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a  b  s  t  r  a  c  t

The  effect  of  chemical  disorder  over  the  martensitic  phase  transformation  of  the  Ni50Mn36Sn14 Heusler-
type  alloy  was  systematically  investigated  by  performing  X-ray  diffractometry  (DRX),  DC  magnetization
and 57Fe-doping  and 119Sn-Mössbauer  spectroscopy  measurements.  DRX  patterns  are  characteristics
of  a L21-type  chemically  disordered  structure,  where  the  presence  of  this  disorder  was  first  evaluated
by  analyzing  the  relative  intensity  of  the  (1 1  1) DRX  reflection,  which  varies  in  the  case  of  Fe-doped
and  practically  disappears  for the milled  samples.  In  consequence,  the magnetic  properties  of Fe-
doped  well-milled  samples  related  to  the  martensitic  phase  transformation  change  substantially.  300  K
57Fe-Mössbauer  spectroscopy  data  suggest  that  the changes  in  the  magnetic  properties  related  to  the
martensitic  transformation  are  intrinsically  correlated  to  the  ferromagnetic  and  paramagnetic  fractions,
eusler alloys which  are  respectively  associated  with  Fe  atoms  replacing  Mn-  and  Sn-sites.  In  the case  of  milled  samples,
the drastic  reduction  of  alloy  magnetization  was  explained  by  the  increase  of  the  number  of Mn  atoms  in
the shell  regions,  which  have  a  reduced  magnetic  moment  comparatively  to  those  in the  grain  cores.  The
magnetization  change  and  the temperature  transition  in  the  martensitic  transformation  are  governed
by  the  grain  core.  The  initial  magnetic  properties  and  martensitic  transformation  can  be  recovered  by a
subsequent  annealing  on  the  milled  sample.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

X2YZ full Heusler alloys have a body-centered cubic structure
ith a face-centered superlattice at room temperature, and may

e thought as being formed by four interpenetrating face-centered
ubic lattices A, B, C, and D, in which A and C are identical (typi-
ally L21-type structure) [1]. Generally, in the ordered X2YZ Heusler
lloys, the X atoms lie on lattices A and C, Y atoms on B and Z atoms
n D (see L21-conventional cell in Fig. 1). The L21-type structure
Fm3m) is distinguishable either from the A2-type structure (Im3m)
r from the B2-type structure (Pm3m), in which lattices B and D
re also identical, by reflections of odd superlattice Bragg peaks, if
here is a sufficiently large difference in the scattering factors of the

toms on B and D. In addition, the A2-type structure does not show
uperlattice diffraction lines, e.g., the (2 0 0) Bragg peak.

∗ Corresponding author. Tel.: +55 27 3335 7809; fax: +55 27 3335 2823.
E-mail address: edson@cce.ufes.br (E.C. Passamani).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.05.018
Regarding the Ni50Mn25Sn25 (or simply Ni2MnSn) Heusler alloy,
it has been reported that Mn  atoms govern its magnetic properties,
whereas Ni and Sn atoms are assumed to have small or negli-
gible magnetic moments in their crystallographic sites [2–4]. No
structure phase transition has been observed in a broad temper-
ature range, from high (∼ 400 K) to low temperatures (∼ 4.2 K).
However, changes in distances either between Mn–Mn  or Mn-
nearest neighbor species, caused by different conditions in sample
preparation, can considerably modify the magnetic properties of
that Heusler-type alloy. In addition, changes in the Mn  chemi-
cal environment can be partially done by chemical substitution
or out-of-stoichometric procedures where, for example, Mn-rich
Ni50Mn50−xSnx Heusler-type compounds can be formed [5,6]. It
should be emphasized that these Mn-rich alloys have attracted
special attention of researchers, essentially due to their intrinsic
structural and magnetic properties found in experiments where

the temperature is varied [5–26]. From the structural point of view,
these alloys may  exhibit a martensitic phase transformation (MPT)
depending either on the Mn  concentration or on the local chemical
disorder between the constituents of B and D-lattices. In general,

dx.doi.org/10.1016/j.jallcom.2011.05.018
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:edson@cce.ufes.br
dx.doi.org/10.1016/j.jallcom.2011.05.018
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Fig. 1. Conventional cell f

his structural phase transformation seems to occur, in Mn-rich
i50Mn50−xSnx Heusler-type, from a highly symmetrical parent
ubic phase (Fm3m) to a structure with lower symmetry (Pmma)
15].

Particularly, in the Ni50Mn36Sn14 (or simply Ni2Mn1.44Sn0.56)
eusler-type alloy, the martensitic transition temperature (TM)
alue is about 220 K [15,20,21,23].  Above that, a ferromagnetic (FM)
ustenitic state is stable and the cubic crystal structure has a lat-
ice parameter a ≈ 6 Å [15]. Below TM, in the martensitic phase, a
M orthorhombic four-layered structure is stabilized with a, b and

 lattice parameters equal to 4.3 Å, 2.9 Å and 8.4 Å, respectively.
n the other hand, due to the excess of Mn  in the Ni50Mn36Sn14,

he crystal structure is not a pure L21-type structure found in
he ordered Ni50Mn25Sn25 ordinary Heusler compound. It is now

 L21-B2-type disordered structure due to the extra Mn  atoms
ccupying Sn-sites (D-lattices). Furthermore, while in the ordered
i50Mn25Sn25 compound the Mn  atoms are ferromagnetically cou-
led, in the Ni50Mn36Sn14 Heusler-type alloy, due the Mn  excess,
ntiferromagnetic (AF) interactions also join to the ferromagnetic
FM) predominant phase, giving rise to the incipient AF compounds
5,6,24].

It has been reported that the partial substitution of Fe or Co in
i or Mn  sites results in a modification of TM-values and the MPT
isappears for large Fe doses [10,20].  This observation seems to be
elated to the chemical disorder effect (CDE), which causes changes
n the Mn-neighborhood magnetic exchange interaction. Thus, the
hemical disorder effect was studied by Fe-doping Ni50Mn36Sn14
eusler-type alloy with 1 at.% of 57Fe tentatively occupying differ-
nt sites of the L21-B2-type structure. It was also investigated the
nfluence of milling on the magnetic properties of the iron-doped
lloy samples.

57Fe- and 119Sn-Mössbauer spectroscopy measurements were
erformed in order to experimentally access the probe occupations

n the lattice sites, as well as their chemical environments. These
nowledge are essential to understand how magnetic properties
re influenced by the new atomic arrangements modified by the
hemical disorder of the Ni50Mn36Sn14 Heusler-type alloy. These
esults will help to best comprehend the data from X-ray diffraction
nd magnetization measurements.

. Experimental procedures
Fe-doped Ni50Mn36Sn14-Heusler-type samples, namely Ni50Mn36Sn14 (sample
abeled 0% Fe), Ni50(57Fe0.01Mn0.99)36Sn14 (1% 57Fe–Mn), (57Fe0.01Ni0.99)50Mn36Sn14

1% 57Fe–Ni) and Ni50Mn36(57Fe0.01Sn0.99)14 (1% 57Fe–Sn), were prepared in an arc-
urnace from high graded chemicals of virtually pure Ni, Mn,  Sn powder metals
 X2YZ full Heusler alloys.

(better than 4N) and Fe metal isotopically 95%-enriched in 57Fe. The main reason
to  use 57Fe-rich instead of natural Fe is to trace and to get information about site
occupation and local magnetism from 57Fe placed in different sites of the L21-type
structure using Mössbauer spectroscopy. The melted pellets were homogenized in
a  quartz evacuated tube at 1123 K for 48 h and after quenched in cold water (280 K).
The  powder samples used for X-ray analysis, Mössbauer spectroscopy and magneti-
zation measurements were obtained by grinding pieces from the pellets, immersed
in  acetone, in an agate mortar. In addition, these alloys were also milled with a SPEX
8000 mill setup, for at maximum 4 min. The milling process has been done under
argon atmosphere to prevent sample oxidation. More details of the milling tools
and experimental procedures can be found in Ref. [27]. The milled samples were
also annealed for 1 h at 1123 K and then they were characterized structurally and
magnetically using the above experimental techniques.

Room temperature (RT; ∼298 K) X-ray powder diffraction data were collected
with a Rigaku diffractometer with Cu-K� radiation (� = 1.5418 Å). The powder sam-
ples were evenly homogenized in a sample holder, in a care to avoid eventual texture
effect. A Shimadzu SSX 550 scanning electron microscope (SEM) was  used to con-
firm the phase formation and its composition, using the energy dispersive X-ray
spectroscopy (EDX), from polished flat pieces obtained from the central part of
the  annealed pellets. As we previously reported for other set of samples similarly
prepared [20,21],  more than 99% of the SEM image areas can be associated with a
single phase corresponding to the L21-B2-type structure in accord with the X-ray
diffraction result. These EDX results confirm that the nominal compositions indeed
correspond to the planned alloys. No Fe signal from the EDX was  detected, as its
content lies below the experimental detection limit. Mössbauer experiments were
carried out with a standard constant acceleration spectrometer, under transmis-
sion geometry. A 57Co:Rh source with a nominal activity of about 30 mCi, and a
Ca119SnO3 source with about 3 mCi, were respectively used to obtain the 57Fe and
119Sn Mössbauer spectra. The powder samples were sealed in a sample holder of
the Mössbauer set-up for RT experiments. The 57Fe spectra were obtained with 512
channels, whereas the 119Sn spectra were taken with 1024 channels. The Möss-
bauer spectra were analyzed using NORMOS Program in the distribution version.
In  general, the spectra were fitted using two subspectra: a magnetic hyperfine field
distribution (MHFD) and a paramagnetic component (singlet). The isomer shift (ı)
values are given relative to metallic �-Fe obtained at RT for the case of 57Fe and rela-
tively to the CaSnO3 source, for 119Sn spectra. Field cooled (FC) and field heated (FH)
magnetization versus temperature [M(T)] curves were recorded between 70 and
320  K using a commercial physical property measurement system (Quantum Design
PPMS) coupled to an Evercool model cryostat and under an applied DC  magnetic field
up  to 50 kOe. These curves were obtained using protocols described elsewhere [21].
As  previously reported, any thermal hysteresis observed between FC and FH M(T)
curves can directly be associated with the first-order character of the martensitic
phase transition (MPT).

3. Results and discussions

In Fig. 2(a), it is displayed the X-ray diffraction patterns for the
three samples prepared with 1 at.% 57Fe replacing one of the chem-

ical constituents (Ni, Mn  or Sn) of the Ni50Mn36Sn14 Heusler-type
alloy (1% 57Fe–X, X = Ni, Mn  and Sn). For comparison, two other X-
ray patterns are also plotted: (i) for the Fe un-doped sample (0% Fe)
and (ii) a computer-simulated diffractogram for the L21-type struc-
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Fig. 2. (a) X-ray patterns of the Fe un-doped Ni Mn Sn Heusler-type alloy (0% Fe) and the doped ones: 1% 57Fe–Mn, 1% 57Fe–Ni and 1% 57Fe–Sn. A simulated pattern for
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he  L21-type structure of the ordered Ni2MnSn Heusler is also displayed. (b) M(T) 

0  kOe in FH and FC modes. The parameters are described in the text.

ure of the ordered Ni50Mn25Sn25 Heusler alloy. Comparing these
atterns, it is observed that all Bragg peaks found for the 1% 57Fe-
eplacing samples match with the characteristic reflection lines of
he L21-type simulated pattern. This observation indicates that the

repared samples do have L21-type structure, taking into account
he fact that at least one of the odd reflection lines (fingerprints of
he L21-type structure [1]) is present. However, it must be pointed
ut that two different features are observed for these Fe-doped

able 1
arameters obtained from the analysis of the X-ray patterns (grain size – d; lattice
M/MA = [(MA − MM)/MA], where MA and MM are respectively the maximum and minim

nd  TC
A is the austenitic magnetic ordering temperature).

Alloy (a ±0.004) (Å) (d ±2) (nm) 

1% 57Fe–Ni 6.005 15 

1% 57Fe–Mn 6.010 14 

1% 57Fe–Sn 6.004 20 

0% 57Fe 6.005 24 
 for the corresponding samples. These curves were recorded with a probe field of

samples: (i) the relative intensity of reflection (1 1 1) changes for
the different samples, indicating an enhancement of chemical dis-
order caused by Fe-doping in the B2-type lattice (chemical disorder
in the B- and D-lattices reduces the odd line intensity) and (ii) the

reflection peak width varies for different Fe-doped samples. This
variation can be, in principle, attributed mainly to crystalline grain
size (d), which can be estimated using Scherrer formula (Table 1).
d-Values in Table 1 are associated with the inverse of line broad-

 parameter – a) and magnetization data (magnetization step-like variation –
um magnetization values of the A and M states, TM is the martensitic temperature

�M/MA (%) (TM ±2) (K) (TC
A ±3) (K)

36 195 325
37 223 327
49 254 323
48 220 325
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Fig. 3. Room temperature 57Fe (a) and 119Sn (b) Mössbauer spectra of the 1% Fe–X
(X = Ni, Mn and Sn) alloys. The 57Fe spectra were obtained with 512 channels whereas
the 119Sn were taken with 1024. The two subspectra used to fit the spectra are also
E.C. Passamani et al. / Journal of Alloy

ning of a specific Bragg peak, allowing to estimate the size in that
pecific crystallographic direction (it was taken the most intense
ragg (2 2 0) peak to estimate the crystalline grain size).

Therefore, as shown in Table 1, the samples have distinct d-
alues, which may  influence their magnetic properties, as it will be
hown later on. It must be also mentioned that the lattice param-
ter (a) of the L21-type structure is constant within the error for
he different samples, suggesting that the Fe-doping procedure is
ot drastically affecting the L21-structure cell volume. In resume,

rom X-ray analysis, it can be inferred that Fe-substitution in dif-
erent lattice sites of the Ni50Mn36Sn14 Heusler-type alloy leads
rst the L21-B2-type structure formation and this structure has an
dditional chemical disorder due to the Fe-doping. Therefore, in
his article, it will be shown in more details how chemical disorder
ffects the structural phase transition (MPT) and related magnetic
roperties.

The FC- and FH-M(T) curves of the as-annealed samples are dis-
layed in Fig. 2(b). The main parameters discussed in this work
re defined relatively to the Fe un-doped sample (0% Fe), taken as
he reference sample. It should be first noted that, for all cases,
he MPT  temperature is different whether cooling or heating the
amples. Consequently, this transformation is labeled according
o the resulting phase: (i) A, for the austenitic phase and (ii) M,
or the martensitic phase. The transition extends over a relatively
road range of temperature; the MPT  typically begins at tempera-
ure TMs (or TAs) going up to TMf (or TAf) temperatures. As indicated
y arrows in Fig. 2(b), initial and final martensitic (TMs, TMf) and
ustenitic (TAs, TAf) temperatures are respectively defined from FC
nd FH curves. To better characterize the magnetization step-like
ariation at the martensitic transition, an additional parameter is
efined as: �M/MA = [(MA − MM)/MA], where MA and MM are the
aximum and minimum magnetization values, respectively, of A

nd M states. The Curie temperature of the A phase (TC
A) was esti-

ated from the inflection point of the M(T) curves recorded in a
araday balance with a probe field of about 500 Oe. The TC

A value
s independent of the Fe-doping in the different samples, suggest-
ng that the predominant ferromagnetic interactions among the

n atoms in the L21-structure (on the B-lattices) are not severely
odified by the Fe-substitution.
At the MPT  temperature region, Fig. 2(b) displays changes in the

C- and FH-M(T) curves, depending on what constituent elements
e atoms are replacing in the alloy. Particularly, the 1% 57Fe–Sn M(T)
urves display a sharp magnetization change at the MPT  region,
hereas a broad magnetization variation is observed in other Fe-
oped samples. This broad MPT  suggests a distribution of TM-values
aused either by Mn-chemical disorder or by some stoichiomet-
ic variation (TM is strongly dependent on the excess of Mn  in
he Ni50Mn50−xSnx alloys with L21-B2-type structure [4,6]). Addi-
ionally, one also notes that: (i) TM-values are relatively different,
epending on the Fe-lattice site occupations and (ii) the �M/MA
arameter (Table 1) is intrinsically correlated to modifications in
he Mn-neighborhood and the grains size (d).

The influence of chemical disordering on the magnetism and on
he MPT  of the Ni50Mn36Sn14 Heusler-type alloy have been inves-
igated locally by performing RT (L21-type structure) Mössbauer
pectroscopy at 57Fe as well as at 119nSn nucleus-probes. The RT
7Fe (a) and 119nSn (b) spectra of the Fe-doped samples are pre-
ented in Fig. 3 panels. 119nSn spectrum of the Fe un-doped sample
0% Fe) (not shown) is similar to that for the 1% 57Fe–Mn sample
isplayed in Fig. 3(b).

The RT spectra shown in Fig. 3(a) and (b) have two broad com-
onents, except in the case of the 57Fe spectrum for the 1% 57Fe–Sn

ample, in which only a single broad absorption line is observed.
he fittings of these 57Fe and 119nSn spectra were performed with
wo subspectra: a distribution of hyperfine magnetic fields (fraction
FM) and a broad singlet (fraction fPM). The line broadening effect
shown: a singlet and a magnetic hyperfine field components.

and also the different fFM and fPM fractions in different samples sup-
port the fact that both Sn and Fe are distributed in non-equivalent
chemical sites. The hyperfine parameters obtained from these fit-
tings are presented in Table 2.

In the ordered Ni50Mn25Sn25 Heusler alloy, only a well-resolved
sextet is observed in the 119Sn spectrum at RT [28]. The physical
origin of this sextet is attributed to the transferred magnetic hyper-
fine fields from Mn  atoms ferromagnetically coupled in B-sites. In
our case, due to Mn  excess occupying D-sites originally for Sn, the
119Sn-spectra display two components as mentioned above. There-
fore, the singlet, observed at 119Sn-sites (SnfPM), can be attributed to
119Sn atoms with no transferred magnetic hyperfine fields (Bhf

Tr).
Then, the possible chemical environments of these 119Sn atoms in
the L21-B2-type structure may  be due neighborhood of Mn  atoms in
D-sites having either negligible magnetic moment [2–4] and/or in a
disordered magnetically state (Ni and Sn atoms are in their respec-
tive sites). Consequently, the observed Sn MHFD component (SnfFM)
can be associated with 119Sn atoms in regions at D-sites with non
zero Bhf

Tr, i.e., close to Mn–Mn  atoms ferromagnetically coupled. On
the other hand, 57Fe atoms also show complex magnetism from the
Mössbauer point of view. The singlet subspectrum (fraction FefPM)
of the Fe-doped samples can be attributed to Fe atoms either in Ni
(A and C) or in Sn (D) lattice sites. In the Ni-sites, Fe atoms will have
negligible magnetic moments, whereas in Sn-sites the substituted
Fe atoms keep some magnetic moments. The later favors AF cou-
pling with Mn-atoms in B-sites and orders magnetically below 90 K,
consistent with the exchange bias effect observed below this tem-
perature [23]. Low temperature Mössbauer spectrum (not shown)
displays magnetic ordering for the singlet component, leading us
to associate the singlet with Fe-atoms in paramagnetic state at RT.
The MHFD component (FefFM) can be attributed to Fe atoms in the
B-lattice sites, having FM interactions preferentially with Mn  atoms
(B-lattice sites of the L2 -structure). Therefore, Mössbauer data
1
show dependent TM-value with the FefFM fraction, as presented in
Tables 1 (TM) and 2 (FefFM). In general, these results indicate that the
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Table  2
Hyperfine parameters [average magnetic hyperfine fielda (Bhf), isomer shiftb (ı), and relative absorption areas for the magnetic (fFM) and paramagnetic (fPM) components]
obtained from the fittings of the RT 119Sn and 57Fe Mössbauer spectra of the Fe-doped samples (1% 57Fe–X, X = Ni, Mn  and Sn). The 57Fe ı values are given relative to the
metallic �-Fe value recorded at RT. The 119Sn ı values are relatively to the sourcea.

Mössbauer from 57Fe (T = 298 K)

MHFD (FefFM)

1% 57Fe–Ni 1% 57Fe–Mn 1% 57Fe–Sn
Area (%): 60 Area (%): 51 –

Bhf (T): 11 Bhf (T): 10
ı  (mm/s): 0.15 ı (mm/s): 0.14

Singlet (FefPM)
Area (%): 40 Area (%): 49 Area (%): 100
ı  (mm/s): 0.15 ı (mm/s): 0.14 ı (mm/s): 0.14

Mössbauer from 119Sn (T = 298 K)

MHFD (SnfFM)

1% 57Fe–Ni 1% 57Fe–Mn 1% 57Fe–Sn
Area (%): 63 Area (%): 85 Area (%): 65
Bhf (T): 1.5 Bhf (T): 2.2 Bhf (T): 2.0
ı  (mm/s): 1.41 ı (mm/s): 1.57 ı (mm/s): 1.42

Singlet  (SnfPM)
Area (%): 37 Area (%): 15 Area (%): 35
ı  (mm/s): 1.48 ı (mm/s): 1.53 ı (mm/s): 1.47
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a Uncertainty of Bhf: �Bhf = ±1 T for 57Fe and �Bhf = ±0.3 T for 119Sn.
b Uncertainty of ı: �ı  = ±0.02 mm/s.

ncrease of the FefFM fraction in the alloy will result in a reduction
f TM-values.

From these Mössbauer data, it can be concluded that not all Fe
toms occupy the nominal lattice sites in the L21-B2-type struc-
ure just by a simple chemical replacement procedure. The different
ractions and the absorption resonant line broadening for both Fe
nd Sn environments are thought to be due to a chemical disor-
ering effect both in B- and D-lattice sites of the Ni50Mn36Sn14
eusler-type alloy. Fe-substitutions occur preferentially on the B-

attices (FM fraction) in case of Fe–Ni and Fe–Mn doped samples,
hereas the Fe preferential occupation in D-lattice sites occurs for

he Fe–Sn case. Therefore, the different fractions FefFM and FefPM for
he Fe–Ni and the Fe–Sn doped samples are responsible for their dif-
erent TM-values. In other words, larger TM-value in Fe–Sn doped
ample than in Fe–Ni sample can be associated with the larger
F contribution in the former (FefPM that orders below 90 K), as
eported in the literature for the Ni–Mn Heusler-based alloys [5,6].

n addition, our data clearly show a relation between the FefFM frac-
ion and the martensitic transition temperature TM, as shown in
ig. 4 (it demonstrates that as higher is the FefFM fraction lower

ig. 4. Behavior of FefFM (FM fraction obtained from 57Fe Mössbauer spectra) against
M (martensitic transition temperature) for the Ni2Mn1.44Sn0.56 Heusler-type alloy
f  this work. The data are from Tables 1–3.  The line connecting the experimental
ata is a guide for eyes.
should be the TM-value). This result indirectly suggests that if the
Ni2Mn2−xSnx Heusler-type alloys are strongly FM no MPT  occurs
and for a fix Sn-content, the TM value will depend on the intrinsic
chemical order responsible for the AF (or FM)  couplings, as recently
reported for the Ni2MnAl Heusler alloy [25].

Apart from the chemical disordering effect enhanced by the
Fe-substitution process, it is known that the Ni50Mn50−xSnx

Heusler-type alloys are materials mechanically fragile and can be
easily powdered [6].  This feature may  limit its technological appli-
cation. In order to study how grain size and chemical disorder
influences of the magnetic properties of the alloy, it was prepared a
new set of samples of 2 g-button containing about 1% 57Fe replacing
Ni, Mn  or Sn (1% 57Fe–X, X = Ni, Mn,  Sn). In this paper, we present
particularly the results of the 1% 57Fe–Mn sample, because the oth-
ers are similar.

In general, the buttons were firstly grounded by high energy
milling process aiming to reduce grain size and to enhance of
chemical disordering. Secondly, parts of the milled powders were
heat-treated in an attempt to restore the initial crystallographic and
chemical states. Fig. 5 displays the results of the X-ray (a), magne-
tization (b) and 57Fe Mossbauer spectroscopy (c) obtained for the
1% 57Fe–Mn sample in the following conditions: un-milled (called
as NM), milled for 220 s (labeled M-220s) and milled for 220 s and
1 h-annealing at 1123 K (labeled as MHT-220s).

From the X-ray point of view, it can be observed that the milling
process causes disappearance of the (1 1 1) reflection peak for the
M-220s sample, reflecting an enhancement of the chemical disor-
der. All reflection peaks are much broader for the milled sample
(M-220s) comparatively to those for the un-milled one. Thus, we
estimated d-values (assuming line broadening due to grain size
reduction) to be 26 nm for NM and 8 nm for NN-220s sample. Con-
comitantly, the parameters related to the MPT  and the magnetic
properties (for example, magnetization) were also found to change
severely after milling, as can be seen in Table 3. On the other hand,
it is observed that the sample MHT-220s has the d- and �M/MA-
parameters recovered when compared with those of the un-milled
sample, but the cubic lattice parameter a, MM

70K (magnetization at
70 K in M state) and TM values decreased, suggesting a reduction of
crystal strain/defects when compared with the un-milled sample.

Specifically, the magnetization values in A and M states substan-

tially reduce for the milled sample, suggesting that the chemical
disorder produces regions in the sample with low Mn  mag-
netic moments. Since the milling process leads the material to a
nanocrystalline state, it is known from the literature that many
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ig. 5. (a) X-ray patterns, (b) FC and FH M(T) curves and (c) 57Fe Mössbauer spectra
nd  annealed at 1023 K for one hour (MHT-220s).

roperties can be described in terms of a core-shell model, where
he grain core keeps the bulk magnetic properties of the crys-
alline materials and the shell is usually assumed to be topological
nd magnetically disordered due to the symmetry break in the
rain boundary [27]. Thus, assuming a core-shell model, the reduc-
ion of magnetization-value is understandable taking into account
n increase of the grain boundary volume, and consequently, an
ncreasing of the Mn  atoms fraction, in this region. Therefore, the
ore is responsible for the behavior of the TC

A, TM and �M/MA,
hereas the shell contributes with frustrated magnetic interac-

ions. The later is supported by the fact that the recorded M(H)
urves (not shown) do not reach saturation regime for applied field
f 3 T in case of milled samples. After the heat treatment, the grain
ize (d) is increased to 31 nm and, concurrently, the �M/M has
A
ts value recovered to the NM state. Therefore, the heat-treated
ample recovers the FefFM fraction and indicates that TC

A, TM and
M/MA are intrinsically related to the ordered fraction of the sam-

able 3
arameters obtained from the analysis of the X-ray patterns (grain size – d; lattice paramet
tep-like variation – �M/MA = [(MA − MM)/MA], where MA and MM are respectively the m
emperature (TM) and austenitic magnetic ordering temperature – TC

A] and 57Fe Mössbau

Process (a ±0.004) (Å) (d ±2) (nm) (MM
70K ±0.1) (Am2/kg

MHT-220s 5.815 31 14.0 

M-220s 6.003 8 1.2 

NM  6.010 26 36.3 
e Ni50Mn35
57FeSn14 Heusler-type alloy (NM), milled for 220 s (M-220s) and milled

ple. Additionally, 57Fe Mössbauer spectra clearly show that the
milling procedure induces an increasing of the singlet component,
which may  be assigned to Fe in Mn–Mn  frustrated magnetic state
in the grain boundary as well as in the core (chemical disorder)
regions. The M-220s sample seems to still have a fraction of the
MHFD component (dispersed in the spectrum background) since it
is sensed by magnetization data (presence of the MPT).

In summary, it was  found that the enhancement of the chemi-
cal disordering induced by Fe-doping process is different from that
obtained by reducing the grain size of the sample by milling. In
the former case, the Fe-substitution effect modifies the magnetic
properties basically due to elemental occupation on different lat-
tice sites of the L21-type structure (producing different FM and AF
fractions). On the other hand, the milling process yields a grain

size reduction that favors the volume fraction enhancement of the
shell regions, which have frustrated magnetic states. In both cases,
the FM fraction (MHFD component) governs TC

A, TM and �M/MA

er – a); magnetization data [magnetization at 70 K in M state (MM
70K), magnetization

aximum and minimum magnetization values of the A and M states, martensitic
er spectroscopy (FefFM – fraction of Fe atoms in magnetically ordered state at 300 K).

) �M/MA (%) (TM ±2) (K) (TC
A ±3) (K) FefFM (%)

51 213 328 55
26 233 326 0
54 237 323 49
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alues. The latter is the most important parameter responding
or the giant magnetocaloric effect of the Ni50Mn36Sn14 Heusler-
ype alloy, consequently a quantity that deserves to be better
nderstood and controlled in this potentially magnetic refrigerant
aterial.

. Conclusion

Annealed Ni50Mn36Sn14 Heusler-type alloy with elemental
eplacement corresponding to 1 at.% of Fe in Ni, Mn  or Sn lattice
ites of the L21-structure was systematically studied with X-ray
iffraction (XRD), Mössbauer spectroscopy and magnetometry. It
as also investigated the chemical disorder induced by high energy

all milling process with these techniques. XRD patterns reveal that
he L21-B2-type structure increases its chemical disorder due to dif-
erent atomic arrangements on the L21-type occupation of lattice
ites in the Fe-doped samples. The milling process also induces an
nhancement of the chemical disorder as shown by the absence
f the (1 1 1) reflection peak for the milled sample. From Möss-
auer point of view, it was found that Fe atoms occupy partially
he B-lattice sites for Fe–Ni and Fe–Mn samples, whereas they pref-
rentially occupy D-lattice sites for the Fe–Sn sample. In addition,
he line broadening effect and also the different ferromagnetic (fFM)
nd paramagnetic (fPM) fractions at room temperature in different
amples support the argument that both Sn and Fe are distributed
n non-equivalent chemical sites. It was also found that: (i) the

artensitic transition temperature is intrinsically related to the
raction of Fe atoms ferromagnetically coupled with Mn  (Fe atoms
n B lattice sites) in the L21-B2-type structure, i.e., large FM frac-
ion lead to a low TM-value and (ii) the ferromagnetic interactions
re reduced either by the Fe-substitution effect or by milling due
o the increasing chemical disorder. Moreover, milled samples can
e analyzed assuming the core-shell model, where one has con-
idered that the fraction of atoms in the shell (grain boundary
egions) increases after the milling. Therefore, the chemical dis-
rder is enhanced and there is a substantial reduction of crystalline
rain size. These two effects respond for reducing the alloy net
agnetization as well as the magnetization variation (�M/MA)

ssociated with the martensitic phase transformation in the M(T)
urves. Particularly, the decreasing of the �M/MA value in the
illed compared to the un-milled samples represents a significant

eduction of the magnetocaloric property of this alloy. Finally, it
hould be important to mention that: (i) the L21-B2-type structure
an be recovered after annealing, for short times of heat treatment,
he milled samples and (ii) Fe-substitution for other elements,

amely Ni, Mn  or Sn, in this alloy makes it possible to extend the
illing process to approximately 220 s, preserving the martensitic

hase transformation. This result, which was observed for these
hree Fe-doped samples, is different from that observed for the un-

[

[
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doped sample, for which a phase segregation effect was always
observed for milling times as long as than 90 s.
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