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Uniaxial-stress tuned large magnetic-shape-memory effect in Ni-Co-Mn-Sb

Heusler alloys

C. Salazar Mejia,"® R. Kiichler,"? A. K. Nayak, ' C. Felser,' and M. Nicklas'"’
"Max Planck Institute for Chemical Physics of Solids, Nothnitzer Str. 40, 01187 Dresden, Germany
2Experimental Physics VI, Center for Electronic Correlations and Magnetism, University of Augsburg,

Universitdtsstr. 2, 86135 Augsburg, Germany

3Max Planck Institute of Microstructure Physics, Weinberg 2, 06120 Halle, Germany
(Received 9 December 2016; accepted 31 January 2017; published online 14 February 2017)

Combined strain and magnetization measurements on the Heusler shape-memory alloys
NiysCosMn3gSb;, and NigyCogMnsgSby, give evidence for strong magneto-structural coupling. The
sample length changes up to 1% at the martensitic transformation, between a ferromagnetic, austen-
itic phase at high temperatures and a weakly magnetic, low-symmetry martensitic phase at lower
temperatures. Under moderate uniaxial stress, the change in the sample length increases to and satu-
rates at about 3%, pointing to stabilization of a single martensitic variant. A reverse martensitic
transformation can also be induced by applying magnetic field: we find that within the temperature
range of thermal hysteresis of the martensitic transformation, applying a field can induce a metasta-
ble expansion of the sample, while at slightly lower temperatures, the field response is reversible.
These findings provide key information for future use of Ni(Co)-Mn-Sb-based Heusler compounds
in, e.g., actuators and mechanical switches. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4976212]

Magnetic shape memory (MSM) alloys have attracted a
large amount of attention in the recent years.' The diverse
potential applications of their non-magnetic counterparts are
extended in the MSM alloys since the magnetic field can be
used to control the shape-memory effect. Applications as
sensors, actuators, and energy harvesters among others are in
the focus of current research.”™* Ni-Mn-based Heusler alloys
are known to exhibit a MSM effect. In Ni-Mn-Ga alloys,
MSM effects up to a field-induced change in the sample
length of 12% have been reported,” which originate from the
re-orientation of variants in the martensitic state.”® In the
Ni-Mn-Z series, where Z can be Sb, Sn, or In, the MSM
effect has its origin in a magnetic-field-induced martensitic
transformation (MT), which is connected to a metamagnetic
transition.®'* Values up to about 1% change in the sample
length have been observed in polycrystalline Ni-Co-Mn-Sn.®
Superelasticity (or two-way MSM effect) has been reported
for Ni-Mn-In alloys."* In the case of the magnetic-field-
induced MT, the change in the shape of the material arises
from the difference in the volume of the austenitic and mar-
tensitic phases, being that the martensitic phase possesses a
smaller volume than the austenitic phase. Additionally, the
difference in the volume between the austenitic and martens-
itic phases makes these materials sensitive to application
of external pressure. Pressure stabilizes the martensitic
phase, and therefore, the MT shifts to higher temperatures.'”
Furthermore, it has been reported that already small pressures
can improve the magnetocaloric effect'® or lead to large baro-
caloric'” or elastocaloric effects.'®° The combination of
pressure and magnetic field tuning offers further possibilities
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due to the fact that both act opposite on the MT, i.e., pressure
favors the martensitic while the magnetic field stabilizes the
austenitic phase.'®?!=%3

The series of Nisg_,Co, Mn33Sb;, Heusler alloys has
been widely studied.*** Depending on the Ni and Co com-
position, the materials exhibit a ferromagnetic transition in
the high-temperature cubic austenitic phase followed by a MT
at lower temperatures that drives the system to a weakly mag-
netic low-symmetry orthorhombic structure. With increasing
Co content, the MT temperature decreases while the Curie
temperature increases.”’ Ni-Co-Mn-Sb Heusler alloys have
been shown to exhibit, among other phenomena, exchange
bias,?® giant magnetocaloric effect at room temperature,®*’
pressure-tuned MT,** reentrant spin-glass behavior,?® kinetic
arrest,? and elastocaloric effect.®?

In this work, we have studied the magnetostructural
properties of two alloys from the series Nisg_,Co,Mn3gSb;,
with the Co concentrations, x=235 and 6, by strain, i.e., the
relative change in the sample length, and magnetization
experiments. We found length changes of more than 1% at
the temperature and magnetic field induced MT. Within the
MT hysteresis region, small changes in temperature have
strong consequences on the observed properties. They can
lead to either reversible or irreversible behaviors in the field
dependence of strain and magnetization. In particular, a
metastable length change can be induced by magnetic field
in a narrow temperature region and canceled again by a
small change in temperature. Furthermore, the length change
at the MT can be strongly enhanced and optimized by the
application of moderate uniaxial stress.

Polycrystalline ingots of Nisg_,Co,Mn3zgSby,, x=5 and
6, were prepared following Ref. 27. XRD data confirm a sin-
gle cubic austenitic phase at room temperature as previously
reported.”®?° Magnetization measurements were performed
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in an MPMS3 (Quantum Design). A miniaturized high-
resolution capacitance dilatometer was used to carry out tem-
perature and magnetic field dependent strain measurements.>*
The experiments were conducted in a PPMS (Quantum
Design) equipped with a 7 T superconducting magnet. The
change in the length was recorded parallel to the direction of
the magnetic field. In addition, strain was measured under
uniaxial stress in an exchange-gas cryostat.”> Samples of 1 to
2 mm length were used in the strain experiments.

The temperature dependence of the magnetization M(T)
and strain, expressed as the relative change in the sample
length AL(T)/Ly = [L(T) — Lo]/Lo (Lo is the length of the
sample at room temperature), for NiysCosMnzgSbi, and
Niy4CogMn3gSby, are presented in Fig. 1. The MT is clearly
visible as a step-like feature in both physical properties.
Table I summarizes the characteristic temperatures of the
MT extracted from our data.

We will first briefly discuss the magnetic properties of
our samples before we turn to the results of the strain experi-
ments. At the MT, upon cooling, NiysCosMn3zgSb;, exhibits
an abrupt change from a large magnetization in the ferromag-
netic austenitic phase to a small magnetization in the martens-
itic phase (see Fig. 1(a)). The MT is completely reversible
with a thermal hysteresis of about 10 K. Application of a mag-
netic field leads to an almost linear shift of the MT toward
lower temperatures by —1.7 K/T. This is a rather weak field
dependence compared with other Heusler alloys.’® Upon
increasing field, the magnetization in both austenitic and mar-
tensitic phases increases considerably and, more remarkably,
the size of the step in magnetization at the MT is strongly
enhanced. A similar behavior is observed for NigCogMnzgSb;,
as displayed in Fig. 1(c). The response of the MT to a magnetic
field is slightly stronger in NigCogMnsgSby, than in
Niy5CosMnsgSby,: the MT shifts with a rate of —2K/T. The
increase of the Co-concentration does not significantly alter
the general properties, except for the shift of the MT to lower
temperatures, which is accompanied by a marked increase of
the magnetization, as previously reported.?’

We now turn to the strain studies. The data were taken
on both Co-concentrations using the same measuring protocol
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FIG. 1. (a) and (c) Magnetization M(T) and (b) and (d) strain AL(T)/L, for
NiysCosMn;gSby, and NigyCogMn3gSby o, respectively, in different magnetic
fields. Solid symbols indicate data obtained upon cooling, while open sym-
bols correspond to data taken upon heating.
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TABLE I. Characteristic temperatures of the MT. T, and T, correspond to
the inflection points in the cooling and heating curves, respectively. The
martensitic start and finish temperatures upon cooling, M, and My, and the
austenitic start and finish temperatures upon heating, A; and Ay, are deter-
mined from the corresponding onsets in M(T) and AL(T) /Lo, respectively.

Ty (K) TyxXK) M;K) MK) A;K) Ar(K)
Ni45C05Mn3ng12
magnetization 255.0  263.1 255.8  253.8 2613 2639
strain 2549 2644 2556 2544 2625 2654
Ni44C06Mn3ng 12
magnetization 218.7 226.1 220.0 2149 2217 229.1
strain 219.2 2288 2209 2186 227.6 230.1

as in the magnetization experiments. Upon cooling in the
zero magnetic field, NizsCosMn3gSb;, exhibits a contraction
of ALyt /Ly = —1.0% at the MT. Here, L is the length of the
sample before the transition. The change in the length is
reversible, i.e., the sample recovers its original length after
subsequent heating. The shift of the step-like feature toward
lower temperatures is in good agreement with the magnetiza-
tion data (see also Table I). NigsCosMn3gSby, exhibits upon
cooling a reversible contraction of ALyr/L; =~ —0.4% at the
MT. For both samples, ALyt /L is not sensitive to the appli-
cation of magnetic fields. This is in contrast to the magnetiza-
tion data, where the change in magnetization at the MT is
strongly enhanced by magnetic field.

In Nisp_,Co, Mn3gSb,, a reverse MT can be induced by
application of a magnetic field.'"*® In this series, the field-
induced reverse MT can be observed down to liquid helium
temperatures.” However, here we focus on the temperature
region close to the thermal MT. Figure 2 presents the magne-
tization M and strain AL/L; (L; is the initial length of the
sample before the application of a magnetic field) data at
255 and 258K for NiysCosMn3gSby, as a function of mag-
netic field. To exclude irreversible effects due to the thermal
history, the sample was heated up to 320K and then cooled
down to 100K before heating to the measuring temperature.
The magnetization as well as the change in strain was
recorded at constant temperature by sweeping from O up to
70 kOe, then to —70 kOe, and back to zero again. This cycle
was then followed by a second one.

In the vicinity of the thermal MT, a magnetic field of
7T is large enough to induce the full magneto-structural
transition from the martensitic phase to the austenitic phase
in NigsCosMn3gSby,. The measuring temperatures were cho-
sen in a way that the higher one is My < T < A, i.e., after
the initial field sweep, the sample is expected to stay in the
austenitic phase. The lower temperature is smaller than M.
Therefore, all or most of the sample is supposed to convert
back to the martensitic phase again upon removing the field.
In NigsCosMnsgSby,, the critical field Hjjel required to
induce the MT in the virgin curve is significantly larger than
|Hyr| in the following field sweep (see Fig. 2(a)), i.e., at
255K it decreases from Hitial = 47 kOe to |[Hyr| = 42 kOe.
This indicates that at this temperature not the complete aus-
tenitic phase converts back to the martensitic phase upon
removing the field. The hysteresis in H,,7 between increasing
and decreasing field is large, about 34 kOe at 255 K. After
the initial field sweep, we find an almost reversible behavior
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FIG. 2. Magnetization M(H) and strain AL(H)/L; of NissCosMn3gSbi,
recorded at constant temperature. L; is the length of the sample before the
application of the magnetic field. (a) and (b) Hysteresis loops of M and AL/L;
at 255 and 258 K. Open and closed symbols indicate the first and second
cycles, respectively. (c) AL(H)/L; at different temperatures between My and
A,. The inset illustrates the temperature dependence of the magnetization.

in the M(H) curves. We note that NigysCosMn;gSbi, behaves
similar (not shown).

Strain curves were recorded following the same protocol
as used for the magnetization. For NiysCosMn3gSby,, the
results are presented in Fig. 2(b). In addition to the strong
variation in magnetization, the field-induced MT also leads
to a large change in the length of the sample. At 255K,
NiysCosMnsgSby, exhibits a change in the length due to the
initial application of a magnetic field of AL /1, ~ 1.0%.
A remanent expansion of AL}Y./L; ~ 0.2% remains after
the removal of the field. This can be understood since My
< 255K < My, and therefore, some part of the sample
remains in the austenitic phase. AL}}}./L; stays almost con-
stant in the subsequent cycles. As expected, the size of the
length change observed in the initial curve is comparable
with the value recorded for the temperature controlled MT
shown in Fig. 1.

In contrast to the data obtained at 255K (T < M), the
results at 258 K, a temperature that is in between M and A,
(see inset of Fig. 2(c)), display a completely different behav-
ior in magnetostriction as well as in magnetization. The ini-
tial application of the magnetic field leads to an expansion
due to the reverse MT. However, the length of the sample
stays almost constant in the subsequent field sweeps, indicat-
ing that the MT does not take place anymore since the sam-
ple stays in the austenitic phase. This is in agreement with
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the magnetization data taken at the same temperature (see
Fig. 2(a)). As shown in Fig. 2(c), upon increasing the tem-
perature further toward A, the onset of the length change
decreases considerably from about 47 kOe at 255K to only
6.5 kOe at 262K, which is about the austenitic starting tem-
perature A;. We note that at 262 K the change in the length is
already slightly reduced, indicating that in the zero magnetic
field, already a small part of the sample is in the austenitic
phase. We point out that the results for NigyCosMnsgSby, are
very similar (not shown). The reversible change in strain of
around 0.8% is larger than previously reported for other Ni-
Mn-based Heusler alloys, such as NisyMn3sIn;s with 0.25%
(Ref 37) and Ni45C05Mn37In13 with 04‘%)38

The application of uniaxial stress p,, shifts the MT toward
higher temperatures and leads to an increase in ALy /L for
Ni45CO5MIl3gsb12 and Ni44C06Mn385b12. AL(T) /L() obtained
under different uniaxial stresses upon heating and cooling are
shown in Fig. 3. We find that the overall shape of the curves
does not change due to the application of uniaxial stress. The
shift of the MT toward higher temperatures upon increasing
P 1s expected, since external (hydrostatic) pressure stabilizes
the martensitic phase due to its smaller volume compared
with the austenitic phase.”*”> After the initial heating run, the
samples almost completely recover their initial length upon
the subsequent cooling. We note that the width of the MT
increases upon increasing p,. This broadening is mainly
caused by a variation in the applied uniaxial stress due to the
change in the length of the sample at the transformation.*’

Figure 4 displays ALyr(T)/Ls obtained during cooling
and heating cycles as a function of the applied uniaxial stress
for Ni45C05Mn3ng12 and Ni44CO6Mn3gsb12. Initially, for

|
200 220 240

FIG. 3. Strain AL(T)/Lo under uniaxial stress for (a) NizsCosMn3gSb;, and

(b) NiggCosMn3gSby,. Open and closed symbols indicate data taken upon
heating and upon cooling, respectively.
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FIG. 4. Relative length change of the sample at the MT |ALyz /L] as a func-
tion of the applied uniaxial stress p, for (a) NigsCosMn3zgSbi, and (b)
NigsCosMn3gSby,. Ly is the length of the sample before the MT. Triangles
and circles correspond to data recorded upon cooling and upon heating,
respectively. The uniaxial stress was applied at room temperature, followed
by cooling the sample to 150 K and, after stabilizing the temperature, record-
ing AL(T) upon heating followed by a cooling run.

both investigated materials, ALyr(p,)/Ls increases almost
linearly up to p, ~ 20 MPa. This is mainly caused by a
shrinking of the sample in the martensitic phase upon increas-
ing the uniaxial stress (see Fig. 3). Upon increasing the
stress further, ALyr(p,)/Ls displays a trend to saturation. In
NiysCosMn3gSby,, we find an almost constant change in the
length of the sample up to 40 MPa, before ALyr(p,)/Ls sud-
denly drops. This drop can be related to the formation of
cracks in the sample and is not an intrinsic property of the
material.

The application of uniaxial stress leads to a significant
enhancement of the expansion (contraction) at the MT com-
pared with the unstressed samples by a factor of 1.8 and
7 for NiysCosMn3zgSby, and NigyCogMn3gSb,, respectively.
Despite this large difference in the magnitude of the
enhancement factor, the maximum observed expansion (con-
traction) is comparable within the experimental uncertainties
in both samples.

The previously described findings in NiysCosMn3gSby,
and NigyCogMnsgSby, originate in the strong coupling of
structural and magnetic properties present in the Ni-Mn-
based Heusler materials. As a consequence, in the vicinity of
the MT already small variations in temperature may lead to
the observation of either reversible or irreversible behaviors.

The irreversibilities in magnetization and strain data
found at temperatures at and below the MT result from a
kinetic arrest of the austenitic phase.''*® Upon cooling
through the MT, some part of the austenitic phase is retained,
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even at temperatures much below the MT. Since the austen-
itic phase possesses a larger magnetization than the martens-
itic phase, the magnetization below the MT increases with
field due to the presence of the arrested austenitic phase.
However, no effect on the strain data AL(T)/Ly is visible in
the applied field, i.e., ALyt /L, does not suffer a significant
change in magnetic fields. In the case of an arrested austen-
itic phase, ALyt /Ly is expected to decrease upon increasing
field. This is in contrast to our observations. On the other
hand, depending on the orientation of the magnetic field with
respect to the different martensitic variants in the sample,
the application of a magnetic field can also lead to an
increase (or a decrease) in ALy /Ly, i.e., if the direction of
the magnetic field coincides with the easy magnetization
axis (or not).*® Our results suggest that, in the Ni-Co-Mn-Sb
materials, the effect of the austenitic arrest counteracts the
alignment of the martensitic variants upon increasing mag-
netic field.

We now turn to the response to magnetic field at con-
stant temperature. The reverse field-induced MT is com-
pleted in our experiments, i.e., the sample transforms from a
fully martensitic phase to a fully austenitic phase upon
increasing magnetic field, which is accompanied by a pro-
nounced increase in magnetization and strain. The step-like
features visible in AL(H)/L; upon increasing magnetic field
might be related to the reorientation of martensitic variants.
Upon removing the field again, the magnetization and strain
behavior depend sensitively on the measuring temperature.
In case the experiment is conducted at a temperature below
M, the sample recovers almost its initial length. Only for
M; < T < M,, some remanent change in the length AL}, /L,
remains, since part of the sample stays in the austenitic phase
and a mixed martensitic-austenitic phase is reached at zero
field. In contrast to this superelastic or two-way MSM effect,
if the experiment is performed at M; < T < A;, inside the
hysteresis region, a one-way MSM effect takes place: the
sample stays in the austenitic phase upon removing and
applying a negative magnetic field. We have produced a
metastable elongation of the material, which can be easily
reversed by a small decrease in temperature.

Uniaxial stress can be utilized to further optimize the
strain response at the MT. ALy /L; is considerably enhanced
by the application of uniaxial stress. Despite a large difference
in ALy /Ly at zero stress, ALyt (p,) /Ly saturates at about the
same value for both investigated concentrations. The applied
stress breaks the degeneracy associated with the symmetry-
allowed martensitic variants.'® Therefore, increasing uniaxial
stress favors the formation of a single martensitic variant. The
observed saturation in ALy (p,)/Ls suggests that this single
variant is established above 20 MPa. In Nisy_,Co,Mn3gSb,,
x=3 and 4, no saturation was reported up to 100 MPa,
but the observed change in strain is also still below the maxi-
mum value in our experiments on NiysCosMnszgSby, and
Ni44C06Mn388b12.33

To Conclude, Ni45C05Mn385b12 and Ni44C06Mn3ng12
display a pronounced step-like change in sample length at
their respective temperature and field-induced MT of up to
AL}{,’;T&&I /Lo ~ 1%. This value can be strongly enhanced to
ALM /1 ~ 3% by the application of external uniaxial
stress, which facilitates the formation of a single martensitic
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variant in the material. Thus, Nisg_Co,Mn3gSb;,, x=15 and
6, are among the Ni-Mn-based MSM alloys the materials
with the largest strain response at the MT. In the vicinity of
the temperature controlled MT, either a one- or two-way
MSM can be generated by the magnetic field depending on
small variations in temperature. The metastable length
change created by the one-way MSM can be reversed by
only a small reduction in temperature bringing the material
in the region of the two-way MSM. This behavior, where a
slight difference in temperature changes drastically the
response of the sample, indicates the large potential these
materials have for prospective applications as actuators, sen-
sors, and mechanical switches. The chemical flexibility of
the Heusler family further opens the possibility to use ele-
mental substitution, in addition to uniaxial stress and mag-
netic field, to further optimize the structural and magnetic
properties.
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support by the German Science Foundation through the Project
No. KU 3287/1-1.
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