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The influence of defects and local stresses on the magnetic properties and martensitic transformation
in NisoMn3sSn, 5 is studied at macroscopic and atomic scale levels. We show that both the structural
and magnetic properties of the alloy are very sensitive to slight microstructural distortions. Even
though no atomic disorder is induced by milling, the antiphase boundaries linked to dislocations
promote the antiferromagnetic coupling of Mn, resulting in a significant decrease in the saturation
magnetization. On the other hand, the temperature range of the transformation is considerably
affected by the mechanically induced local stresses, which in turn does not affect the equilibrium
temperature between the austenitic and martensitic phases. Finally, we demonstrate that the recovery
of the martensitic transformation is directly related to the intensity of the non-magnetic component
revealed by ''Sn Mossbauer spectroscopy. This result opens the possibility of quantifying the whole
contribution of defects and the local stresses on the martensitic transformation in Ni-Mn-Sn alloys.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4982630]

Ni-Mn based Heusler alloys have been extensively stud-
ied during the last two decades due to the multifunctional
properties they exhibit such as large magnetic-field-induced
strain,”* magnetorresitivity,™* magnetocaloric effects,”®
exchange bias,”'® and shape-memory effects.'’ These prop-
erties are linked to the occurrence of a martensitic transfor-
mation (MT) between magnetically ordered phases. In
the case of metamagnetic shape memory alloys Ni,Mn-Z
(Z=1In, Sn, and Sb), the MT occurs between ferromagnetic
austenite and weak magnetic martensite, thus giving rise to
interesting properties such as magnetic-field induced shape
memory effects'™'> and inverse magnetocaloric effects.'®'®

Despite the promising features, these alloys have very
poor mechanical properties, and their brittleness and fragility
hinder the development of practical devices. In order to over-
come the limitations of the bulk material, several alternatives
have been investigated, such as the use of alloys in the form
of ribbons,"? foams,*” or films,?' as well as embedding shape
memory particles in a polymer matrix.”** As a result, the
use of microparticles as microactuator elements is attracting
an increasing interest during the last few years.**>’

In order to enhance the multifunctional properties of the
micro-particles and films, the control of defects and the local
stress-state becomes fundamental as they influence directly
the MT.**>! The presence of residual stress increases the ther-
mal hysteresis and the irreversibility of the MT.>* Residual
stress is also retained when the samples are cycled through the
phase transformation,” being one of the main causes of the
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degradation of the MT, the deformation behavior, and the
shape memory effect.>* Additionally, the presence of defects
induced during the synthesis of nanoparticles may inhibit the
MT?® and influence the ferromagnetic (FM) interactions.>
Thus, the characterization of defects, the local stress-state,
and their influence on the MT will provide a more proper
tuning of the structural and magnetic properties of these
alloys for more extensive applications.””*” In particular, Ni-
Mn-Sn alloys have been extensively studied because of their
enhanced magnetocaloric properties®® and the high stability
of their long-range atomic order structure against thermal
treatments.>”

Mossbauer spectroscopy (MS) is a powerful technique
for both structural and magnetic characterization at the
atomic level. Although several works can be found, in which
>"Fe MS has been used in Fe doped Ni-Mn-Sn alloys,>%40~*?
119Sn MS, which makes doping unnecessary and therefore
helps to ensure chemical environment of Sn atoms, has been
scarcely employed.*® In fact, the present work demonstrates
that even though no atomic disorder is induced, defects and
local stresses greatly affect the MT, which can be directly
quantified by ''’Sn MS. The obtained results are especially
interesting as long as the modification of defects configura-
tion could be, along with composition, the only way to prop-
erly tune the functional properties in these systems.

A polycrystalline ingot of NisyMn3sSn;s was synthe-
sized from high purity elements by arc melting under the
protective argon atmosphere. The obtained alloy was homog-
enized at 1173 K for 24 h, and its composition was checked
by EDX analysis. With the aim of inducing defects, the alloy

Published by AIP Publishing.
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was mechanically milled in an agate mortar until reaching a
steady state in the spectra revealed by ''’Sn MS. Then, in
order to analyze the microstructural evolution upon post-
milling, several milled powder samples were taken and sepa-
rately annealed at 573, 673, 773, and 873 K for 5 min at each
temperature (labeled as Milled, AN573, AN673, AN773, and
ANR873, respectively). Calorimetric measurements were car-
ried out in a TA Q100 DSC at a heating/cooling rate of 10K/
min, and the magnetic characterization was performed using a
QD MPMS XL-7 SQUID magnetometer. Powder neutron dif-
fraction (PND) measurements were performed using a D2B
instrument (A = 1.59 A) at the Institute Laue-Langevin in
Grenoble (France [Institute Laue-Langevin in Grenoble,
France (J. Lopez-Garcia, J. 1. Pérez-Landazabal, V. Recarte,
J. A. Rodriguez-Velamazan, V. Sanchez-Alarcos, I. Unzueta,
DOI:10.5291/ILL-DATA.5-24-591]). The FullProf** program
was employed for the Rietveld refinement. Mossbauer spectra
were obtained using a Ba''’SnOs source in a transmission
setup at 270K and fitted using NORMOS program.

Fig. 1 shows the temperature dependence of magnetiza-
tion at 0.01 T (1(a)) and 6 T (1(b)) for both the Milled and
the AN673 samples. As shown in Fig. 1(a), annealing does
not affect neither the T, nor the MT temperature (the same
behaviour is observed for the rest of the AN573, AN773, and
ANS873 samples, not shown here). This can be also inferred
from the DSC measurements (see the inset of Fig. 1(a)),
which, in turn, show a narrower temperature range of the
MT for the AN673 sample, indicating a decrease in the elas-
tic energy term as a result of annealing.”® Taking into
account that both 7, and the MT temperature are highly

Temperature (K)

sensitive to atomic order,45 the lack of variation in these
transition temperatures seems to indicate a null effect of
annealing in the atomic order.> Nevertheless, as shown in
Fig. 1(b), the high-field magnetization increases in both aus-
tenite and martensite on annealing. Furthermore, the differ-
ent approach to saturation shown in the normalized M(H)
curves measured at 270 K (inset Fig. 1(b)) points out a differ-
ent antiferromagnetic (AF) contribution to the magnetic
moment between the Milled and AN673 samples.

The crystallographic structure and long-range atomic
order of the studied samples have been analyzed from PND
measurements. Figs. 2(a) and 2(b) show the experimental
and fitted diffractograms obtained from the Milled and
ANG673 samples at 270K (ferromagnetic austenite). Both
samples show the cubic L2, (Fm3m) structure with the
same lattice parameter (6.004(1) A for the Milled sample
and 6.003(1) A for the AN673 sample). The magnetic and
structural parameters for 4(a) and 4(b) positions obtained
after Rietveld refinement are shown in Table I. The occupan-
cies are almost the same in both cases (4(a) positions are
mainly occupied by Mn atoms and 4b positions are occupied
by both Mn and Sn atoms,® as illustrated in Fig. 2(c)), which
means that the degree of L2, atomic order is the same in both
samples. Therefore, in agreement with the observed absence
of variation in the transition temperatures, no atomic order
variation is brought by annealing. Nevertheless, interestingly,
the magnetic coupling between Mn atoms in 4a and 4b posi-
tions drastically evolves from AF to FM upon annealing, in
spite of neither atomic order nor lattice parameter does. Such
evolution is indeed in line with the observed increase in the
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FIG. 2. Rietveld refinement of the diffraction patterns for the Milled (a) and AN673 samples (b) recorded at 270 K. (c) Preferred positions of Mn and Sn atoms

in stoichiometric and off-stoichiometric conditions.
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TABLE I. Occupancies and magnetic moment values (u) for 4a, 4b, and 8¢
positions obtained from the Rietveld refinement for the Milled and AN673
samples. For 8¢ position, 1= 0 is considered.

Site 4a Site 4b Site 8¢
Occupancy  p(pg) Occupancy w(ug) Occupancy
Milled Mn 0.95(4) Mn 0.41(4) Mn 0.08(1)
Ni 0.05(4) 1.26(6)  Ni 0.02(0) —0.45(6)  Ni0.92(1)
Sn (—) Sn 0.57(4) Sn (—)
ANG673  Mn 0.94(3) Mn 0.43(3) Mn (—)
Ni0.06(3)  2.58(2)  Ni0.05(0) 0.37(2) Ni 1(-)
Sn (—) Sn 0.52(3) Sn (—)

high-field magnetization. In this respect, it is worth noting
that the reflection peaks are clearly broader in the Milled sam-
ple. This points out a microstructural evolution (higher crys-
tallite size or lower microstrains in the annealed sample),
which could be behind the magnetic one.

In order to ascertain the nature of the effect of annealing
on the magnetic properties, the magnetism has been studied
at the atomic level by ''”Sn MS. Fig. 3 shows the experimen-
tal and fitted ''”Sn Mossbauer spectra of all the samples.
The spectrum of the Milled sample is mainly composed of a
non-magnetic singlet with a non-resolved magnetic compo-
nent as a minor contribution. The relative intensity of both

Appl. Phys. Lett. 110, 181908 (2017)

components changes gradually with the annealing tempera-
ture, being the magnetic subspectrum practically the only
contribution to the spectrum of the AN873 sample. All the
spectra have been satisfactorily fitted exclusively with these
two discrete contributions.

The values obtained from the fitting of Mossbauer spectra
are listed in Table II. The main common feature is the decrease
in the singlet component (A) and increase in the B, magnetic
hyperfine field, with increasing annealing temperature. Similar
values of the ¢ isomer shift of both components have been
obtained for all the samples, indicating that the chemical order
in the surrounding of Sn atoms remains the same, indepen-
dently of the annealing process.*” However, the line-width
parameter I' listed in Table II decreases as the annealing tem-
perature increases. The " parameter is sensitive to the slight
distortions of the local environment of the Mossbauer probe
atoms,*® so its decrease indicates a microstructural recovery
on the very close environment of Sn atoms.

In a nutshell, PND, MS, and magnetic measurements
point out the lack of atomic disorder differences between the
studied samples. However, the decrease of the I parameter
and the narrowing of the PND peaks with the increasing
annealing temperature suggest an evolution in the micro-
structural parameters. Thereby, the observed changes in the
magnetic properties and in the width of the MT would rely

FIG. 3.Raw (up left) and fitted
Mossbauer spectra of the Milled and
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all annealed samples at 270 K.
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TABLE II. 0 isomer shift, I" line-width, the hyperfine field B, and the area
of the singlet component A obtained from the fitting procedure of the
Mossbauer spectra for all the studied samples.

Sample o(mm/s)* I'(mm/s)* Byt (T) A (%)
Milled 1.53(1) 1.96(1) 4.1(1) %31(3)
AN573 1.48(1) 1.67(7) 4.6(2) %18(1)
ANG673 1.48(1) 1.54(5) 5.2(1) %15(1)
ANT773 1.48(1) 1.51(4) 5.3(1) %6(1)
ANB73 1.48(1) 1.50(2) 5.6(1) J01(1)

Constrained to be the same for both subspectra.

on different internal stress states and the presence of defects
created during the milling.

As previously reported in some Heusler alloys, several
local distortions as dislocations and defects can be created
during mechanical treatments (i.e., cold working) without
inducing any atomic disorder.**** Specifically, the presence
of superlattice dislocations in cold worked Heusler alloys is
accompanied by anti-phase boundaries (APB).”'>* Besides,
the exchange interaction between the second nearest neighbor
(SNN) Mn atoms located across the APB can become AF in
an otherwise FM material.>>>*

Although the SNN of Mn is Sn atoms at 4b positions, in
off-stoichiometric conditions, the excess Mn occupy 4b posi-
tions (see Fig. 2(c)). As listed in Table I, the coupling of 4a
and 4b positions is mostly AF in the Milled sample. However,
when the samples are annealed, the FM coupling is recovered.
Taking into account that the number of AF coupled Mn atoms
is proportional to the dislocation density,”" the annihilation of
dislocations results in a decrease in the density of the APB
present in the sample, in such a way that the number of AF
coupled Mn atoms decreases and the FM coupling is rein-
forced. Hence, the magnetization is greater in the AN673
sample than in the Milled sample. Additionally, as shown in
Fig. 1(b), the magnetization of the AN673 sample approaches
better saturation than the Milled sample.

The annihilation of dislocations also explains the reduc-
tion of the I' parameter and the narrowing of PND peaks
after the annealing.>® The release of the local stress associ-
ated with dislocations homogenizes the surrounding envi-
ronment of Sn atoms and, as a consequence, the value of
I' decreases. As shown in Table II, the major recovery of
I' occurs in the first two annealing at 573K and 673 K.
The annihilation of the dislocations at these temperatures
has been previously reported in other Heusler alloys.*’-?
However, as the ''°Sn MS shows in Fig. 3, the recovery pro-
cess continues above 673 K without a significant change in
I'. In this region, the recovery would be mediated by the
elimination of point defects such as vacancies.’

Sn atoms do not carry intrinsic magnetic moment, but a
transferred hyperfine field can be induced from the neighbor-
ing magnetic ions (Mn ions in the case of Ni-Mn-Sn).”®
'9Sn Mossbauer spectra would reflect the local magnetic
field felt by the Sn atoms. The singlet component observed
by MS (Fig. 3), related to stressed regions caused by disloca-
tions and APB, indicates the absence of the local magnetic
field. Thus, this component points out that the ferromagnetic
order is altered in the region of influence of the APB in such

Appl. Phys. Lett. 110, 181908 (2017)
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FIG. 4. Evolution of the T, parameter (triangles) and the M-M¢ (full dots)
as a function of the annealing temperature. The inset shows the mutual
dependence between the M-Myparameter and A,.

a way that the total transferred dipolar field at Sn sites is
zero. A decreases as soon as the density of dislocations and
APB decreases with annealing at higher temperatures. On
the contrary, the B at 4b positions increases (see Table I).
In fact, B is ~27% higher in AN673 than that in the Milled
sample, which is exactly the same difference observed in
M(T) of Fig. 1(a) at 270 K. The increase in B, implies a rein-
forcement of the local magnetic field related to the annealing
of defects and the recovery of the FM coupling.

With respect to the MT, it is noteworthy that the recovery
of the atomic scale magnetism and the annihilation of disloca-
tions and defects do not affect the equilibrium temperature
between the austenitic and martensitic phases, Ty. As shown
in Fig. 4, T, remains constant irrespective of the annealing
temperature. T is highly sensitive to the atomic order,”’ and
its constant value reiterates the lack of differences in atomic
disorder throughout the studied samples. However, the tem-
perature range in which the MT is extended (M,-My) decreases
from 92.5K down to 70K between the Milled and AN8&73
samples (see Fig. 4).

As the annealing temperature increases, the non-magnetic
regions close to the dislocations decrease, and the intensity of
the non-magnetic component revealed by MS decreases. The
MS singlet is then directly related to the internal stress-state
and the distorted regions that ultimately affect the MT.
Therefore, the influence of the microstructural recovery on the
MT can be directly tracked by the singlet component revealed
by ''?Sn MS. In this respect, the inset in Fig. 4 shows the
direct relationship between the intensity of the MS singlet
and the width of the temperature range of the MT. As soon as
the non-magnetic regions decrease due to the annealing, the
M;-M¢ does behave in the same way.

In conclusion, we show that both MT and magnetic prop-
erties of NisoMn35Sn,5 are very sensitive to slight microstruc-
tural distortions even without inducing any change in atomic
disorder. Due to the high stability that Ni-Mn-Sn systems
show against the atomic disorder, this result opens an addi-
tional way to properly tune the functional properties in these
systems. Finally, we show that ''”Sn MS can be used to link
the MT with the microstructural state, becoming a practical
tool to assess the microstructural characterization of the local
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stress and defect state in order to properly tune the MT
towards future applications.
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