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1Department of Electricity and Electronics, University of the Basque Country UPV/EHU, 48940 Leioa, Spain
2BCMaterials, University of Basque Country UPV/EHU, 48940 Leioa, Spain

3Department of Science, Universidad Pública de Navarra, Campus de Arrosad́ıa, 31006 Pamplona, Spain
4Institute for Advanced Materials (INAMAT), Universidad Pública de Navarra, Campus de Arrosad́ıa, 31006 Pamplona, Spain

5Materials Physics Center (CSIC-UPV/EHU) and Donostia International Physics Center (DIPC),
Paseo Manuel de Lardizabal 5, 20018 Donostia-San Sebastián, Spain

6Department of Applied Physics II, University of the Basque Country UPV/EHU, 48940 Leioa, Spain

By means of experimental positron annihilation lifetime measurements and theoretical DFT
positron lifetime calculations, vacancy type defects in Ni50Mn50−xSnx (x = 25, 20, 15, 13, 10) and
Ni50Mn50−xInx (x = 25, 20, 16, 13) systems are systematically studied. The study is extended
to Ni-Mn-Ga systems as well. Experimental results are complemented with electron-positron DFT
calculations carried out within LDA and GGA, where five different parameterizations accounting
the γ(r) enhancement factor are analyzed. Theoretical results indicate that the Boronski-Nieminen
parameterization of γ(r) is the one that best predicts the experimental results, which ultimately
enables to identifiy VNi as the vacancy present in the studied samples. The characteristic positron
lifetime related to VNi ranges between 181 - 191 ps in Ni-Mn-Sn/In systems. PALS results in these
two systems delimit the lower bound of the achievable vacancy concentration, which is much larger
comparing with the reported values in Ni-Mn-Ga systems. The present work, along with setting the
basis for positron simulations in Ni-Mn based Heusler alloys, delimits the effect that the variation
of vacancies have in the martensitic transformation in Ni-Mn-Sn systems.

I. INTRODUCTION

The multifunctional properties that Ni-Mn-Z
(Z = Ga, In, Sn, Sb) Heusler alloys exhibit, such
as giant magnetoresistance1,2, magnetocaloric effect3,4,
large magnetic field induced strain5,6 and shape-memory
effect7, are directly related with the occurrence of
the so-called martensitic transformation (MT). MT
is a displacive phase transition which occurs between
highly symmetric austenitic phase and less symmetric
martensitic structure8. Due to the magnetosctructural
coupling these alloys exhibit, the structural transition is
often accompanied with a magnetic transition. In Ni-Mn
based Heusler alloys, the magnetism is mainly based on
the indirect exchange between Mn atoms and the mag-
netic properties depend strongly on Mn-Mn distance9.
Thus, whereas in the case of Ni-Mn-Ga systems the
MT occurs between similar ferromagnetic parent and
martensite phases10, in the so-called metamagnetic
shape memory alloys, Ni-Mn-Z (Z = In, Sn, Sb), the
MT often takes place between a ferromagnetic austenite
and a weak magnetic or paramagnetic martensite7.
This magnetization discrepancy ∆M between parent
and martensite phases gives rise to additional multi-
functional effects such as the inverse magnetic field
induced shape-change11 and the inverse magnetocaloric
effect12,13.

All in all, the control of the MT plays a key role on the
tuning of the aforementioned multifunctional properties.
On the one hand, it is well known that the composi-
tion is the most critical factor affecting the MT temper-
ature (TMT)7,14–16. In addition to composition, recent
works have shown that the control of the microstruc-
ture becomes crucial to properly tune the MT and the
related multifunctional properties17–19. Indeed, in Ni-
Mn-Sn systems, the retained internal strain at anti-phase
boundaries promotes the antiferromagnetic coupling be-
tween Mn atoms, affecting the magnetostructural prop-
erties and ultimately the width of MT20. In addition,
the variation of the atomic order has profound effects on
the transition temperature, enabling shifts of TMT up to
∆TMT ≈ 100 K21. On the other hand, the presence of
defects alters the ferromagnetic interactions18,22, and in
the micro and nano regime, they may inhibit the MT23.

In that connection, several works have already sug-
gested the potential role that vacancies may play on the
MT and the magnetic properties of Ni based Heusler Al-
loys. Zhang et al.26 suggest that the observed magnetic
entropy change in Ni-Mn-Sn ribbons may be a conse-
quence of the enhancement of the atomic order which
may be due to the annealing of vacancies. Moreover,
Zhenni et al.27 and Kustov et al.28,29 point out the po-
tential role that vacancy defects could have on the pin-
ning of the MT, whereas Sánchez-Alarcos et al.30 and
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Initial Characterization parameters Crystallographic Data

Composition Label TMT (K) Tc (K) Lattice Parameters (Å) Simulated Phase Ref.

Ni50Mn25Sn25 Sn25 (—) 328 a = b = c = 6.046 Fm3m [14]

Ni50Mn30Sn20 Sn20 (—) 343 a = b = c = 6.024 Fm3m [14]

Ni50Mn35Sn15 Sn15 223 313 a = b = c = 5.995 Fm3m [14]

Ni50Mn37Sn13 Sn13 310 ≈ TMT a = 4.317 b = 5.621 c = 4.361 Pmma [24]

Ni50Mn40Sn10 Sn10 473 (—) a = 4.333 b = 5.570 c = 4.281 P2/m [14]

Ni50Mn25In25 In25 (—) 310 a = b = c = 6.071 Fm3m [15]

Ni50Mn30In20 In20 (—) 298 a = b = c = 6.031 Fm3m [15]

Ni50Mn34In16 In16 225 300 a = b = c = 6.004 Fm3m [15]

Ni50Mn37In13 In13 393 ≈ TMT a = 4.391 b = 5.620 c = 4.331 P2/m [25]

Ni50Mn40In10 In10 (—) (—) a = 4.284 b = 5.811 c = 4.301 P2/m [15 and 25]

Table I. Composition and characteristic TMT and Tc temperatures obtained from the initial characterization mea-
surements of the studied samples. Crystallographic data employed in AT-SUP calculations of the studied for
Ni50Mn50−xSnx (x = 25, 20, 15, 13, 10) and Ni50Mn50−xInx (x = 25, 20, 16, 13, 10) samples.

Santamarta et al.31 suggest different vacancy dynamics
as a responsible of the observed changes on Curie’s tem-
perature Tc and TMT in Ni-Mn-Ga and Ni-Fe-Ga alloys,
respectively. In a recent work Hedayati et al.32 claim
that Sn vacancies in Ni-Mn-Sn systems can be used to
obtain shifts on TMT up to 80 K. However, none of the
previous works contribute any experimental evidence on
vacancies.

Thus far, the vast majority of works focused on the
effect of vacancies in MT and magnetic properties of Ni-
based Heusler alloys have been conducted within the the-
oretical framework. For instance, from first principles
calculations, Bai et al.33–35 and Kulkova et al.36,37 calcu-
lated the formation energy of possible anti-site and va-
cancy defects on several Ni-based Heusler compounds. In
recent works, by first principles calculations and Monte
Carlo simulations, Kosogor et al.38 and Wang et al.39, re-
spectively, link the vacancy concentration (Cv) with the
ordering process and the effect on the shift of the TMT.
In this context, Tehrani et al.40, by means of molecu-
lar dynamics simulations also suggest the potential effect
that vacancies may have on TMT. Despite of the amount
of investigations suggesting the non-trivial role that va-
cancies may play on the MT, experimental works have
been scarcely reported, being the elusive nature of the
vacancies’ effect the reason making it less investigated
comparing with other physical factors.

One of the most thorough study has been performed
by Merida et al.41–44. By Positron Annihilation Lifetime
Spectroscopy (PALS) they experimentally measure the
Cv present in Ni-Mn-Ga single- and poly-crystals. De-
pending on the composition, they report different equi-
librium vacancy concentration, as well as different migra-
tion and formation energies of vacancies. Additionally,
they show that with proper annealing treatments42, Cv
can be tuned from ≈ 2000 ppm down to 10 ppm. These

works demonstrate the capability of PALS for the study
of vacancy dynamics in Ni-based Heusler Alloys. In fact,
this technique has been widely used over decades and it
is a powerful tool for defect characterization in metals45.
As the positron lifetime is directly related with the elec-
tronic density of the material, crystal imperfections such
as vacancy defects, alter significantly the surrounding
electronic density. Thus, when positrons are trapped in
such defects the positron lifetime varies, enabling a direct
detection of vacancies.

In this work, vacancy-type defects are systematically
investigated by PALS in Ni-Mn-In and Ni-Mn-Sn sys-
tems. The experimental measurements are comple-
mented with Density Functional Theory (DFT) calcu-
lations of the positron lifetime. In order to establish
the parameterization of the enhancement factor which
best suits the experimental PALS results in Ni-Mn based
Heusler alloys, a widely used five different parameteri-
zations have been also comparatively studied. Results
show that the Boronski-Nieminen parameterization gives
the most accurate values for positron lifetimes, which, in
turn, enables the identification of Ni vacancy (VNi) as the
vacancy type present in the Ni-Mn-Sn, Ni-Mn-In and Ni-
Mn-Ga systems. Taking advantage of the existing PALS
results on Ni-Mn-Ga, theoretical calculations have been
carried out in Ni-Mn-Ga to test the agreement between
calculations and experimental results. Finally, and con-
trary to what happens in Ni-Mn-Ga systems, results in
Ni-Mn-Sn and in Ni-Mn-In systems show that the irre-
ducible high Cv, presents a handicap for its control by
means of standard heat treatments.
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II. EXPERIMENTAL METHOD

Ni50Mn50−xSnx (x = 25, 20, 15, 13, 10) and
Ni50Mn50−xInx (x = 25, 20, 16, 13) (Snx and Inx
respectively) polycrystalline ingots are synthesized from
high purity elements by arc melting method under pro-
tective argon atmosphere. Each initial ingot is remelted
up to eight times to ensure the homogeneity. Afterwards,
Snx and Inx samples are homogenized at 1173 K during
24 h. Regarding Snx samples, a further annealing of 4 h
at 1273 K is performed to avoid dendritic structures46.
Bulk pieces for the initial characterization are obtained
from the center of each ingot by cutting small pieces us-
ing a low speed diamond saw. The initial characteriza-
tion consists in EDX analysis and differential scanning
calorimetric measurements (DSC) carried out in a TA
Q100 DSC, by which the composition and the character-
istic TMT and Curie’s Tc temperatures are determined.
The results of the initial characterization are gathered in
Table I (the compositional error obtained for all samples
lay within 1.5% of the nominal composition), which are
consistent with previous experimental reports14,15.

Subsequently, Snx and Inx samples are quenched from
1173 K into iced water (AQ state). In order to ensure
thermal equilibrium, samples are kept at 1173 K during
30 min before quenching. The study of the microstruc-
tural evolution of the vacancy defects upon post quench-
ing has been performed using the approach employed in
Ref. [41]. The samples are subjected to the so-called
isochronal annealing cycles (IAC). In essence, the sam-
ple is heated up at a constant rate of 10 K/min to a
maximum temperature (Ti), which in turn is successively
increased from 473 K to 873 K at 50 K steps. Afterwards,
the sample is cooled down to the initial temperature at
the same rate.

After each IAC, PALS measurements are carried
out at room temperature (RT) using a fast-fast tim-
ing coincidence spectrometer of 250 ps resolution at
FWHM. H1949-50 Hamamatsu photomultiplier tubes are
equipped with BC-442 plastic scintillators and suited in
a collinear geometry. A 15µCi 22NaCl positron source
covered in Kapton is sandwiched by a pair of identical
samples. All spectra have been collected with more than
3× 106 counts and analyzed with the POSITRONFIT47

code. The analysis has been performed subtracting the
source contribution, which consists in two components.
First, a component with a lifetime ≈ 1500 ps48,49 with
a measured average intensity of 2.5 %. The second com-
ponent, with an intensity of ≈ 13 %, is related with the
positron annihilation in a 7.5 µm width kapton foil that
wraps the 22NaCl positron source. The characteristic
positron lifetime in Kapton has a very well-known value
of 382 ps50,51. The obtained χ2 values has been kept
below 1.2 in all fittings.

III. COMPUTATIONAL METHOD

For a better understanding of the experimental re-
sults, theoretical calculations of the positron lifetimes
have been conducted for the two systems of samples. Us-
ing a two component density functional theory52,53 the
annihilation rate λ, (i.e., the inverse of the τ positron
lifetime) is evaluated by overlapping the positron density
n+(r) and the electron density of the solid n−(r) as

λ = τ−1 = πcr2o

∫
n+(r)n−(r)γ(r)dr (1)

where c is the speed of light in vacuum, r0 the clas-
sical electron radius and γ(r) the so-called enhancement
factor that comprises the enhanced electron density due
to the Coulombic attraction exerted by e+. The positron
lifetime for the perfect (i. e., bulk lifetime) and defected
lattice has been calculated by Atomic Superposition Ap-
proximation method (AT-SUP)54, which provides values
in good agreement with measured positron lifetimes in
metals and in semiconductors55–58. The electron density
n−(r) of the crystal and the crystalline Coulomb poten-
tial Vc(r) are constructed by adding individual atomic
charges nat− (|r−Ri|) and V at (|r−Ri|) potentials over
the Ri occupied atomic sites. Finally, the potential
felt by the positron V+(r) is evaluated by adding the
positron-electron correlation potential Vcorr[n−(r)] to the
Coulombic potential so that

V+(r) = Vc(r) + Vcorr [n−(r)]

=
∑
i

V at (|r−Ri|)

+ Vcorr

[∑
i

nat− (|r−Ri|)
]
.

(2)

The enhancement factor of Eq. (1) and the correlation
potential of Eq. (2) have been taken into account within
the (i) local density approximation (LDA) and (ii) Gen-
eralized Gradient Approximation (GGA) framework.

Within the LDA approximation, the Vcorr[n−(r)] has
been modelled using the interpolation formula proposed
by Boronski and Nieminen59, which is based on the re-
sults of Arponen and Pajanne60. For γ(r) three different
parameterizations have been used. First, the expression
proposed by Boronski and Nieminen59 which is based on
the many-body calculation by Lantto61 (labeled as LDA-
BN),

γ(r)BN

LDA = 1 + 1.23rs + 0.8295r3/2s

− 1.26r2s + 0.3286r5/2s +
1

6
r3s (3)

where rs = (3/4πn−)1/3. The other two expressions
suggested by Barbiellini et al.62 are based on results of
Arponen and Pajanne60 and labeled as LDA-AP1
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γ(r)AP1

LDA = 1 + 1.23rs − 0.0742r2s +
1

6
r3s (4)

and LDA-AP2

γ(r)AP2

LDA = 1 + 1.23rs−

0.91657r3/2s + 1.0564r2s − 0.3455r5/2s +
1

6
r3s . (5)

Within the GGA approximation, both correlation po-
tential and the enhancement factor have been taken into
account using the expression employed by Barbiellini et
al.57,62 (based on results of Arponen and Pajanne60). Re-
garding γ(r)GGA, it is deduced from the enhancement
factor obtained within LDA. The effects of the non-
uniform electron density are modeled by a parameter
ε = |∆ lnn−|2 /q2TF which describes the reduction of the
screening cloud close to the positron, being qTF the local
Thomas-Fermi screening length. Finally, an adjustable
parameter α is also introduced, so the corrected enhance-
ment factor then reads,

γ(r)GGA = 1 + (γ(r)LDA − 1) e−αε. (6)

The value of α is set to be α = 0.22, which has
been proven to give lifetimes for different types of metals
and semiconductors in good agreement with experimen-
tal results62. For GGA calculations, two parameteriza-
tion for the γ(r)GGA of Eq. (6) has been used: (i) the
expression of Eq. (4) (labeled as γ(r)AP1

GGA) and (ii) the
expression of Eq. (5) (labeled as γ(r)AP2

GGA). It is notewor-
thy to mention that when α → 0 the Eq. (6) turns into
γ(r)GGA= γ(r)LDA.

Positron lifetime calculations have been conducted
for all Snx and Inx samples. Even though the sam-
ple Ni50Mn40In10 has not been synthesized and exper-
imentally measured by PALS, this composition has been
added to the calculations in order to complete the the-
oretical study. The crystallographic data used in the
calculations are shown in Table I. The simulated struc-
ture for each sample has been chosen accordingly to the
proper phase at RT. Samples without MT and samples
with TMT < RT (Sn25, Sn20, In25, In20 and Sn15, In16)
have been simulated by using the cubic L21 austenitic
structure. Regarding the calculations of the marten-
sitic phase, most of previous works indicate a monoclinic
martensite with different degrees of modulation14,15,24,25.
For the sake of simplicity (specially for vacancy calcula-
tions), the martensitic phase have been modeled consid-
ering a non-modulated orthorhombic martensite (using
the lattice parameters of the monoclinic structure and
fixing β = 90o), which has been proven to give identical
results compared to those obtained considering a mono-
clinic structure.

The annihilation rate λ of Eq. (1) is evaluated in both
Γ and L points in the Brillouin zone, as well as calcu-
lating the mean value of the wave functions from Γ and

L points. The simulations are performed using the su-
percell approach. The supercells corresponding to off-
stoichiometric samples have been built starting from a
stoichiometric lattice and by substituting Sn/In atoms by
Mn atoms until matching the proper composition of each
sample. The corresponding supercell is increased in size
until a convergence of 0.1 ps is reached in bulk lifetime
calculations. Afterwards, in order to overcome the artifi-
cial defect-defect interactions caused by periodic bound-
ary conditions, the supercell containing vacancy defects
is built with increasing size in order to ensure the con-
vergence of 0.1 ps in lifetime calculations and 0.01 eV in
positron binding energies.

The maximum number of atoms used in the vacancy
calculations has been 500 atoms for the austenitic phase
and 512 atoms for the martensitic phase using a 5×5×5
and 4 × 4 × 4 expansions of the primitive unit cell, re-
spectively. A mesh size of 1603 points have been used for
both phases. Finally, taking into account the potential
felt by the positron V+(r) of Eq. (2) and the enhancement
factor γ(r), the Schrödinger equation is solved iteratively
at the mesh points of the supercell using a numerical re-
laxation method63, from which positron wave functions
and their energy eigenvalues are obtained to evaluate the
λ annihilation rate of Eq. (1).

IV. RESULTS

A. Experimental results

Fig. 1 shows the experimental average positron life-
time (τ) values measured for both Snx and Inx series as
a function of Ti. The first point of PALS measurements
corresponds to the AQ τ value. In both set of samples,
the AQ state ranges between 181 - 187 ps. The quenching
procedure has been repeated more than three times re-
sulting on identical results. In order to study the vacancy
dynamics, AQ samples have been subjected to IAC. In
both Snx and Inx systems, apart from slight fluctuations
of 2 - 3 ps, τ remains almost constant regardless the Ti.
Only In16 and Sn15 samples show a significant drop of τ .
This drop takes place at 773 K and 573 K temperatures
respectively, approaching the ≈ 178 ps value. However,
this drop is rapidly recovered during the next IAC and
finally, the τ increases back to its initial AQ’s value. The
observed moderate evolution of τ can be understood by
the physics governing the positron trapping at defects.

When a positron enters a solid, it thermalizes and dif-
fuses through the lattice, until eventually the positron
is annihilated with a surrounding electron. In a defect-
free lattice, the positron annihilates from the delocalized
state (i. e., Bloch state) at an average, λb rate or with a
characteristic τb lifetime (bulk lifetime). However, when
open volume defects are present they may act as positron
trapping centers. Actually, in the specific case of vacancy
defects they act as deep traps for positrons due to the lack
of the positive ion. The trapping occurs when a positron
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FIG. 1. Experimental average positron lifetime τ values for
Snx and Inx set of samples. The red-shadowed points corre-
spond to τ values measured in the as-quenched state. The
remaining points correspond to τ values as a function of Ti

of IAC. The joint line is a guide for the eye. Experimental
errors lie within the markers size.

turns from the Bloch state into a localized state within a
vacancy (i.e., the positron wave function becomes local-
ized at the vacancy). The lack of the ion leaves behind
an open volume that in turn is characterized by a lower
electron density comparing with the perfect lattice.

As it is shown in Eq. (1), the lower the electron den-

a

T a)

b)
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

MT

P2/m

8c Ni 
4a Mn 
4b Z 

4h

4a

8c

4b

2a
2bα = γ ≈ β

4h Ni 
2a Mn 
2b Z

β

Fm3m

FIG. 2. Schematic representation of stoichiometric (a) high
temperature austenite phase and (b) martensite phase. In
austenite phase Ni atoms are bound to 4 Mn and 4 Sn/In
atoms, whereas Z and Mn atoms are always surrounded by
8 Ni atoms. In the martensite phase, due to the lack of cu-
bic symmetry, Z and Mn atoms are bound to 4 Ni atoms,
whereas Ni atoms are bound to 2 Mn and 2 Z atoms. In off-
stoichiometric conditions, Mn atoms tend to occupy 4b and
2b positions.

sity is, the lower is λ. Thus, positrons trapped at va-
cancies annihilate from a localized state at an average
rate λv < λb, thus exhibiting a longer vacancy-related
positron lifetime τv, where τv > τb.

As a result, the moderate variation of τ shown by Fig. 1
can be explained considering two different scenarios. On
the one hand, the lack of open-volume defects (e. g.,
vacancies) would imply that all positrons only annihi-
late from the delocalized state or bulk state. Then, the
measured lifetime would reflect the lifetime related to
the bulk lifetime, τb. On the other hand, due to a high
Cv retained during the quenching, the contribution of
the positrons annihilating from vacancies could become
the one dominating τ , overcoming the contribution of
positrons annihilating from the delocalized state (i. e.,
bulk). In such scenario, the measured lifetime would re-
flect the characteristic positron lifetime τv related to the
present vacancy defect.

Even though the decomposition of the spectra would
provide valuable information about different contribu-
tions of τ , the spectra could not be decomposed in
none of Snx and Inx samples. As will be discussed fur-
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FIG. 3. Theoretical positron lifetimes for Ni50Mn50−xSnx (x = 25, 20, 16, 13, 10) alloyscalculated for the perfect lattice (bulk)
and for each vacancy type defect. The red-shadowed area represents the range of the maximum and the minimum experimental
τ values measured after IAC. The upper thick line of the shadowed area represents τ values of samples measured in the AQ
state. Theoretical errors lay within the size of markers.

ther in Sec. V, the saturation trapping regime of vacan-
cies hinder the decomposition of the decay spectrum of
positrons.. However, τ is the statistically most accurate
parameter in PALS experiments, and along with theoret-
ical calculations, it provides information for data inter-
pretation in cases where the experimental data cannot be
decomposed64. In order to find out whether the measured
lifetime is related with the bulk lifetime or with the pres-
ence of vacancy defects, experimental results are comple-
mented with theoretical DFT electron-positron calcula-
tions.

B. DFT electron-positron results

Theoretical calculations for the bulk and defected lat-
tice for Snx and Inx systems have been performed using

AT-SUP method. For each sample the simulated struc-
ture has been chosen to match the proper phase at RT,
see Table I. Besides, calculations for the defected lattice
have been taken into account considering several type of
posible vacancy defects.

Fig. 2 illustrates the austenitic and martensitic struc-
tures, as well as the nearest neighbors (NN) of each type
of atom. In the stoichiometric Fm3m phase (see Fig. 2a),
Ni atoms occupy 8c positions, Mn atoms 4b positions and
Z atoms (Ga/Sn/In) atoms 4a positions. However, as the
Mn content increases on detriment of Z atoms, the ex-
ceeded Mn atoms tend to occupy 4b positions14,15. As
a result, in off-stoichiometric samples two types of non-
equivalent Mn atoms are present. In the studied samples
the Ni content has been fixed to 50% and the Mn/Z
ratio is the one that is modified throughout the stud-
ied samples. It is noteworthy to mention that regardless
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FIG. 4. Theoretical positron lifetimes for Ni50Mn50−xInx (x = 25, 20, 16, 13, 10) alloys calculated for the perfect lattice (bulk)
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the composition, the NN of both Mn and In/Sn atoms
(positions 4a and 4b) are always Ni in both Snx and Inx
systems . Regarding the Ni atom, while in stoichiometric
conditions the NN of Ni are 4 Mn atoms and 4 Z atoms,
as soon as the Mn content increases, the probability of
Ni atoms to be coordinated with more Mn atoms than Z
atoms also does. With respect to the possible vacancies
present in the studied samples, apart from Ni, Mn and
Z vacancies (VNi, VMn and VZ respectively), additional
possible vacancies have been also taken into account in
off-stoichiometric calculations: Vas

Mn, which refers to the
vacancy of the antisite Mn atom located at 4b positions,
and Vi

Ni, which refers to the Ni atoms surrounded for
different Mn/Z atoms.

The previous description can be extended to the
martensitic structure. However, due to the cell-
contraction caused by the MT, and its consequent sym-

metry breaking, the NN of Ni atoms change. As illus-
trated in Fig. 2b, in the martensitic structure, contrary
to the cubic structure, Ni atoms are not bound to 8 atom
but to 4 atoms (i. e., two Mn atoms and two Z atoms).
As previously pointed out, the exceeded Mn atoms oc-
cupy 2b positions and the probability of a Ni atom to
bound more Mn atoms than Z atoms is non-negligible in
samples far away from stoichiometry (i. e., Sn13, Sn10,
In13 and In13).

In summary, for stoichiometric Sn25 and In25 sam-
ples, three different types of possible vacancy defects have
been considered: VNi, VMn and VZ. Regarding the off-
stoichiometric samples, additional Vas

Mn, V1
Ni, V2

Ni, V3
Ni and

V4
Nivacancies have been also introduced in the calcula-

tions. The Ni vacancy surrounded by 4 Mn and 4 Z
atoms has been labeled as VNi, while V1

Ni refers to the
Ni vacancy surrounded by an antisite Mn atom, which
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results on a Ni vacancy defect with 5 Mn atoms and 3
Z at NN. Using the same scheme, the remaining type of
Ni vacancies are labeled accordingly, and finally, V4

Ni is
assigned to the vacancy of a Ni atom surrounded by 8
Mn atoms. For the martensitic phase, V1

Ni and V2
Ni labels

have been used to refer to the Ni vacancies with 3 and 4
Mn atoms at NN, respectively.

The results of the calculations are shown in Fig. 3 for
Snx and in Fig. 4 for Inx. Each figure gathers the calcu-
lated positron lifetime (τ) values for perfect and defected
lattices. The different outcomes of the five different pa-
rameterizations employed for modeling γ(r) (described
in Sec. III) are plotted comparatively as a function of
composition. Additionally, the range of experimental τ
is also plotted by a red-shadowed area.

On the one hand, the lifetime values calculated within
GGA are higher than the LDA ones. Although τ values
predicted by AP1 and AP2 parameterizations are very
similar to one another, the absolute values predicted by
these two parameterizations within the GGA and LDA
approximations are significantly different, separated by
≈ 30 ps offset. Otherwise, γ(r)BN

LDA parameterization
give intermediate values of the positron lifetimes com-
paring with the values calculated by using γ(r)GGA (for
the two parameterizations) and the two parameteriza-
tions γ(r)AP1

LDA and γ(r)AP2
LDA.

V. DISCUSSION

In order to explain the evolution shown by τ as a func-
tion of Ti (see Fig. 1), in Sec. IV A two possible scenario
have been proposed. The first scenario, in which due
to a lack of open volume defects all positrons are an-
nihilating from the delocalized state at a constant rate
λb = τ−1b , would imply that τ ≈ τb. As shown in Fig. 3
and Fig. 4, the calculated bulk lifetime for both systems
ranges between 100 - 130 ps. However, experimental τ
values range between 177 - 190 ps. Taking into account
that the dispersion of theoretical results between the dif-
ferent parameterizations γ(r) is ≈ 30 ps, experimental
τ values are significantly above the calculated bulk life-
times.

In a second scenario, it is posed that the behaviour of
τ may be related with the presence of vacancies. Due
to a high Cv retained during quenching, the contribution
of the positrons annihilating from vacancies may become
the one dominating τ , which would overcome the bulk’s
contribution. In such scenario, τ would approach τv. In
this connection, theoretically calculated vacancy-related
positron lifetimes are more compatible with the experi-
mental results, laying between 170 - 210 ps.

Additionally, the calculated density plots shown in
Fig. 5 indicate that the positron density is highly local-
ized within vacancies (i. e., the probability density of
the positron is maximum in the vacancy). For the un-
defected solid the highest position probability density is
found at interstitial regions, whereas |Ψ+|2 vanishes close

to atomic nuclei. DFT calculation reveal that regardless
the vacancy type, structure and composition, the bind-
ing energies of positrons to vacancies range ≈ 2-3 eV.
Therefore, positron lifetime calculations reveal that the
studied vacancies act as effective positron traps. Taking
into account that τ values ≈ 180 ps reported in Ni-Mn-
Ga alloys were ascribed to the presence of vacancies41–44,
it is reasonable to assess that vacancies are present in the
studied Snx and Inx samples. As a result, the measured
τ comprehends two different contributions.

Let’s define η1 as the percentage of total positrons an-
nihilated from the delocalized state with a characteristic
lifetime τb. Considering the presence of a single vacancy
acting as positron trap (or an effective vacancy type ac-
counting the contribution of several vacancy defects with
similar τv

42), the rest of positrons (η2) get trapped at the
vacancy and they annihilate from the localized state with
a characteristic lifetime τv related to the defect. As a
result, the experimentally measured τ comprehend these
two contributions, so that, τ = η1τb+η2τv. Thus, a larger
Cv implies a higher probability of positrons annihilating
from vacancies. In such scenario, the relation between
Cv and τ is given by the so-called one-trap model64,

τ = τb
1 + κvτv
1 + κvτb

(7)

or,

κv = µvCv =
1

τb

τ − τb
τv − τ

→ Cv =
1

τbµv

τ − τb
τv − τ

(8)

where κv is the so-called trapping rate and is propor-
tional to Cv

66. The parameter µv is the specific trap-
ping coefficient of the vacancy and it depends on the
type of defect and also on the surrounding lattice67. The
trapping rate κv describes how effective is a certain type
of defect trapping positrons. As shown in Eq. (7) and
Eq. (8), a high value of µv or Cv would result on a τ
value close to τv. In metals, unlike in semiconductors,
the specific trapping rate µv is constant and it does not
depend on temperature67. In the present work a constant
µv = 1.5× 1014 s−1 value has been used, which is widely
employed for Ni68,69.

The lack of variation of experimental τ values reflect
that the vacancy contribution to τ remains almost un-
altered as a function of the IAC. Additionally τ values
are significantly higher than theoretical τb values, and
indeed, τ values are closer from the calculated vacancy-
related lifetimes. All in all, and taking into account the
fact that spectra could not be decomposed, the behaviour
exhibited by τ as a function of Ti indicates that it lies in
a so-called saturation trapping regime. In such regime,
|τ − τv| < 10 ps64, due to a high Cv, the contribution
of positrons trapped at vacancies dominates τ , in such
a way that the decomposition becomes unfeasible. In-
deed, different fitting procedures have been followed to
decompose the spectra without success. It is due to the
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|Ψ+|2 min max

FIG. 5. From left to right, the calculated positron density for a perfect lattice (bulk), and for a defected lattice with VNi, VMn,
and VZ, respectively, plane (110). The trapping features exhibited by all samples are identical. The plot is represented in a
non-orthogonal symmetric set of primitive vectors for the face-centered cubic lattice65.

fact that when Cv is high enough, the component related
to positron vacancy trapping approaches ≈ 100 %, mak-
ing very difficult the spectra decomposition. As a result,
in PALS spectra only τ can be extracted, which in the
saturation trapping regime, τ̄ ≈ τv. Thereby, τ values
corresponding to AQ states are the ones that approach
best the characteristic vacancy-related lifetime.

Fig. 3 and Fig. 4 show the overlap of theoretical and
experimental τ results (red shadowed area). On the one
hand, in both Snx and Inx systems, regardless the cal-
culated type of defect, GGA seems to overestimate the
positron lifetime. Indeed, in the case of VIn and VSn the
predicted lifetimes lie above of 210 ps, 20 ps higher than
the experimental τ values, which range between 178 -
190 ps. However, it is noteworthy to mention that this
fact alone, does not imply that γ(r)GGA results are not
compatible with the experimental results. In principle,
according to Eq. (7), a non-saturated regime of vacancies
with a higher characteristic lifetime than the measured
τ could reproduce a τv > τ > τb. However, if the val-
ues predicted by γ(r)GGA were accurate, τ would not be
in a saturated trapping regime, which would enable the
spectra to be decomposed. As previously pointed out
the decomposition is not feasible in none of the studied
samples, which implies that γ(r)GGA gives overestimated
values.

On the other hand, within the LDA framework, both
γ(r)AP1

LDA and γ(r)AP2
LDA systematically underestimate the

positron lifetime. Because τ must be always τ ≤ τv
(limκv→∞ τ = τv), the positron lifetime values predicted
by γ(r)AP1

LDA and γ(r)AP2
LDA cannot reproduce the experimen-

tal τ values. As shown in Fig. 4, only in the case of
the In15 sample, the characteristic lifetimes calculated
by using γ(r)AP1

LDA and γ(r)AP2
LDA for Vas

Mn and VIn vacancies
approach the experimental lifetimes. However, the cal-
culated τ values do not approach the AQ experimental
values (which best approach the defect related character-
istic positron lifetimes), but the minimum experimental
τ values. As a result, γ(r)AP1

LDA and γ(r)AP2
LDAdo not predict

the appropriate value either.

Phase Cell parameters τ

Atom Site γ(r)BN
LDA

Austenite Ref. [70] Ni 8c (1/4,1/4,1/4) 182 ps

Fm3m, 225 Mn 4a (0,0,0) 185 ps

a = 5.8229 Å Ga 4b (1/2,1/2,1/2) 185 ps

Bulk 108 ps

Martensite Ref. [71] Ni 4d (0,1/2,1/4) 178 ps

I4/mmm, 139 Mn 2b (0,0,1/2) 182 ps

a = b = 3.865 Å Ga 2a (0,0,0) 181 ps

c = 6.596 Å Bulk 106 ps

Table II. Structural parameters used for theoretical positron
lifetime calculations for Ni2MnGa alloy using γ(r)BN

LDA param-
eterization. The last column gathers the theoretical vacancy-
related positron lifetime of the corresponding atom, along
with τb bulk lifetime.

Regarding the positron lifetime values calculated by
using the γ(r)BN

LDA parameterization, they lie between
those predicted within GGA, and the lifetimes predicted
by using γ(r)AP1

LDA and γ(r)AP2
LDA. In fact, as shown in Fig. 3

and Fig. 4, it seems that the most accurate values com-
paring the experimental results are given by γ(r)BN

LDA pa-
rameterization.

A. Theoretical calculations on Ni2MnGa

For the sake of validating the accuracy of γ(r)BN
LDA pa-

rameterization in Snx and Inx systems, positron life-
time calculations have been performed on Ni2MnGa sam-
ple. Taking advantage of the existing PALS results in
the literature on Ni2MnGa43,44, calculated values have
been compared with the available experimental results.
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The crystallographic details, along with the results of
theoretical positron calculations on Ni2MnGa are gath-
ered in Table II. Calculations have been carried out
for both austenite (Fm3m)70 and tetragonal marten-
site (I4/mmm)71 following the methodology described
in Sec. III.

The calculated vacancy-related positron lifetime in
Ni2MnGa ranges between 178 - 184 ps and the lifetime
calculated for the martensite phase is ≈ 3-4 ps lower than
those calculated in austenite phase. Here, as observed
in Snx and Inx systems, the calculated vacancy-related
positron lifetime of VMn and VSn are higher than the one
of VNi. Moreover, either for vacancy-related positron and
for bulk lifetimes, the range of the calculated values for
Ni2MnGa matches those calculated for Snx and Inx.

The experimental values measured by Merida et al. for
AQ Ni2MnGa samples are are around 180 - 182 ps43,44.
The positron lifetime value related to VNi in the austen-
ite phase (see Table II) is the one that approaches best
the experimental lifetimes measured for AQ Ni2MnGa
samples.. It is important to notice that these experi-
mental values correspond to τ values measured in the
austenite phase. The τ value measured in AQ Ni2MnGa
sample was attributed to the presence of an effective va-
cancy defect, which concentration ranged between 1000 -
2000 ppm. In a nutshell, the present theoretical calcula-
tions performed by employing γ(r)BN

LDA parameterization
in Ni2MnGa and the experimental τ values are in a good
agreement, which confirms the validity of the calculations
by using γ(r)BN

LDA. Moreover, the best agreement between
experimental τ values and calculated defect-related life-
times in Snx and Inx systems is achieved by using γ(r)BN

LDA

parameterization. Thereby, during the rest of the article
the results obtained by means of γ(r)BN

LDA will be analyzed.

B. Cv and vacancy-type determination

Theoretical positron lifetimes calculated by using
γ(r)BN

LDA parameterizations for Snx and Inx systems are
listed in Table III. On the one hand, the calculations re-
veal that both Vas

Mn and VZ have the same defect-related
positron lifetime. As illustrated in Fig. 2, the exceeded
Mn atoms tend to occupy the natural positions of Z.
Then, Z atoms and antisite Mn atoms are surrounded
by the same environment (that is 8 Ni atoms), which
results on an identical defect-related positron lifetime.
Indeed, the calculated τ values related to VSn and VIn

are the largest among the simulated defects, exceeding
200 ps in some Inxsamples. The calculated characteristic
lifetimes related to VMn and Vas

Mn are the next largest,
still significantly above from the measured τ .

For each composition of both Snx and Inx alloys, the
lowest calculated lifetimes values are related to VNi. Be-
sides, this value decreases as decreasing the stoichiometry
of the samples, from ≈ 190 ps down to 181 ps. Regard-
ing the lifetimes related to Vi

Ni, for a fixed composition,
calculations show that as soon as an additional exceeded

Zx τb VNi VMn VZ

VNi V1
Ni V2

Ni V3
Ni V4

Ni VMn Vas
Mn

Sn25 113 187 (–) (–) (–) (–) 196 (–) 201

Sn20 114 186 189 191 193 195 195 200 200

Sn15 114 184 186 189 191 193 194 197 197

Sn13 114 184 186 189 (–) (–) 190 195 195

Sn10 111 181 183 185 (–) (–) 187 191 191

In25 116 191 (–) (–) (–) (–) 198 (–) 203

In20 115 188 190 192 194 196 196 200 200

In16 114 186 188 190 192 194 195 198 198

In13 115 186 188 190 (–) (–) 191 196 196

In10 113 183 185 187 (–) (–) 189 193 193

Table III. Results of the calculated positron lifetime (in ps) for
the perfect lattice, and for several type of vacancy defects in
Snx and Inx systems, by means of γ(r)BN

LDA parameterization.

Mn atom occupies 4b position, the characteristic lifetime
related to Vi

Ni increases in average ≈ 2 ps, see Table III.
Due to the fact that Sn and In carry more electrons (va-
lence and core) than Mn atoms, when an exceeded Mn
atom occupies a 4b position, the electronic density sur-
rounding Vi

Ni decreases. According to Eq. (1), a lower
electronic density involves a lower annihilation rate λv
and therefore, a higher defect-related τv lifetime.

Finally, as Fig. 3 and Fig. 4 show, the calculated τ
values for VNi are the ones that present the best agree-
ment with AQ τ values, illustrated in the upper-part of
the red-shadowed area. In the Snx set, for Sn25, Sn20,
Sn13 and Sn10, the measured τ value and the predicted
values match perfectly, while for Sn13 the deviation is
≈ 1 ps. The calculated τ values related to the rest of
vacancies are all 4 ps above. In the case of Inx alloys,
again, the best accordance between the measured and
calculated lifetime is observed for VNi defect. In the spe-
cific case of In16 and In13 the calculated lifetime matches
with the τ experimental value and for In20 and In25 the
deviation is about 2 ps. Thus, in the light of experimen-
tal and theoretical results of Snx and Inx systems, along
with the good agreement between γ(r)BN

LDA outcomes and
experimental PALS results in Ni2MnGa system, it is con-
cluded that VNi is the vacancy type trapping positrons
in Ni-Mn-Sn and Ni-Mn-In alloys.

This experimental result is in agreement with previ-
ous theoretical predictions. Recently Wang et al.39 have
shown that the most favorable type of defect in Ni-Mn-Ga
samples is VNi. Regarding Ni-Mn-Sn and Ni-Mn-In sam-
ples, previous theoretical works also point out to VNi as
the most favorable defect. Reports of Kulkova et al.36,37

show that the formation energy Ef of VNi is the smallest
in both Ni2MnSn and Ni2MnIn systems, with Ef = 0.4
eV and Ef = 0.7 eV values, respectively, whereas the
formation energy of VMn and VZ are 1.04 eV and 2.59 eV
in Ni2MnSn and 1.58 eV and 2.29 eV in Ni2MnIn. J. Bai
et al.33–35 also suggest VNi as the most favorable type of
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FIG. 6. (a) Positron lifetime sensitivity to the vacancy concentration calculated by Eq. (8). The upper and lower red-
shadowed areas correspond to the saturated and diluted vacancy regime, respectively. Calculated evolution of Cv (τ) for (b)
Ni50Mn50−xSnx (x = 25, 20, 15, 13, 10) and (c) Ni50Mn50−xInx (x = 25, 20, 16, 13, 10) systems derived from Eq. (8) by
using theoretical τb and τv values predicted by γ(r)BN

LDA of Table III. The markers delimiting the thick lines represent the CNi
v

range calculated from experimental τ values.

defect with Ef = 0.59 eV for in Ni2MnIn alloy. Thus,
taking into account the theoretical predictions, and the
experimental and theoretical PALS results of the present
work, it is concluded that in Ni-Mn-Ga, Ni-Mn-Sn and
Ni-Mn-In systems the present vacancy is VNi.

The VNi concentration (CNi
v ) can be estimated by

means of Eq. (8). Usually, τv and τb values can be ob-
tained after decomposing τ . However, as discussed be-
fore, τ could not be decomposed in any of the samples of
Snx and of Inx. As an alternative way, and taking into
account the good agreement between PALS experiments
and DFT calculations, theoretically calculated τv and τb
values of Table III have been used to evaluate Eq. (8).
Fig. 6(a) shows the generic relation between Cv and τ ,
according to Eq. (8). In the dilute regime of defects, τ
lies close to τb, and in this range the variation of Cv does
not influence significantly τ . However, in the midrange,
the sensitivity of PALS is maximum, with a linear depen-
dence between Cv and τ . Afterwards, in the saturation
trapping regime, the sensitivity decreases again and τ
approaches τv. As it is illustrated by the thick line in
Fig. 6(a), PALS measurements on Snx and Inx lie in the
saturated regime.

Fig. 6(b) and 6(c) gathers the estimated CNi
v for Snx

and Inx systems, respectively. The markers that delimit
the thick line in each curve indicate maximum and min-
imum experimentally obtained τ values, and their cor-
responding CNi

v . In both, Snx and Inx systems the low-
est value of experimentally measured vacancy concentra-
tion is ≈ 500 ppm. The highest CNi

v value, on the other
hand, may go beyond 104 ppm. Particularly, in the case
of Snx the predicted high CNi

v is a consequence of the
lack of sensitivity of the PALS technique in the satu-
ration trapping regime. However, the lower bound of
the calculated CNi

v lies around hundreds of ppm, a high
value comparing with those reported in some Ni-Mn-Ga
systems41,42 (around 10 ppm). Regardless the composi-

tion, all samples show saturated trapping features. This
result indicates that in contrary to what is observed for
Ni-Mn-Ga systems, Ni-Mn-Z (Z = In, Sn) present a high
irreducible Cv, which hinders its control by conventional
heat-treatments.

These results contrast with the ones obtained by He-
dayati et al.32, in which they claim that they were able
to tune the TMT as a function of VSn concentration. It
is noteworthy to mention that they do not report any
experimental evidence of Sn vacancies. On the one hand,
the combination of theoretical and experimental PALS
results show that the actual vacancy present in Ni-Mn-Sn
systems is VNi. Additionally, it is demonstrated that Ni-
Mn-Sn systems are characterized with a high Cv and that
their tuning and control by conventional heat-treatments
is not straightforward at all.

Indeed, as shown in Fig. 7, the variation of CNi
v ob-

served in the present work does not produce any TMT

shift in Ni50Mn37Sn13 sample, which is one of the samples
investigated by Hedayati et al. The lack of TMT variation
is in agreement with the well-known fact that Ni-Mn-
Sn systems exhibit a high stability of the L21 structure,
which precludes the variation of the long-range atomic
order and its consequent change on TMT

17. In the light
of present results, the capability of VSn as a parameter
to optimize the TMT seems to be unfeasible in Ni-Mn-Sn
systems.

VI. CONCLUSIONS

PALS measurements in
Ni50Mn50−xSnx (x = 25, 20, 15, 13, 10) and
Ni50Mn50−xInx (x = 25, 20, 16, 13) samples are
complemented with DFT electron-positron theoretical
calculations. The results confirm that experimentally
measured τ values correspond to positrons trapped at
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FIG. 7. DSC curves of the AQ Sn13 sample, and after two
IAC with Ti = 573 K. The TMT remains unchanged even
though CNi

v is different (as revealed by PALS results). Be-
cause DSC curves lay at the same position, an offset value
has been intentionally added to the IAC DSC curves for a
better visualization.

vacancies. In order to establish the parameterization of
γ(r) which best suits the experimental PALS results,

a widely used five different parameterization of γ(r)
are analyzed within the LDA and GGA schemes, and
compared with experimental data. Results indicate that
γ(r)BN

LDA parameterization is the one that best predicts
PALS values in the studied systems. Additionally, tak-
ing advantage of the existing PALS data in Ni-Mn-Ga
systems, the accuracy of γ(r)BN

LDA parameterization is also
tested and confirmed in Ni-Mn-Ga systems. Combining
theory and experiments, VNi is identified as the type of
vacancy trapping positrons in Ni-Mn-Z (Z = Ga, Sn, In)
samples. The characteristic VNi-related positron lifetime
ranges between 181 - 191 ps. These results show that,
unlike what happens in Ni-Mn-Ga alloys, and regardless
the the heat-treatments, Ni-Mn-Sn and Ni-Mn-In alloys
are characterized by a high CNi

v (≥ 500 ppm).
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4 L. Mañosa, D. González-Alonso, A. Planes, E. Bonnot,
M. Barrio, J.-L. Tamarit, S. Aksoy, and M. Acet, Nat.
Mater. 9, 478 EP (2010).

5 K. Ullakko, J. K. Huang, C. Kantner, R. C. O’Handley,
and V. V. Kokorin, Appl. Phys. Lett. 69, 1966 (1996).

6 M. Chmielus, X. X. Zhang, C. Witherspoon, D. C.
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9 E. Şaşıoğlu, L. M. Sandratskii, and P. Bruno, Phys. Rev.
B 77, 064417 (2008).

10 J. M. Barandiarán, V. A. Chernenko, P. Lázpita,
J. Gutiérrez, and J. Feuchtwanger, Phys. Rev. B 80,
104404 (2009).

11 R. Kainuma, Y. Imano, W. Ito, Y. Sutou, H. Morito,
S. Okamoto, O. Kitakami, K. Oikawa, A. Fujita,
T. Kanomata, and K. Ishida, Nature 439, 957 EP (2006).

12 Z. D. Han, D. H. Wang, C. L. Zhang, H. C. Xuan, B. X.
Gu, and Y. W. Du, Appl. Phys. Lett. 90, 042507 (2007).

13 T. Krenke, E. Duman, M. Acet, E. F. Wassermann,
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42 D. Merida, J. A. Garćıa, V. Sánchez-Alarcos, J. I. Pérez-
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