as seen in MeT

curve (Fig. 2a). However, the 1/ceT (inversion of susceptibility
versus temperature) displays a notable deviation from the Curi-
eeWeiss law at approximately room temperature (RT). This devi-
ation might be caused by short-range magnetic clusters within a
disordered matrix [32e35], which explains the Vs observed at
293 K. Fig. 2b summarizes the temperature dependence of V/AV
number based on the LTEM images in Fig. 1. The number (density)
of the V/AV increases with decreasing temperature, and stabilized



Fig. 2. Temperature dependence of magnetic properties in amorphous Ce14Fe80B6. (a) Magnetization (MeT) curve with temperature. Inset shows the 1/c�T (inversion of sus-
ceptibility versus temperature) and the CurieeWeiss fitting (red line). (b) The V/AV numbers change with temperature based on LTEM images of conventional ion-milling TEM
sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Vs/AVs are obtained below a critical temperature. Temperature
hysteresis for V/AV number change exists between decreasing and
increasing temperature. The curve for V/AV number change is
nonlinear with plateau in a certain temperature range, which may
indicate the energy barrier for V nucleation/annihilation [31].

The underfocused LTEM image shows in-plane spontaneous V,
AV, and tree-like DWs at 293 K (Fig. 3a) for the sample prepared by
FIB. The cross-tie DWs that connect V/AV are clearly observed at
278 K as shown in Fig. 3b, replacing tree-like DWs. The red-selected
area without obvious defects (Fig. 3b) is selected to study the V/AV
evolution connected with cross-tie DW. The underfocused LTEM
images demonstrate the temperature dependence of the magnetic
textures, as shown in Fig. 3cef. The inset of Fig. 3c shows the in-
Fig. 3. LTEM images for temperature dependence of cross-tie domain wall evolution in am
domain by in situ cooling from (a) 293 K to (b) 278 K is shown. The enlarged cross-tie domai
to (d) 223, (e) 163, and (f) 123 K is presented. The inset of (c) shows the corresponding spin
are marked out.
plane magnetic configuration of the cross-tie wall, reconstructed
by TIE analysis. Upon cooling from 293 to 123 K, the number of
magnetic Vs is increased because of the pairwise nucleation of V
and AV similar to the phenomena discussed in Fig. 1 for the TEM
sample prepared via ion milling. The thermal fluctuation helps
overcome restraining forces, and the DW can statistically hop into a
different minimum state [36]. Temperature differences exist be-
tween the two TEM samples prepared via different methods. The
cross-tie DW with V/AV pairs is observed at 293 K in the sample
prepared via FIB process in Fig. 3a, which is probably due to the thin
thickness and stress-induced anisotropy change [37,38]. Moreover,
the intrinsic magnetic domain configuration obtained via altering
the sample thickness was confirmed by micromagnetic simulation,
orphous Ce14Fe80B6 ribbon prepared by FIB. The overall LTEM image of the magnetic
n wall for the selected area with increased V/AV pairs while decreasing the temperature
texture of cross-tie wall for the selected area obtained by TIE analysis. The AV numbers
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as shown in Fig. 7. This finding corresponds well with the isolated
Vs in the thick conventional TEM sample and the cross-tie domain
in the thin FIB sample.
3.2. Magnetic domain evolution under electric current

The magnetic structure with cross-tie DW is scrutinized before
switching on the current (Fig. 4a). The magnetization configuration
is in situ imaged with the increments of the electric current. V/AV
propagation and nucleation/annihilation are observed under elec-
tric current excitation by LTEM. An individual V (marked by a yel-
low rectangle in Fig. 4a) moves toward the edge and disappears
Fig. 4. LTEM images for electric current dependence of cross-tie domain wall evolution i
nucleation/annihilation and propagation of magnetic domains including V/AV, cross-tie dom
370, (f) 432, (g) 586, (h) 622, and (i) 676 mA and reversed electric currents (j) �626, (k) �62
yellow circles denote new and previous cores, respectively. The red arrows indicate straighte
the reader is referred to the web version of this article).
(Fig. 4b) with increasing current. The cross-tie wall is straightened
(indicated by red arrows in Fig. 4b) because of the spin torque effect
with high electric current, where AVs are enclosed by two adjacent
Vs with the same sense of rotation. The cross-tie magnetic domain
remains unchanged until pair nucleation of the V and AV is initiated
(Fig. 4c) above a critical electric current. As the current increases to
364 mA (Fig. 4d), the V/AV begins to annihilate, in which the V/AV
would preferentially disappear if it nucleates later, and vice versa.
Temporal relaxation affects the equilibrium position of the V/AV
cores, and nucleation/annihilation persists at the same current by
rotating the in-plane magnetization ripple. The contrast of both
magnetization ripple and V changes greatly in a certain electric
n amorphous Ce14Fe80B6 ribbon prepared by FIB. The underfocused LTEM images for
ain walls, and in-plane ripples under electric currents (a) 0, (b) 315, (c) 354, (d) 364, (e)
8, and (l) �969 mA are shown. The number of vortex cores is marked out. The red and
ned cross-tie walls. (For interpretation of the references to colour in this figure legend,



Fig. 5. (a) Schematically electric-current manipulation device presenting the plane and cross-section views of FIB TEM sample. (b) The in-focus TEM image of the viewed regions. (c)
The summarized numbers of vortex cores versus current (I) with the black line for increasing current (0 / 1000 mA) in one direction and red dots for decreasing current (1000 mA
/ 0 mA) and the current applied in the reverse direction (0 mA / �1000 mA / 0 mA). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article).
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current range (Fig. 4e and f), indicating the magnetic moment
rotational process [39]. The Vs almost totally annihilate (Fig. 4f) at
the electric current of 432 mA. The V and AV nucleate again when
Fig. 6. LTEM images of magnetization reversal evolution in amorphous Ce14Fe80B6 ribbons
propagation of magnetic domains including V/AV, cross-tie domain walls, and in-plane ripp
16.0, (h) 18.2, and (i) 19.8 Oe are shown. The blue arrow depicts the direction of the reversed
and vortex in main wall I. The yellow circles present vortex cores.(For interpretation of the re
article.)
the current increases to 574 mA, and annihilate with further
increasing current (Fig. 4g and h). Finally, the magnetization
configuration is stabilized at cross-tie DW (Fig. 4i) and remains
prepared by FIB. The underfocused LTEM images for the nucleation/annihilation and
les under reversed magnetic field of (a) 0.3, (b) 5.2, (c) 6.9, (d) 10, (e) 10.8, (f) 13.8, (g)
magnetic field. The I, II, and numbers mark the serial number of the main domain walls
ferences to colour in this figure legend, the reader is referred to the web version of this



Fig. 7. Numerical micromagnetic simulations utilizing the OOMMF showing the
magnetic domain configuration by altering the sample thickness. (a) Cross-tie domain
wall with sample thickness t ¼ 10 nm. (b) Mixed state of vortex and cross-tie domain
wall with sample thickness t ¼ 20 nm. (c) Vortex domain wall with sample thickness
t ¼ 100 nm. The magnitude and orientation of the magnetization are depicted by the
color and the arrows. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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unchanged even when the current is further increased to 1000 mA
and reduced to zero (not shown). The V and AV annihilate under a
reversed electric current (Fig. 4j and k) and then renucleate (Fig. 4l)
as the reversed current increases above a critical value. The mag-
netic structure at a current of �969 mA (Fig. 4l) is stabilized even
after the electric current is switched off.

The above electric current manipulation is conducted on the
Ce14Fe80B6 TEM sample fabricated via FIB, which is schematically
shown in Fig. 5a with the plane and cross-section views of current-
driven microdevice. A bright field TEM image (in focus) of this re-
gion is shown in Fig. 5b with uniform diffraction contrast except
two line defects. The FIB TEM sample is used for electric current
manipulation due to the uniform thickness and electric current
distribution. The summarized representative curves (Fig. 5c) indi-
cate nonlinear current dependence based on the LTEM observation
in Fig. 4. The in-plane magnetization change is complicated with
changing ripples and vague V cores due to the strong electric cur-
rent interaction with the magnetization while increasing the elec-
tric current. After stabilization by the strong stimulus of the electric
current, the V nucleation and annihilation along the cross-tie DW
become simple and clear as the reversed electric current increases
from 0 to �1000 mA. The stabilized number of Vs remains almost
the same with cross-tie DWs (Fig. 4i and l).

In our experiments, the periodic DW nucleation/annihilation
and the displacement between different metastable states are
dominant. The periodic V nucleation and annihilation due to the
spin transfer torque were predicted by micromagnetic calculations
above the breakpoint, whereas the spin transfer torque is balanced
by an internal restoring torque at low current [40]. The different
metastable magnetic states are separated by an effective energy
barrier. A strong electric current, such as 1000 or�1000mA for this
sample, may drive to a metastable state with deep potential wells,
and a large energy barrier separates it from other magnetic states.
The electric current-driven DW motion and nucleation in our
experiment indicates the effective interaction of the electric cur-
rent on the magnetic V because of the high-spin momentum
transfer efficiency [41].

3.3. Magnetic domain evolution under in-plane magnetic field

The DW motion behavior driven by in-plane magnetic fields is
investigated by in situ LTEM at RT. The reversed magnetic field is
applied to the remnant magnetic state after magnetic saturation at
more than 400 Oe. The magnetization reversal of the amorphous
Ce14Fe80B6 ribbon is shown in Fig. 6. The magnetization remains
uniform contrast until DWs occur at the reversed field of �0.3 Oe
(Fig. 6a). V prefers to initiate nucleation from the edge under the
magnetic field of �5.2 Oe (Fig. 6b). The DWs nucleate further as the
field increases to �6.9 Oe (Fig. 6c), and the remarkable nucleation
of Vs and AVs occur when the field increases to �10.0 Oe (Fig. 6d).
Vs and AVs begin to annihilate with priority on account of
magnetization distribution [42] with a further increase in the
reversed magnetic field (Fig. 6eei). The contrast of in-plane
magnetization ripple changes with the magnetic field. The rela-
tive direction relationship between themagnetic field and themain
DW affects the magnetic domain evolution. The V/AV moves and
annihilates if the magnetic field direction is normal to the main DW
called hard-axis direction and buckles with the main DWwhen the
magnetic field is parallel to the wall [43,44]. In our experiment, a
large component of magnetic field is perpendicular to the DWs of I
and II, with a small component being parallel to the DWs. Thus, Vs/
AVs annihilate into the main DWs I and II (Fig. 6e), and a large field
is needed to shift the main domain wall [45]. When the reversed
magnetic field increases further, the Vs/AVs disappear, the DWs
move toward the sample edge, and the magnetization finally aligns
parallel to the reversed field. Pinning effects due to different de-
fects, such as edge and crack, are observed during the experiments.
3.4. Micromagnetic simulations

Numerical simulations based on the LandaueLifshitzeGilbert
equation are performed with the use of the object-oriented
micromagnetic framework (OOMMF). Results are shown in Fig. 7.
The system consists of an amorphous Ce14Fe80B6 strip with length
l ¼ 500 nm, width h ¼ 200 nm, and variable thickness t. The typical
material parameters of amorphous Ce14Fe80B6, i.e., saturation
magnetization MS ¼ 930 � 103 Am�1, exchange constant
Aex ¼ 4� 10�12 Jm�1, and the Gilbert damping constant a¼ 0.5, are
used. The cross-tie wall is the equilibrium DW structure for thin
sample (Fig. 7a), and both cross-tie wall and V exist for medium
thickness (Fig. 7b) with the isolated V forming in thick sample
(Fig. 7c). This result confirms that the different initial magnetic
domain configurations in conventionally made (Fig. 1) and FIB-
made (Fig. 3) TEM samples are caused by the thickness differences.
4. Conclusions

In summary, the magnetic domain evolution of V, AV and cross-
tie DWs under different external fields is clearly demonstrated in
the amorphous Ce14Fe80B6 ribbon via real-space LTEM imaging. The
stabilized cross-tie DWs connected with V/AV pairs form at low
temperature and after strong electric current stimulus. The V/AV
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nucleation and annihilation in pairs with the complicated magne-
tization transformation caused by external stimulus, such as tem-
perature, reversed magnetic field, and spin torque effect, are
experimentally studied. The tunable nucleation and annihilation
behavior under the external fields in amorphous Ce14Fe80B6 rib-
bons without pattern constrictionwill provide a fruitful playground
for fundamental physics and the exploration of the novel applica-
tion of accumulated rare-earth resources.
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