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ABSTRACT;

A strain-induced phase transition is one of the noteworthy phenomena in materials science and
condensed matter physics. Electrical and optical switching via strain-induced phase transitions at
room temperature is applicable to straintronics, which is an emerging field focusing on low energy
operation of next-generation computing and memory device. While strain-induced structural and
magnetic transitions have been extensively investigated, a real-space observation of these phase
transitions is still a considerable challenge. In this study, we investigated magnetic textures under
uniaxial compressive strain by using the Lorentz transmission electron microscopy (L-TEM) for a
(Feo.s3Nio.3Pdo.07)sP magnet with Ss symmetry, and hence with anisotropic Dzyaloshinskii-Moriya
interaction. The L-TEM observations, in conjunction with the in-situ nanoindentation technique,
demonstrated a switching of the wavevector (q) of magnetic stripe domains when the strain
direction is along stripes, while the q direction don’t change when the strain is applied
perpendicularly to the stripes. These observations are in accordance with those predicted in
micromagnetic simulations. Moreover, calculations using finite element method reveal that the
spatially concentrated compressive stress triggers the switching of magnetic stripes. These results

provide a possibility to control the magnetic textures by application of strain in electrical materials.



Introduction

Strain-induced structural phase transitions have been widely studied in various systems such as

2

superplastic and shape memory alloys,!?> chalcogenide semiconductors,® ! two-dimensional

11-16 17,18

ferroelectric materials, semiconductive or magnetic phosphide, with an anticipation of

applications for low power consumption devices. Notably, Hou et a/. demonstrated that MoTe>
films exhibit a transistor-like behavior accompanied by strain-induced structural transitions,’
which is referred to as straintronics. Moreover, in chalcogenides such as MnTe and SmTe,
nonvolatile memory characteristics have been demonstrated in terms of polymorphic and valence
transition of the crystal structure,’!° which are induced by thermal strain. However, the practical

application of these phase transitions is still limited due to incomplete cyclic endurance attributed

to low resistance to environmental factors such as heating and oxidation process.’

On the other hand, magnetic materials such as hexaferrite,!*-?!

in which magnetic properties can
be modulated by lattice strain, are stable even under extreme conditions. Moreover, strain-induced
modulations of the magnetic order without structural transitions gain a significant interest in the
magnetism.??>* Typical examples of magnetic textures are helical or conical structure, skyrmions,
and ferromagnetic domains. The modulations of these textures under strain have been widely
studied using neutron scattering, transport measurement, and theoretical simulations.?>-?” Notably,
one of the promising approach for studying these phenomena is a direct imaging of magnetic
domains using in-situ Lorentz transmission electron microscopy (L-TEM), which enables us to
visualize magnetic textures in nanometer scale.®3? To date, Shibata et al. has successfully
observed the elongation of the individual skyrmions as well as the distorted skyrmion lattice under

strain induced by cooling FeGe thin plates, which are fixed on the Si membrane, down to lower

temperatures below its transition temperature of helical state (~280 K).>* Their studies verified that



strain as small as 0.3% is enough to significantly deform skyrmions, as increasing the ellipticity
more than 20 %. This pronounced modulation of spin textures was attributed to strain-modified
anisotropic Dzyaloshinskii—-Moriya interactions (DMI). However, in terms of practical
applications for electrical devices, strain control of magnetic state at room temperature (RT) is
more desirable. One of recent research demonstrated the real-space observations of strain-induced
reversible motion of skyrmions at a RT temperature.>* However, samples are locally compressed

in their approach, leading to inhomogeneous strain distribution.

In this study, we focus on the strain effects upon the magnetic textures of (Feo.s3sNio.3Pdo.07)sP
(FNPP) with S4 crystal symmetry, which is one of the magnets with anisotropic Dzyaloshinskii-
Moriya interaction showing transition temperature beyond RT.3>-¢ The FNPP (001)-thin-plate,
with a thickness of approximately 150 nm, hosts the magnetic stripe domain structure at RT and
zero magnetic field. These stripe domains are entirely observed in as-fabricated FNPP thin plates.
To investigate the effect of mechanical strain on the stripe domain structures, in-situ straining is
one of promising techniques in the electron microscopy.***’** Thus, we fabricated patterned FNPP
thin plates by focused ion beam (FIB) and combined the in-situ nanoindentation measurements
with L-TEM observations, to investigate the effects of uniaxial strain on the magnetic state. The
captured images are analyzed in conjunction with micromagnetic simulations. The results have

directly demonstrated magnetic textures and their changes under uniaxial strain at RT.



Results and Discussion
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Figure 1. Schematics and finite element method (FEM) regarding a prepared setup. a The model of prepared
(Feo.63Nio.3Pdo.07)sP samples and b expected stress and strain mapping through FEM simulation.

Preparation of the FNPP thin plate for observations. In this study, FNPP single crystals were
synthesized using the self-flux method. As shown in Figure S1,S2 and Table S1,S2 in the
Supplementary Information (SI), the chemical composition and structural parameters were
analyzed through energy dispersive X-ray spectrometer (EDX) equipped with a scanning electron
microscope (SEM) and X-ray diffraction, indicating that single-phase FNPP close to
stoichiometric composition was obtained. Hence, we fabricated a square-patterned FNPP thin plate
to induce uniaxial strain. Figure 1 presents the schematic overview of the experimental setup to
observe the strain-induced magnetic transition in the FNPP (001) thin plate. As illustrated in Figure
la, the top surface of FNPP thin plate was patterned with square pins, and the inset depicts a
schematic image of the FNPP crystal structure viewed along the [001] axis. The dimensions of the
square pins (1.4 um X 1.4 pym % 0.15 pm) were designed to be smaller than the diameter (2.7 um)
of the cone-shaped indenter to apply uniaxial compressive strain. Based on this design, as depicted
in Fig. 1b, the expected displacement and stress distribution within a square pin under compression
were simulated though a finite element method (FEM) by using a commercial software

COMSOL.* The reported mechanical parameters for FesP were employed for the simulation.*?



The color scale represents the stress distribution when -1% compressive strain is applied to the
square pin by the indenter. The setup and mechanical parameters of simulations are described in
Figure S3 in the SI. The white arrows in Figure 1b, which indicate a direction of displacement, are
uniformly aligned along the indentation axis, ensuring that the current setup is possible to generate
uniaxial compressive stress within the square pins. Meanwhile, the stress mapping image reveals
an inhomogeneous distribution, indicating compressive stress is concentrated at the corner of
square. This stress inhomogeneity plausibly arises from the boundary conditions of the sample as
the edges of FNPP thin plate are fixed while compressive stress outside the square region is almost
negligible as expected. Meanwhile, the grain size under surface compression on physical
properties has been reported.** However, single crystal FNPP in this study is free from such an

effect from grain boundaries.
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Figure 2. Microscopic images and magnetic textures of prepared FNPP with square pins. a The scanning
electron microscopy image of the as-fabricated 4 square pins. The right inset shows the corresponding electron
diffraction pattern and crystallographic indices. b Magnetic stripes of FNPP displayed through micromagnetic
simulations. ¢-f Observed images of magnetic stripes of each pin through L-TEM observations.



Figure 2 presents the fabricated FNPP thin plate with the square pins and corresponding images
of magnetic textures within each pin. As shown in the cross-sectional scanning electron
microscopy (SEM) image in Figure 2a, four squares, labeled as pins 1, 2, 3, and 4, were patterned
at the top surface of a 150-nm-thick FNPP thin plate. The inset displays a selected area electron
diffraction (SAED) pattern along the [001] axis, confirming that the crystallographic axes ([110]
and [110]) are successfully aligned to the sides of squares. Figure 2b presents the simulated
magnetic stripes of FNPP at room temperature and zero magnetic field, indicating that these
crystallographic axes correspond to two distinct directions of wavevectors, qi and 2. The magnetic
stripes oriented along the [110] and [110] axes exhibit different helicities, which are clockwise
(CW) for qi and counterclockwise (CCW) for q2, respectively. These magnetic textures and
helicities are attributed to anisotropic DMI vectors, well consistent with the previous study.* The
L-TEM images in Figures 2 c-f present initial magnetic textures of each square pin. The pins 1 and
2 exhibit magnetic stripes aligned with the q» direction while the pin 3 exhibits stripes aligned
along qi direction. The pin 4 exhibits the mixed configuration of stripes, containing both q; and q>
domains. Such designed samples enable us to systematically investigate the modulation of
magnetic stripes aligned parallel and perpendicular to the applied strain. The detailed experimental
procedures to fabricate these square pins with different stripe domains are described in Figure S4

in the SI.
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Figure 3. The results of nanoindentation test and in-situ L-TEM observations of the pin 2. a The measured
force (F) — displacement (Ah) curve during indentation. The upper horizontal axis presents corresponding
uniaxial compressive strain. b The strain dependence of the period of magnetic stripes. ¢-h The L-TEM images
under uniaxial compressive strain (¢ = -0.0, -4.3, -7.1, -9.3, -11.4, -18.0 %).

In-situ LTEM observations under uniaxial compression. First, we focus on the magnetic stripes
with the q2 in the pins 1 and 2, where the q is aligned parallel to the direction of compressive strain.
Figure 3a presents the force (F) versus the displacement (Ah) of the top surface from the initial
position for the pin 2, obtained through the in-situ nanoindentation test. The compressive strain,
which is also displayed on the upper horizontal axis, is simply estimated (¢ = —Ah/h,) based on
the initial height of samples (h,) as schematically illustrated in Figure S5a in the SI. This F — Ah
curve exhibits a linear relationship during the elastic deformation (up to approximately -4%). On
the other hand, the F becomes saturated at larger compressive strain more than -4 %, indicating
that the plastic deformation proceeds in this region. The F — Ah curve terminates as the pin 2 is
finally fractured when the compressive strain exceeds -18.0%. The maximum strain varies slightly
between different pins, which is likely due to slight changes in sample thickness and indentation
conditions (see detail discussions in the SI). Figure 3b and 3c-f present the strain dependence of

the period of magnetic stripes and a series of L-TEM images during compressive process (¢ = -0.0,



-4.3,-7.1, -9.3, -11.4, -18.0 %). The stripe period decreases with increasing compressive strain
during elastic region, implying the possible enhancement of DMI strength and fluctuations of
modulated magnetic stripes with the g. domain. At the end of the elastic region (Figure 3d), the
bending of the magnetic strip is evident. This bending of the magnetic stripe becomes more
pronounced during the plastic deformation (Fig. 3e). Notably, Ah exceeds the thickness of square
pins during plastic deformation, indicating dislocations activate during nanoindentation. Xiang et
al. demonstrated that a high concentration of dislocations induces the rotation of magnetic
moments,* suggesting that structural defects in FNPP likely contribute to the bending of the
magnetic stripe in this study. According to a previous study, it is hard to observe distinctive
motions of magnetic stripes.3* In contrast, we succeeded in clearly observing strain-induced
motion of magnetic stripes under the current setup by applying uniaxial compressive strain.
Moreover, this bent stripe was observed to transform into the vertical stripes with the qi, as
enclosed by an orange triangle in Fig. 3f. The q; domain exhibits an evolution with an increase of
strain (¢ = -11.4, -18.0 %), indicating that the wavevector aligned parallel to the direction of strain
is unstable under uniaxial compression. The growth of the q: domain starts from the left-bottom
corner of the square, consistent with FEM simulations (Figure 1b), which reveals that the
compressive stress concentrates at the bottom corners of the square. These results suggest that the
conversion of helical stripes was triggered by the concentration of compressive stress at the corner.
The observed behavior is reproducible according to the results for the pin 1 in Figure S5b-g in the
SI. The F — Ah curve for the pin 1 includes both loading and unloading process after reaching a
maximum strain of -14.3 %, as the pin 1 is not fractured during the indentation test. The
displacement at the end of unloading is approximately 20 nm, which is plausible due to residual

strain (¢ = -1.4 %) as a plastic deformation. During the loading process, the magnetic stripes with



the g2 exhibits bending and transformation into the q; domain. The transformation of the stripes
with the g2 to q1 in pin 1 initiates from the right-bottom corner of the square, which is in accordance
with the stress concentration in Figure 1b. The L-TEM image after unloading is also captured as
shown in Figure S5g in the SI, indicating that the q1 domain becomes non-volatile and stable owing
to residual compressive strain. The results observed in the pins 1 and 2 are shown in Movie S1 and

S2.
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Figure 4. The results of the nanoindentation test and in-situ L-TEM observations of the pin 3. a The
measured F—Ah curve during indentation. The upper horizontal axis presents corresponding uniaxial
compressive strain. b The strain dependence of the period of magnetic stripes. c-h The L-TEM image series
under uniaxial compressive strain (¢ = -0.0, -2.9, -4.3, -7.1, -8.6, -13.4 %).

To investigate the strain effect on the q vectors, we focus on the magnetic stripe with the qi within
the pin 3 as shown in Figure 4. According to the F — Ah curve in Figure 4a, the elastic deformation
occurs consistently at smaller compressive strain up to approximately -4%. In contrast to the
observations in Fig. 3, the helical period and L-TEM images in Figures 4b-e exhibit negligible

changes; e.g., the bending of magnetic stripes is not prominent in this series of L-TEM images.
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Even during the plastic deformation (¢ = -7.1, -8.6, -13.4 %), the L-TEM images in Figures 4f-h
exhibit no distinctive bending or transformation of the stripes. The distinct behavior indicates that
the wavevector normal to the uniaxial compressive strain is robust. Furthermore, the stability of
the g1 domain is reproducibly confirmed by the L-TEM observations for the pin 4, which hosts
both g2 and q1 domains, as shown in Figure S6 in the SI. The qi domain, which is observed at the
bottom of the square, exhibits negligible changes even under stress concentration. Meanwhile, the
slight tilting of the q; domain is observed in both pins 3 and 4. This tilting is plausible because the
indenter does not compress the sample perfectly along the vertical direction due to roughness and
alignment of the top of the indenter. The FEM simulations have been carried out as shown in
Figure S7 in the SI, to present the expected stress distribution when the indenter and pins are not
perfectly parallel each other during compression. In such scenarios, the direction of compressive
strain slightly deviates from the symmetry axis of the pin, resulting in a minor realignment of the
magnetic stripes. Moreover, the asymmetry in the stress distribution is a possible reason to explain
the fractures observed in some pins. The experimental evidence observed in the pins 3 and 4 are

shown in Movie S3 and S4.
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Figure 5. Simulated magnetic stripes under uniaxial compressive strain. a-d The image series of magnetic
stripes when q is parallel to the strain. e-h The image series of magnetic stripes when q is perpendicular to the
strain. Both series of magnetic textures are simulated at the compressive strain of 0.0, -6.0, -8.0, and -9.0%.

Micromagnetic simulations. To theoretically investigate the magnetic stripe under compressive

stain, we carried out micromagnetic simulations,*®

visualizing the dynamics of both q> and q
domains of FNPP. Magnetoelastic coupling constants (Bi = 2.0 x 10°) of the sample are tentatively
adopted in this study to consider the effect of strain on the magnetic system, namely, a
magnetoelastic field.*’ In this calculation with the positive B, compressive strain along y-axis
enhances the magnetoelastic field along the [110] direction, which is added to the effective
magnetic field. The details of material parameters for simulations are shown in the Method
section.**4 Figure 5 presents the simulated magnetic stripes with an increase in uniaxial
compressive strain along the longitudinal direction. First, Figure 5 a-d represents a transition
behavior of the q2 domain. The magnetic stripe with the q> domain shows slight bending at the
edge of square and transition to the q; domain (¢ = -6.0, -8.0 %). Finally, the magnetic stripe in the

square entirely transforms into the q; domain (¢ =-9.0 %). Similarly, the 90° rotation of magnetic

stripes occurs at the square corner, as shown in Fig. 3f-h. These results reveal that the wavevector
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perpendicular to the strain is stable, supporting the observed results in the pin 2. On the other hand,
Figure 5 e-h indicates that the change of q1 domain with varying the stress is almost negligible,
which is in accordance with the observed results in the pin 3 in Fig. 4. These simulations comply
with observations, suggesting that the magnetoelastic effect is key factor to stabilize the magnetic
stripe domains with q along a perpendicular direction to the strain. Recently, similar behaviors
have been observed in a ferromagnetic Ni thin plate.’® The direction of magnetic stripes of Ni is
also ordered along uniaxial strain, in agreement with micromagnetic simulations by adding the
magnetoelastic interaction. These results demonstrate that the uniaxial strain and magnetoelasticity
systematically enable us to control wavevectors of magnetic textures. These behaviors depend on
the magnetoelastic coupling constants and strain dependence of physical parameters.’!>* In this
study, the strain dependence of magnetic stripe periods in Fig. 3b suggests either an increase in the
DMI constant or a decrease in exchange stiffness. Moreover, these physical parameters can be
modulated by designing composite materials.>® The detailed investigations of physical properties

and varying material parameters under strain are the scope of the future study.

Conclusions

In summary, we successfully performed the in-situ observations of magnetic stripes under uniaxial
compressive strain in the FIB-fabricated FNPP plates by the nanoindentation technique. The
magnetic stripes with the wavevector parallel to the strain direction have been bent and then
transformed into the stripes with wavevector perpendicular to the stress direction by applying the
compressive stress, in contrast to the case of magnetic stripes with the wavevector normal to the

strain in the FNPP thin plate. The micromagnetic simulations reveal the wavevector switching
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under compressive strain. The observed phenomena are likely to be driven by stress concentration
at the corner of square pins, which is in accordance with FEM simulations. These systematic
investigations of the magnetic textures under uniaxial compressive strain provide important
insights to control the strain-induced magnetic transition in electrical devices. This study highlights

a promising pathway for the application of magnetic materials in straintronics field.

Methods

Sample preparation. High-quality bulk single crystals of (Feo.s3Nio.3Pdo.07)sP are required for the
fabrication of microdevices. Standard techniques by annealing stoichiometric powders below the
melting point or electrodeposition, for example as described in other studies,’**” do not yield large
single crystals. Therefore, we used a self-flux method, as described in the previous stduy,*® in
which starting materials with metal-rich non-stoichiometric ratio of Fe : Ni: Pd : P=1.8 : 1.1 :
0.6 : 1 were sealed in an evacuated quartz tube and slowly cooled from 970°C to 910°C.

In general, cation-anion stoichiometry of metal-metalloid compounds significantly affects their
chemical and physical properties.>® To clarify the chemical composition of the obtained FNPP, the
SEM-EDX was employed. The results show the chemical composition of the present sample is
Fe1go7(7)Nio.go2e)Pdo217(3)Pog9ais), ~ very close to the  stoichiometric ~ composition:
(Feo.s3Nio.30Pdo.o7)3sP. Moreover, determining the occupation of crystallographic positions is
important for compounds.>® The tetragonal crystal structure of single-phase MsP (space group 14)
was confirmed by powder X-ray diffraction with Cu Ka radiation and the Rietveld analysis using
RIETAN-FP program.®® According to the SEM-EDX and X-ray diffraction, it is clear that the

single crystal used in the present L-TEM experiment is the single-phase stoichiometric FNPP.
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The (001) thin plate of FNPP was fabricated and thinned (thickness of approximately 150 nm)
through the FIB technique (Helios 5UX, FEI). The obtained thin plate was picked up and put at
the top of Mo mesh. To precisely apply the uniaxial compressive strain, Mo mesh was also milled
and flattened in advance. After fixing the FNPP thin plate on the flattened Mo mesh, four square
pins with dimensions of 1.4 um x 1.4 um x 0.15 um were patterned at the top surface by FIB.

Eventually, both sides of squared pins are cleaned by low energy ion beam.

TEM observations. Real-space observations of magnetic textures under mechanical strain were
performed by transmission electron microscopes (JEM-2800, JEOL) equipped with a
nanoindentation holder (PI95, Bruker Co.). A truncated cone shape indenter was employed, and
the maximum displacement was 1000 nm. The tip was indented at the loading rates of 1 nm /s.
The uniaxial compressive strain during the indentation test was simply estimated from the distance
and initial height of sample, which is described in Figure S2. The static image and movie of
magnetic textures were simultaneously captured by in-situ L-TEM observation at room
temperature and zero magnetic field. These LTEM images of a magnetic texture are acquired at

the under-defocus mode.

FEM simulations. The simulation of stress distribution was conducted by finite element method
(FEM) using COMSOL Multiphysics software. Figure Sla and S1b present the model and
geometry of FEM simulations. The edges of the deformed square pin compressed by an indenter
are defined as free planes while other edges are considered as constraint planes. Stress mapping is
calculated by directly compressing the square pin, where the modulus of the mother compound,
FesP, is tentatively used for the mechanical properties of FNPP. The mechanical properties of the

indenter are configured using standard parameters for diamond.
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Micromagnetic simulation. We carried out micromagnetic simulations based on the Landau-
Lifshitz-Gilbert (LLG) equation using the MuMax3 software.*> For the simulations of q-vector
switching, the size of the magnet was Lx x Ly = 1400 x 1400 nm?, and we set open boundary
conditions. The x and y axes correspond to the experimental [110] and [110]crystal axes,
respectively, with a righthanded helix stabilized in x-direction and a lefthanded helix in the y-
direction. The material parameters were chosen according to the previous study at 7 = 300 K:
saturated magnetization Ms = 4.17 x 10> A m’!; exchange stiffness 4 = 8.1 x 10712 ] m!, and
uniaxial anisotropy constant K, = 3.1 x 10* J m™ along the z axis. The Gilbert damping constant
was set to a = 0.03. In this study, anisotropic DMI constant was set to D = 4.0 x 10* J m™2. To
achieve anisotropic DMI, we added custom energy density and effective field terms using the

MuMax3 built-in functions. The field term is defined as B = 2D (0yn,X + 0,0,y — (0xny, +

d,yn,)Z), where n; is the ith component of the magnetization, and the energy density expression is
defined as Ep = —%n - B. To take the strain effect into consideration, we tentatively employed

magnetoelastic coupling constant B; = 2.0 x 10°. Based on these parameters, magnetic stripes are
simulated under different vertical compressive strain eyy between 0 and -9%. In this study, these

parameters of FNPP were tentatively considered as constants.
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