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Zero-field skyrmions generated via premartensitic transition in Ni50Mn35.2In14.8 alloy
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Magnetic phase transition contributes to magnetocaloric effects and magnetoelastic coupling, producing
significant multifunctions in Ni-based Heusler alloys. In this paper, the peculiar intermediate premartensitic
phase during the transition from parent phase to martensite is identified in Ga-free Ni50Mn35.2In14.8 alloy via
Lorentz transmission electron microscopy combined with in situ magnetizing and cooling manipulation. The
simultaneous coexistence of three skyrmion configurations at zero field in martensite is directly observed with
correlation to the appearance of the intermediate magnetic phase and martensite twinning confinement. The
evolution of magnetic domains demonstrates a mechanism to generate skyrmions with magnetization orientation
adjusted via magnetic phase transition, which illustrates the associated physical properties.

DOI: 10.1103/PhysRevMaterials.2.104408

I. INTRODUCTION

Ni-Mn-Z (Z = Ga, Sn, Sb, In) materials are attractive mul-
tifunctional candidates for microelectronic actuation devices,
hydraulic vaults, and magnetic sensing applications due to
their interesting properties related to phase transition [1]. The
anomaly of magnetoelastic coupling [2,3], thermal, and re-
sistivity behaviors across the phase transition has been inten-
sively investigated in Ni-Mn-Ga ferromagnetic shape memory
alloys (FSMAs) [1–9]. A structural phase transition from a
parent cubic austenite phase to a tetragonal martensitic phase
together with a magnetic phase transition from paramagnetic
to ferromagnetic state is usually expected while decreasing the
temperature. A premartensitic state, referring to the interme-
diate state between the symmetric parent austenitic phase and
a low-symmetry martensitic structure, shows approximately
cubic symmetry with a micromodulated domain structure and
weak first-order nature [1,4–6]. Many efforts via theoretical
and experimental methods have indicated that the abundant
physical properties are correlated with the origin of the
premartensitic transition in Ni-Mn-Ga [3,7,10–13]. However,
there are few reports about the identification of premartensitic
transition in Ga-free FSMA, which could be a good candidate
material due to its strong magnetoelastic coupling effects and
lower cost [14]. Recently, via in situ optical microscope, the
intermediate phase transition seems to have been detected
in Ni43Mn41Co5Sn11 alloy [15,16] and Ni50Mn34In15.5Al0.5

alloy after applying external high pressure in the annealing
fabrication process [14,17]. Although the Ni–Mn–In Heusler
alloys have abundant physical properties, such as magnetic-
field induced shape recovery effect, magnetothermal effect,
elastocaloric effect, and so on [18–20], the delicate magnetic

*Corresponding author: zhangy@iphy.ac.cn
†Corresponding author: shenbg@iphy.ac.cn

domain evolution of the premartensitic transition has not been
comprehensively revealed yet.

Here, the dynamic behaviors of temperature-induced struc-
tural and magnetic phase transitions are extensively investi-
gated in the Ni50Mn35.2In14.8 alloy by using in situ Lorentz
transmission electron microscopy (L-TEM). We present in-
teresting magnetic structure evolution behaviors, including
the clear identification of the premartensitic phase and the
simultaneous generation of zero-field chiral skyrmions and
biskyrmions during the phase transition. The direct experi-
mental demonstration of these phase transitions in gallium-
free ferromagnetic alloys is of great interest from the per-
spective of science and application [21]. The generation of
skyrmions is proposed to be related to the magnetic anisotropy
change and the intrinsic twinning features during the phase
transition.

The topological spin textures of magnetic skyrmions have
triggered enormous interest due to their significant perfor-
mance and potential for spintronics applications [22]. Tradi-
tionally magnetic bubbles usually show random chirality in
centrosymmetric materials [23]. The uniform fixed chirality
in skyrmions is determined by the broken-symmetry structure
in chiral magnets such as MnSi, FeCoSi, and FeGe endowed
with Dzyaloshinskii-Moriya (DM) interactions [24–28]. In
centrosymmetric magnets with uniaxial magnetic anisotropy,
uniform biskyrmions with oppositely swirling spins and the
same central spin polarity at the core sites have been explored
[29,30]. The recent exploration of novel skyrmion materials
and the discovery of new spin configurations of antiskyrmions
[31,32] encouraged researchers to find more alternatives suit-
able for spintronic applications. These unique configurations
are determined by the crystal structure and the competition of
different magnetic interactions. Significant efforts have been
underscored to generate zero-field nonvolatile skyrmions and
to extend the temperature-field region via external manipu-
lations or shape confinement [33–37] for the consideration of
energy efficiency and operation convenience. In this paper, we
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demonstrate simultaneous generation of three spin configura-
tions of skyrmions with topological number +1, −1, and 2 at
zero fields in correlation with the phase transition in Heusler
Ni50Mn35.2In14.8 alloy. The realization of different chiralities
in zero-field skyrmions opens a way to manipulate skyrmions
and to extend the topological functions of the traditional
Heusler alloy.

II. EXPERIMENT

Polycrystalline Ni50Mn35.2In14.8 alloy with nominal com-
position was prepared by arc-melting technique in high-purity
argon atmosphere. Homogenization was achieved by sealing
the ingots into quartz ampoules under argon atmosphere and
annealing at 1073 K for 24 h, followed by quenching in
ice water. The thin plate for the TEM observations was cut
from the polycrystalline ingots and prepared via traditional
mechanical polishing and argon-ion milling method. The ob-
served grains are along the [001] zone axis after slight tilting.
The magnetic domains were investigated using L-TEM (JEOL
2100F) operating at 200 kV. Via Fresnel L-TEM method, the
magnetic domain walls are imaged as reversible bright or dark
contrast depending on the defocus of the electron beam. In-
focus images show more clearly structural contrast rather than
magnetic domains. Quantitative in-plane magnetization maps
were obtained based on the analyses of defocused Fresnel
L-TEM images via the transport-of-intensity equation (TIE).
In situ L-TEM observations of magnetic domain evolution
under external fields were conducted using a liquid-nitrogen
TEM holder (100–300 K). The objective lens was turned off
when the sample holder was inserted and the perpendicular
magnetic field was generated by increasing the current of the
objective lens.

III. RESULTS AND DISCUSSION

The temperature dependence of magnetic phase evolution
and crystal structure transition is systematically studied by
L-TEM at zero field in correlation with the magnetization
measurements in Ni50Mn35.2In14.8 alloy as shown in Fig. 1.
The small difference, between the ferromagnetic transition
temperature TC of around 306 K, extracted from the L-TEM
observation, and the martensitic transformation temperature
TM of about 296 K, based on the M-T curves [Fig. 1(a)],
indicates the considerable geometric effects between bulk and
thin plate sample. The magnetic domains and the diffraction
pattern [Figs. 1(c) and 1(e)] indicate the parent austenite
phase at 293 K, which belongs to Cu2MnAl-type L21-type
bcc structure (space group Fm3̄m, 225) with the lattice pa-
rameter about a = 0.60 nm, where Ni atoms preferentially
occupy 8c(1/4, 1/4, 1/4) sites, Mn atoms occupy 4a(0, 0, 0)
sites, and in off-stoichiometric cases extra Mn and In atoms
occupy the 4b(1/2, 1/2, 1/2) sites as schematically shown
in Fig. 1(b). The magnetic domain evolution is directly ob-
served while decreasing temperatures and the correspond-
ing selected area electron diffraction (SAED) indicate struc-
tural change along the [001] zone axis. The parallel lines
with interval bright and black contrast demonstrate typical
180° magnetic domains with in-plane magnetization in the
parent phase [Fig. 1(c)]. With decreasing temperature, the

FIG. 1. Temperature dependency of microstructural and mag-
netic phase transition in Ni50Mn35.2In14.8 alloy at zero field.
(a) Temperature dependence of magnetization curves during zero-
field cooling (ZFC) and field cooling (FC) measured at μ0H =
10 mT. (b) The schematic cubic L21 structure of parent austenite.
Under-focus LTEM images of magnetic domain structures at dif-
ferent temperatures (c) 293 K, (d) 270 K, and (h) 220 K. (g) The
in-focus image of the martensitic structure at 220 K. (c, f, i) The
corresponding selected area electron diffraction (SAED) along the
[001] zone axis, showing the crystal structure change from parent
austenite phase at 293 K through intermediate phase at 270 K and to
martensitic phase at 220 K. The red arrows indicate weak superlattice
spots.

intermediate phase is observed showing magnetic stripe do-
mains at 270 K [Fig. 1(d)]. The additional weak and diffuse
streaks near the main diffraction spots as indicated by red ar-
rows in the corresponding SAED [Fig. 1(f)] demonstrate sim-
ilar cubic structures but with not-fully ordered superlattices
while transforming from parent austenite to the intermediate
phase [10,13]. As the temperature decreases to 220 K, the
in-focus image with finely twinning structures [Fig. 1(g)] and
the SAED with 7M modulation [Fig. 1(i)] confirm the nomi-
nally tetragonal martensite phase (space group I4/mmm with
the lattice parameters a = 0.41 nm, c = 0.69 nm). Therefore,
two successive structural transitions from cubic parent phase
through intermediate phase to tetragonal martensite with-
out breaking the center of symmetry are identified via the
diffraction patterns while cooling down in Ni50Mn35.2In14.8

alloy, like previous reports in Ni-Mn-Ga alloy [9,10,38]. The
magnetic domains are simultaneously observed by changing
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FIG. 2. Magnetic spin configurations of the nanoscale domains in Ni50Mn35.2In14.8 alloy taken at zero magnetic field at 220 K. The
corresponding (a) under-focus, (b) in-focus, and (c) over-focus L-TEM images showing magnetic domain distribution in the martensitic phase.
(d) In-plane magnetization distribution map obtained by TIE analysis of the selected area showing the corresponding spin configurations of
(a). (e)–(g) The enlarged spin textures for the single skyrmion as numbered in (a). The magnitude and orientation of the magnetization are
depicted by the color and arrows as the color wheel in the inset.

the focus, revealing the rows of bright or black dots [Fig. 1(h)]
in the martensitic phase. The magnetic domain evolution can
be related to the changes of magnetocrystalline anisotropy
and magnetic properties associated with phase transition [35].
The magnetic domains and crystal structures remain almost
unchanged when the temperature is lower than 220 K.

The detailed magnetization textures at 220 K are further
characterized via TIE analysis of under-focus, in-focus, and
over-focus L-TEM images [Figs. 2(a)–2(c)] taken at zero
field. The in-focus image in Fig. 2(b) shows clearer twin-
ning structures from diffraction contrast than the defocused
images. Three types of skyrmionlike spin configurations in
Fig. 2(d) are extracted based on the reversed black and
bright contrast in the defocused images. The corresponding
in-plane magnetization distribution of the selected square area
of Fig. 2(a) shows the skyrmion spin textures with clockwise
helicity [Fig. 2(e)] and counterclockwise helicity [Fig. 2(f)]
separately distributed along the twinning columns. The addi-
tional biskyrmion spin configuration [29,30] is detected in the
region marked with a white arrow in Fig. 2(d) and enlarged in
Fig. 2(g). Therefore, the L-TEM images with different bright
and black contrast and the double contrast (black and white)
in dots correspond to skyrmions and biskyrmions, respec-
tively. The correlation between the skyrmion positions and
the twinning features indicates that skyrmions with opposite
helicities are confined along two interfaces of three mutually
symmetric twinning structures. The different spin configura-
tions like biskyrmions as marked with the arrow in Fig. 2(d)

could also be introduced depending on the orientation and the
size of the middle twinning. The energy competition among
magnetic anisotropy, exchange energy, demagnetization en-
ergy, and other constraints could also affect the magnetization
distribution. For example, the modulated uniaxial anisotropy
of in-plane and out-of plane magnetization variation produced
the skyrmions with one fixed helicity as previously reported in
Ni2MnGa [35]. In general terms, DM interaction is absent in
NiMnIn alloy because of the consistent center of symmetry
during the phase transition as discussed above in Fig. 1.
The edge constraint of nanotwinning structure and its rela-
tive orientation together with the magnetization distribution
could stabilize skyrmions at zero magnetic field. The shape
confinement through fabricated patterns has been theoretically
and experimentally proved to be an effective way to obtain
skyrmions at zero field [35,39,40]. The discovery of zero-
field skyrmions due to intrinsic twinning structure provides
an option for skyrmion manipulation with significant energy
efficiency.

Further magnetic domain evolution under perpendicular
magnetic field is studied at 220 K as shown in Fig. 3.
Based on the complicated magnetic domains with a mix-
ture of skyrmions and biskyrmions at zero field [Fig. 3(a)],
the perpendicular field is increased to 98 mT, and then the
annihilation of skyrmions and biskyrmions in the thin re-
gion [Fig. 3(b)] uncovers the parallel domain walls. More
skyrmions disappear as the magnetic field increases further
to 164 mT [Fig. 3(c)]. The canted swirling magnetization in
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FIG. 3. The evolution of magnetic domains at 220 K in
Ni50Mn35.2In14.8 alloy while increasing the perpendicular magnetic
fields to (a) 0 mT, (b) 98 mT, (c) 164 mT, and (d) 415 mT. The
annihilation of magnetic skyrmions leaving behind the in-plane
magnetization domain wall. The scale bar is 500 nm.

skyrmions is easier to be reoriented along the external perpen-
dicular magnetic field than the in-plane magnetization. The
skyrmions completely vanish at the magnetic field of about
415 mT, leaving the domain walls of in-plane magnetization
as shown in Fig. 3(d). Compared to typical 180° domains
with in-plane magnetization in the parent phase [Fig. 1(c)]
at 293 K, the complicated magnetic domains indicate the

diversified magnetization distribution in martensite [35]. The
initial magnetic domains [Fig. 3(a)] can be recovered after
switching off the magnetic field.

To understand the critical role of the intermediate phase
in skyrmion generation, further magnetic domain evolution
with repeated cooling and heating is demonstrated in Fig. 4.
Different from sole 180° domains in Fig. 1(c), the additional
stripe domains at 293 K [Fig. 4(a)] are introduced by pre-
vious cooling procedure due to thermal hysteresis, which is
typical for the martensitic transition in Heusler alloy [17].
Further decreasing temperature to 280 K [Fig. 4(b)] below the
martensitic transition TM ∼ 296 K, almost all 180° domains
develop into stripe domains of the intermediate phase. As
the temperature is further decreased, the martensitic features
and diversified magnetic domains including skyrmions show
up in Fig. 4(c). The martensitic phase has typical twinning
structures due to the symmetry reduction [41,42] and the
phase transition is verified by the appearance of extra modu-
lated diffraction spots [Fig. 1(i)]. It should be noted that the
intermediate stripe domains cannot be recovered at 293 K
if heating temperature starts below the complete martensitic
phase transition temperature of about 250 K. In order to sus-
tain the intermediate stripe domain, the temperature has to be
increased before the ultimate disappearance of stripe domains.
In this way, stripe domains sustain to 302 K [Fig. 4(d)] during
the heating process. Cooling from these mixed domains, the
consecutive magnetic domain transition from stripe domains
to dotlike skyrmions is observed as shown in Figs. 4(e)–
4(g). The unchanged multivariate martensitic state with mul-
tiple twinning structures below ∼261 K indicates that the
martensitic transition is complete [Fig. 4(g)]. The significant
hysteresis is observed by comparing the cooling process with

FIG. 4. The generation of the premartensitic phase and skyrmions in Ni50Mn35.2In14.8 alloy at zero field by controlling the cooling and
heating processes. The temperature dependency of intermediate stripe domain evolution during (a)–(c) the cooling process, (d) reheating, and
(e)–(g) skyrmion generation in the second cooling process. (h) No skyrmions but common parallel magnetic domain walls along the grain
boundary of the martensitic phase without going through intermediate stripe domains.
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FIG. 5. The magnetic field dependency of intermediate stripe
domains at 293 K in Ni50Mn35.2In14.8 alloy at (a) 0 mT, (b) 2.6 mT,
(c) 9.7 mT, and (d) back to 0 mT. The magnetic field is per-
pendicularly applied to the thin plate. The susceptible behavior of
magnetic domains to the small magnetic field indicates the out-of-
plane magnetization in the intermediate phase. The appearance of
vortices marked by the red arrow confirms the competition between
out-of-plane and in-plane magnetization.

the heating one during martensitic transition, which is consis-
tent with the magnetic property measurements [Fig. 1(a)]. If
no intermediate stripe domains sustain during the cooling pro-
cedure, no skyrmions but common magnetic domains along
the boundary of the martensitic phase are produced as shown
in Fig. 4(h). Thus, the appearance of the intermediate phase
can be effectively controlled to produce skyrmions in NiMnIn
alloy.

Out-of-plane magnetization develops in the transition from
austenite to martensitic phase, which is represented in the
stripe domains [43] of the intermediate phase by its de-
pendency on small perpendicular magnetic fields in Fig. 5.
By using the above preapplied cooling procedure, the stripe
domains of the intermediate phase sustain at 293 K as shown
in Fig. 5(a). The magnetic domains are easily altered by
a very small magnetic field. As the field is increased to
9.7 mT, the stripe domain starts reorienting itself into parallel
configuration. The appearance of vortices and antivortices
at some locations as marked by red arrows further verifies
the competition between out-of-plane and in-plane magneti-
zation as illustrated and explained in previous single crystal
LaSrMnO3 [44]. All the magnetic domains vanish into a
saturated ferromagnetic state at about 30 mT. The residual
state after switching off the magnetic field shows the vortices

and straightened domains in Fig. 5(d). The straightening effect
may be driven by the Zeeman energy associated with the
domain walls in an applied field, which occurs at much lower
fields [43]. Therefore, the stripe domains of the intermediate
phase are sensitive to external fields and have a narrow
equilibrium temperature range, which makes it difficult to be
detected during the experiments.

The magnetization distribution is susceptible to the energy
competition during magnetic phase transition. It is considered
that the competing of magnetic anisotropy and dipolar inter-
action contributes to the canted magnetization in the form of
biskyrmions in centrosymmetric systems without DM inter-
actions [29,30]. The modulated distribution of in-plane and
out-of-plane magnetization in coordination with martensite
twinning structure as previously illustrated [35] could be a
major reason for the chiral skyrmions in this Heusler alloy.
The existence of skyrmions at zero field seems to be related
to the geometric confinement of nanotwinning structure in the
martensitic phase. However, due to the complex phase transi-
tion, it is difficult to experimentally verify the comprehensive
factors for the generation mechanism of chiral skyrmions in
NiMnIn without further theoretical studies.

IV. CONCLUSIONS

In summary, the structural and magnetic transition from
austenite to martensite is directly demonstrated with clear
identification of the intermediate premartensitic phase by
means of L-TEM in Ni50Mn35.2In14.8 alloy. The simultaneous
coexistence of three different skyrmion configurations in the
absence of external magnetic field is produced due to the
competition between in-plane and out-of-plane magnetization
and the geometric confinement of intrinsic twinning structures
in martensitic phase transition. The skyrmions are generated
consistently with the appearance of the intermediate phase,
revealing its critical role in skyrmion generation and in under-
standing the physical behavior across the martensitic transi-
tion. The realization of different chiral skyrmions opens up a
possibility of skyrmion manipulation. Since Ni50Mn35.2In14.8

is also ferroelastic, external strain/stress might become an
alternative way to manipulate skyrmions as well.
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