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ABSTRACT
The magneto-structural evolution of a Ni2MnGa single crystal was investigated by in situ polarized neutron diffraction under both magnetic
ﬁeld and mechanical loading. The ability to separate the nuclear and magnetic scatterings by polarized neutrons enables simultaneous observations of the twin reorientation (through twin boundary motion) and magnetic moment conﬁguration. It is found that under a 1.0 T saturating magnetic ﬁeld, twin reorientation can be activated by compressive stress and is accompanied by a realignment of the magnetic
moment, which follows the easy axis of the twin variant. On the other hand, compressive stress as small as 1.0 MPa can freeze the twin reorientation. The evolution of the magnetic scattering amplitudes suggests that the change in magnetization was mainly achieved through the
magnetic domain wall motion, while the twin boundary motion was blocked.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0016278

Ferromagnetic shape memory alloys (FSMAs), as a kind of
emerging smart material with an excellent combination of large strain
and fast response, have potential applications for next generation
actuators and sensors.1,2 Fundamentally, magneto-elastic coupling correlates magnetization with strain microscopically through rearrangement of the twin variant structure and magnetic domain
conﬁguration.3 During the past few years, a lot of work has been done
to study the macroscopic properties and the twin reorientation.4–6
Most of the previous macroscopic measurements and microstructure
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investigations focused on FSMAs’ response under either applied stress
or magnetic ﬁelds. However, applying only stress or the magnetic ﬁeld
along one direction cannot lead to large strain output because of the
“immobile part” in the Ni–Mn–Ga twin structure during reorientation.7 Moreover, in practical application, the magnetic ﬁeld and stress
are often simultaneously applied to obtain sustainable and repeatable
magnetization and strain output. For Ni2MnGa alloys with the orthorhombic crystal structure, the easy magnetization axis is normally parallel to the short lattice direction. Therefore, the orthogonal magnetic
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ﬁeld and compressive stress will compete with each other for the orientation of the crystallographic domains, which leads to the complicated evolution of both twin variants and magnetic moment
conﬁgurations.
M€
ullner et al. conducted a series of measurements on the reversible strain response of Ni–Mn–Ga alloys under magneto-mechanical
loading and proposed multi-scale structure models to understand twin
boundary motion from macroscopic, mesoscopic, and microscopic
scales, respectively.8,9 The twin reorientation has been experimentally
observed in situ by differential interference contrast microscopy,10 xray diffraction,10,11 and neutron diffraction12,13 techniques. Moreover,
M€
ullner also measured the stress-induced relative magnetization
change and schematically proposed a magnetization process through
deformation in magnetoelastic martensitic materials.14 Nevertheless, a
detailed study of magnetic microstructure evolution coupled with twin
variants under both magnetic ﬁeld and mechanical loading has rarely
been reported. The lack of experimental data about the magnetostructural evolution under combined magneto-mechanical loading
impedes the establishment of the structure–property relationship,
which is very important for the accurate control of FSMAs as smart
devices. Here, we utilize polarized neutron diffraction to distinguish
the nuclear and magnetic scattering and, thus, in situ investigate the
twin variant arrangement and magnetic moment orientation under
the competition between compressive stress and the magnetic ﬁeld.
A 5  5  5 mm3 single crystal with a nominal composition of
Ni2Mn1.14Ga0.86 was obtained from the Goodfellow Corporation. This
off-stoichiometric Ni2Mn1.14Ga0.86 alloy has been studied in our previous research and shows low twinning stress.15 The crystal is in the
martensitic phase at room temperature, which has an orthorhombic
structure, with lattice parameters of a ¼ 4.255 Å, b ¼ 5.613 Å, and
c ¼ 4.216 Å. The easy magnetization axis is along the b direction.15 A
custom-designed load frame was employed to apply uniaxial stress on
the sample horizontally, which was mounted into a vertical superconductor magnet to apply the magnetic ﬁeld perpendicular to the stress
loading direction [Fig. 1(a)]. Polarized neutron diffraction measurements were performed using a single crystal diffractometer POLI at
Heinz Maier-Leibnitz Zentrum (MLZ) in Germany.16,17 A variably
double-focused Si (311) monochromator and a 3He spin ﬁlter polarizer were utilized to provide polarized neutrons with a wavelength of
1.15 Å. A 2.2 T high-Tc superconducting magnet with room temperature was bore from HTS Inc., and the corresponding guide-ﬁeld setup
has been used at the sample position. This setup using a symmetric

FIG. 1. (a) Experimental setup for in situ polarized neutron diffraction under
magneto-mechanical loading by using a customer-designed load frame; (b) geometry and schematic diagram of two types of twin variants (the red arrows represent
the magnetic moment).
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ﬁeld magnet with a large room temperature opening for polarized diffraction applications, including a detailed performance test, has been
presented elsewhere.18,19 The setup is optimized by maximizing the
polarized beam efﬁciency described as ﬁgure of merit Q ¼ P2T, where
P and T are the polarization and transmission degree of the incoming
beam, respectively. The main advantage of using polarized 3He spin
ﬁlter as a neutron polarizer (especially for the short wavelength neutrons) results in a high polarized-neutron ﬂux density and improved
angular resolution. The main disadvantage of this technique is timedependent neutron polarization due to the relaxation of the polarized
3
He gas. In order to account for this shortcoming, an independent
in situ measurement of the 3He polarization in the polarizer is provided with subsequent correction of the measured data ex situ later on
according to the procedure presented in Refs. 20 and 21. Two types
of in situ diffraction experiments were conducted: (1) stress loading–
unloading in a constant magnetic ﬁeld and (2) magnetic ﬁeld loading–unloading under constant stress. As shown in Fig. 1(b), applying
stress or the magnetic ﬁeld will induce the formation of a twin structure, including variants “A” and “B.” The switch between variants A
and B, namely, twin reorientation, can be observed by the in situ neutron diffraction patterns. However, according to the geometry shown
in Fig. 1(b), scattering vector Q is ﬁxed along the x-axis. Consequently,
only the (101) reﬂection of variant A and (020) reﬂection of variant B
[denoted as (101)A and (020)B, respectively] can be probed by the
detector in this experiment. Before the experiments, the sample was
treated to exhibit a single variant state and shown to have good surface
uniformity. For the stress loading experiment, the sample was saturated to be nearly a single variant A state by applying a magnetic ﬁeld
of 2.2 T vertically, along the y-axis. For the magnetic ﬁeld loading
experiment, a nearly single variant B initial state was achieved by
applying a 10.0 MPa compressive stress along the x-axis.
The data reduction process was completed using the DAVINCI
software,22 which gives the integrated intensities of the (101)A and
(020)B diffraction peaks. The integrated intensities of the neutron diffraction peaks were corrected for the polarization efﬁciency of the 3He
spin ﬁlter and the time-dependent transmission. To reveal the
magneto-structural evolution, the nuclear and magnetic contributions
to the diffraction peaks of the ferromagnetic alloy have to be analyzed.
For the experimental geometry shown in Fig. 1, the observed intensity
of the polarized neutron diffraction peak can be described by using the
following equations from the study by Willis and Carlile:23
~ ðspin-upÞ I þ / ½FN ðH Þ  sina  FM ðH Þ2 ;
For ~
pkH
~ ðspin-downÞ I  / ½FN ðH Þ þ sina  FM ðH Þ2 ;
For ~
p k H

(1)
(2)

where FN is the nuclear structure factor, FM is the magnetic structure
factor, a is the angle between H and Q, and p is the neutron
polarization.
Figure 2 shows the polarized neutron diffraction patterns containing (101) and (020) peaks as a function of applied stress during a
loading–unloading cycle in a constant magnetic ﬁeld of 1.0 T. (101)
and (020) of variant types A and B are denoted as (101)A and (020)B,
respectively. With increasing stress, initially, there is a very slight
decrease in the (101)A peak intensity accompanied by a subtle increase
in the (020)B peak. In the stress region of 3.0–4.8 MP, drastic changes
occur with a fast decline of (101)A and growth of (020)B as shown in
Figs. 2(a) and 2(b). This indicates that the (101) pole of twin variant A
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FIG. 2. (a) Change in the peak proﬁles vs 2h of (101)A; (b) (020)B with spin-up neutrons during the application of stress under a magnetic ﬁeld of 1.0 T. Evolution of (c)
the nuclear structure factor FN; (d) the magnetic structure factor FM of the (101)A
peak; (e) the nuclear structure factor FN; (f) the magnetic structure factor FM of the
(020)B peak as a function of stress. (g) Schematic of the magnetization process
driven by stress under a constant magnetic ﬁeld (H0).

reorients from the x-axis direction to the y-axis induced by stress.
When the stress is released, the above process is reversible with a hysteresis. According to the previous research, the reorientation of the
twin variants is processed through a sideway motion of twin boundaries (TBs).24 The excess energy needed to move the TBs between variants should exceed the elastic energy e0 rTW , for which the typical
reported value is rTW ¼ 0:9 MPa.12 Due to the competition from the
perpendicular magnetic ﬁeld, this threshold value is increased to be
3.0 MPa. When stress is beyond 5.0 MPa, a large saturation plateau
can be observed, which indicates the completion of twin reorientation.
Under the high stress, the crystal has become a single variant state.
The nuclear and magnetic structure factors FN and FM can be
extracted from the spin-dependent polarized neutron diffraction data
by mathematical operation of Eqs. (1) and (2).23,25 Figures 2(c)–2(f)
depict the values of the nuclear and magnetic structure factors
(FN and FM) of (101)A and (020)B diffraction peaks during stress
loading–unloading. The nuclear structure factors FN(101)A and FN(020)B
exhibit an inverse changing trend, which characterizes the evolution of
the twin variants’ arrangement as a function of stress. Associated with
the twin reorientation, the easy axis of the magnetic moment also alters
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its orientation, which induces the magnetization rotation. It is worth noting that FN and FM follow the same trend for both (101)A and (020)B,
clearly indicating that the magnetic moment alignment follows the twin
reorientation during the stress loading and unloading. According to our
current experiment, the magnetic moment cannot be decoupled from
the twin reorientation even under the magnetic ﬁeld of 2.2 T.
The two related twin variants A and B of the martensitic phase
are known to align their easy magnetization axes perpendicular to
each other, but this might not be accurate. We schematically demonstrate the magnetization process driven by stress under the constant
magnetic ﬁeld in Fig. 2(g), which is supported by our experimental
results from microstructure observation. According to the experimental geometry in Fig. 1(b), if the moment is strictly along the easy axis
(b- or x-axis), FM(020)B will be zero. However, our results exclude this
possibility. Both the values of FM(020)B in Figs. 2(f) and 3(d) vary with
stress or magnetic ﬁeld loading, which reveals that the moment deviates from the direction of the scattering vector (which is also the
stress-loading direction, i.e., x-axis). First, this deviation angle might
originate from the competition of the bias magnetic ﬁeld for stress
loading and magneto-crystalline anisotropy for the magnetic ﬁeld
loading experiments, which is also calculated in M€
ullner’s paper.14
Moreover, the most reported misorientation angle is 86 between
the easy magnetization axes of twin variants in the 5 M modulated
martensite.26–28
On the contrary, it is difﬁcult to induce twin reorientation by
applying a magnetic ﬁeld under even small stresses.12 Therefore, it is
important to understand how the magnetic moment evolves under the
applied magnetic ﬁeld when twin reorientation is blocked by stress.
This is the aim of the second type of in situ polarized neutron diffraction experiment in this work. Figure 3(a) depicts the evolution of
(101)A and (020)B peak intensities as a function of the magnetic ﬁeld

FIG. 3. (a) Change in the one-dimensional integrated peak proﬁles of (101)A and
(020)B with spin up neutrons during the application of the magnetic ﬁeld under a
compressive stress of 1.0 MPa. (b) Schematic of the magnetization process driven
by the magnetic ﬁeld under constant stress (r0). Variations of (c) the nuclear structure factor FN and (d) the magnetic structure factor FM of the (020)B peak as a function of the magnetic ﬁeld.
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under 1.0 MPa compressive stress along the orthogonal direction. As
shown, we found a weak (101)A signal during the magnetic ﬁeld loading–unloading process. Due to the nearly single variant B initial state,
strong (020)B diffraction peak intensity with small ﬂuctuation was
observed. To reveal the underline magneto-structural evolution,
FN(020)B and FM(020)B values were extracted and are shown in
Figs. 3(c) and 3(d), respectively. Apart from some minor statistic ﬂuctuations, almost no obvious change can be observed for FN. Therefore,
it can be concluded that the twin boundary motion has been prevented
by compressive stress as small as 1.0 MPa.
The observed peak intensity variation in Fig. 3(a) can, thus, be
solely ascribed to the change in magnetization, which mainly contributes to the magnetic scattering part. As shown in Fig. 3(d), FM(020)B
grows with magnetic ﬁeld loading and drops with ﬁeld release.
Moreover, the original diffraction peak intensities measured with spinup and spin-down neutrons exhibit the opposite trend as a function of
the magnetic ﬁeld. These observed results are consistent with Eqs. (1)
and (2). For constant FN, the values of (020)B peak intensity during
magnetic ﬁeld loading–unloading will demonstrate inverse trends for
the spin-up and spin-down neutrons, respectively.
The magnetization of ferromagnetic materials usually proceeds
through two basic processes: magnetic domain wall motion and magnetic moment rotation.29 According to our observation, the magnetization of Ni2MnGa includes magnetic domain nucleation through
moment rotation at the initial stage and the preferred domain growth
through magnetic domain wall motion. Magnetic moment rotation
associated with twin reorientation under the magnetic ﬁeld without
ullner et al. also
stress has been reported in our previous work.28 M€
proposed the combined two processes in his macroscopic measurement on the magnetization of Ni2MnGa samples under magnetomechanical loading.14
The ability to separate the nuclear and magnetic scatterings by
polarized neutrons provides us a clear picture of the magnetization
conﬁguration. For stress-induced magnetization, the alternation of FM
is proportional to the variants’ volume fraction change [see the FN
change in Figs. 2(c)–2(f)]. Therefore, the magnetization is processed
through twin boundary motion-induced easy axis rotation [Fig. 2(g)].
For magnetic ﬁeld-driven magnetization, the FM(020)B values vary
with alternation of the magnetic ﬁeld strength. The nonlinear dependence on the magnetic ﬁeld and jump at 1.0 T shown in Fig. 3(d)
shows that the magnetization proceeds through magnetic domain wall
motion within the single variant [Fig. 3(b)].
To summarize, two polarized neutron diffraction experiments
were carried out. The ﬁrst experiment was done with an external
magnetic ﬁeld of 1.0 T and a nearly pure A twin-variant specimen.
By applying a stress in the direction favoring the B-variant twinning, the B-variant starts to appear at about 4.0 MPa and disappears
at about 1.0 MPa during unloading. The second experiment was
done with a stress of 1.0 MPa under an increasing magnetic ﬁeld.
Flipping of magnetization was observed when the magnetic ﬁeld
reaches 0.8 T, with no hysteresis or mechanical twinning
observed. The presented results demonstrate that stress loading can
induce reversible twin reorientation and magnetization realignment,
which are strongly coupled even under a high competitive magnetic
ﬁeld. Under the magnetic ﬁeld, magnetization was decoupled from
twin reorientation by a 1.0 MPa orthogonal compressive stress. The
extracted magnetic structure factor reveals that the magnetic
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domains with moment aligned away from their easy magnetic axis
grows through magnetic domain wall motion.
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