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Abstract

We provide in-depth physical insight into the enhancement of the magnetic properties of
metamagnetic shape memory alloys produced by thermal treatment and cobalt doping. We use
neutron scattering to study the atomic order and magnetic structures in the austenitic phases of
NisoMnsalnie and NissCosMnszlngs alloys in two different states induced by thermal treatments. The
increase of the magnetization in the austenite phase, particularly by cobalt doping, is explained by the
enhanced ferromagnetic coupling between the magnetic moments located in octahedral sites. The
spin density maps obtained from polarized neutron diffraction reveal the magnetic interaction
pathways responsible for this coupling scheme.
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The vast interest and the widespread research effort dedicated to magnetic shape memory alloys
(SMAs) in the last two decades stems from their potential as multifunctional materials, based on the
interplay between a first-order structural transition — the martensitic transformation (MT) — and the
magnetic ordering.! Within these alloys, the so-called metamagnetic ones — Ni;MnX (X=In, Sn, Sb) —
present a particularly large variation in the magnetization (AM) associated to the MT, which allows
inducing the reverse MT with moderate magnetic fields.[1-4] Their applicability in areas like magnetic
refrigeration — based on magnetocaloric effect [5-7] — or in sensing — based on giant magnetoresistance
[8,9] —is therefore significantly improved. It appears straightforward that the control of the magneto-
structural properties and the comprehensive understanding of the physics of the system is crucial to
develop these materials. In this work, we focus in the magnetic coupling between magnetic atoms in
the different crystallographic sites, and how this coupling can be modified to produce improved
magnetic properties.

The MT in magnetic SMAs takes place between a high-symmetry cubic (Fm3m) ferromagnetic
austenitic phase and a magnetic martensitic phase with lower symmetry, giving different structures
depending of the composition.[10-14] The magnetic moments are mainly confined to the Mn atoms,
which are not nearest neighbors, the indirect exchange interactions being strongly dependent on the



interatomic distances.[15,16] In ordered stoichiometric NisoMn2sXzs all the Mn atoms locate in the 4a
sites of the austenite, with the moments aligned parallel. In off-stoichiometry compositions and/or
disordered structures, the ferromagnetic coupling is in principle reduced by the presence of Mn
moments at 4b sites that tend to couple antiferromagnetically.

Composition and atomic order are therefore key parameters that govern the magnetostructural
properties of these systems. In particular, Co doping in Ni-Mn-In and Ni-Mn-Sn metamagnetic SMAs
has been shown to increase both the Curie temperature (Tc) and the spontaneous magnetization of
the austenite by the enhancement of the ferromagnetic coupling,[17,18] while hindering the
ferromagnetic ordering in martensite, thus leading to an increase of the change AM at the MT and
consequently improving the magnetic properties relevant for applications.[2,19-21] On the other
hand, the Curie and MT temperatures, as well as the spontaneous magnetization, are particularly
sensitive to the long-range atomic order,[22-25] thermal treatments being one of the most direct ways
to tune such a parameter.

We have selected the NisoMnsalnig and NissCosMnszlngs alloys in two different states induced by
thermal treatments (water quenching, WQ, and slow cooling, SC) to study in detail the effect of cobalt
doping and atomic order in the magnetic properties of these metamagnetic SMAs in terms of the
magnetic coupling between the different magnetic moments. These alloys have been chosen by
balancing compositional similarity, transforming character (occurrence of MT), and available
temperature range in both paramagnetic and ferromagnetic austenitic phases. Besides, both specific
compositions have been extensively studied in the literature. Following the characterization of the
macroscopic magnetic behavior by magnetometry measurements, we have employed neutron powder
diffraction and single-crystal polarized neutron diffraction [26] to study in detail the atomic order and
magnetic structures in the austenitic phases of the alloys.

The ternary NisoMnislnig and quaternary NissCosMnssings alloys were synthetized from high purity
elements by arc-melting under protective argon atmosphere. The obtained bulks were homogenized
at 1173K during 24h and quenched in ice water or slow cooled in air in order to induce different atomic
order degrees. A single crystal of slow-cooled Nis;sCosMns7Inis alloy, grown by the Bridgman method
and cut into a small cube of 3 x 3 x 3 mm was used for the single-crystal neutron diffraction
experiments. The composition of the elaborated alloys was analyzed by EDS in a Jeol JSM-5610LV
Scanning Electron Microscope (SEM), giving NisoMnzslnig and NigsCosMnszlngs for the ternary and
quaternary powder samples, respectively, and NisssCossMnsgsiniza for the single crystal sample. The
macroscopic magnetic characterization of the alloys was performed using a Quantum Design MPMS
XL-7 SQUID magnetometer using powder samples. Additionally, magnetization measurements were
performed on a single crystal of the slow-cooled Nis;sCosMns7In13 alloy oriented with the magnetic field
parallel to the c-axis. Neutron diffraction experiments were performed in D1B (A=1.28A and 2.524) and
D2B (A=1.59A), powder diffractometers, D9 (A=0.8A and 0.5A) single-crystal diffractometer and D3
(A=0.8A) polarized-neutron diffractometer at Institut Laue-Langevin in Grenoble. The polarized
neutron diffraction measurements were carried out in paramagnetic austenite phase, with an applied
magnetic field along the c-axis. The data treatment was carried out using the programs of the Fullprof
Suite.[27] The maximum entropy method,[28] as implemented in Dysnomia program,[29] was used to
obtain spin density maps from the polarized neutron diffraction data.

Figure 1 shows the temperature dependence of the magnetization. On cooling from ca. 380 K, a second
order transition takes place, characterized by a significant increase of the magnetization of the alloy
and indicating the onset of the magnetic ordering (Tc). On further cooling, an abrupt decrease in the
magnetization reveals the occurrence of the MT, the first order character of this transition being
confirmed by the hysteresis observed on warming. Finally, at lower temperatures, changes in the



magnetic signal indicate different magnetic transitions depending on the composition and order
degree. The comparison of the curves of the four different samples (Fig. 1) reveals the effects of
thermal treatment and Co doping. Regarding the transition temperatures (Table 1), Co-doping
produces substantial increments in both the Tc and the MT. On the other hand, the thermal treatment
produces a marked displacement of the MT to lower temperatures and an increase of the Tc when
comparing SC with WQ samples. Concerning AM, Co-doping gives the most pronounced effect at low
fields, due to the substantial increase produced in the magnetization of the austenite phase (Fig. 1). If
we consider the saturation magnetization in this phase (M(H) curves in Fig. 1, inset), for powder
samples, atomic ordering (slow cooling treatment) and Co-doping are shown to produce a similar
increase of ca. 35 % with respect to the ternary WQ alloy, with the increment reaching ca. 60 % by the
combination of both in the SC quaternary alloy. This behavior is in concordance with previous
works.[18,19,24,30] The saturation magnetization obtained for a single crystal of the SC quaternary
alloy oriented with the applied magnetic field parallel to the easy magnetization axis is even 10 %
higher than for a powder sample.

The atomic order and the magnetic coupling in the austenitic phase of the studied alloys have been
analyzed by unpolarized neutron diffraction. The results, in the form of occupancies of the different
crystallographic sites and magnetic moments per site, are summarized in Table 1. The diffraction data
obtained correspond to the Heusler L2; structure with Fm3m space group. The occupancies have
been determined in the paramagnetic phase, assuming as starting point an ordered system. Then,
using soft restraints according to the composition of the alloys to reduce the number of free
parameters and taking advantage of the negative scattering factor of Mn, the different species were
allowed in all crystallographic sites. Since for some of the species the refined occupancy recurrently
gave negative or close-to-zero values, these were fixed to zero. In the case of the quaternary SC alloy,
powder and single crystal data have been combined, improving the reliability of the results. The refined
occupancies show how the atomic order increases in SC alloys with respect to WQ ones. In the SC
samples, a maximum atomic order is obtained, with the Mn atoms almost fully occupying the 4a sites
(only a small quantity of ca. 2% of In is refined in this positon) and practically all the available In and Ni
atoms located respectively in the 4b and 8c sites. The Mn atoms in excess with respect to the
stoichiometric composition complete the occupancy of the 4b site, while in the quaternary alloy the
Co atoms complete the occupancy of the 8c site, which is not fully occupied by Ni since the composition
of this alloy is defective in Ni with respect to the stoichiometric one. The atomic disorder in the ternary
qguenched alloy is driven by Ni atoms that are present in all sites, letting space for In in 8c site, with
some Mn migrating from 4a to 4b position to complete the occupancy of this last one. In the
qguaternary WQ alloy, Mn fully occupies the 4a sites and the excess of this species locates in the 4b
site. In turn, a certain amount of In and, to a lesser extent, Co, move from its corresponding site, being
both present in the 4b and 8c sites.

The measurements in the ferromagnetic austenite phase in both SC and WQ conditions were
performed at similar reduced temperatures (T/T. ~ 0.8) to allow comparison (ca. 245 K and 310 K for
the ternary and quaternary alloys, respectively). The low temperature patterns show an increase of
the intensity of some nuclear peaks (namely the (2 0 0) and the (1 1 1) reflections) due to a magnetic
ordering with a propagation vector k=0. This magnetic intensity (see insets in figure 2) gives a first
indication about the magnetic coupling, since the magnetic intensity ratio between the (2 0 0) and the
(11 1) reflections should increase as the coupling between the atoms in 4a and 4b sites becomes more
ferromagnetic. In line with the magnetometry results, Co-doping produces a noticeable increase of
the ferromagnetic coupling. In order to avoid correlations of the magnetic structure analysis with other
parameters, we have carefully extracted the magnetic intensity by subtraction of the data taken in the
paramagnetic phase. The magnetic integrated intensities have been used to obtain the magnetic
moments by the simulated annealing method,[31,32] and then these values have been applied in the



Rietveld fit of the diffraction patterns of the ferromagnetic phase, together with the site occupancies
determined in the paramagnetic phase. In order to reduce the number of free parameters, the
magnetic moments in the 8c site have been fixed to the values corresponding to Ni and Co atoms
carrying a moment of 0.2 and 1.0 up respectively, in accordance with theoretical calculations [33] and
with previous neutron diffraction studies.[18]

The analysis agrees with most of the magnetic moment being carried by Mn atoms, which locate only
in the octahedral 4a and 4b sites (table 1), with values approaching to 2 ug and 1 ug in the 4a and 4b
sites, respectively (similar results were reported by Brown et al. for the ternary NissMnailnis alloy)[12].
Although the absolute values of the magnetic moments can be affected by the weak magnetic signal
compared to the total intensity and the large error bars, several conclusions may be drawn by the
relative values. In the ternary alloys, the resultant overall coupling between magnetic moments in the
4a and 4b positions is ferromagnetic, but with a relatively lower value of the magnetic moment in the
4p position. When the atomic disorder and the defects are reduced by slow cooling thermal treatment
in the SC alloy, the total magnetic moment increases, with a marked increase in the 4a site and the
coupling of the moment in the 4b becoming slightly more ferromagnetic. The reduced presence of Mn
moments at 4b sites, which tend to couple antiferromagnetically,[18] appears as a possible cause for
the enhancement of the ferromagnetic coupling. Additionally, the thermal relaxation reduces the
strain and the antiphase boundaries in the sample and, as a consequence, favors the ferromagnetic
moments.[34] Yet the most pronounced effect in the coupling between 4a and 4b sites is that of Co-
doping, with values of the magnetic moment in the 4b sites markedly higher despite the higher amount
of Mn atoms in these sites with respect to the ternary alloy. In a similar way, in the NiMnSn system,[18]
it has been observed that Co-doping produces a substantial increase of the ferromagnetic coupling,
involving even a switch of the coupling between sites 4a and 4b from antiferromagnetic to
ferromagnetic. Finally, both effects add up in the ordered quaternary alloy when Co-doping is
combined with the slow cooling thermal treatment, resulting in enhanced magnetic moments with
stronger ferromagnetic coupling and giving a total increase of the total ordered magnetic moment
reaching ca. 60 % with respect to the ternary disordered alloy (similarly to the observed in the
macroscopic magnetization).

In order to gain more insight into the magnetic coupling and the interaction pathways in this system,
we have performed polarized neutron diffraction measurements on a single-crystal of the atomically
ordered NissCosMns7Ini3 alloy. The obtained spin density maps (Fig. 3) show the magnetic moments in
all sites polarized parallel, and therefore coupled ferromagnetically, in agreement with the unpolarized
neutron diffraction results above. From the spin-density between sites, one can deduce that the
stronger interaction occurs between 4a and 4b sites (see Fig.3), corresponding to a distance of a/2 in
the L2; cubic structure, followed in intensity by the interaction between 4a-4a or 4b-4b sites,
corresponding to a distance of a/N2. According to these maps, the interaction of 8c with the 4a and 4b
ones (distance a\/3/4) should be very weak, but of the utmost importance since the replacement of Ni
by Co, occurring mainly in the 8c position, has been seen to produce a significant increase in the
ferromagnetic coupling. The well-known Bethe-Slater curve, that qualitatively describes the variation
in the intensity of the direct exchange coupling as a function of the ratio of the interatomic distance to
the radius of the 3d electron shell,[35] can help understanding this behavior. When Co replaces Ni at
a given crystallographic position, the strength of the ferromagnetic interaction is increased due to its
bigger 3d electron shell radius. Also, DFT studies indicate that the ferromagnetic exchange interactions
become significantly stronger when Co occupies the 8c sites instead of Ni.[33] Consequently, the
introduction of Co, that mainly replaces Ni in 8c positions, enhances the overall ferromagnetic
interactions,[17] and since the moments in 8c positions tend to couple ferromagnetically with its



nearest neighbors in 4a and 4b sites, which in turn are coupled by strong interactions, this favors the
ferromagnetic coupling of the Mn moments.

In conclusion, the enhancement of the magnetic properties of metamagnetic Ni-Mn-In-based shape
memory alloys through thermal treatments and cobalt doping has been studied at the macroscopic
and microscopic levels by means of magnetometry and neutron diffraction measurements,
respectively. Magnetometry reveals an increase of both the magnetic ordering temperature and of
the variation in the magnetization associated to the martensitic transformation, which implies an
improvement of the magnetic properties relevant for applications. Neutron diffraction has been used
to investigate the origin of these effects by analyzing the atomic order and magnetic arrangement in
the austenite phase of NispMnsalnie and NissCosMnszIngs in two different atomic order states induced
by thermal treatments. The higher degree of atomic order, together with the reduction of strains and
defects induced by slow cooling thermal treatment produces an increase in the total ordered magnetic
moment and a slight enhancement of the ferromagnetic coupling between the magnetic moments
located in octahedral sites, while cobalt doping has a stronger effect in increasing the ferromagnetic
coupling, which explains the noticeable effect in the magnetization. The spin density maps obtained
from polarized neutron diffraction reveal the magnetic interactions responsible for this coupling
scheme. Despite the weak interaction of the moments in 8c sites with the rest of the magnetic
moments, Co, that mainly replaces Ni in 8c positions, tends to couple ferromagnetically with its nearest
neighbors in 4a and 4b sites (where the magnetic atoms are mainly Mn), which in turn are coupled by
strong interactions, favoring the overall ferromagnetic coupling.
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Table 1. Transition temperatures of the studied alloys. Nuclear and magnetic structure parameters
obtained by unpolarized neutron diffraction: occupancy and magnetic moment determined for 4a, 4b
and 8c sites. Calculated total magnetic moment obtained from neutron diffraction (m,;) and
macroscopic magnetization at 60kOe (mggr0e) Measured in the ferromagnetic austenitic phase.

Sites Magnetic
moment
MT | Tc 4a 4b 8c (ug/f.u.)
Alloy (K) | (K) Occ Up Occ Up Occ HB* | Mor |[Meokoe
Ni-Mn-In | 227 | 298 |0.94(1)Mn |1.76 (10)| 0.41(2)Mn | 0.65 (15) | 0.88(5)Ni | 0.176 |2.76(25)| 2.78
wQ 0.06(1)Ni 0.47(2)In 0.12(5)In
0.09(1)Ni
Ni-Mn-In | 190 | 309 |0.98(2)Mn (2.18 (17)| 0.38(1)Mn | 0.71 (16) | 1.00(5)Ni | 0.200 |3.29(33)| 3.74
SC 0.02(2)In 0.62(1)In
Ni-Co-Mn-| 305 | 360 |1.00(2)Mn [1.63(13)]|0.51(1)Mn |1.16(23)| 0.88(2)Ni | 0.268 |3.33(36)| 3.70
In WQ 0.47(1)In 0.09(6) Co
0.02(2)Co 0.03(4) In
Ni-Co-Mn-| 232 | ~395 |0.969(5)Mn|2.06 (12)]|0.484(5)Mn| 1.20 (19) |0.898(8)Ni| 0.274 |3.81(31)| 4.44
In SC (361 0.020(6)In 0.503(4)In 0.094(8)Co

*Magnetic moments for Ni and Co atoms fixed at 0.2 and 1.0 up respectively.
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Fig. 1. Thermomagnetization curves at 100 Oe applied magnetic field. Inset: Magnetization
dependence with applied magnetic field in austenitic ferromagnetic state (ca. 265 K and 310 K for the
ternary and quaternary alloys, respectively).
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Fig. 2. Powder neutron diffraction patterns of NisoMnsalnig and NissCosMnszInis in the different
thermal treatment states measured in ferromagnetic austenitic phase. Red symbols represent the
experimental data (contamination from aluminum of the sample environment around 2.7 A has

been removed from the diffractograms). Black and blue lines represent the observed, calculated and
difference patterns, respectively; the green marks indicate the Bragg reflections. Insets: Calculated
magnetic intensity contribution for the (11 1) and (2 0 0) reflections.
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Fig. 3. Spin density obtained by maximum entropy method in (110) and (001) planes for
NissCosMnszIngs single crystal measured in paramagnetic austenite phase (450 K), with an applied
magnetic field of 8 Tesla along the c-axis.



