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Materials with a large magnetocaloric response are associated with a temperature change upon the
application of a magnetic field, and are of interest for applications in magnetic refrigeration and ther-
momagnetic power generation. The usual metric of this response is the gravimetric isothermal entropy
change AS)s. The use of a simple proxy for the AS), that is based on density functional theory (DFT)
calculations of the magnetic electronic structure, suggests that half-Heusler MnNiSb should be a bet-
ter magnetocaloric than the corresponding Heusler compound MnNi,Sb. Guided by this observation,
we present a study of MnNi;y4,Sb (z =0, 0.25, 0.5, 0.75, 1.0) to evaluate relevant structural and
magnetic properties. DFT stability calculations suggest that the addition of Ni takes place at a symmet-
rically distinct Ni site in the half-Heusler structure, and support the observation using synchrotron X-ray
diffraction of a homogeneous solid solution between the half-Heusler and Heusler endmembers. There
is a maximum in the saturation magnetization at x = 0.5, and the Curie temperature systematically
decreases with increasing . ASys for a maximum magnetic field change of AH = 5T monotonically
decreases in magnitude from —2.93Jkg~'K™! in the half-Heusler to —1.35Jkg™' K™' in the Heusler
compound. The concurrent broadening of the magnetic transition results in a maximum in the re-
frigerant capacity at = 0.75. The Curie temperature of this system is highly tunable between 350K
and 750K, making it ideal for low grade waste heat recovery via thermomagnetic power generation.
The increase in ASy; with decreasing « may be extendable to other MnNi, Z Heusler systems that are

currently under investigation for use in magnetocaloric refrigeration applications.

INTRODUCTION

The need for energy-efficient and environmentally
friendly technologies has prompted research into ma-
terials for efficient magnetic refrigeration and thermo-
magnetic power generation. These technologies rely on
the magnetocaloric effect (MCE), which is the reversible
change in temperature of a material upon a change in
applied magnetic field. In a typical ferromagnet near its
magnetic transition temperature, the adiabatic applica-
tion of a magnetic field causes the entropy of the spin
system to decrease as spins order in the direction of the
applied field. Because entropy must be conserved in an
adiabatic process, the lattice entropy, and therefore tem-
perature, increases, causing the magnetocaloric effect.
By alternating adiabatic and isothermal magnetization
and demagnetization, this phenomenon can be be used
to drive a thermodynamic cycle.! Magnetic refrigeration
technology is expected to be very energy-efficient, and
eliminates the need for harmful refrigerants, such as hy-
drochlorofluorocarbons, further proving to be an envi-
ronmentally friendly option.

The magnetic transition temperature of a magne-
tocaloric material determines its applicability. Of primary
interest are materials with transitions near room temper-
ature, which can be used for residential and commer-
cial refrigeration.’»? Materials displaying a large magne-
tocaloric effect at high temperatures may have uses in
recovery of waste heat via thermomagnetic power gener-
ation, while low temperature materials may be used for
gas liquefaction.>* There is currently a lack of informa-
tion on the magnetocaloric properties of materials with
transition temperatures above room temperature, which

is a hindrance to the study of thermomagnetic generators
for waste heat recovery.

The temperature change AT,,(H,T) in a material
upon adiabatic application of a magnetic field H, and the
isothermal change in entropy ASy;(H,T) upon applica-
tion of a field, are used to describe the magnetocaloric
effect in a specific material. While measuring AT, re-
quires specialized equipment, AS,; can be calculated
from straightforward magnetic measurements, discussed
later.

AS)s is dependent on the slope of the magnetization
vs. temperature curve, and so a peak in AS;; will oc-
cur at the ferromagnetic to paramagnetic transition, or
the Curie temperature (7¢). The magnitude of AS), is
dependent both on the magnetization of the material,
and on the breadth of the transition. Materials with first-
order magnetic phase transitions® tend to have a very
sharp transition, and therefore a high ASj; over a small
temperature range, but thermal and magnetic hysteresis
can cause intrinsic irreversibilities which reduce cooling
efficiency.®” Materials with standard second-order mag-
netic ferromagnetic to paramagnetic transitions, on the
other hand, tend to have lower values of AS;; over a
larger temperature range, and are free from these irre-
versibility losses.

Heusler and half-Heusler compounds, which crys-
tallize in the Fm3m and F43m structures respec-
tively, as shown in Figure 1, are well-known for
a wide variety of exotic functional magnetic proper-
ties, including half-metallic ferromagnetism,®® magnetic
shape memory,'>'? and magnetocaloric behavior.!3-16
Heuslers, which have the stoichiometry X Y7, are com-
prised of four interpenetrating fcc sublattices, such that
the X and Z atoms form a rock salt lattice and the Y
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FIG. 1. Crystal structure of the solid solution MnNi; 4, Sb. The
half-Heusler XY Z with the space group F43m corresponds to
one of the Ni sublattices being vacant, while the Heusler XY>Z
in the F'm3m space group corresponds to completely occupied
sublattices, with only one symmetrically distinct nickel site. As
nickel is added to the half-Heusler, the second Ni sublattice
becomes partially occupied, as shown.

atoms occupy the tetrahedral voids in the rock salt lat-
tice. In half-Heuslers, one of the Y sublattices is vacant,
leaving only half of the tetrahedral sites occupied.

The magnetocaloric effect in MnNi,Z (Z = Sb, Sn,
In, Ga) Heusler compounds has been studied extensively
due to the coupled structural and magnetic transitions
that can be found in materials with off-stoichiometric
compositions.'®? These first order magnetostructural
transitions lead to a large entropy change, but face prob-
lems with the intrinsic irreversibility and thermal hys-
teresis. For this reason, much research has focused on
narrowing thermal hysteresis and operating within a mi-
nor loop of the hysteresis, where only a partial conver-
sion between phases is performed.®1°-2! The phase tran-
sition involves a significant volume change, which poses
a challenge for engineering a device that must withstand
continuous, rapid cycling.??2

This challenge was acknowledged by Singh et al., who
explored the system Mn;,.NisIn;_, (z < 0.4) aiming
to increase AS); by increasing magnetization without
driving a first-order transition. As z increases, some of
the Z site is replaced by Mn, increasing the overall mo-
ment and leading to an improved AS);.” In MnNi,Z
Heusler systems, ferromagnetic exchange between Mn
atoms, which provide the most significant contribution
to the magnetization, is mediated by Ni atoms on the
Y site. Substitution of Mn on the Z site will result in
ferromagnetic coupling, as both will have mutual par-
allel coupling to the Ni. Substitution of Mn on the Y
site, on the other hand, results in antiferromagnetic cou-
pling between Mn atoms, as no Ni is mediating the ex-
change, resulting in lowering the magnetization. Sub-
stituting Mn on the Z site or decreasing the nickel oc-
cupancy on the Y site, as shown in this contribution,

are two techniques to increase net magnetization and
yield larger AS),;. However, the Mn:Ni anti-site disor-
der present in Heuslers implies a preference of Mn to sit
on the Y site, which will likely not allow both techniques
to be used simultaneously.?>%4

The magnetic deformation X,;, a density functional
theory (DFT) based proxy developed by Bocarsly et al.,
is a measure of the unit cell deformation between re-
laxed structures with and without the inclusion of spin
polarization.?> ¥, is an indication of the coupling be-
tween magnetism and structure, and it correlates well
with AS),. In the solid solution between MnNiSb and
MnNi, Sb, the half-Heusler has a larger ¥, (1.61%) than
the full-Heusler (1.21%), and so we expect to have a
larger |ASy| as Ni content decreases. Experimental re-
sults in this study agree, supporting the importance of
the coupling between magnetism and structure to the
magnetocaloric effect.

The half-Heusler MnNiSb is well known as the first
predicted half metal by de Groot et al. in 1989.% It
possesses 100% spin polarization at the Fermi level due
to a gap in the minority spin density of states. Its
high Curie temperature (754K), large magnetization
(3.93 up/fu.), and spin polarization make it an ideal
candidate for spintronics.?®?” However, the Curie tem-
perature is too high to be useful as a room temperature
magnetic refrigeration material, and is above the range
needed for the conversion of low grade waste heat by
thermomagnetic generation.

It has been shown in previous studies that a maxi-
mum in the saturation magnetization exists at an inter-
mediate composition in MnNi;,.Sb (0 < z < 1), and
the Curie temperature can be varied between 750K and
350K.2728 The maximum in Mg suggests that removing
nickel from the Heusler could increase |AS),| while al-
lowing for a tunable transition temperature useful for
thermomagnetic power generation using low (< 505K)
and medium grade (505K to 923 K) waste heat.® In the
present contribution, the magnetocaloric effect in the se-
ries MnNi, ., Sb is characterized. The magnitude of ASy,
decreases with increasing nickel content, while the re-
frigerant capacity (RCrwgas), a measure of the heat
that may be transferred between the hot and cold reser-
voirs, is maximized for the x = 0.75 composition.? Here,
we demonstrate a materials system with significant ASj,
over a large range of transition temperatures useful for
thermomagnetic power generation. These results may
prove useful in other well-studied Heusler systems which
behave similarly.

METHODS

Polycrystalline samples of MnNi;,,.Sb (x = 0, 0.25,
0.5, 0.75, 1.0) were prepared via a rapid and energy ef-
ficient susceptor-assisted microwave technique.?%3° Sto-
ichiometric amounts of elemental powders were ground
together (10 min.), pressed into a pellet, and sealed in an



evacuated fused silica ampoule. The ampoule was placed
in a crucible with 7 g activated charcoal (DARCO 12-20
mesh), which was placed in an alumina foam housing
in a 1200 W Panasonic domestic microwave oven (model
NN-SN651B). Samples were reacted at 70% power for
2.5 minutes, and then reground for 10 minutes to en-
sure homogeneity. The powders were again pressed into
a pellet and then annealed under vacuum at 923K for 7
days before quenching in air.

Powder synchrotron X-ray diffraction (XRD) patterns
of the samples were collected at the 11-BM beamline at
the Advanced Photon Source (APS) at Argonne National
Laboratory using a wavelength A = 0.413742A. Rietveld
analysis was carried out using the General Structure
Analysis System (GSAS)®' and EXPGUI®? for structure
and phase determination. Crystal structures were vi-
sualized using VESTA.2® Energy-dispersive X-ray spec-
troscopy (EDS) was performed at 20 keV in an FEI X130
scanning electron microscope, and compositions were
quantified using EDAX Genesis. Given compositions are
an average over many points across the sample, and er-
ror is derived from the standard deviation of the set of
measurements.

Magnetic properties were measured using a Quan-
tum Design PPMS Dynacool equipped with a vibrat-
ing sample magnetometer (VSM) and an oven attach-
ment for measurements over 400 K. For the field cooled
magnetization (M) versus temperature (1) measure-
ments shown, data was taken upon warming at a rate
of 5K/min under a H =200 Oe field. Demagnetization
factors are ignored due to sample geometry. In order
to determine AS),, magnetization vs. temperature mea-
surements were taken on cooling at various fields from
H =10000e to H =5k0e. According to the thermody-
namic Maxwell relation,3*

S oM
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(o7), = (57),, @
where S is the total entropy a material and M is the mag-

netization, the field-driven isothermal entropy change
AS) can be calculated as:

H
ASy (T, H) = /0 (%ﬂj{) . dH’ 2)

The smoothed M vs. T data were used to find the
derivative (OM/OT) as a function of temperature, and
then integrated over field to calculate AS); using Eq.
2. The smoothing is performed using Tikhonov regular-
ization as implemented by Stickel.>> The refrigerant ca-
pacity (RCrw g ) is calculated by multiplying the peak
AS)s by the temperature range of the full width at half
maximum. Magnetization versus field (five branch hys-
teresis loops) were measured for the samples between
+50kOe and —50kOe (£5T) at 5K and 305K with a
field sweep rate 200 Oe/s.

Spin polarized density functional theory calculations
were carried out using the Vienna ab initio simula-
tion package (VASP)3® using projector augmented wave
(PAW) psuedopotentials®”-*® within the Perdew-Burke-
Ernzerhor (PBE) generalized gradient approximation
(GGA)*. Spin-orbit coupling was not included. The
ground state energies of all of the possible supercell or-
derings of Ni vacancies on Ni sites were calculated for
the conventional cubic cell (x = 0, 0.25, 0.5, 0.75, and
1; 14 total cells) and for a 2x1x1 supercell of the con-
ventional cell (x = 0.675, 0.75, and 0.875; 25 total
cells). For each cell, the lattice parameters and atom
positions were allowed to relax to their lowest energy
state before the final energy was calculated. The struc-
tural relaxations were run iteratively until the volume
change between subsequent relaxations was less than
2%. Monkhorst-Pack k-point meshes were used for all
calculations with a 6x6x6 grid for the single conven-
tional unit cells and a 4x6x6 grid for the double cells.
In each case, a ferromagnetic spin arrangement was as-
sumed, with each transition metal atom starting with a
local moment of 3up. The Python packages pymatgen
and custodian were used to generate the cells and run
the calculations.*

RESULTS AND DISCUSSION
Structural characterization

Synchrotron powder X-ray diffraction patterns are
shown for the samples prepared in this study in Fig-
ure 2. In each case, a single half-Heusler (or Heusler)
phase is present. No peak splitting or broadening is ob-
served across the entire series, implying that there is
no phase separation between the full and half-Heusler,
in agreement with prior studies.?>-?¢ The full width at
half maximum (FWHM) of the (220) peak (Figure 3(c))
varies negligibly across the series (+0.0002A-1), with
no trend with respect to nickel content and no instru-
mental correction for broadening. The lack of a peak
shoulder indicates a homogeneous distribution of nickel.
This is in contrast, for example, to the case of Ni-
rich TiNiSn, where a shoulder indicates an additional
phase with a shifted lattice parameter corresponding to
nickel interstitials.*! The high Q-space resolution of syn-
chrotron data can reveal peak asymmetry for a difference
in lattice parameter even as small as 0.1%. There are no
ferromagnetic impurities in the samples, however < 2
wt% MnO is present in all samples, and <6 wt% of the
impurity NiSb is present for the z = 0 and 0.25 samples
(Table I).

In agreement with these previous studies, the lattice
parameter of MnNi; ;. Sb increases with increasing = up
until the x =0.75 sample, after which there is a slight
decrease (Figure 3(a)). The increase in lattice parameter
is consistent with the addition of nickel to the unit cell.
Since this process is not a substitution, but rather a stuff-
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FIG. 2. Synchrotron X-ray diffraction and Rietveld refinement
fits for MnNi, 4., Sb compositions (z = 0, 0.25, 0.5, 0.75, 1.0).
The enhanced view of the (220) peak shows peak shifting and
a lack of peak broadening, splitting, or shouldering indicating
a homogeneous addition of nickel to the unit cell rather than
clustering or phase separation.

T T I T . T ‘.
6.00 — (a) -
— 3
u$ [ -1
© 5.96 * —
5.92 1 | 1 | 1 | 1
r (b)l T T T T T T ] 1.00 é‘
— -10.75 3
- e e . 3
= g —0.50 §
B . | Q
— e —0.25 3
'TA [ | | | | | | ] 0.00 8
“$ 4.0 T | T | T | T ’
W e 1
~ 3.0 —
x i:1 - 4
% 20 [m] = a _"]
s L d
I 1.0 1 | 1 | 1 | 1
= 0 0.25 0.5 0.75 1
xin MnNi,  Sb

FIG. 3. (a) The lattice parameter, obtained by Rietveld refine-
ment of synchrotron XRD, increases as nickel is added until it
plateaus at a composition of = = 0.75. Error bars are contained
within the points. (b) The refined occupancy of the 4d Wyckoff
site (assuming a “half-Heusler like” cell) matches the nominal
(dotted line) composition well for low nickel compositions, and
then deviates with increasing nickel. (c) The full width at half
maximum (FWHM) of the (220) peak shows very little varia-
tion across samples.
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ing of atoms, it need not obey Vegard’s Law. The leveling
off of the lattice parameter at high nickel content, which
is consistent across all previous studies,?”-?® could be due
to increased disorder and non-optimal bonding.

The diffraction patterns were refined using the symme-
try of the half-Heusler space group F43m, with the unit
cell containing two symmetrically distinct nickel sublat-
tices at Wyckoff positions 4c (3,1,3) and 4d (3,1,2).
This unit cell allows for the half-Heusler, the full Heusler,
and intermediate structures where the excess nickel can
either sit on the vacant sublattice (“half-Heusler like”
with nickel interstitials), or be uniformly distributed on
both nickel sublattices (“Heusler like”). For the “half-
Heusler like” structure, one nickel sublattice is held at
100% occupancy, and the other’s occupancy is allowed
to refine. These occupancies are given in Figure 3(b).
For the “Heusler like” structure, the two nickel sublat-
tices are constrained to the same occupancy, mimick-
ing a full Heusler unit cell with vacancies randomly dis-
tributed on the one symmetrically distinct nickel site in
the Fm3m space group. Rietveld refinement of all of the
synchrotron XRD patterns confirms the incorporation of
nickel on the 4d Wyckoff site (1, 1, 3), or second tetra-
hedral site, for compositions x < 0.5. For these composi-
tions, R,,, is smaller when the occupancy of one nickel
site is held at 100%, and the other is allowed to refine, as
shown in Figure 4(a). For compositions = > 0.75, there
is no difference (or R, is lower) when both nickel sites
are constrained to the same occupancy.

To investigate this trend, and to explain why a solid
solution forms in this Heusler/half-Heusler system (as
opposed to, for example, TiNi; ,Sn,** which phase sep-
arates), density functional theory calculations were per-
formed. The results of calculating the energy of all of the
possible orderings of the Ni vacancies on the two Ni fcc
sublattices in a 1x1x1 conventional cell (12-16 atoms)
are shown as filled circles in Figure 4(b). For each com-
position, the energies are shown relative to an interface-
less mixture of the pure Heusler and half-Heusler. The
lowest energy cells form a miscibility gap with a maxi-
mum energy of 16.5 meV/atom (190 K) for the z=0.5
sample. This gap should be viewed as an upper limit,
since enumeration of larger unit cells with more degrees
of freedom would almost certainly reveal lower energy
configurations of the Ni vacancies. Even considering this
upper limit, the energy benefit to phase segregation is
small compared to the thermal energy present during the
preparation of these samples, explaining why a homoge-
neous solid solution is found.

For the x =0, 0.25, and 0.5 cells, the orderings with
one Ni sublattice completely filled and one partially
empty (“half-Heusler like”) are far lower in energy than
orderings with vacancies spread across both sublattices
(“Heusler like”). This is consistent with the Rietveld re-
finement preference for the half-Heusler symmetry with
one filled and one partially filled Ni sublattice. The en-
ergy difference between these states is highest for the
x =0 case, and steadily decreases as z is increased to
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FIG. 4. (a) R, values for Rietveld refinements showing a pref-
erence for “half-Heusler like” ordering with nickel interstitials
in the 4d Wyckoff site over the a “Heusler like” ordering with
randomly distributed vacancies for low nickel compositions.
For higher nickel compositions the two are indistinguishable.
(b) Energies of formation relative to the phase separated mix-
ture, from DFT, of possible configurations of Ni vacancies on
the Ni sites. Orange symbols represent cells with all of the Ni
vacancies on only one of the two FCC sublattices (“half-Heusler
like”), while blue symbols represent cells with Ni vacancies on
both sublattices (“Heusler like”). In each case, the filled round
symbols indicate orderings within a single conventional cell,
while the empty diamond symbols indicate orderings within a
2x1x1 supercell (only calculated for z > ). These calculations
suggest a small miscibility gap of less than 16.5 meV/atom,
with a preference for half-Heusler like symmetry (complete oc-
cupation of one Ni sublattice) for z <0.5 only.

0.5. For the x = 0.75 case, there is only one 1x1x1 or-
dering (half-Heusler like), so the 2x1x1 orderings were
calculated for x =0.625, 0.75, and 0.875. Again, the
half-Heusler like cells tend to be the lowest in energy, but
the gap between these cells and the Heusler like cells has
dropped to <5 meV/atom. Therefore, in samples pre-
pared at finite temperature, both types of symmetries are
expected to be present, consistent with the synchrotron
X-ray diffraction refinements.

Rietveld refinement also reveals a less-than-nominal
site occupancy for nickel at higher nickel compositions.
The refined occupancy of the second tetrahedral nickel
site is given in Figure 3(b), assuming a “half-Heusler like”
ordering. While the refined occupancy matches the nom-
inal occupancy well for low nickel contents, it starts to
deviate for z = 0.5, and then deviates more severely for
x =0.75 and 1.0 samples. This can be explained by anti-
site defects, where some Ni occupies the Mn site due to
an Mn deficiency from processing. Anti-site defects be-
tween the X and Y atoms of Heuslers are very common,

TABLE 1. Relevant physical properties obtained from Rietveld
refinement of synchrotron powder XRD. Occupancy refers to
the fractional occupancy of the 4d Wyckoff site, or second tetra-
hedral nickel site.

T a (R)
0.00 5.9234(1) 0.0

Occ. (4d) Ruwp (%) Impurities (wt%)
13.78  MnO [0.6(1)]
NiSb [5.0(1)]
MnO [1.60(2)]
NiSb [4.30(2)]
MnO [1.5(2)]
MnO [1.7(4)]
MnO [3.1(8)]

0.25 5.9634(1) 0.229(1) 11.16

0.50 5.9895(1) 0.466(2) 10.15
0.75 6.0130(1) 0.618(2) 13.57
1.00 6.0106(1) 0.792(3) 16.29

and the formation energy of these defects in the Mn-Ni-
Sb compounds is low.2

While, to the best of our knowledge, no ternary phase
diagram is available for this compound, deviations from
the nominal composition are expected to be accomo-
dated by the formation of other intermetallic phases, as
is observed in many other systems. In the half-Heusler,
the loss of Mn to the MnO impurity and during process-
ing is compensated by the formation of NiSb. The phase
fraction of NiSb reveals that about 15 at% of Mn is lost
during processing. As x increases, NiSb no longer forms
to compensate the loss of Mn. Instead, the excess nickel
occupies the empty Mn site rather than the 4d Wyckoff
site, leading to a lower occupancy of Ni sites than ex-
pected from the nominal composition. For this reason,
we obtain a Heusler structure with some Ni on the Mn
site, and no NiSb impurity phase. It is difficult to dis-
tinguish Ni on the Mn site and vice versa due to their
similar X-ray scattering cross sections. Elemental anal-
ysis of the full Heusler by EDS gives a composition of
Mny gg(1)Niz.01(1)Sb, indicating an overall loss of man-
ganese in close agreement with the Rietveld analysis.
This analysis also confirms that the nickel is incorporated
into the sample, and so it must sit on these empty man-
ganese sites if the nickel sites are less than fully occupied.
This will in turn influence the magnetic properties, since
manganese holds the moment.”2443

Magnetic characterization

The decrease in transition temperature with increasing
nickel can be seen from Figure 5(a), which shows mag-
netization as a function of temperature for each compo-
sition. This trend in T¢ is further illustrated in Figure
6(b). Values for magnetization data are listed in Table II.
Tunable magnetic transition temperatures are important
for engineering magnetic refrigeration and thermomag-
netic power generation devices. Varying Ni content has
a much stronger effect on the Curie temperature than
varying the Mn: Z ratio.”-16:4445

The Heusler and half-Heusler endmembers are ex-
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FIG. 5. (a) Magnetization vs. temperature showing the ferro-
magnetic to paramagnetic transition of each sample under a
200 Oe field (b) Magnetization vs. applied field at 305 K shows
a decreasing saturation magnetization as more nickel is incor-
porated into the structure. (¢c) M vs. H at 5K reveals a maxi-
mum magnetization per formula unit for intermediate compo-
sitions.

100 T I T l T T 4.2
~ 4 @ © — 41
T 90 1T
> | o] o) 140 3
5 sl i -89 £
" emu g 1 -
S ol o HBfu—1 —_3.8 s
1 | 1 | 1 | 1 _€b3.7
800 T | T | T | T
'S §
700 (b) —
< 600 . -
= 500 - . e
400 |- * -
[ | | | ?
300 1 1 1 1
0 0.25 0.5 0.75 1

xin MnNi1+XSb

FIG. 6. (a) Saturation magnetization at 5K per formula unit
(fu.) and in gravimetric units. The moment per formula unit
reaches a maximum at z = 0.5. (b) The Curie temperature de-
creases significantly with the addition of nickel, and is tunable
over a wide range by adjusting x.

TABLE II. Magnetic properties across the series. RC refers to
RCrwrM, the refrigerant capacity calculated by multiplying
peak ASy; by the full width at half maximum.

x Ms (5K) Te (K) ASy (J/kgK) RC (J/kg)
(up/fu.) (emu/g) 2T 5T

0 3.93 91.75 754 —-1.49 -2.93 196

0.25 4.00 8795 586 —-1.25 —2.40 220

0.5 4.12 85.57 481 -—-1.12 -2.29 245

0.75 3.99 78.71 388 —-0.68 —1.48 262

1.0 3.70 69.35 352 -0.58 -1.35 235

pected to be soft ferromagnets, which is consistent with
the lack of hysteresis in the magnetization data (Figure
5(b) and (c)). The intermediate compositions also show
no hysteresis despite a changing magnetic interaction,
from RKKY-like interactions in the Heusler to localized
interactions in the half-Heusler.2® This data was used to
extract the saturation magnetization at 5 K.

The saturation magnetization per formula unit reaches
a maximum at xz = 0.5 (Figure 6(a)), in agreement with
previous reports.?”?8 The moment in these samples is
carried by the manganese, and so the addition of nickel
changes the atomic weight, and therefore overall mo-
ment, without having a large effect on the local Mn
moment.*® The addition of nickel affects the interactions
between magnetic Mn atoms by modifying interatomic
distance and electronic structure, as described by Rusz et
al.?%43 However, both the gravimetric moment and AS),
decrease monotonically as x increases.

The magnitude of the magnetocaloric effect can be de-
scribed by the entropy change induced by the isothermal
application of a magnetic field, ASy;(H,T'). Since this is
dependent on (9M/9T), the peak value will occur at the
Curie temperature, where magnetization changes rapidly
with temperature. Experimentally, magnetization is mea-
sured as a function of temperature at a variety of fields,
shown in Figure 7(a). ASy/(H,T) is calculated accord-
ing to Eq. 2 by taking the derivative, (0M/9T), and in-
tegrating with respect to field, shown in Figure 7(b) and
(o).

AS)s as a function of temperature is given for sev-
eral magnetic field strengths in Figure 8. The abso-
lute value of AS); decreases and the curve broadens
as x increases. For intermediate compositions, specifi-
cally increasing nickel content from = = 0.25 to x = 0.5,
there is a 90K change in transition temperature, while
ASy; decreases less than 5%, from 2.40Jkg='K~! to
2.29Jkg"'K~! at H = 5T. This is accompanied by a
broadening of the ASy, curve, which increases the us-
able temperature range, or full width at half maximum
(FWHM), of the material. The product of the FWHM
and the peak AS), yields the refrigerant capacity (RC).2
While the magnitude of AS,; decreases as x increases,
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FIG. 7. Measurements of MnNiSb are shown. (a) Magnetiza-
tion vs. temperature measurements are taken at various fields.
These curves are fitted, and the derivative is shown in (b). The
derivative is integrated over field according to Eq. 2, which is
derived from Maxwell relations, to give the isothermal entropy
change ASys shown in (c).
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FIG. 8. The absolute value of AS); decreases and broadens
with increasing nickel concentration. However, for x = 0.25 to
2 = 0.5 there is a large shift in transition temperature (90 K)
without a significant decrease in AS),.

the broadening of the transition leads to an increase in
the refrigerant capacity with a maximum at = =0.75.
The structure in the ASj; curve for z =1 is likely an
artifact associated with fitting the derivatives of a the
very broad magnetic transition, or may be due to small
amounts of inhomogeneity in that sample.
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While Mg is often used as an indicator for the mag-
netocaloric effect, in this case it is misleading to com-
pare the moment per formula unit to the gravimetric
AS)s. Rusz et al. reports that the half-Heusler displays
localized (exponentially damped) exchange interactions,
while the full Heusler displays longer range oscillatory
RKKY-like interactions.?® The localized interactions in the
half-Heusler are more strongly coupled to the structure,
such that there is a more abrupt change in magnetiza-
tion at T¢. The extension of magnetic interactions to
longer range corresponds to lessened magnetostructural
coupling and a broader magnetic transition, leading to a
smaller |AS),| as x increases. This is consistent with our
prior work,?> which suggests the coupling between mag-
netism and structure is important to ASy,, as evidenced
by the correlation with the magnetic deformation (Xj;)
parameter.

CONCLUSIONS

The increase in magnitude of AS,; with decreasing =
in MnNi;,,Sb was successfully predicted using a DFT-
based proxy, the magnetic deformation X,,. This sug-
gests the magnetovolume coupling, which is stronger
in the half-Heusler due to localized magnetic interac-
tions, plays a large role in determining AS),. Decreasing
nickel content increases magnetization, reduces broad-
ening of the magnetization with temperature, and over-
all increases |[AS)y| in these compounds. This is useful
to incorporate into studies of off-stoichiometric Heuslers
(Mn;.NisZ;_,), which vary the Mn-Z ratio while
keeping the full Heusler structure. We have demon-
strated versatile tuning of Curie temperature, and val-
ues for |AS)/| are comparable to or smaller than similar
MnNi,Z Heuslers with second-order transitions such as
MnNi,Sn, with a ASy; = —2.1J/KgK, or Mn; 4NisIng g
with ASy; = —6.3J/KgK for AH = 5T.7?> While the
operation temperature of the MnNi;;, Sb solid solution
is high for applications in magnetic refrigeration, this
study provides a materials system with a range of tran-
sition temperatures for thermomagnetic energy genera-
tion. These materials may be useful in converting low
and medium grade waste heat to electricity.3
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