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In ferromagnetic Ni-Mn-based Heusler alloys undergoing martensitic transformations, a sudden drop in the
magnetization is observed as the temperature decreases through the martensitic-transformation temperature Ms.
To understand the cause of the drop and thereby the nature of the magnetic coupling in this temperature region,
we carry out neutron-polarization-analysis experiments on two prototypes, Ni50Mn40Sb10 and Ni50Mn37Sn13.
We show that in the vicinity of Ms, the magnetic correlations at temperatures T�Ms are antiferromagnetic,
whereas they are ferromagnetic above Ms and well beyond the Curie temperature of the austenitic state.
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Ni-Mn-based ferromagnetic �FM� Heusler alloys undergo-
ing martensitic transformations have become the focus of
intensive research related to magnetic-field-induced struc-
tural modifications1 and magnetocaloric effects2 since the
discovery of the magnetic shape-memory effect in
Ni-Mn-Ga.3 Presently, much work is invested in studies
aimed at producing working prototypes of magnetic-field-
actuated devices4,5 as well as understanding how magnetic
properties and the martensitic transformation are
interrelated.6–10

A common feature to all Ni-Mn-based Heusler alloys un-
dergoing a martensitic transformation is that in small mag-
netic fields of about 10 mT or less, all systems show a drop
in the temperature dependence of the magnetization M�T� at
the transformation start temperature Ms.

11,12 In fact, in sub-
stantially higher measuring fields of about 5 T, the drop per-
sists, except in Ni-Mn-Ga alloys where the change in M�T�
between the two states at Ms reverses sign above a certain
field.13 The cause of the drop in M�T� in Ni-Mn-based Heu-
sler alloys is often thought to be related to the development
of local antiferromagnetic �AF� ordering associated with
changing distance of the Mn-Mn bonding.9 Indirect evidence
for the presence of such possible states is provided by asso-
ciating them to the nonsaturating behavior of the magnetic-
field dependence of the magnetization M�H� at T�Ms.

11,12

More recently, the observation of exchange bias at low tem-
peratures in Ni-Mn-based Heusler alloys has further
strengthened the thesis of the presence of AF
components,14–17 whereas results of Mössbauer
experiments18 suggest the presence of a paramagnetic �PM�
state below Ms.

Since understanding magnetic shape-memory and magne-
tocaloric effects exhibited by these materials is closely re-
lated to the understanding of the details of the magnetoelastic
properties at martensitic transformations, we have under-
taken a study to resolve the nature of the magnetic interac-

tions in the martensitic and austenitic states. For this pur-
pose, we have carried out neutron-polarization analysis on
two prototypical systems, Ni50Mn40Sb10 �no FM ordering in
the austenitic state� and Ni50Mn37Sn13 �presence of FM or-
dering in the austenitic state�. We determine first the
structural- and magnetic-transition temperatures of the
samples used in the experiments and characterize their mag-
netic properties by conventional magnetization-measurement
techniques. We use samples from the same batch for the
polarization-analysis experiments. The details of the charac-
terizations are presented in Fig. 1.

Ni50Mn37Sn13 orders ferromagnetically in the austenitic

FIG. 1. Characterization of the samples for the polarization
analysis experiments of Ni50Mn37Sn13 and Ni50Mn40Sb10. �a� M�T�
in the ZFC, FC, and FH states for Ni50Mn37Sn13. �b� M�T� in the
ZFC, FC, and FH states for Ni50Mn40Sb10. �c� RF�T� for
Ni50Mn37Sn13. The inset in part �b� shows RF�T� for Ni50Mn40Sb10.
The dashed lines relate the temperature positions of the extrema to
M�T� in part �a� and the temperature positions of Ms and the lowest
temperature of RF to M�T� in part �b�.
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state at TC
A =310 K �Fig. 1�a��. Just below this temperature,

the sample undergoes a martensitic transformation at Ms
�305 K, and the magnetization practically vanishes as the
temperature drops. At a lower temperature TC

M �220 K, the
sample orders ferromagnetically again. This sample serves as
a prototype for Ni-Mn-based Heusler systems for which the
austenitic state is FM and the magnetization rapidly drops
below Ms.

In Ni50Mn40Sb10 the structural transformation takes place
from a PM austenitic state to a PM martensitic state at about
Ms=440 K determined from calorimetric measurements �not
shown here�. This sample orders ferromagnetically in the
martensitic state at a Curie temperature TC

M �210 K as seen
in Fig. 1�b�, where M�T� is plotted for the zero-field-cooled
�ZFC�, field-cooled �FC�, and field-heated �FH� states. There
is no FM ordering in the austenitic state of this sample.

Polarization-analysis experiments were carried out on an-
nealed 10 �m powder samples �about 3 g� on the D7
diffuse-scattering spectrometer at the Institut Laue-Langevin,
Grenoble using 4.86 Å incident neutrons. This multidetector
instrument allows full XYZ-polarization analysis to separate
the nuclear-coherent, magnetic, and spin-incoherent cross
sections, �d� /d��nuc, �d� /d��mag, and �d� /d��inc, solely
from geometrical-scattering conditions.19,20 The cross sec-
tions are corrected for detector efficiency via a vanadium
sample, and the analyzer efficiency is corrected via a quartz
sample. The absolute cross sections can be determined via
comparative scattering of a vanadium sample. Further
powder-diffraction experiments with neutron wavelength
1.594 Å on Ni50Mn37Sn13 were carried out on the D2B spec-
trometer at the same institute.

In addition to diffraction cross sections, the flipping ratio
�RF� of the neutrons traversing the sample is measured. RF is
defined as the ratio of the spin-up to spin-down eigenstates
and is a measure of the neutron depolarization. In a sample
where the net magnetization is zero, the neutron-polarization
state and thus the RF are not affected by the sample. How-
ever, in a sample with FM domains, a neutron spin will ex-
perience a torque causing it to precess around the magneti-
zation direction of the FM domains that are
inhomogeneously distributed across the beam profile. This
causes a nonadiabatic depolarization of the neutron state
with a resultant drop in RF. The depolarization measurement
is therefore a very sensitive tool for the determination of
ferromagnetic-domain formation.

For the Ni50Mn40Sb10 sample, Ms separates PM-austenitic
and PM-martensitic states and RF�23, which remains tem-
perature independent from the highest temperatures down to
temperatures approaching TC

M, as shown in the inset of Fig.
1�b�.

RF�T� for Ni50Mn37Sn13 is shown in Fig. 1�c�. At high
temperatures, well in the PM state, RF�25. The initial sharp
drop with decreasing temperature in RF�T� is related to the
onset of FM order below TC

A, whereby the beam is depolar-
ized by the FM domains. However, just below Ms, RF begins
to recover and increases with decreasing temperature as the
amount of FM austenite decreases. It then runs through a
local maximum of RF�12 at a temperature corresponding to
the local minimum in M�T�. RF does not regain its maximum
value of 25 because some rest austenite remains at these

temperatures. As the temperature further decreases, so does
RF�T�, whereby the decrease progresses over a relatively
broad temperature range from about 250 to 200 K as op-
posed to the sharper decrease found around TC

A. This is an
indication that the position of TC

M is not well defined. The
broad nature of the FM transition in the martensitic state is
also identified in M�T� in Figs. 1�a� and 1�b�. When mea-
sured in a small external magnetic field as 5 mT, M�T� for a
ferromagnet would be expected to rise sharply at the Curie
temperature to a value corresponding to the demagnetization
limit and then run relatively temperature independent as the
temperature decreases.11 Here we see that this is not the case
for M�T� below TC

M for either sample.
We first focus on the results of the polarization analysis

experiments on Ni50Mn40Sb10 shown in Fig. 2. �d� /d��nuc
vs q plotted in Fig. 2�a� shows diffraction patterns at 320 and
500 K related to the martensitic structure and to the cubic
Heusler phase, respectively. The data for 320 K are shifted
vertically by +2 units for clarity. From these data, the mar-
tensitic structure is determined as 4O modulated, in agree-
ment with earlier studies.21 �d� /d��mag vs q plotted in Fig.
2�b� features substantial scattering at low q values, even at
temperatures as high as 500 K, indicating the presence of FM
correlations although no FM ordering in the austenitic state
is found in this sample. The narrow peak in the magnetic

FIG. 2. �Color online� q dependence of the neutron-scattering
cross sections in the austenitic �500 K� and martensitic �320 K�
states of Ni50Mn40Sb10 �Ms=440 K�. �a� The nuclear cross section
plotted in the range 1.2�q�2.6 Å−1. No reflections are found at
lower q in either data. Open circles L21 �indexed horizontally� and
filled circles 4O �indexed vertically�. The data for 320 K are shifted
vertically by +2 units for clarity. �b� The magnetic cross section.
The forward scattering present in the austenitic state �500 K� van-
ishes in the martensitic state �320 K�.
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scattering at 500 K accompanied by relatively large error
bars at q�2.1 Å−1 results most probably from systematic
errors arising from the separation of nuclear and magnetic
contributions to the scattering, as this position corresponds to
that of the �200� peak in Fig. 2�a�. At 320 K, which corre-
sponds to a temperature well within the martensitic state, the
scattering at low q is very weak indicating that FM correla-
tions have practically vanished. However, strong and broad
diffuse scattering still remains above about 0.8 Å−1 up to the
highest q values measured. This broad diffuse scattering is
expected to be due to the presence of AF correlations.

Next we examine the results for Ni50Mn37Sn13. Powder
diffraction patterns taken on the D2B spectrometer at 245
�T�Ms� and 318 K �T�Ms� are shown in Fig. 3. In the
low-symmetry martensitic state, the reflections associated
with the high-symmetry austenitic cubic phase are split into a
multitude of reflections at various zones from which the 10M
modulated structure can be identified in agreement with ear-
lier studies.11 We use these data in the discussions given
below to account for the presence of AF correlations in Ni-
Mn-based martensitic Heusler systems. The inset in the fig-
ure shows �d� /d��nuc vs q at similar temperatures resulting
from polarization-analysis data taken on the D7 spectrom-
eter. The data in the inset for 250 K are shifted vertically
by +5 units for clarity. Data from both spectrometers
agree well. On the D7 spectrometer, the full
XYZ-polarization-analysis technique was employed at 500 K,
whereas at 250 K, only Z polarization was employed because
of the lower value of RF�12 at this temperature with respect
to the base RF�25 of the instrument. This arises due to the
possible presence of residual ferromagnetic austenite. Since
the analyzers are setup to count only non-spin-flip neutrons
in the Z direction, using the XYZ method at low RF and in the
presence of residual ferromagnetic austenite would give rise

to uncertainties in the scattering information when the neu-
tron spin is rotated into the X-Y plane and, therefore, this
method was not employed. Nevertheless, the beam polariza-
tion at 250 K is still sufficiently high to apply Z-polarization
analysis �Fig. 1�c��. The data are corrected for the flipping
ratio. Furthermore, assuming that the �d� /d��inc is tempera-
ture independent, the q dependence of �d� /d��mag at 250 K
can be evaluated by using the q dependence of �d� /d��inc at
500 K which was obtained using the XYZ method �see ex-
amples in Ref. 20�.

�d� /d��mag vs q for Ni50Mn37Sn13 obtained at 250 and
500 K is shown in Fig. 4. The magnetic scattering profile at
500 K is similar to that of Ni50Mn40Sb10 for the same tem-
perature �Fig. 2�. At this temperature, there is substantial
forward scattering indicating the presence of FM correla-
tions. In the martensitic state at 250 K, which corresponds
nearly to the temperature at which M�T� shows a minimum
and RF�T� shows a local maximum, the q dependence of
�d� /d��mag is similar to that of Ni50Mn40Sb10. Namely, the
FM correlations vanish and AF correlations occur. The rela-
tively large scattering in the data around q=2.1 Å−1 �corre-
sponding to the �200� Bragg position in the austenitic state�
is most probably related to the presence of FM rest austenite
that causes partial depolarization of the beam and leads to
uncertainties in determining �d� /d��mag at these q values
and to systematic errors arising from the separation of
nuclear and magnetic contributions, as in the case in Fig.
2�b�. The inset compares the q dependence of the magnetic
cross section at 250 K to that of the single-ion Mn form
factor normalized to the value �d� /d��mag at q=1.5 Å−1.
The q dependence of the form factor represents noncorre-
lated behavior. The different behaviors of the q dependencies
of the obtained data and the form factor, especially at low-q
values, point out further that the scattering at low q is related
to FM correlations.

In both Figs. 2�b� and 4 the low-temperature data exhibit
a broad shoulder beginning at about q=0.8 Å−1 and extend-

FIG. 3. �Color online� The q dependence of the neutron-
diffraction spectrum of Ni50Mn37Sn13 obtained on the D2B spec-
trometer at 245 K �fine line, black� and 318 K �heavy line, red�. The
inset shows the nuclear cross section in the austenitic �330 K� and
martensitic �250 K� states obtained on the D7 spectrometer. The
data for 250 K are shifted vertically by +5 units for clarity. The
structure in the martensitic state is 10M modulated �austenite in-
dexed horizontally and martensite indexed vertically�.

FIG. 4. �Color online� The q dependence of the magnetic cross
section at 500 and 250 K for Ni50Mn37Sn13. The forward scattering
present in the austenitic state essentially vanishes in the martensitic
state �Ms=305 K�. The inset shows the comparison of the magnetic
cross section at 250 K and the q dependence of the Mn form factor
�heavy line� normalized to the value �d� /d��mag at q=1.5 Å−1.

BRIEF REPORTS PHYSICAL REVIEW B 79, 212401 �2009�

212401-3



ing to above the highest q value of 2.5 Å−1 accessible on the
D7 spectrometer. The scattering profiles are peaked nearly at
the same value of about q=1.6 Å−1. In Fig. 3, one sees that
this q range encompasses the half-q positions of the multi-
tude of Bragg reflections appearing between about q
=1.5 Å−1 and above q=5.0 Å−1 �Fig. 3�. Due to the prima-
rily doubled AF unit cell with respect to the crystallographic
unit cell, AF correlations would be observed as weak broad
peaks centered at half-q positions of the various crystallo-
graphic zones. However, due to the multitude of reflections
associated with the martensitic state, such peaks overlap to
form the observed broad shoulder. Therefore, a meaningful
correlation length cannot be extracted from the data. Such
AF correlations exhibiting similar spectra have been previ-
ously observed in, e.g., YMn2 where diffuse-scattering cen-
tered at half-Bragg positions develops into a single broad
diffuse peak.22–24

The data presented above show that FM correlations are
present at T�Ms and for their presence, long-range magnetic
ordering does not necessarily have to occur at a lower tem-
perature in the austenitic state, as in the case of
Ni50Mn40Sb10, or it may occur well above TC

A, as in the case
of Ni50Mn37Sn13. Because of the smaller cell volume and
therefore the smaller Mn-Mn separation in the modulated
martensitic state with respect to the cubic austenitic state in

these systems,7 FM exchange can be expected to weaken
below Ms. Indeed, the data show this directly as the vanish-
ing of FM correlations just below Ms and the concurrent
appearance of AF correlations. This is also accompanied by a
loss in the intensity in the magnetic scattering, particularly
for Ni50Mn40Sb10, which would correspond to a decrease in
the magnetic moment. However, because of the low incident
energy of the neutrons in the present experiments, integration
of the magnetic scattering over the Brillouin zone does not
allow an exact determination of the magnetic moment in the
austenitic and martensitic states.

One can additionally relate the present observations to
properties featured by Ni-Mn-based Heusler alloys in various
other experiments: the cause of the strong splitting of the FC
and ZFC branches in M�T� �Figs. 1�b� and 1�c��, the
“smeared” nature of the progress of FM ordering below TC

M,
as well as the more recently observed exchange-bias effects
at low temperatures in Ni-Mn-based martensitic Heusler
alloys,14,15 all being related to the presence of AF exchange,
is justified with the results of the present experiments.
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