Giant barocaloric effect in all-d-metal Heusler shape memory alloys.
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We have studied the barocaloric properties associated with the martensitic transition of a shape
memory Heulser alloy NisoMns; 5Ti1s.5 which is composed of all-d-metal elements. The compo-
sition of the sample has been tailored to avoid long range ferromagnetic order in both ausenite
and martensite. The lack of ferromagnetism results in a weak magnetic contribution to the total
entropy change thereby leading to a large transition entropy change. The combination of such a
large entropy change and a relatively large volume change at the martensitic transition gives rise to
giant barocaloric properties in this alloy. When compared to other shape memory Heusler alloys,
our material exhibits values for adiabatic temperature and isothermal entropy changes significantly
larger than values reported so far for this class of materials. Furthermore, our NisoMns;.5Ti1s.5 also
compares favourably to the best state-of-the-art magnetic barocaloric materials.

PACS numbers: 64.70K,75.30 Sg

I. INTRODUCTION

Shape memory materials undergo a martensitic tran-
sition from a high temperature high symmetry cubic
phase (austenite) to a low temperature lower symme-
try close-packed phase (martensite). The occurrence of
this structural transition confers these alloys a unique
thermomechanical behaviour which is at the origin of
a series of functional properties such as shape memory,
pseudoelasticity and superelasticity'. More recently, gi-
ant magnetocaloric®?® and mechanocaloric effects®® have
also been reported to occur in shape memory alloys
which make them excellent candidates for environmen-
tally friendly solid state refrigeration technologies®”.

For non magnetic alloys, the structural change at the
martensitic transition is mostly described by a shear of
{110} planes along the [110] direction of the cubic phase,
with a negligible volume change®. Therefore the marten-
sitic transition in these alloys is strongly sensitive to uni-
axial stress (either compressive or tensile) but almost
insensitive to hydrostatic pressure, and these alloys ex-
hibit giant elastocaloric effects but negligible barocaloric
effects?. However, in magnetic shape memory alloys the
strong coupling between magnetism and structure re-
sults in noticeable volume changes at the phase transition
which may give rise to giant barocaloric effects®.

In their austenitic phase most magnetic shape memory
alloys exhibit a Heusler structure with d-group elements
(Ni and Mn) at the 8¢ (Ni) and 4a (Mn) positions (in
Wyckoff notation), and p-group atoms (Ga, Sn, In,...)
at the 4b positions'®. Recently magnetic shape mem-
ory Heusler alloys have been developed with all-d-metal

elements'™'2. In these alloys Ti replaces p-group ele-

ments and it has been proved that the d-metal Ti pro-
vides a stabilization of the Heusler structure by d-d hy-
bridization between Ti at 4b position and its nearest-
neighbour element at the 8c or 4a position'?. An in-
teresting property of these all-d-group magnetic shape
memory alloys is the large relative volume change at their
martensitic transition which is significantly larger than
for any other magnetic shape memory alloy. This pecu-
liarity points to a marked sensitivity of the transition to
the application of mechanical stresses, and particularly to
an hydrostatic pressure, thereby making these materials
excellent candidates to exhibit giant barocaloric effects.

The giant magnetocaloric and mechanocaloric effects
exhibited by shape memory alloys originate from the
first-order martensitic transition which involves a signif-
icantly large entropy change (AS;). While in non mag-
netic alloys the entropy is mainly due to lattice vibra-
tion (phonon contribution), in magnetic shape memory
alloys there is also a contribution from magnetic degrees
of freedom which usually competes with the vibrational
term'3, in such a way that the transition entropy change
decreases as the austenite becomes more and more fer-
romagnetically ordered'®. This competing scenario pro-
vides a dilemma'® because on the one hand large entropy
changes are desirable for caloric effects but on the other
hand large magnetization and volume changes are also
required for a good tunability of the transition temper-
ature with external field and pressure. While magnetic
order seems to be unavoidable to achieve giant magne-
tocaloric properties, it would be desirable to find shape
memory alloys with large volume changes and weak mag-



netic order since they would exhibit enhanced barocaloric
properties. In this work we report on a material meeting
these requirements.

We have developed a Heusler alloy formed by all-d-
elements (Ni, Ti and Mn). The composition has been
tailored such that the alloy undergoes a martensitic tran-
sition slightly below room temperature. The interplay
between magnetism and structure results in a relatively
large volume change at the martensitic transition. How-
ever, the absence of ferromagnetic order results in a weak
magnetic contribution to the entropy giving rise to a large
transition entropy change. It is shown that this combina-
tion of large entropy and volume changes at the marten-
sitic transition brings about outstanding barocaloric per-
formances to this alloy.

II. EXPERIMENTAL DETAILS

Polycrystalline button ingots were prepared by arc-
melting pure Ni, Mn and Ti elements in a high-purity
Ar atmosphere. A small amount of B was also added
to enhance the grain boundary cohesion and to improve
the mechanical properties'®. The ingots were sealed
into evacuated quartz tubes and annealed at 1173 K
for 48 h to ensure homogenization, followed by water
quenching. The nominal composition of the sample was
(Ni50Mn31,5T118,5)99,8B0,2. For the sake of simplicity in
the following we will label our sample NisoMns; 5Ti;5.5.

A sample with dimensions 8.86 x 8.81 x 5.92 mm?
was cut from the ingot for calorimetric measurements
under hydrostatic pressure (barocaloric measurements).
Smaller samples were also cut for conventional differen-
tial scanning calorimetry (DSC) and magnetic measure-
ments. A number of these small samples were ground
to produce powder for x-ray measurements. These pow-
dered samples were further annealed under vacuum at
773 K for 5 h in order to minimise internal strains.

High-pressure powder diffraction experiments were
performed at beamline BL04-MSPD at CELLS-ALBA
synchrotron using a monochromatic beam of A = 0.4246
A7, The beamline is equipped with Kirkpatrick-Baez
mirrors to focus the x-ray beam down to 20 x 20 pm?
(FWHM). The sample was loaded into a membrane dia-
mond anvil cell (DAC) of 400 pm culet size. The pressure
chamber was a 200 pum hole drilled on a 45-um prein-
tented stainless steel gasket. NaCl powder was used as
pressure marker'®. A cryostat was used to control the
temperature of the DAC. The sample-to-detector dis-
tance (200 mm) and the beam centre position were cal-
ibrated using FIT2D software'® from LaBg diffraction
data measured in the same conditions as the sample.

Conventional DSC measurements were performed with
a Q2000 TA Instruments calorimeter, and magnetic
measurements were performed using Superconducting
Quantum Interference Device (SQUID) magnetometer.
For the thermomagnetization measurements, the heat-
ing and cooling rates were 1 K min—'. Calorimetry un-

der hydrostatic pressure was carried out by means of
a bespoke experimental device based on a Cu-Be pres-
sure cell (operating up to 6 kbar) adapted as differ-
ential thermal analyser (DTA) by using Peltier mod-
ules as thermal sensors?®. DW-Therm MO0.200.02 (Hu-
ber Kiltemaschinenbau GmbH) was used as pressure-
transmitting liquid. The temperature was controlled by
an external circulating thermal bath (Lauda Proline RP
1290, 183-473 K) and typical temperature rates of ~ 2 K

min~! were chosen.

IIT. RESULTS AND DISCUSSION
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FIG. 1: (a) Differential scanning calorimetry curves on cool-
ing (bottom curve) and heating (upper curve) runs. (b) Tem-
perature dependence of the magnetization measured under
different applied magnetic fields. (¢) Inverse of the magnetic
susceptibility as a function of temperature (line is a linear fit
to the data in the austenitic phase). (d) Isothermal magne-
tization as a function of magnetic field in austenite (green)
and martensite (blue). Black solid line corresponds to the
predicted Curie-Weiss behaviour computed using 7. and p
determined from susceptibility data.

DSC curves taken at a temperature rate 5 Kmin~!

across the martensitic transition of NiggMnsq 5Ti18.5 are
shown in Fig. 1la. Lower curve corresponds to the
exothermal transition on cooling (forward martensitic
transition) and upper curve, to the endothermal transi-
tion on heating (reverse martensitic transition). By tak-
ing the characteristic transition temperature (7}) as the
peak temperature of each DSC curve we obtain 243 K
and 255 K for the forward and reverse transitions, re-
spectively, with a 12 K thermal hysteresis. The latent
heat of the transition is obtained by integration of DSC
curves, with values of -20.8 & 1.0 kJ kg=! and 19.4 & 1.0
kJ kg~!, which correspond to transition entropy changes
(AS;) of -85 £ 6 J kg ! Kt and 76 £ 5 J kg=! K~! for



the forward and reverse transitions, respectively,.

Fig. 1b shows the temperature dependence of the mag-
netization upon cooling and heating at selected values of
the magnetic field. The martensitic transition is clearly
observed as a sharp decrease (increase) in magnetization
on cooling (heating). For the studied range (up to 5 T)
there is no noticeable shift in the martensitic transition
with magnetic field, and transition temperatures are in
good agreement with those determined from DSC. Fig.
1c displays the inverse of magnetic susceptibility x ! as
a function of temperature computed from magnetization
data at 5 mT. The linear increase of x~! with increas-
ing temperature observed at high temperatures points to
a paramagnetic behaviour of the austenite. A fit of a
Curie-Weiss dependence to the data renders a magnetic
moment per formula unit 4 = 5.6 up and a paramag-
netic Curie temperature T, = 74 K. It is worth noticing
that T, can be affected by a considerable error because
it is obtained from the extrapolation of a linear fit to a
set of data which are at temperatures far from 7T,.. In
the austenitic phase the magnetization linearly increases
with magnetic field, as illustrated in Fig. 1d, which shows
measured isothermal magnetization at 270 K as a func-
tion of magnetic field. Actually, the reliability of p and
T. derived from low field susceptibility data is confirmed
by the excellent agreement found between experimental
M vs H data (solid green symbols) and the predicted
Curie-Weiss behaviour using ¢ = 5.6 up and 7T, = 74 K
, which is plotted as a black line in Fig. 1d. Further-
more it has been reported that the austenitic phase of
NisoMnsg_, Ti, is antiferromagnetic for x > 20 [11]. For
our sample x = 18.5 and the austenitic phase is paramag-
netic. Magnetization in martensite is significantly lower
than in austenite, and although the isothermal magneti-
zation (at 230 K) also increases linearly with increasing
magnetic field (with a slope lower than in austenite) the
lack of paramagnetic behaviour in x~! and the weaker
magnetic field dependence of the magnetization point to
the existence of antiferromagnetic correlations in marten-
site, as reported for the martensitic phase in other mag-
netic shape memory alloys?!

Diffraction patterns recorded at high temperature (299
K) and low temperature (200 K) and atmospheric pres-
sure are shown in Fig. 2a. The austenite can be in-
dexed as a cubic (Fm3m) structure and the martensite
is well described by an orthorhombic structure (Pmma).
The lattice parameters were obtained by identifying the
peak positions and using Win_Afmail software (included
in Win_Cell package)?2. We obtained a = 5.938(2) A, for
the cubic austenite, and a = 8.544(43) A, b = 5.523 (35)
A, and ¢ = 4.376(18) A, for the orthorhombic martensite.
Diffraction patterns were also recorded along one isobaric
cooling ramp at atmospheric pressure (Fig. 2b) and at
9 kbar (Fig. 2c). At room temperature and atmospheric
pressure the sample is in the austenitic state (with a
small amount of retained martensite) and below ~215 K
diffraction peaks from the low temperature orthorhombic
phase begin to develop. At the lowest temperature the
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FIG. 2: (a) Diffraction patterns in the austenite (299 K, black
line) and in the martensite (200 K, red line), with indexation
of the peaks corresponding to the cubic (black labels) and
orthorhombic (red labels) phases for austenite and marten-
site, respectively. Peaks from NaCl and MnO are also indi-
cated. (b) and (c) isobaric evolution of selected diffraction
patterns obtained on cooling at atmospheric pressure and un-
der 9 kbar, respectively. (d) Normalized number of counts of
the 220 peak of the cubic phase as a function of temperature
for atmospheric pressure (black squares) and for 9 kbar (red
circles). Lines are guides to the eye. For clarity only a typical
error bar is shown for each run.

sample is in the orthorhombic phase although a small
peak from the cubic austenite is still present. For an
applied pressure of 9 kbar the sample is predominantly
in the austenitic phase at room temperature. There is
some presence of martensitic phase in a larger amount
than at atmospheric pressure. Upon cooling, diffracion
peaks from the martensitic structure start to grow at 7' ~
265 K, and at the lowest measured temperature (200 K)
the sample is in the martensitic phase.

A simple and straightforward analysis of the evolution
of the martensitic transition can be achieved by monitor-
ing the intensity of the 220 cubic peak. In Fig. 2d we plot
the number of counts normalized by the value at ambient
temperature, for atmospheric pressure and 9 kbar. The
shift of the martensitic transition towards higher temper-
atures with applied pressure is clear from the data. The
transition at atmospheric pressure is sharp, but under
applied pressure it spreads over a broader temperature
range. The spreading of the transition is not a partic-
ular effect of Ni-Mn-Ti but rather it is related to non



hydrostatic stress due to the choice of NaCl as a pressure
transmitting medium.
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FIG. 3: Calorimetric curves at selected values of applied hy-
drostatic pressure recorded during heating (a) and cooling (b)
runs. Entropy (with respect to the entropy at 7o = 220 K)
as a function of temperature for selected values of applied
hydrostatic pressure for heating (c) and cooling (d) runs.
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FIG. 4: (a) Transition temperature and (b) transition entropy
change as a function of pressure. Blue symbols stand for
the forward transition and red symbols stand for the reverse
transition. Lines are linear fits to the data.

Illustrative examples of the baseline-corrected calori-
metric curves obtained under constant hydrostatic pres-
sure are shown in Fig. 3a (heating runs) and Fig. 3b
(cooling runs). Application of pressure shifts the marten-
sitic transition to higher temperatures, as shown in Fig.

4a where we plotted the peak temperature of calorimet-
ric curves as a function of hydrostatic pressure, for both
forward and reverse martensitic transitions. The increase
in transition temperatures is linear, with slopes d7'/dp =
3.2 4+ 0.1 K kbar~! and dT'/dp = 1.9 + 0.1 K kbar~* for
forward and reverse transitions, respectively.

The transition entropy change is computed as

21 dg
AS; = ——dT 1
: AHTM W
where % = %, and T7 and T3 are freely chosen tem-

peratures below and above the martensitic transition re-
spectively. The values obtained are plotted as a function
of pressure in Fig. 4b, which shows a decrease in |AS|
with increasing hydrostatic pressure, this decrease being
more pronounced for the forward transition. A linear fit
to the data gives d|AS;|/dp = -4.4 £ 0.8 J K~ kg™!
kbar~! for the forward transition and d|AS;|/dp = -2.6
+ 0.9 J K~ ! kg=! kbar~! for the reverse transition.

Following the procedure described in ref. [9] we have
computed the barocaloric effect using our calorimetric
data under hydrostatic pressure (Figs. 3a and 3b) and
specific heat data at atmospheric pressure®® (which is
assumed to be pressure independent).

We first obtained the entropy vs temperature curves
at selected values of applied hydrostatic pressure from
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where Céw and C’;1 are, respectively the specific heat of
martensite and austenite, and C), = zC}" + (1 — :10)(3';)4
where z is the fraction of martensite. The other quanti-
ties have the same meaning as explained before. S(T', p)
represents the entropy referred to the value at a selected
temperature of Ty = 220 K. The obtained entropy curves
are shown in Figs. 3c and 3d for reverse and forward
transitions respectively. The scatter in transition entropy
values (Fig. 4Db) gives rise to a relative error in S(7', p) at
high temperatures in the range 8-10%, and therefore the
small differences in the entropy of the austenitic phase
for different applied pressures (Figs. 3¢ and d) are not
relevant.

From these entropy curves it is straightforward to com-
pute the isothermal entropy change induced by the ap-
plication of a pressure p as:

AS(T,0 — p) = S(T,p) — S(T,0), (3)



and the adiabatic temperature change as:

AT(S,0 — p) =T(S,p) —T(S,0) (4)

For a release of pressure (p — 0), equivalent expressions
hold.
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FIG. 5: Isothermal entropy changes corresponding to the re-
moval (a) and application (b) of selected values of hydrostatic
pressure. Vertical dashed lines indicate the reversibility re-
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FIG. 6: (a) Maximum isothermal entropy change, and (b)
maximum adiabatic temperature change. Red symbols corre-
spond to the reverse transition upon application of pressure
and blue symbols correspond to the forward transition upon
removal of pressure.

Since pressure stabilizes the martensitic phase (as cool-
ing does) the entropy and temperature changes induced
by applying a pressure p are computed from calorimet-
ric curves on cooling. Similarly, a release of a pressure p
promotes the transition from martensite to austenite and
therefore entropy and temperature changes in that case
are computed from heating curves. Results are shown in
Fig. 5. As reported for other magnetic shape memory
alloys, the barocaloric effect in NisgMns; 5Ti15.5 is con-
ventional, i.e. isothermal application (removal) of pres-
sure reduces (increases) entropy and adiabatic applica-
tion (removal) of pressure increases (decreases) tempera-
ture. It is found that the maximum values for the isother-
mal entropy change (|AS|mae) and adiabatic tempera-
ture change (|AT|qz) increase as pressure increases, as
illustrated in Fig. 6. For all pressures, values for |AS|, a0z
and |AT|mmaz are larger for the forward transition than
for the reverse one. The difference is ascribed to a larger
transition entropy change and a stronger sensitivity of
the transition temperature to pressure.

Application of barocaloric materials to refrigera-
tion technologies requires a good reversibility of their
barocaloric effect under cyclic application and removal
of pressure. Such a reversibility near a first-order tran-
sition depends on the competition between the width of
thermal hysteresis and the sensitivity of transition tem-
peratures upon pressure. For a conventional barocaloric
effect reversible barocaloric effects have been shown to
occur within a temperature interval bounded by the start
of the reverse transition on heating at atmospheric pres-
sure and the start of the forward transition on cooling
under an applied pressure?>2?. Within this temperature
region application and removal of pressure carries the
state of the material through minor hysteresis loops, and
the reversibility in the barocaloric effect is directly re-
lated to the reversibility in the fraction of material that
undergoes the forward and reverse transtitions in each
cycle. For our NisgMns; 5Tii5.5 the reversibility region
(indicated by dashed vertical lines in Figs. 5a and 5b)
spans from 245 K to 260 K, and the maximum estimated
reversible isothermal entropy change within this region
amounts |AS,.e,| =~ 35 J kg=! K1

The barocaloric effect has recently been studied in
different shape memory Heusler alloys. In Table 1 we
compare present results for NisoMns; 5Ti15.5 to those re-
ported for other shape memory Heusler alloys®?24 28 for
which we have listed the largest reported entropy and
temperature change values (corresponding either to the
first application or first removal of pressure). It is clear
that our NisoMng; 5Ti1s.5 exhibits the largest |AS|max
and |AT |maq values among all shape memory Heusler al-
loys. Furthermore, |AS,.,| is also larger than reversible
values reported for other shape memory Heusler alloys?2®.

In Fig. 7 we compare our values for isothermal
entropy change and adiabatic temperature change to
those reported for state-of-the-art magnetic barocaloric



TABLE I: Sample composition, transition entropy change |AS:|, applied pressure Ap, isothermal entropy change |AS|maz,
adiabatic temperature change |AT|mae, and refrigerant capacity RC'.

Sample NG % Ap IAS|maz |AT|maz RC Reference
(Jkg7 K1) (K kbar—1) (kbar) (Jkg lKk—1) (K) (Jkg™ 1
Nigg 26 Mn3g.08In14.66 27 1.8 2.6 24.4 5
Nigi oMn3zs 5Inig.3 40.8 1.65 2.5 32 4 200 25
Nigo 47Cog g7Mngy g7Gaiq.9g8Ing g1 22.8 3.2 2.5 16 200 24
Nigg.3Mnj7.1 Gaog g 16 0.4 10 13.5 2.8 56 26
Nigy Cos5.5Mngs 5In14 4 16 4.4 6 15.6 6 399 27
Nigp 3Co7.9Mn3g gSni1 g 28 4.7 6 23 10 786 28
(NisgMn31 5Ti1g8.5)99.8 B0.2 85 3.3 4 74 12 1100 This work
80 materials including ferroelectric3® 37 and ferrielectric3®
T z materials, fluorides3*4%, hybrid perovskites*' and supe-
E 2 rionic conductors*?.  Among all these materials only
~ e .
~ 60+ B = d (NH4)2NbOF540 exhibits an isothermal entropy change
- o [ — —
£ T s Q _ (AS =100 J kg=! K™!) larger than the value found for
H =z = . .
- %% = 3 3 our NizgMngs; 5Ti1s 5 shape memory Heusler alloy. How-
= = o 0 . . _ .
f 40+ 5 £3 2 @ e ever, the density of our material (p = 7040 kg m~3) is
5 =< =X . = £ .
v§ 8 5= 22 < = E 3 almost 5 times larger than that of (NHy)2NbOF5 (p =
= |2%sMEcE s S 1450 kg m~%)? which impli h 1 isothermal
5 et l EE IS g m~7)” which implies a much larger isotherma
a o A 5 . .
b . »= 2 £ = entropy change in our compound when normalized to
= . .

o L_IEZ & volume. Furthermore metallic materials have a larger
thermal conductivity which is desirable for practical and
efficient solid-state refrigeration.
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FIG. 7: Isothermal entropy and adiabatic temperature

changes for state-of-the-art magnetic barocaloric materials.
For the sake of clarity each material is designated by an in-
dicative label and not by its actual composition. All data
are obtained from calorimetric measurements (quasi-direct
method) except |AT |maz for GdSiGe and LaFaSi which cor-
respond to thermometric measurements. The minimum pres-
sure required to obtain |AS|mas is indicated for each com-
pound. Data correspond to the first application (or first re-
moval) of pressure, and are extracted from refs.?>~3

materials?® 3%, Because reversible values (upon repeat-

edly applying and removing pressure) are not reported
for many of the materials, our comparison will be based
on entropy and temperature values for the first appli-
cation and first removal of pressure. It is apparent
that NisgMns; 5Tiig.5 exhibits the largest values, only
comparable to those for hexagonal NisIn-type Mn-Co-
Ge-In (and related) compounds®33%.  However, com-
pared to NigIn-type compounds our alloy exhibits much
better mechanical properties. While NisIn-type com-
pounds rapidly degrade when cycled through the tran-
sition (owing to the large volume change at the magne-
tostructural transition) and bulk samples pulverize, our
NisoMns; 5Tii8.5 has an excellent stability in their ther-

modynamic and structural properties?.

In addition to magnetic alloys, giant barocaloric ef-
fects have also been reported in a broad variety of

IV. SUMMARY AND CONCLUSIONS

We have studied the barocaloric properties of
NisoMns; 5Ti1g.5, a shape memory Heusler alloy com-
posed by all-d-metal elements. The composition has been
tailored so that the sample undergoes a martensitic tran-
sition but it does not ferromagnetically order in any of
the two structural phases. The entropy change at the
martensitic transition is very large due to the weak mag-
netic contribution resulting from the absence of ferro-
mangetic order. On the other hand the relatively large
volume change at the martensitic transition gives rise to
a marked pressure dependence of the transition tempera-
tures. It has been shown that due to the combination of
this pressure dependence and a large transition entropy
change the alloy exhibits outstanding barocaloric perfor-
mances. The values found for pressure induced isother-
mal entropy and adiabatic temperature changes, outper-
form those reported for other shape memory Heusler al-
loy, and are among the largest values reported for best
state-of-the-art barocaloric materials.

Our NisgMngs; 5Ti1s.5 alloy is composed of accessible
materials. It exhibits an excellent behaviour under cy-
cling which together with the outstanding barocaloric
performances reported here places this alloy at the fore-
front of caloric materials to be used in clean solid-state
refrigeration technologies.
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