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ABSTRACT

Multiferroics have received considerable interest over the last decade due to the fascinating fundamental
phenomena and potential use in various applications, such as low-power electronics and spintronics.
Among those, investigations have focused on the coexistence of ferroelectric and ferromagnetic mate-
rials. Here, we report the rare case that the para-to ferroelastic ordering transition in antiferromagnet
Mn,V;,07 occurred at Ts = 260—280 K, verified by temperature-dependent magnetization measurements,
dielectric, differential scanning calorimetry, and macroscopic strain-stress hysteresis loops. Furthermore,
this transition was accompanied by a structural transition from the high-temperature C2/m monoclinic
phase (B-phase) to a low-temperature P 1 triclinic phase (o-phase), as identified by temperature-
dependent X-ray diffraction. Consequently, Ts can be successfully increased by Co- and Ni-doping and
decreased by Ca-doping. Thus, the phase diagram was established for the structural stability of (Mnj-
xAx)2V207 (A = Co, Ni, and Ca). In addition, the physical and chemical pressure effects were applied
on (Mny.xCax)2V207 to correlate the ferroelastic (Ts) and antiferromagnetic (Ty) orderings. Consequently,
the magnetoelastic coupling was revealed, and a unique multiferroic material (Mn,V,07) with a fer-
roelastic and antiferromagnetic ordering was obtained.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Multiferroics are a class of materials with the coexistence of two
or more ferroics, such as ferroelectric, ferromagnetic, and ferroe-
lastic properties [1—4], represented by a famous cartoon triangle
each property was occupying a corner [5]. The cross-coupling
among these three properties has been highly considered as it re-
sults in rich physics and an extra degree of flexibility to tune the
properties [6—11]. Over the past decade, intense research has been
focused on one side of the triangle, i.e., ferroelectric and
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ferromagnetic, owing to anticipated novel functional devices, such
as multiferroic four-state memory, magnetoelectric sensors, and
multiferroic logic gates etc [12,13]. Although many applications
have been found for ferroelastic materials, such as piezoelectric
sensors and mechanical switches, they have not been studied
adequately [14—16]. In fact, strain-mediated coupling has been
widely explored in the field of multiferroics [17,18]. Ferroelasticity
is an inevitable hidden key factor to achieving strong magneto-
electric coupling; it efficiently mediates the electric and magnetic
dipoles [19]. To date, the number of ferroelastic materials has been
found to be considerably less than that of the ferromagnetic and
ferroelectric compounds [1,19]; hence, more efforts are required to
find new ferroelastic materials to realize their intriguing physics
and possible practical applications.

Analogous to other ferroics, ferroelasticity exhibits hysteresis in
the strain versus stress curve; a mechanical switching between at
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least two orientation states of a crystal by external stress [19]. Ac-
cording to the Landau theory of free energy, lowering the point
group symmetry is necessary near the ferroic phase transition,
which is accompanied by the emergence of at least one new
macroscopic property [20]. The famous Aizu notations classify
various kinds of ferroic phase transitions based on the change in the
point group near the phase transition [21]. A ferroic phase can be
purely ferroelastic, such as Pb3(PO4), or BiVOy, or coexistence of
multiple ferroic properties, such as in Mn304 (ferroelectric-ferro-
magnetic), BaTiO3 and Pb(Zr;_4Tix)Os (ferroelastic-ferroelectric),
BiFeOs; (ferroelectric-ferromagnetic-ferroelastic) [19,20,22—24].
The Ni—I boracite sample is one of the well-known triple-ferroic
examples for the simultaneous coexistence of ferroelectric, fer-
roelastic and ferromagnetism [20]. Advances in the experimental
characterization methods have also proven that many multiferroics
are ferroelastic. Angle-resolved polarized Raman spectroscopy ex-
plores the ferroelastic domain texture owing to the lattice defor-
mation caused by the Jahn-Teller effect [25]. A well-known type-I
multiferroic, BiFeOs, has been established as a ferroelastic using
Raman spectroscopy, whereas the antiferromagnetic texture is
controlled using the strain and electric fields [26,27]. Low-
temperature piezoresponse force microscopy has proved the exis-
tence of ferroelectric—ferroelastic domains in the skyrmions host
GaV4Sg sample [28].

Transition metal-vanadium oxides with the general formula
AyV,07 (A = Mn, Cu, Co, and Ni) have garnered considerable
attention owing to their variety of crystallographic structures and
intriguing physical properties [29—36]. Among these phases, -
Cu,V,07 has been reported to be an improper multiferroic material,
where orbital degrees of freedom leads to polar distortion and
ferro-orbital ordering favoring antiferromagnetic ordering [33].
Moreover, an existing study suggests that both Ni;V,07; and
Co,V,07 exhibit magnetic-field-induced ferroelectricity [30]. In
addition, Mn,V,07 exhibits extraordinary physical properties
owing to its geometrical spin-frustrated honeycomb structure
[31,32,36]. A structural transition with Ts ~280 K, antiferromagnetic
ordering, and weak magnetoelectric coupling below Ty ~17 K has
already been reported [32,34,36]. In particular, the nonlinear
behavior in pressure-dependent capacitance measurements in-
dicates that the low-temperature o-phase might be ferroelastic
[36]. In this study, we employed various experimental tools, such as
temperature-dependent X-ray diffraction (XRD), differential scan-
ning microscopy (DSC), dielectrics, and strain-stress hysteretic
loops, to confirm the para-ferroelastic transition in MnyV,07 near
Ts in the range of 260—280 K. Furthermore, this Ts can be tuned by
the partial substitution of Ni?*, Co?*, and Ca®* ions at the Mn sites.
In addition, the physical pressure and chemical expansion effects
on Ty and Ts were used to test the magnetoelastic coupling in
Mn,V505.

2. Experimental methods
2.1. Sample preparation and characterization

(Mn1_xNix)2V207, (Mn1xCox)2V207, and (Mn1_xCax)2V207 (0 < x
< 0.2) polycrystalline samples were synthesized by solid-state re-
action method. Homogeneous stoichiometric mixtures of high-
purity MnO (99.99%, Alfa Aesar), V,05 (99.99%, Alfa Aesar), NiO
(99.995%, Cerac), CoO (99.995%, Alfa Aesar), and CaO (99.99%,
Cerac) were pressed into pellets and heated at 600 °C for 10 days
with several intermediate grindings. Temperature-dependent XRD
patterns were collected in both TLS-01C2 and TPS-19A with
wavelength 0.88571 A and 0.77489 A, respectively at National
Synchrotron Radiation Research Center (NSRRC) in Hsinchu, Taiwan
as well as D8 Discover X-ray diffraction system (Bruker) in National
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Yang Ming Chiao Tung University (NYCU), Taiwan, with the wave-
length A = 1.54056 A (Cu Kaiq).

2.2. Magnetization, pressure effects, X-ray absorption spectroscopy,
dielectric, stress-strain curves, and DSC

The DC magnetization measurements were performed in a
MPMS-XL 7 (Quantum Design Magnetic Property Measurement
System). A piston-cylinder-type cell designed for the MPMS-XL7
was used to perform the high-pressure DC magnetization mea-
surement with Daphne-7373 oil used as a pressure-transmitting
medium and in situ pressure was measured with a lead manom-
eter. X-ray absorption spectra (XAS) measurements of the Mn-L-
edge and O—K-edge were performed at the 20A1 beamline of
NSRRC. As mentioned in Fig. S1, it was clear that Mn L-edge spectra
for different doping levels match the MnO standard that indicating
Mn?* is stable up to doping level x = 0.3. Oxygen spectral features
remain almost the same up to 30% Ca doping level, thus much re-
duces the possible effects from the variation of oxygen vacancies in
the Ca-doping. Temperature-dependent dielectric constant mea-
surements in different frequencies were conducted using the Agi-
lent E4980A precision inductance, capacitance, and resistance
(LCR) meter from 10 kHz to 1.5 MHz inside a closed-cycle system
with a temperature control region from 5 to 300K. The thermal
properties were determined through differential scanning calo-
rimetry (DSC) using a TA Q-20 instrument. The samples were
placed in an aluminum pan in a N atmosphere with a temperature
controlling rate 10 K/min from —80 °C to 450 °C. To characterize the
room-temperature strain-stress loop (Fig. 2(a), uniaxial compres-
sion tests were performed (and taken in NSYSU, Taiwan) using the
Shimadzu AGS-X compression machine with a capacity of 50 kN.
For each sample, the applied mechanical compressive stress was up
to 2.3 MPa with the loading and unloading rates 0.01 mm/min.
Temperature-dependent ferroelastic measurements [Fig. 2(b)—(f)
taken in FAU, Germany] with a compressive load up to 5 MPa were
conducted in a screw-driven load frame (Instron 5657, 30 kN)
equipped with a thermal chamber (TK 26.600.LN2, Fresenberger)
capable of adjusting the temperature from —150 °C to 600 °C.
Cooling was achieved through liquid nitrogen. During testing, the
sample was contacted by two tungsten carbide loading dies con-
nected to alumina cylinders that extended into the thermal
chamber; additional information on the experimental arrangement
can be found elsewhere [37]. The mechanical load was applied with
a linear rate of 0.5 MPa/s during loading and unloading for two
cycles. The applied load was controlled by a load cell and the cross-
head position measured the displacement. The displacement of the
instrument was calibrated to remove the effects of the measure-
ment setup under identical loading condition.

2.3. Theoretical calculation

Regarding theoretical backgrounds on ferroelasticity and elastic
properties of materials, we include “background introduction”, and
“twin boundary” sections in the Supplementary Material. Inter-
ested readers may refer to them and references therein. Our main
theoretical approach in this work is ab initio methods, which
include four terms in the Hamiltonian:

n(ryn(r')drdr’
r

~ ~ 2
Horr{n(r)] = Tin(r)] + Bxcln(r)]+ 5 [0 25 + Veln(r),

where n(r) is the ground state electronic density, r the spatial co-

ordinates, T the kinetic energy of electrons, Exc the exchange-
correlation potential, third term is the Hartree potential, and Vext
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is the external potential that describes the interaction of electrons
and ions. The DFT Hamiltonian helps simulate all materials,
including multi-elemental ferroelastic crystals.

We employed an ab initio numerical calculation of A-doped
Mn,V,07 (A = Ni, Co, and Ca) using VASP version 6.1.2. The lattice
parameters (lattice constants and angles) and atomic coordinates at
300 K (C2/m) and 293 K (P1) were collected from the available
structural data [35]. The basis sets we chose for Mn, V, and O are
plane waves with an energy cutoff of 400 eV by using the Projector-
Augmented Plane Wave (PAW) method. Hubbard U methods have
been applied in all of our DFT calculations in this work. Manganese,
vanadium, nickel, and iron belong to the transitional metal group,
in which the electron correlation effect is not negligible. Therefore,
Hubbard U parameter is needed to account for this electronic cor-
relation. The values of Hubbard U for nickel, vanadium, manganese
and iron are 4.2 eV, 3.25 eV, 3.9 eV, and 5.3 eV, respectively. The
exchange-correlation functional adopted was GGA-PBE. We used
the initial structure constructed from Ref. [36] and relaxed the cell
shape, volume, and atomic position while preserving its space
group symmetry to relax both its electronic and ionic structure. We
chose to relax them for the twin boundaries by fixing the cell shape
and size of the twin boundary (the Supplementary Material Section
provides details of the twin boundary preparation) but allowed the
atomic positions in the unit cell to relax freely. The twin boundary

unit cell was cut half at 1/2 ¢ to make the cell size smaller to
accelerate the VASP calculations without applying considerable
changes in the twin boundary structure. The unit cell size contains
260 atoms, which makes VASP calculations computationally more
demanding. Nevertheless, we still realized a calculation achieving
less than 10~ eV of self-consistent field (SCF) energy difference,
and a force difference of 103 eV/ A before terminating the VASP
calculation. The same procedure described was also applied to o-
Mn,V>,07 but with a stricter convergence requirement. These pro-
duced the strain-stress curves (as shown in Fig. 6(c)), total energy
(Table 1) and elastic moduli (Supplementary Tables 1 and 2) in this
work.

3. Results and discussion

3.1. Structural, magnetic, dielectric and DSC measurements of
MnyV>07

Mn,V,07 exhibits a martensitic-like thermodynamically struc-
tural phase transition (B-a) and associated dielectric and magnetic
anomalies near room temperature [31,34,36,38]. However, the
structural phase transition and associated properties depended on
the synthesized methods; both elements used to prepare sample
and heating temperature slightly affect the structural transition
temperature. We rechecked the f-a structural phase transition
along with the magnetic and dielectric properties of Mn;V,07 to
achieve higher consistency, as shown in Fig. 1. Fig. 1(a) demon-
strates a clear B-a structural phase transition between the cooling
and heating curves in the temperature window of 260—280 K (see
Fig. 3). The thermal irreversibility of magnetization and dielectric
measurements is shown in Fig. 1(b) and (c). Furthermore,

Table 1
The total energy obtained for the A-doped Mn,V,05 (A = Ni, Co, and Ca) for § and a-
phase, respectively. The doping percentage of A for Mn is 10%.

A B~ AxMn;_V,07 - AxMnz V507 E(B)-E(a) (eV)
Ni —297.62713 eV —298.013758 eV 0.386628
Co —300.04754 eV —300.116834 eV 0.069294
Ca —302.92087 eV —301.94751 eV —0.97336
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Fig. 1. Temperature-dependent (a) structural change (b) magnetization (c) dielectric
and (d) DSC curves for Mn,V,07 during the heating and cooling cycles respectively. A
clear thermal irreversibility can be noticed between the cooling and heating curves.

endothermic and exothermic peaks (shown in Fig. 1(d)) in the
differential scanning calorimetric (DSC) curves during the cooling
and heating processes support the B-a structural phase transition.
All the above observed thermal irreversibility in the structural and
associated properties reflects the possible ferroelastic ordering in
MD2V207.



HJ. Chen, C.H. Yeh, TW. Kuo et al.

Strain £ (%)

Materials Today Physics 23 (2022) 100623

-1.8 25
(a) o= (Mg 3C0y,1),V,0; (b) ™Mn,4Coy1),V,0,
-1.6 - Compression rate —a— (Mn, Nij,),V,0;
Wl 0.01mm/min —o—Cu
-1.2 .
2 S
-1.0 };
2
-0.8
-0.6
-
-0.4 1
-0.2 e=-t
-—2

0.0 L L | L 1 ¥

0.0 0.5 1.0 15 2.0 2.5 0.0 1.0 2.0 3.0 4.0 5.0

Stress o (MPa) Stress o (MPa)

M (o) (CY) (O] ®

1.2
?—1.0
S
w -0.8
g -0.6
w

-0.4

s 25°C o°c 20°C 40°C

0":).0 05 10 15 2.0 25 3000 0.5 10 15 2.0 25 3000 05 1.0 15 2.0 25 3.000 05 10 15 2.0 25 3.0

Stress o (MPa) Stress ¢ (MPa) Stress 6 (MPa) Stress o (MPa)

Fig. 2. (a) Room-temperature strain-stress loops (taken in National Sun Yat-sen University (NSYSU), Taiwan) for (MngAo1)2V207 (A = Co, Ni and Ca), Cu was tested for a normal
metal. Those demonstrated the loops observed in a-phase but not in B-phase. (b) Room-temperature strain-stress loops (data taken in FAU, Germany) for (Mng9C0g1)2V207 sample
with about double stress indicated the reproductivity in two different labs. The data measured at T = 298, 273, 253, and 233 K were shown in (c)—(f) and demonstrated the
existence of ferroelastic property.
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Fig. 3. Room temperature X-ray diffraction patterns for (Mn_xAx)2V207 (0 < x < 0.20) as well as the simulation of f and ¢-Mn,V,0-. (a) A = Co, (b) A = Ni, (c) A = Ca. Temperature-
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3.2. Temperature-dependent strain-stress loops of (MnggAo.1)2V207
(A = Co, Ni, and Ca)

The measurement of strain-stress loops can reveal the ferro-
electric ordering, analogous to M-H loops for ferromagnetic and P-E
loops for ferroelectric ordering. It is noted from Fig. 1 that Mn,V,07
is in the B phase at room temperature (~300 K). In addition, the
Mn,V,07 is extremely brittle and soft to measure the strain-stress
loop. To ensure the ferroelastic transition phase in Mn,V,09, strain-
stress loop measurements were firstly performed on Ni and Co-
doped samples (x 0.1), where (MnggCog1)2V207 and
(MnggNig1)2V207 are with a-phase at room temperature (see later
in Figs. 3 and 4). Obviously, the strain-stress loops were observed in
a-phase (MnggCog1)2V207 and (MnggNig1)2V207 at room temper-
ature shown in Fig. 2(a). These results imply that the structural,
magnetic, dielectric, DSC anomalies are also associated the parae-
lastic (high temperature) to ferroelastic (low temperature) transi-
tion at Ts = 260—280 K. In fact, the values of the strain-stress loop
on (MnggCog1)2V207 was reproduced with higher stress using
different equipment, as shown in Fig. 2(b). Further, the
temperature-dependent  strain-stress loops measured for
(Mng 9Cog1)2V207, shown in Fig. 2(c)—(f), show a nonlinear strain
response with increasing compressive stress, in addition to signif-
icant hysteresis with a corresponding remanent strain after
unloading, demonstrating the irreversibility of the stress-induced
hysteretic process. Such observations indicate the existence of a
ferroelastic response in this material. The presence of remnant
strain indicates that the stress-induced domain switching is irre-
versible. During the second cycle, a minor, closed hysteresis is also
observed, which is understood to be due to the reversible motion of
ferroelastic domain walls [39]. During testing, the sample was first
tested at room temperature and then subsequently cooled to
0 °C, —20 °C, and then —40 °C without removal from the mea-
surement arrangement [shown in Fig. 2 (¢)—(f)]. This was done to
ensure that the sample retained the same alignment throughout
testing. As such, the largest remanent strain was observed during
the first cycle at room temperature and subsequent loading cycles
displayed a significant reduction in remanent strain. This is because
of the irreversibility of the domain reorientation process, limiting
the number of available domains at lower temperatures. Impor-
tantly, however, each temperature demonstrates a minor hysteresis
is characteristic of ferroelastic domain wall mobility. As such, an in-
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depth investigation of the influence of mechanical load on the
multiferroic ordering in these compositions is necessary.

3.3. Tunable structural and ferroelastic phase transition with
chemical doping in (Mn_xAx)2V207 (A = Co, Ni, and Ca)

As established in Fig. 1, the Mn,V,07 exhibits a martensitic-like
thermodynamically structural phase transition ($-o) and associated
magnetization, dielectric, and DSC anomalies near to the room
temperature. Furthermore, this structural transition was confirmed
to be associated with the ferroelastic transition presented in Fig. 2.
The tunability of the -a phase transition temperature Ts is crucial;
chemical doping is a common tool to accomplish this. Poly-
crystalline (Mnq_xAx)2V207 (A = Co, Ni, and Ca; 0 < x < 0.2) samples
were successfully synthesized and characterized at room temper-
ature, as shown in Fig. 3 (a), (b) and (c). At room temperature,
Mn,V;,07 appeared in the pure B-phase, indicating that the $-a
phase transition has occurred below the room temperature. How-
ever, the structure sharply changes in Co- and Ni-doping cases even
at extremely low doping concentration (x < 0.2), as shown in
Fig. 3(a) and (b). Therefore, Co- and Ni-doping could stabilize the a-
phase at room temperature, raising the p-o. phase transition to-
wards higher temperatures. The effect of Co-doping is considerably
more pronounced than that of Ni-doping. On the other hand, Ca-
doping can stabilize the B-phase at room temperature, and no
notable a-phase was noticed up to the doping level of x < 0.2.

Additionally, synchrotron XRD was performed to further
examine the temperature window of the B-o phase transition at
different temperatures for x = 0.1 (Ni) and 0.05 (Ca), as shown in
Fig. 3(d)—(f). Therefore, the room-temperature XRD showed a low-
temperature a-phase. However, unlike Co- and Ni-doping, the p-a
phase transition (maintained in B-phase) in Ca-doping did not
appear in the temperature window of T = 160—240 K. Hence, the
structural transition might appear at a significantly lower temper-
ature (T < 160 K). The detailed temperature-dependent XRD data
show the $-a phase transition for the other Co-, Ni-, and Ca doping
levels are presented in Figs. S2 to S5 (supplementary).

3.4. DSC and dielectric properties on the structural transition of
(Mny.xAx)2V207 (A = Co, Ni, and Ca)

Temperature-dependent differential scanning calorimetry (DSC)

(@) (Mn_A),V,0, (b) A=Ca 1.5MHz
—— A=Ca, x=0.025 -
x=0 /\
— A=Nij, x=0.1 AN =
—— A=Co, x=0.1 e E
- /\ﬂ 2
- P
g =
= -
o - T =
= /\’\—\ a8
s 2
a az 2
2
2
=
—=\/
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200 250 300 350 400 450 0 50 100 150 200 250 300
(K) T(K)

Fig. 4. (a) DSC curves of (Mn;.xAx)>V207. (b) Ca-doping-dependent dielectric constant in (Mn;_xCax),V>07 measured with 1.5 MHz. Both temperatures occurring the thermal

hysteresis are consistent with those of structural transition in Fig. 3.
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and dielectric constant measurements were performed to further
explore the $-o phase transition, as shown in Fig. 4. Owing to the
limitations of the temperature window of our dielectric system (T =
4—320 K), we employed DSC measurements for samples with high-
temperature B-o. structural phase transition. By substituting Co®*
and Ni** at the Mn>" site, both the endothermic and exothermic
peaks increased at higher temperatures, as shown in Fig. 4(a). These
observations are consistent with the temperature-dependent XRD
results presented in Fig. 3. In Fig. 4(b), a step-like behavior was
observed in the dielectric constant measurement, forming a ther-
mal hysteresis related to the Bf-o phase transition. More detailed
investigations on the nature of the dielectric behavior, frequency,
and voltage-dependent dielectric measurements are presented in
Fig. S6(a) and S6(b). The step in the dielectric measurements is
insensitive for both the frequency and voltage. Moreover, the
absence of pyrocurrent, shown in Fig. S6(c), at the dielectric step is
reasonable because of its centrosymmetric space group, indicating
that the structural transition is only a possible source for the
thermo-irreversible dielectric data and is not associated with the
electric polarization. As the doping level of Ca®* increased, the
sharp dielectric behavior became smeared, broadened, and shifted
to lower temperatures, consistent with those shown in Fig. 5(e) and
(f). Thermal hysteresis is not observed for x > 0.15, indicating that
the a-phase nearly disappeared, and the structure remained in the
B-phase at low temperatures.

The observations of the thermally sensitive f-a structural phase
transition and associated variations in the temperature-dependent
dielectric constant and DSC measurements have been noticed in
many ferroelastic materials [40,41], indicating that the present -
phase transition in Mn;V-207 can be attributed to the paraelastic to
the ferroelastic phase transition. This is supported from the sym-
metry point of view. Curie symmetry principle states that the space
group of the ferroelastic phase should be the subspace group of
paraelastic phase [21]. The space group of low-temperature o-
phase (P 1) is indeed a subgroup of high-temperature B-phase (C2/
m). Moreover, the B-o phase belongs to the 2/mF 1 crystallographic
Aizu notation for ferroelastic transition [20,21]. Both experimental
data and crystallographic symmetry strongly supported that the
para-to ferroelastic transition accompanies f3-o phase transition in
Mn;V,0x.

Finally, phase diagrams of temperature and doping dependent
thermodynamic, structural B-¢. phase transitions, shown in Fig. 5,
were constructed from Figs. 1 and 3, and Figs. S2 to S5. For the Co-
and Ni-doping, B-o phase transition systematically shifts to higher
temperature with an increase in the doping level. The width of the
mixed-phase increased with an increasing doping level, indicating
the broadness of the B-o. phase transition. However, Ca-doping
displays an opposite trend; the B-o phase transition shifts toward
lower temperatures with an increasing Ca-doping level up to
X < 0.1. For x > 0.15, B phase is stable down to the lowest temper-
ature (12 K).

3.5. Theoretical interpretation on the existence of ferroelastic phase
in MnyV,07

Table 1 lists the total energy as the electronic states of § and a-
phases obtained from the structural relaxation results using the
VASP software. The f-phase can be thought of as an austenite phase
that normally appears at a higher temperature, whereas the o-
phase as a detwinned martensite phase that persists at lower
temperature. For a shape memory alloy (SMA), the system must be
heated to activate the diffusionless phase transformation process
between the detwinned martensite and austenite phases. This
indispensable process completes the SMA stress-strain cycle;
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without it, the shape memory effect or ferroelasticity cannot occur.
The B-phase for Ca-doped Mn;,V,07 was found to be 0.97336 eV,
which is lower than that for the a-phase, presented in Table 1; thus,
the B-phase is energetically more stable than the a-phase. How-
ever, the situation changes when the dopant is replaced by Ni or Co.
For Ni- and Co-doped Mn,V,0y, it can be seen that the a-phase is
energetically more stable than the B-phase. This might be the
reason for observing no ferroelasticity in Ca-doped Mn,V,07 in the
doping range of 20%. Figs. S7 and S8 demonstrate the structural
views of the relaxed structures.

Besides, two explanations are suggested for the above findings.
First, the empirically measured ionic radii of Mn, Ni, Co, and Ca is
0.83 A,0.75 A, 0.69 A, and 1 A, respectively. Because Ca has a much
larger ionic size, it can generate excessive strain energy or chemical
pressure that changes the Ca-doping sample's energetics and sta-
bility significantly. Second, Ca atoms belong to the alkaline earth
group, whose chemical properties are much different from the 3d
transition-metal group metals such as Mn, Ni, and Co. These
theoretical expectations are in line with our experimental findings,
and explain the DFT obtained energetics.

The detwinned martensite phase can be realized by taking the
martensite a-phase Mn,V,07 from our previous study [36]. In this
study, a recently developed program, namely Aimsgb [42], was
used to generate the required grain (twin) boundary. Following the
convention of coincidence-site lattice (CSL), the CSL grain boundary
as =3[111]/(101) was chosen, where 3 is the number describing the
ratio of the atoms in the coincidence unit cell volume to its rotated
unit cell, [111] is the rotating axis, and (101) is the normal vector of
the grain (twin) boundary as shown in Fig. 6(a) and (b). The strain-
stress curves for twin boundaries, as presented in Fig. 6(c), were
simulated as follows: stress was calculated for four five levels of
strain i.e. 0.5%, 2.5%, 5%, 7.5%, and 10%. Keeping the volume of the
junction as in Fig. 6(d), the structure is then relaxed and the stress
for the optimal structure is calculated by VASP. The elastic moduli of
the three doping cases are listed in Tables S1 and S2. The three-
dimensional (3D) elastic modulus view is shown in Fig. S9 to ach-
ieve a better visualization.

Further, the twinned martensite structure was created from the
a-phase using the Aimsgb program described in the preceding
paragraph. Using the theoretical simulations, the crystallographi-
cally constructed Mn-hexagonal lattice at several stages can be
described as a conventional strain vs. stress hysteresis loop and is
displayed in Fig. 6(c). As it illustrates, the twinned boundary in a-
phase relaxed with the loading of external stress and partially
retained its twinned boundary when stress releases to zero
resulting in the hysteresis loop. On the other hand, the a-phase
converted to B-phase for T > Ts. According to the strain-stress curve,
the detwinned and twinned martensite created two separate lines,
enclosing a finite region that indicates a hysteresis loop could exist
for this material (shown in Fig. 6(d)). Interestingly, red and black
curves enclose a trapezoid-shaped area, which is consistent with
the experimental findings (see Fig. 2). The trapezoid-shaped area
strongly supports the existence of ferroelasticity in Mn;V,07 and
offers insights into its formation.

3.6. Magnetoelastic coupling in (Mny_xCay)2V207

The coupling between ferroelastic and antiferromagnetic
coupling in MnyV207 was investigated by applying physical pres-
sure and chemical expansion effects on Ts and Ty to explore future
applications. The temperature-dependent magnetization mea-
surement results under physical and chemical pressures are pre-
sented in Fig. 7. Pressure is a key parameter for tuning the transition
and controlling the physical properties owing to its ferroelastic
nature. Indeed, the pressure effects on Ts and Ty of Mn,V,07 were
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Fig. 5. Phase diagram of the structural transition in (Mn;_xAx)2.V207 including cooling and heating process (a, b) Co-doping, (¢, d) Ni-doping, (e, f) Ca-doping. The data points were
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structure of 0%, expanded the unit cell to each prescribed strain ratios, and performed VASP calculations, respectively to relax the structures without changing the cell shape and
size to obtain the corresponding stresses.
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Fig. 7. Temperature-dependent magnetization of (a) (Mn1-xCax)2V207 (0 < x < 0.2) with temperature region T = 150-300 K at ambient pressure. (b) Mn2V207 under external
pressure up to 15.41 kbar (c) (Mn1-xCax)2V207 (0 < x < 0.2) with T = 5-50 K at ambient pressure (d) Mn2V207 under external pressure up to 15.41 kbar, and (e) (Mn0.9Ca0.1)
2V207 under external pressures up to 11.0 kbar. Both (b) and (d) data were taken from previous paper [23] for comparison.

partly reported [36], as shown in Fig. 7(b) and (d). At high tem-
peratures, Ts shown in magnetization was suppressed and nearly
disappeared as the external pressure increased up to 15.41 kbar,
indicating that the B-phase can be stabilized by pressure; thus, it is
paraelastic. Moreover, Ty was dramatically enhanced at low tem-
peratures (T = 17—32 K) by pressure, indicating a strong magne-
toelastic coupling between the antiferromagnetic and ferroelastic
ordering. Additionally, the effects of the chemical pressure
(expansion) were explored for comparison purposes. In this study,
Ca?* (ionic radius 1.00 A) was used to substitute Mn?* (ionic radius
0.83 A) and to generalize the internal expansion effect in (Mnj.
xCax)2V207. Detailed variations of the lattice parameters in (Mnj.
xCax)2V207 with respect to Ca-doping level were collected from
the refinement of room-temperature XRD and shown in Table S3
and Fig. S10. The lattice constants a, b, ¢, monoclinic angle § and
unit cell volume V are monotonically and linearly changed with
increasing Ca doping concentration up to 20% indicating the ho-
mogeneous substitution within this range. Since ionic radius of
Ca?* is larger than that of Mn?*, the expansion was expected. It is
noted that the a, B, and V are increased with 3.32%, 0.417%, and
2.08%, respectively, whereas b and c were slightly decreased by
0.084% and 0.932%, respectively, upon Ca doping up to 20%. Thus,
this chemical Ca-doping created the anisotropic expansion effects
on the structure. As shown in Fig. 7(a), the Ts was suppressed by Ca-
doping, suggesting that the main phase remained in the a-phase at
low temperatures when x < 0.1. As shown in Fig. 7(c), the Ty ~ 17 K
was suppressed with Ca-doping up to x = 0.075, suddenly
enhanced to approximately 27 K at x = 0.1, and subsequently

suppressed with x up to 0.2. The sudden changes in Ty in the range
of T=17—-27 K at x = 0.1 implies that the main phase of 2-Mn;V,07
is antiferromagnetic with Ty ~17 K when x < 0.1, whereas that of -
Mn,V,0y is also antiferromagnetic at Ty ~27 K. Although Ty of the o
phase was enhanced, as shown in Fig. 7(d), Ty of the B-phase was
approximately unchanged by physical pressure, as shown in
Fig. 7(e), indicating that the pressure is not an effective tuning
parameter for Ty in the paraelastic f-phase. Therefore, the physical
pressure and chemical expansion effects on Ts and Ty are aniso-
tropic. In addition, a strong and complex coupling exists between
the ferroelastic and magnetic ordering, namely magnetoelastic
coupling with pressure. The T-x of (Mn1.xCax)2V,07 and T-P phase
diagram of Mn,V,07 for Ts and Ty based on the data from Fig. 7 are
shown in Fig. 8 for further clarification.

4. Summary

Honeycomb Mn,V,07 is found to undergo a para-to ferroelastic
transition at Ts = 260—280 K using various experimental tools, such
as temperature-dependent measurements in DSC, dielectric, and
strain-stress hysteresis loops. This transition is coincident with the
structural phase transition from the high-T monoclinic (C2/m) B-
phase to the low-T triclinic (P T) a-phase. Remarkably, the chemical
doping can tune Ts of this transition, as clearly demonstrated by the
temperature-dependent XRD of (Mnj_xAx)2V207 (A = Co, Ni and
Ca). In addition, physical pressure and chemical expansion effects
were applied on (Mnj_xCayx);V207 to correlate Ts and Ty; conse-
quently, the magnetoelastic coupling was clearly revealed.
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Fig. 8. Phase diagrams of (a) chemical (Ca-doping) expansion and (b) physical pressure
effects on transition temperature of para-(PA) to ferro-elastic (FA) transition Ts and of
antiferromagnetic (AFM) (Ty) Mn,V,07 were drawn from Fig. 7. For clarity, the Ts was
taken only determined from the cooling temperature process of Fig. 7 (a) and (b).

Therefore, an unique type-I multiferroic material, Mn,V,07 with
ferroelastic (Ts = 260—280 K) and antiferromagnetic (Ty = 17 K)
orderings was established. The theoretical calculations supported
the experimental results that the ferroelasticity would exist in the
a-phase, which is more stable in Co- and Ni-doping, while f-phase
becomes more stable in Ca-doping. A further and deeper under-
standing of the lattice or domain-wall dynamics and potential ap-
plications in MnyV,07 and its related materials are highly
anticipated.
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