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Abstract

Solid-state cooling or heating using magnetocaloric materials has emerged as an
energy efficient green technology. The magnetocaloric effect (MCE) describes the
thermal response of a magnetic material due to the application of a magnetic field
which is quantified by isothermal magnetic entropy change (AS,,,,) and the adi-
abatic temperature change (AT.). An extended search of new magnetocaloric
materials exhibiting giant MCE, in an appropriate temperature range, as well as
improving performances of the existing ones, is an active area of current research.
Among different types of magnetocaloric materials, Ni-Mn based magnetic shape
memory Heusler alloys are of great interest since they exhibit giant MCE associated
with the first-order magneto-structural transition. In this thesis, we have investi-
gated the Ni-Mn-Sb based Heusler systems where significant magnetocaloric effects
are observed near room temperature. Our investigation focused on off-stoichiometric
Ni-Mn-Sb and Fe, Co and Cu substituted Mn-excess Ni-Mn-Sb compounds. We in-
vestigated the impact of various factors, such as composition, site occupancy, mag-
netic structure, magnetic interactions on structural phase stability, transition tem-
peratures, mechanical properties, and consequently the magnetocaloric parameters
of compounds in Ni-Mn-Sh family. We have done first-principles Density Functional
Theory (DFT) calculations in conjunction with Monte Carlo simulation method us-
ing model Hamiltonians which incorporated the magnetic, structural and magneto-
structural degrees of freedom. We have developed a Monte Carlo simulation code
and used the Heisenberg model, the BEG model and the ¢-state Potts model for
computations of magnetocaloric parameters near a first-order magneto-structural
transition and a second-order magnetic transition in substitutional Ni-Mn-Sb com-
pounds. Our calculations reproduced the experimental results on systems where
experiments were done and also predicted a few new compounds in the family that
can exhibit significantly large magnetocaloric effect, near room temperature. In
essence, the results presented in this thesis on Ni-Mn-Sb based Heusler compounds,
on one hand, provides a protocol for identifying materials potentially useful for
magnetocaloric applications, using results of DFT calculations and on the other
hand, quantifies the magnetocaloric effects in those materials, thus paving ways for

experimentalists to design new magnetocaloric materials.
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Chapter 1

Introduction

Human development has caused a depletion of natural energy resources and climate
changes with unpredictable consequences. In recent times, it is necessary not only
to focus on the primary energy source and avoid our dependence on non-renewable
energy sources but also to dedicate substantial research efforts to improve the effi-
ciency of energy conversion. Due to their universality, magnetic materials play an
important role in improving the efficiency and performance of devices in electric
power generation, conditioning, conversion, transportation, and other energy-use
sectors of the economy [1, 2]. This constitutes a driving force for the improvement

of magnetic materials for energy applications.

Among the different final uses of energy in the residential and commercial sectors,
refrigeration and air conditioning account for a relevant fraction of electricity use.
Rapid increases in the ownership of air conditioners are already occurring in many
developing countries. At the same time, climate change is expected to make cooling
demands even greater. Morna Isaac and Detlef van Vuuren of the Netherlands
Environmental Assessment Agency assessed future residential-energy use for cooling
in the world in the context of potential climate change. They estimated that by
2100 worldwide energy demand for air-conditioning could increase by 72% as a
result of climate change alone [3]. Therefore, to fulfil the climate and energy goals,
the heating and cooling sector must drastically reduce their energy consumptions
and reduce the use of fossil fuels. Both these issues can be mitigated if caloric
effects in solid materials are fully utilized since solid-state cooling or heating based
on materials’ caloric effect can come up as an energy-efficient green technology.
Several researchers have concluded that caloric or ferroic [4-6] refrigeration and
heat-pumping technologies, which are still in the research and development phase,

are the most important options for the future.
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Chapter 1. Introduction

Caloric effects occur as a consequence of materials’ thermal response to changes
of generalized displacement variables such as volume, strain, magnetization, polar-
ization, etc. through the application or removal of their conjugated generalized
forces or fields. The fields conjugated to volume, strain, magnetization, and po-
larization are pressure, stress, magnetic field, electric field, respectively. Changes
in these give rise to different types of caloric effects, such as barocaloric [7], elas-
tocaloric [8, 9], magnetocaloric [10-13] and electrocaloric effects [14, 15], respec-
tively, which are utilized in solid-state technologies. Among these, the study of
magnetocaloric effect (MCE) in magnetic materials is an expanding field of research
nowadays. It occurs due to the interdependence of thermal and magnetic prop-
erties and is apparent as a change in material temperature. Magnetic materials
displaying significant magnetocaloric effects are acknowledged to be potentially in-
teresting with their possible applications in magnetic refrigerators. Conventional
cooling technologies using vapor-compression refrigerators are bulky, heavy, energy
inefficient, and pose environmental threats. On the other hand, magnetic refrig-
erators based on magnetocaloric materials are expected to be energetically more
efficient and nature-friendly. Recently, MCE is also being suggested in bio-medical
fields of applications like one of the malignant tumors treatment methods - hyper-
thermia [16]. Thus, research of the magnetocaloric effect in magnetic materials is
topical both from fundamental and practical perspectives. The remainder of the
introduction covers a basic and detailed concept of MCE with a brief review of the-
oretical and experimental backgrounds of magnetocaloric materials followed by the

importance of materials chosen in this thesis and the outline of the thesis.

1.1 Thermodynamics of caloric effect

Thermodynamics provides a very convenient framework allowing us to establish a
unified treatment at a macroscopic scale of caloric effects, regardless of the actual
complexity of the particular system of interest [17-19]. A generic closed system can
be described by n number of generalized displacement variables X; (i=1,......,n),
X;s being volume, strain, magnetization, polarization etc. The Gibbs free energy

(G) for the system can be expressed as

2
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1.1 Thermodynamics of caloric effect

where U is the internal energy, T the temperature, S the entropy, and ;s are the
generalized forces corresponding to displacement variables X;s. The initial internal

energy (U) depends on {x;, S} and the extreme condition of the free energy (G) leads

to the relation X; = ( gg) . On the other hand, to quantify caloric effects, it is
S
convenient to express differential changes of entropy in terms of differential changes

of generalized forces or fields and temperature,

n

s — (g—g)midT+Z(§i)T L de, (1.2)

(2

With the definition of the heat capacity C' at constant values of the fields, C' =

T (g—*;) and considering the Maxwell relation,
@;

<<§i):n% - @éi)% (1.3)

the entropy differential can be written in the form,

K " /10X,

dS = =dT ( ) da; 1.4
In general, the two limits of interest correspond to isothermal and adiabatic
variation of the field. With consideration of the two cases for variations of the field

from 0 to a value of &;, equation (1.4) transforms to the relations,

0
| G (16)
where & = (%) is the response function. In the first case, the caloric ef-

J
fect is quantified by the heat exchanged with the surroundings during the process,
resulting in a change in the material’s entropy. In the second case, it is measured
by the corresponding change of temperature. For the cases of the electrocaloric,

3
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barocaloric, elastocaloric effect, the relevant response functions are £p = (g—g) 5

(P is the polarization component in the direction of the applied electrical field E),

T
and ¢ the corresponding strain), respectively.

§v = (8_V)p _(V is volume and p is pressure), & = (2=) (o is an uniaxial stress

In a similar way, for the particular case of magnetocaloric effect (MCE), we are

interested in, the response function is £y, = (%—A;) 5 » where M is the component of

the magnetization in the direction of the applied field H and the two magnetocaloric
quantities, the isothermal magnetic entropy change AS,,,, and the adiabatic tem-

perature change AT, can be obtained as,

ASmag = /OH (%—]\;{)HCZH (1.7)
2T OM
ATy = —/0 = <8—T>HdH (1.8)

1.2 Magnetocaloric effect and its quantification

Magnetocaloric effect (MCE) is the heating or cooling i.e., the temperature change
of a magnetic material due to the application of a magnetic field, quantified by the
two quantities, isothermal magnetic entropy change (AS,,,,) and the adiabatic tem-
perature change (AT,4). All magnetic materials intrinsically show MCE, although
the intensity of the effect depends on the properties of each material. Two relevant
processes are shown schematically in Fig. 1.1 in order to understand the origin of
the two quantities AS,,q, and AT,,.

Entropy is a measure of the order in the magneto-thermodynamic system: a
high order is related to low entropy and vice versa. The value of the entropy (S) of
a magnetic material at constant pressure depends on both applied magnetic field,
H and temperature, T', given by equation 1.9. The contributions are the lattice
entropy (Sj.¢) caused by the vibrations of crystal lattice, electronic entropy (S¢)
of material’s free electrons, as for any solid, and the magnetic entropy (Sy,q,) due
to magnetization of the material [19, 20]. The lattice and electronic entropy can
be considered independent of the magnetic field and are dependent of temperature

only. The magnetic entropy is highly dependent on both the magnetic field and the

4
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1.2 Magnetocaloric effect and its quantification

H= H 0

S = [0 06
AN

disorder order
Isothermal process = AS%0 (S,>S;)

H(D @(D@ s=AcToa£\i%ant ﬁ N _
0000 [4Ys

order disorder
Adiabatic process = AT,4#0 (T;>T,)

Figure 1.1: Schematic understanding of the two basic processes of the magnetocaloric ef-
fect, when a magnetic field (H) is applied or removed in a magnetic system: the isothermal
process, which leads to an entropy change (AS), particularly the magnetic entropy change

(ASmag), and the adiabatic process, which yields an adiabatic change in temperature
(AT,q)-

temperature.

S(T, H) = Sjat(T) + Set(T) + Spag(T, H) (1.9)

In the isothermal process (see Fig. 1.1), in absence of magnetic field, the spins
are randomly oriented. When the magnetic field (H) is applied isothermally, the
spins get aligned in the direction of the applied field and the entropy decreases due
to the decrease in the magnetic contribution (Sy,,,). Therefore the entropy change
in the process at a constant temperature 7" is defined as AS,,,, = S(T, H) - S(T,0)
=51 -5,

When the magnetic field (H) is removed adiabatically (see Fig. 1.1), the spins
again become randomly oriented and the magnetic entropy increases. But as the
total entropy does not change, the lattice entropy (and the electronic entropy in case
of metals) in equation 1.9 must decrease by a comparable amount of the magnetic
entropy increase. Consequently, the temperature of the material decreases. Thus

the adiabatic temperature change is obtained as AT,,=T5 - T7.
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1.3 Historical origin of MCE

Interest in the connection between magnetism and heat goes back well over 150
years. In 1831 Faraday discovered that a time-varying magnetic flux would induce
an electrical current, showing that currents can be generated by means other than
the batteries. As part of his extended investigations on the mechanical value of heat,
Joule considered the effects of induction currents. In 1843, Joule’s work “On the
Calorific Effects of Magneto-Electricity, and on the Mechanical Value of Heat” [21]
made clear that the heat evolved by the electromagnetically induced current is in-
deed equal to that evolved by any other kind of electrical current. Following Joule’s
work, it was generally accepted that repeated magnetization and demagnetization
of a ferromagnetic material gives rise to a temperature increase due to the heat
dissipated by induction currents. However, it was also realized that there are other
ways in which a magnetic field causes a temperature change. In 1917 and 1918,
French and Swiss physicists P. Weiss and A. Piccard first discovered reversible heat-
ing of a Nickel sample near its Curie temperature (627 K) when a magnetic field was
applied [22; 23]. They called it as a “novel magnetocaloric phenomenon”. In the
late 1920s, Debye [24] and Giauque [25] independently proposed an interpretation
based on thermodynamics and suggested the possibility of cooling by adiabatic de-
magnetization. Such an interpretation was experimentally proved a few years later
by Giauque and MacDougall [26].

1.4 Applications

The magnetocaloric effect (MCE) is considered to be one of the most important
fundamental thermodynamic effects to be employed in various technological ap-
plications. Research is largely focused on environmentally-friendly magnetocaloric
materials for their possible applications in magnetic refrigeration and other mag-
netic energy conversion technologies. Very recently, the magnetocaloric materials
are also getting attention in the increasing number of medical applications, e.g.,
controllable delivery and release of drugs and bio-medical substances to defined lo-
cations in the human body and magnetic hyperthermia. In the following, we discuss

the applications briefly.
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1.4 Applications

1.4.1 Magnetic refrigeration

Modern society relies very much on readily available cooling. Next to the food
storage and transport, air conditioning in buildings and cars gains more impor-
tance. Coulomb pointed out in his introductory talk at the Second International
Conference on Magnetic Refrigeration at room temperature (Thermag II), 15% of
the total worldwide energy consumption involves the use of refrigeration (air con-
ditioning, freezing, chilling, etc.) [27]. Present cooling devices are primarily based
on vapor compression technology and are not environmentally clean since it uses
Chlorofluorocarbons (CFCs), greenhouse gases, and hazardous chemicals. Hence,
the interest in alternative technologies as a new solid-state cooling technology com-
petitive with the conventional vapor compression approach has grown considerably
over the past few years, coinciding with rising international concerns about global
warming due to ever-increasing energy consumption [28-31]. The magnetic refrig-
eration using magnetocaloric materials has been demonstrated to be a promising
alternative that has great social effects and economic benefits [11-13, 18]. The use
of highly energy-efficient magnetic cooling reduces consumption of fossil fuels, hence
reducing Carbon dioxide emission. Magnetic refrigeration also offers considerable
advantages such as small volume, chemical stability, low cost, non-toxicity, and lack
of noise pollution. The cooling efficiency in magnetic refrigerators with working
material gadolinium has been observed to reach 60% of the theoretical limit [32],
compared to only about 45% in the best gas-compression refrigerators. However,
room temperature magnetic refrigeration had been just a promise since Brown de-
signed and built the first successful magnetic refrigerator prototype [33], devices
being restricted to research laboratories. The situation has begun to change, as
Haier, Astronautics Corporation of America and BASF, developed a domestic ap-
pliance of a wine cooler based on the principle of magnetic refrigeration [34]. While
commercial magnetic refrigerators are still in the development stages, research ef-
forts to develop new materials with improved MCE are focused on maximizing the
cooling capacity and energy efficiency of this budding technology.

In general, a magnetic refrigerator comprises of a magnetic working material, a
magnetizing-demagnetizing system, hot and cold heat exchangers and a heat transfer
system with a thermal fluid responsible for pumping the heat between the working
magnetic material and the hot and cold heat exchangers. Depending on the operat-
ing temperature, the heat-transfer medium may be water with antifreeze or air and,
for very low temperatures, helium. The response of a magnetocaloric material to a

magnetic field is similar to the response of gas to compression or expansion. The

7
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Figure 1.2: Analogy between magnetic refrigeration and conventional vapor refrigeration
cycle.

analogy between the vapor compression refrigeration cycle and the magnetic refrig-
eration cycle is depicted in Fig. 1.2. There are four steps in a magnetic refrigeration
cycle (see Fig. 1.2): (i) A magnetocaloric material is placed in an insulated environ-
ment. The application of an external magnetic field (H) adiabatically, makes the
spins aligned, decreasing the material’s magnetic entropy. Since the total entropy
should remain unchanged, that material is heated. (ii) The added heat (Q) can then
be removed by the thermal fluid or gas, while keeping the applied magnetic field
constant. (iii) The magnetocaloric material is then demagnetized adiabatically, de-
creasing its temperature (AT,4). (iv) The demagnetized material absorbs heat from
the source or space to be cooled, and the cycle begins again. The magnetocaloric ef-
fect of a single material is not sufficient for achieving the temperature span required
for magnetocaloric refrigeration and heat pumping devices. There are two options
for increasing the temperature span of the magnetocaloric effect and achievement
of magnetic refrigeration: the first utilizes a cascade system consisting of several
interconnected thermodynamic cycles, while the second involves heat regeneration.

A detailed information on these can be gained in Refs. [11, 35].

8
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1.4.2 Bio-medical applications

One of the important applications of MCE is in the field of medical treatments.
One possible application in this field is in the treatment of malignant tumors by
method of hyperthermia [17, 36, 37]. The most promising means of cancer treat-
ment with fundamentally new mechanisms of therapeutic effects on tumors are the
method of hyperthermia [38-40]. In hyperthermia therapy, body tissue is exposed
to high temperatures, between 40-45°C, to damage and kill cancer cells, usually
with minimal injury to healthy tissues. Also, it makes cancer cells more sensitive
to radiation. It is known that the temperature of about 39°C stimulates the growth
of a tumor, and temperatures higher than that reduce the viability of a tumor cell.
Application of local hyperthermia in combination with radiation and chemotherapy
improves the results of cancer treatment by 20-40%. However, classical hyperther-
mia methods cause an uneven spread of heat inside the tumor and tissues and hence
some pathological effects for the most important tissues and organs. Introducing
magnetic nanoparticles allows more uniform dissemination of heat, reducing the side
effects of classical hyperthermia. In conventional magnetic hyperthermia [41, 42],
magnetic nanoparticles are subjected to alternating magnetic fields of few Gauss,
which produce heat due to magnetic relaxation losses. However, the drawback of
conventional hyperthermia is the lack of control of temperature, which may damage
the healthy cells in the body and also has side effects like increased blood pressure.
These problems can be avoided by using magnetocaloric materials, as it can provide
controlled heating and was patented by Tishin [43]. The advantage of using mag-
netocaloric materials is that as soon as the magnetic field is removed, the cooling
effect is generated, unlike in use of conventional magnetic materials where overheat-
ing persists even after removal of the magnetic field. Nanoparticles of rare-earth
metals and other compounds those possess the high MCE values [44-47] are used in

practical implementation of the method.

1.5 Phase transitions and maximum magnetocaloric

effect

From the thermodynamic expressions of magnetocaloric parameters AS,,,, and
AT,q (equations 1.7 and 1.8), it can be understood that maximum MCE in a material
can be expected in the temperature ranges where phase transformations associated

with the strong changes in magnetic states occur. Thus, the magnetocaloric mate-
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rials can be tentatively divided into two groups [35, 48], (i) materials exhibiting a
second-order magnetic phase transition and (ii) materials undergoing a first-order
magneto-structural phase transition i.e., the structural transition is associated with
a change in magnetization in the system. There are magnetocaloric materials also,
showing both types of phase transitions. In Fig. 1.3, a schematic of the magnetic be-
havior with temperature and the possibility of obtaining maximum magnetocaloric
effect near both types of transitions in a ferromagnetic material is illustrated. In
Fig. 1.3(a), the green curve represents the magnetization, M vs. temperature, T’
curve in absence of an applied field. At the second-order magnetic transition temper-
ature i.e., Curie temperature (7.), the magnetization vanishes, and the ferromagnet
turns into a paramagnet. The orange curve depicts the behavior of magnetization
in presence of an external magnetic field H;. Figure 1.3(b) shows the entropy of the
material as a function of temperature in the vicinity of a second-order transition.
With the application of a magnetic field, the magnetic moments align to some ex-
tent, which leads to a decrease of the magnetic entropy (orange curve) as discussed
in section 1.2. This decrease in entropy (AS,,qy) is observed under isothermal con-
ditions, drawn as a vertical arrow. Under adiabatic conditions, the total entropy
is constant, and the decrease in the magnetic contribution is compensated with an
increase in the lattice entropy. Thus, the application of magnetic field results in a
heating of the material by AT,,4, as indicated with a horizontal arrow. The obtained
magnetocaloric effect is called the conventional magnetocaloric effect.

A conventional first-order transition is schematically illustrated in Fig. 1.3(c)
and 1.3(d). In such a transition, a discontinuity is observed in both the magnetiza-
tion and the total entropy curves. As shown in Fig. 1.3(c), the ferromagnetic phase
is stable in the low-temperature region. Then at a temperature T}, it transforms
into the high-temperature phase with lower magnetization. In principle, the high-
temperature phase would still be ferromagnetic up to its Curie temperature, which
is illustrated by the extrapolated magnetization curve (green dashed line). How-
ever, this is prevented due to the magneto-structural transition. The application
of a magnetic field results in the shift of the transition temperature T}, since the
magnetic field stabilizes the phase with higher magnetization. The positive shift of
the transition temperature due to the application of magnetic field is the case of
a conventional first-order transition. The corresponding total entropy diagram is

shown in Fig. 1.3(d). In the entropy curve, a discontinuity is visible for the ideal

A detailed description of magnetocaloric effects associated with first- and second-order tran-
sitions is given in Philosophical Transactions of the Royal Society A: Mathematical, Physical and
Engineering Sciences 374, 20150308 (2016), by Gutfleisch O et al.
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Figure 1.3: Schematic representation of the temperature-dependence of magnetization
and the total entropy in absence and presence of a magnetic field in ((a)-(b)) a conventional
second-order transition, ((c)-(d)) a conventional first-order transition, and ((e)-(f)) an
inverse first-order transition. The figure is taken from ref. [48].

case. When the temperature is constant, the entropy decreases under applied field.
Therefore, AS,,,, is negative (vertical arrow) as it was the case for the second-order
transition in Fig. 1.3(b). When a magnetic field is applied adiabatically, it increases
the material’s temperature (horizontal arrow). Thus, in this case, the obtained

magnetocaloric effect is conventional.

In contrast to the conventional first-order transition, the inverse first-order trans-
formation is schematically illustrated in Fig. 1.3(e) and 1.3(f). In the inverse case,
the low-temperature structural phase has a magnetization lower than that in the
high-temperature phase (shown in Fig. 1.3(e)). For this reason, the applied mag-
netic field shifts the transition temperature to lower value. The corresponding total

entropy diagram is shown in Fig. 1.3(f). One can see that the positions of the green

11
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and the orange curves are now exchanged in comparison to those in Fig. 1.3(d). As
a result, the isothermal entropy change AS,,,, is positive and the adiabatic temper-
ature change AT,,; is negative i.e. when a magnetic field is applied adiabatically, it
decreases the material’s temperature. This is called as inverse magnetocaloric effect.

Materials undergoing first-order transitions have the advantages of exhibiting
large magnetic entropy change and adiabatic temperature change i.e., giant MCE
associated with the magneto-structural transition. However, these are accompanied
by thermal hysteresis, rate-dependent behavior, and decreased cyclic performance.
Conversely, second-order transition materials do not suffer from thermal hysteresis.
But, their magnetocaloric responses are usually smaller than those of most first-
order transition materials operating within the same temperature range. Therefore,
a current goal of magnetocalorics is to combine the best from both types of ma-
terials, large response without hysteresis and a trade-off between static and cyclic
performance. In the following section, magnetocaloric materials exhibiting either

second-order, first-order, or both types of transitions will be discussed.

1.6 Criteria for promising magnetocaloric materials

In terms of the of existing parameters, typical for materials that exhibit signifi-
cant magnetocaloric effect, the criteria for promising and efficient magnetocaloric
materials are as follows [49, 50]:

i. A first-order field-induced transition should occur around the working temper-
ature to utilize the associated entropy change. A large difference in magnetization
(AM) between the high-temperature and low-temperature structural phases is also
of great importance because substantial Zeeman energy, which is defined as AM.H,

is the key to first-order magneto-structural transition.

ii. The two parameters characterizing MCE, the magnetic field induced isother-
mal entropy change (AS,,.,), and adiabatic temperature change (AT,4), must be

significant at a magnetic field as low as possible.

iii. The transition temperatures, i.e., the magneto-structural transition tempera-
ture (7)) and magnetic transition temperature (7,) should be easily tunable. They

preferably should coincide near the room temperature.

iv. A low magnetic hysteresis, to avoid magnetic work losses due to the rotation

12
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of domains in a magnetic refrigeration cycle.

v. A low heat capacity (C), since a high heat capacity increases the thermal load
and more energy is required to heat the sample itself. It causes a loss in entropy,

i.e., for a given AS,,qy, ATq will be lower, as understood from equations 1.7 and 1.8.

vi. For magnetic refrigerants, a high refrigerant capacity (RC) is needed. Re-
frigerant capacity is a measure of how much heat can be transferred between the

cold and hot sinks in one ideal refrigeration cycle, and it is calculated as:

Thot

RC = / AS(T)andT (1.10)
Tcold

Therefore, a substantial entropy change in a temperature range as wide as pos-

sible is needed. For any practical application, it is the amount of heat energy per

unit volume transferred in one refrigeration cycle. Thus the denser the magnetic

refrigerant, the more effective it is [51].

vii. Environmentally-friendly, affordable, abundant, and easily synthesizable ma-

terials are required.

1.7 Materials for magnetocaloric applications: status

of the research

The interest in magnetic refrigeration as a new solid state cooling technology com-
petitive with the conventional vapor compression approach has grown considerably
over the past 25 years. However, for a technique to become a fully mature alter-
native, smart engineering and more detailed studies of the fundamental physical
properties are needed. The potential of magnetic cooling has not gone unnoticed by
fundamental sciences as well. The number of published papers per annum on the
magnetocaloric effect has grown exponentially in the past few years. The following
are the key results of research on magnetocaloric effects in various materials.

The research on magnetocaloric materials, associated with the second-order mag-

netic transition, has been centered in soft ferromagnets with T, between 4 and 77 K,
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suitable for applications such as helium and nitrogen liquefaction, and also in ma-
terials which order near room temperature to use their magnetocaloric properties
in magnetic refrigeration, air conditioning, etc. MCE in paramagnets was used as
the first practical application, the so-called adiabatic demagnetization. With this
technique, ultra-low temperatures can be reached (m K-pK). In 1927, the pioneer-
ing work of Giauque and MacDougall [25, 26] showed that using the paramagnetic
salt Gda(SO4)3-8H20O, temperature lower than 1 K could be reached. The materials
that display the largest MCE in the range of ~10-80 K are intermetallic compounds
containing lanthanide metals. The best of them are REAl; compounds, where RE
= Er, Ho, Dy, DygsHogs and Dy, Er; , (0 < 2 < 1) [52-54], GdPd, and RENi;
compounds, where RE=Gd [55], Dy and Ho [56].

MCE in the intermediate-temperature range (~ 80 - 250 K) has not been studied
much, since there are not many applications in this range due to the fact that the
temperatures lie in between gas liquefaction temperature and room temperature.
One of the best magnetic refrigerant materials in this temperature range is pure
Dy [53, 57|, with AT,; ~ 12 K at around 180 K for a magnetic field change of 7 T.

Magnetic refrigeration near room temperature is of special interest because of its
great social effect and economic benefit. Brown in 1976 [33] observed a large MCE
of Gd (7.=293 K), the prototype MCE material at room temperature. However, the
entropy changes of magnetocaloric materials reported subsequently are much smaller
than that of Gd. This lanthanide has been extensively studied [53, 58-60], and AT,
values at their Curie temperatures (7,) are ~ 6, 12, 16 and 20 K for magnetic field
changes of 2, 5, 7.5 and 10 T, respectively. A variety of alloys using Gd and other
rare-earths have been prepared to improve the MCE in Gd. Gd-RE (RE=Tb, Dy,
Er, Ho, ...) [61, 62] have been studied, but the alloying only decreases T, which is
not desirable. Also, the MCE value does not increase considerably in comparison
with the pure Gd. The only intermetallic compounds that display a MCE as large
as that of Gd are Gd;Siy (with 7, ~ 335 K) and the germanium substituted solid
solution Gds(Si,Ge; )4, for © < 0.5, with T, from ~ 290 K to ~ 335 K [63].

In second-order magnetic phase transitions, the existence of short-range order
and spin fluctuations above the ordering temperature (7,) brings about a reduction
in the maximum possible magnetization change (|(OM/0T)y|) value, and the max-
imum MCE is accordingly reduced. In contrast, a first-order phase transition, as
discussed in section 1.5, ideally occurs at constant temperature (the structural tran-
sition temperature, Tys) and thus the |(OM/IT)y| value should be infinitely large.

The existence of entropy change associated with the first-order structural transition
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brings about an additional contribution to MCE, yielding the giant magnetocaloric
effect. Thus extensive search for magnetocaloric materials with a first-order field-

induced magnetic phase transition has been of great research interest in literature.

It was considered a milestone in magnetocaloric material research when the re-
versible giant MCE near room temperature in a series of Gd-Si-Ge alloys was first
observed. Gds(SiGey_;)4 alloys with 0 < 2 < 0.5, display a AS,,,, at least two
times larger than that of Gd near room temperature [64]. Tt was found by Gschnei-
dner and his colleagues that the entropy change of GdsSioGe, [65] associated with a
first-order phase transition is ~ 18 Jkg=! K~! around 276 K for a field change of 5 T,
which is significantly larger than that of Gd (~ 10 Jkg ! K~!) under a similar con-
dition. This sparked a big interest in first-order magneto-structural transformations
and triggered the development of promising new magnetocaloric materials. However,

the price and critical resources of RE elements limit their large-scale utilization.

From this point of view, 3d transition metal compounds or ceramic mangan-
ites are good alternatives. Elaborate investigations into 3d transition metal com-
pounds such as La-Fe-Si-based alloys, Mn-As-Sb compounds, Mn-Fe-P-based alloys
etc have been encouraging [66-71]. These compounds exhibit a first-order magnetic-
field-induced transformation from the paramagnetic phase to the ferromagnetic one,
giving rise to a conventional giant MCE. Giant and inverse MCE were observed
in the intermetallic compound FeRh. This alloy has a first-order ferromagnetic to
antiferromagnetic phase transition at Tj; ~ 316 K, which yields a MCE value as
large as -8.4 K for a field change of 2.1 T [72].

The single largest 3d transition metal compound series with encouraging results
in the context of adding more members in the family of magnetocaloric materials is
the series of magnetic Heusler compounds with Ni and Mn as the 3d constituents.
The simple structures of Heusler compounds, the large database of them and their
cost-effectiveness have generated huge interests to explore possible magnetocaloric
materials from the family. The Heusler compounds have been the subject of in-
tensive research owing to a magneto-mechanical property i.e., the magnetic shape
memory property. The shape memory effect (SME) describes restoring the original
shape of an elastically deformed sample when heated. The property underlying the
features of shape memory alloys is the martensitic phase transition (MPT), a dif-
fusionless first-order structural solid-solid phase transition with displacive nature,
often associated with phonon anomalies in the parent phase and related precursor
phenomena. The term “martensite” is named in honor of the German metallogra-

pher A. Martens [73]. Upon cooling, the transition occurs from a high symmetry
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cubic phase, known as parent phase or austenite, to a lower symmetry phase known
as product phase or martensite. The temperature at which the martensites start to
form is known as the martensitic-start temperature (7s). Subsequently, the high-
temperature parent phase, known as the austenite phase, becomes mechanically
unstable and when the parent phase completely transforms to the martensite phase,
the corresponding temperature is called the martensitic-finish temperature (7).
The martensitic transformation temperature (7)) is defined as an average of these
two i.e. Thy=(Ts+TY%))/2. In the absence of any generalized external field, there are
a certain number of twin-related martensitic domains or variants in the martensite
phase, which are energetically equivalent but with different crystallographic orien-
tations. These domains self-accommodate in such a way that the elastic energy is
minimized. The consequence of the elastic energy stored in the lattice is that the
transition does not occur at a constant temperature, but rather it spreads over a
certain temperature range. The mechanism behind the shape memory property is:
on cooling below 75, in the absence of any uniaxial stress the martensitic phase has
a polyvariant structure, with almost no shape change than in the high-temperature
austenite phase; then application of uniaxial stress breaks the degeneracy of the
martensitic variants, and by twin boundary motion those variants reorient in favor-
able orientation with the applied stress, resulting in a macroscopic change of shape.
Finally, on heating, the alloy above temperature 7 transforms back to the cubic
parent phase. Since the discovery of shape memory effect in Au-Cd [74], a wide vari-
ety of materials have been found, prominent among them being the Ni-T1i alloy [75].
In the next few sub-sections we provide an overview of the knowledge acquired so
far about structure-property relationships in magnetic Heusler compounds in the

context of magnetocaloric effects.

1.7.1 Structure of Heusler compounds

Heusler compounds, discovered by Fritz Heusler, are a remarkable class of inter-
metallic materials, comprising of more than 1500 members. Heusler compounds are
symbolically denoted as X5YZ, where X and Y are transition metal elements, and Z
is the main group element. In general, the Heusler compound X,Y7Z, crystallizes in
a CupsMnAl-type structure i.e. the regular cubic L2, (space group no. 225; Fmdm)
structure where the X atoms occupy the Wyckoff position 8c((1/4, 1/4, 1/4) and
(3/4, 3/4, 3/4)), the Y and Z atoms occupy the positions 4b(1/2, 1/2, 1/2) and
4a(0, 0, 0) respectively [76] (shown in Fig. 1.4(a)). However, another prototype of
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(b)

Figure 1.4: (a) Regular CusMnAl-type cubic Heusler structure and (b) corresponding
tetragonal structure representation of the same, with cell parameters relations: Cier=Ceupic

and atet:acub/\/i-

the Heusler compound, called “inverse” Heusler, is formed in HgsCuTi (space group
no. 216; F'43m) structure. In the inverse Heusler structure, the atom at 4b site gets
interchanged with atoms at the 8c site of regular Heusler alloy. Thus, the X atoms
of XoYZ compounds occupy the Wyckoff positions 4b(1/2, 1/2, 1/2) and 4d(3/4,
3/4, 3/4) whereas the Y and the Z atoms occupy the 4c(1/4, 1/4, 1/4) and 4a(0, 0,
0) positions respectively [76]. An alternative arrangement of the atoms can also be
made as the 4a site is symmetric with 4b and 4¢ with 4d. Depending on the number
of valence electrons of the constituent elements, a system crystallizes in the regular
or inverse Heusler structure. If the number of valence electrons of the transition
metal element Y is larger than that of the transition metal element X, the system
crystallizes in the inverse Heusler structure [76-80]. Experimental and theoretical
studies on numerous Heusler compounds established the above rules for site occu-
pancies of XoYZ Heusler compounds, albeit with few exceptions. A widely reported
structural phase occurring in some of these compounds is the tetragonal derivative
of the cubic structure. This tetragonal structure can be generated through a ro-
tation of the cubic structure by 45° along [110] direction, as shown in Fig. 1.4(b).
The cubic unit cell can be described in terms of tetragonal cell with c/a ratio of v/2

and the corresponding relations between the cell parameters are ae;=acup/ V2 and

Ctet=Ccub-

1.7.2 Magnetic shape memory property

A breakthrough in the research of shape memory materials came about with the
discovery of magnetic shape memory alloys. The main trouble for practical applica-
tion of the conventional shape memory effect was the slow response of the devices
17
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Figure 1.5: Schematic representation of the magnetic shape-memory effect. The arrows
inside the variants indicate the corresponding direction of the easy axis. For high magne-
tocrystalline anisotropy of the martensitic phase, the magnetic field causes the rotation of
the variants and hence a deformation of the compounds [81].

inherent to the thermal control of the effect. In contrast, it is easier to control the
magnetic field rather than the temperature. The possibility of controlling shape
memory effect due to an applied magnetic field opened up a research area aimed at
designing a new generation of sensors and actuators which can operate at relatively
high frequencies. The effects associated with magnetic shape memory originate from
a different mechanism. In this case, it is a magneto-structural coupling of magnetic
and martensitic variants at a mesoscopic length scale, which causes the length change
by the re-orientation of the martensitic variants under the externally applied field.
The mechanism giving rise to the magnetic shape memory effect is shown schemat-
ically in Fig. 1.5. In the martensitic state, the sample is a heterophase composed of
several twin-related martensitic variants or structural domains (for simplicity, only
two of these domains are shown in Fig. 1.5). At temperatures below the Curie
temperature, there are magnetic domains within each martensitic variant with their
magnetizations pointing along the easy axis and organized to minimize the mag-
netostatic energy. When a magnetic field is applied, there is the tendency of the
magnetic moments to align along the magnetic field. If the magnetic anisotropy
is weak, the magnetic moments will rotate within each martensitic variant. This
will result in almost no change in the sample dimensions other than those corre-
sponding to conventional magnetostriction. However, if the magnetic anisotropy is
high, rotation of magnetic domains requires a significant increase in magnetic en-
ergy. Provided that the energy to move twin boundaries is low enough, there will
be a rotation of the structural domains so that their easy axis becomes aligned with
the externally applied field. In this case, the rotation of martensitic variants is pro-

moted by the difference in the Zeeman energy between the variants. The result is a
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significant change in the dimensions of the sample. Thus, in this process, the mag-
netic field plays the role that mechanical stress plays in conventional shape memory
compounds. Shape memory is achieved on heating the compound above the reverse
martensitic transition temperature, where all martensitic variants disappear, and

the sample recovers its original shape.

Magnetic shape memory alloys (MSMAs) have raised intense interests in re-
cent years as multifunctional materials due to the existence of strong coupling be-
tween structure and magnetism. Among different MSMAs, Ni-Mn-Z (Z=Ga, In, Sn,
Sb) are of special interest nowadays [82-96]. The presence of first-order magneto-

structural transition makes them promising to realize giant magnetocaloric effect.

1.7.3 Results on MCE in Ni-Mn based Heusler alloys

The Heusler type magnetic shape memory compounds can be tentatively divided
into two groups: ferromagnetic and metamagnetic. Ferromagnetic shape memory
compounds can be distinguished from metamagnetic shape memory ones by the na-
ture of the magneto-structural interplay. In ferromagnetic shape memory materials,
the interplay is dominated by the strong increase of magnetocrystalline anisotropy,
induced by the symmetry changes taking place at the martensitic transitions. This
class of interplay makes feasible a magnetic field induced variant reorganization and
thus the magnetic shape memory effect. In the so-called metamagnetic compounds,
the interplay is dominantly controlled by the symmetry induced change of exchange
coupling and thus changes in magnetization. In this case, the applied field drives the
magnetoelastic phase transition and therefore, metamagnetic shape memory com-
pounds are expected to show better magnetocaloric properties. However, the first
study dealing with magnetocaloric effect in Heusler compounds was carried out in
Ni-Mn-Ga based compounds which belongs to the first category i.e. ferromagnetic

shape memory alloys.

1.7.3.1 Ni-Mn-Ga compounds

The first reported data showed inverse magnetocaloric properties in
Nig 06Mng.g0sGaggz2 with AS,,.,=4.1 Jkg ! K~! at the austenite transition tem-
perature 197 K in a field of 0.9 T. The obtained value is comparable to that of Gd
(ASag=4.2 Jkg ' K~1in 1.5 T field) [97]. However, in a subsequent study a conven-
tional effect, AS,,,,=18.0 Jkg™' K1 in 5 T field at 300 K, was reported in a slightly
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different composition Nij 194Mng g04Gag o7 [87]. It was later shown that the change
in the magnetocaloric character was a consequence of the effect of composition on the
magnetocrystalline anisotropy of the martensite phase. It was demonstrated that the
inverse contribution to the magnetocaloric effect is dominant at low applied magnetic
fields. It becomes less and less important while tuning the composition in such a
way that the martensitic transition temperature (7)) approaches the Curie temper-
ature (T.), due to the decrease of magnetocrystalline anisotropy of the martensitic
phase [81, 98-100]. In particular, for compounds with both transitions very close to
each other, the magnetocaloric effect is always conventional [101]. Since then many
investigations were done on the Ni-Mn-Ga alloys series [102, 103] by varying the
compositions slightly. The largest entropy change AS,,,=20.7+£1.5 Jkg ' K~! in
a magnetic field of 1.8 T was reported in the NissMnggoGa alloy at the magneto-
structural phase transition temperature (7) of 333.2 K [104]. The effect of substi-
tution with different atoms was also studied in the Ni-Mn-Ga series. Both positive
and negative entropy changes were observed when Fe substituted Ni-Mn-Ga. In
Niy 15Fep 04Mng gGag g, the maximum AS,,,,=3.1 J kg~! K! was observed in a field
of 0.5 T. Maximum negative entropy change of AS,,,,= -2.1 Jkg™! K™ was exper-
imentally observed in a field of 2 T. This was due to the separation of structural
and magnetic transition temperatures [105]. Pathak et. al. [106] observed large
inverse magnetic entropy changes in the vicinity of a field induced martensitic tran-
sition in Niy_,Co,Mnj 25, Fe,Gagro (AS;ee=31 Jkg ' K for 2=0.32 and y=0.36
near room temperature in 5 T). The relatively small hysteresis loss and large re-
frigeration capacity, tunability of the martensitic transition temperature through
variation in Fe concentration make these compounds promising materials for appli-
cations. A strong magneto-structural coupling yields large magnetic entropy change
of -12.8 Jkg=* K~! and adiabatic temperature variation of 1.6 K in an external mag-
netic field change of 1.5 T in NigMng 75Cug25Ga [107]. First-principles calculations
in conjunction with thermodynamic models were used for a detailed description
of magnetic, martensitic and magnetocaloric properties of Niyy,Mn;_,Ga (0.18 <
x < 0.24) Heusler alloys, undergoing a first-order magneto-structural phase tran-
sition [108]. The complex magnetic and structural properties of Co substituted

Ni-Mn-Ga Heusler alloys have also been investigated [109].

In metamagnetic shape memory alloys of the Ni-Mn-Z (Z=In, Sn, Sb,...) family,
inverse magnetocaloric effect is observed. This is associated with the martensitic
transition for compositions with excess Mn atoms with respect to the 2:1:1 sto-
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ichiometry. The decrease of magnetic moment at the transition is explained by
considering the fact that due to the excess of Mn, neighboring Mn-Mn atoms couple

antiferromagnetically in the martensite phase [110-112].

1.7.3.2 Ni-Mn-In compounds

MCE in Ni-Mn-In Heusler compounds with variable relative concentrations of the
constituents has been observed. Low field inverse magnetocaloric effect associated
with first-order martensitic transition was observed in Niy_,Mny 45, ,Ing 52 (£=0.12,
0.16, 0.2) compounds. The results show that a small variation in Ni/Mn ratio
significantly influences the martensitic transition temperature and the associated
magnetic and magnetocaloric properties. In a low field change of 2 T, a large pos-
itive magnetic entropy change of 23.5 Jkg ! K~! with a net refrigeration capacity
(RC) of 53 J /kg was obtained near room temperature (308 K) in the compound with
x=0.12 [113]. MCE was also studied in high Ni content NisogMnj g5 ,In, (x=0.62,
0.64, 0.66) compounds. The maximum entropy change was 22.3 Jkg ! K~! for
x=0.66 at 270 K in 1.5 T [114]. Recently it has been shown that the unidirec-
tional crystal growing technique may provide an effective approach to enhance the
magnetocaloric effect of Mn-rich Heusler materials [115]. The results on the ef-
fect of the partial substitution of In by Si in NiyMn; 4Inge_,Si, (0.04 < z < 0.2)
showed that the substitution of 20% In atoms by Si results in an increase in posi-
tive magnetic entropy change of more than 300% [116]. The peak values of positive
magnetic entropy change in a magnetic field change of 5 T are found to be de-
pendent upon composition and vary from 82 Jkg ! K~! for 2=0.04 at 275 K to
124 Jkg ' K=! for 2=0.12 at 239 K. Partial substitution of Mn with Fe and Cr
in Ni-Mn-In alloys were also studied. It showed that the substitution with Cr in-
creases the martensitic transition temperature, whereas in case of substitution with
Fe, it decreases [117]. In NiyMny 36Ing 64, substitution of Mn or Ni by Fe leads to
increasing values of magnetic exchange parameters. In contrast, the substitution by
Cr weakens the exchange interactions as the magnetic moment of Cr atoms is small
compared with Mn and Fe moments. A large isothermal magnetic entropy change of
17.7 Jkg ' K=! with large effective refrigerant capacity (254 J/kg) near 270 K was
observed in NigMnj 3464Cro 013610064 [118]. Nij sCogoMny 5Ing 5 single crystal shows
a large entropy change of 30 Jkg™' K~! in an applied field of 7 T during the first-
order magneto-structural transition at 355 K leading to a net refrigeration capacity
of 267 J/kg, which is very encouraging for magnetic refrigeration applications [119].

A computational study was also done on quaternary Ni-Mn-In-Y Heusler compounds
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to predict materials with better magnetocaloric properties. It was found that the
inverse MCE increases if Mn is substituted by Y in comparison to the case when
Y substitutes Ni. NizMnj 3;Cugg5Inges where 5% Mn is replaced by Cu exhibits
an inverse MCE which is twice as large compared to that in NigMn; 36Ing 64 [120].
Computational studies by Monte Carlo and first-principles calculations show that
by tuning the magnetic exchange interactions in NisMn; 36Ing ¢4, the MCE can be
enhanced [121, 122] and that can be realized experimentally by doping the host

alloys with nonmagnetic or antiferromagnetic atoms e.g., B, Cu, Cr, etc.

1.7.3.3 Ni-Mn-Sn compounds

The giant inverse magnetocaloric effect in Ni-Mn-Sn compounds has its origin in
a martensitic phase transformation that modifies the magnetic exchange interac-
tions through the changes in their lattice parameters [123]. Tt was experimen-
tally shown that Heusler-type Nigs0Mngs0_,5n, alloys show structural and mag-
netic phase transformations in the narrow range 0.13 < x < 0.15, for which an
inverse MCE was observed (AS;,,,=15 Jkg ! K™ for z=0.15 and 18 Jkg ' K~ for
x=0.13in 5 T field) which was at least three times larger than in the Ni-Mn-Ga com-
pounds. The martensitic transition and magnetocaloric effects in Nis g4Mn; g6_,Sn,
(x=0.536-0.6) Heusler alloys were also investigated. The largest magnetic entropy
change AS,,,,=10.77 Jkg ' K~! at about 268 K was obtained in Nij 04Mn; 3550055
alloy with a magnetic field change of 1.5 T [124]. In the bulk off-stoichiometric
Heusler alloys with compositions Nij 76Mny 75C0g.0sSng 44 and Niy 76Mny 70 Cug 0sSng 44,
the martensitic transition temperature of the parent alloy Nij g4Mnj 7951044 shifts
to the lower temperatures upon Co and Cu substitution. Therefore, Co doping was
explored to open a wide temperature window for a magneto-structural transforma-
tion. Tuning the Sn and Co content in MnyNis_,_,Sn,Co,, (z=0.44, y=0 to x=0.24,
y=0.56), martensitic transition temperature could be adjusted over the range 99 to
450 K, with the condition that T); remains lower than the Curie temperature of the
austenite phase (7') which varied from 288 K to 565 K. Thus a 351 K temperature
window for the magneto-structural transformation was established [125]. A large
magnetic entropy change of 29.5 Jkg™! K~! with wide working temperature span
of 14 K and large effective refrigeration capacity (RC') of 232 J/kg under a field of
5 T was obtained in Nij g24Mny 7305n9.4C0g 244 alloy [126]. The study of the diverse
properties provided knowledge to develop Nij goMnj 565105051, (0.04 < z < 0.16)
alloys as a possible multifunctional materials [127]. Large magnetic entropy change
was also observed in Nij 7oMnj g4Sng 44C, (=0, 0.08, 0.16, 0.32) compounds. W-
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doping turned out to be an efficient tool to tailor properties of the Ni-Mn-Sn al-
loy [128]. Complementary computational study was done to optimize the magnetic
and structural properties of Ni(Co,Cu)MnSn Heusler alloys for investigation of the

magnetocaloric effect [129].

1.7.3.4 Ni-Mn-Sb compounds

In off-stoichiometric Sb-deficient Ni-Mn-Sb systems, giant inverse magnetocaloric
effect has been observed near room temperature. The magnetic properties and
magnetocaloric effect were studied in NigsMng5_,Sb, for z=0.1, 0.2, 0.3 and 0.4.
It was seen that the properties were very sensitive to x and a negative entropy
change of 1.0 Jkg ' K™! at 300 K in 1.2 T was obtained [130]. For a differ-
ent composition (NigMns_,Sb,, £=0.52) a large positive magnetic entropy change
(9.1 Jkg™' K!) was observed in the vicinity of the martensitic transition at 287 K
for a magnetic field change of 5 T [131], while a maximum positive magnetic entropy
change of 19 Jkg ' K1 at 297 K for a magnetic field change of 5 T was found in
NigMnj 4844 Sbg 52— for 2=0.04 [132]. The magnetic properties and MCE were inves-
tigated in Nis_,Mnj 504,Sbous (x = -0.04, 0, 0.04, 0.08) ferromagnetic shape mem-
ory alloys. The positive magnetic entropy change was found to be 6.15 Jkg=! K—*
for Nijg6Mn 56Sbgas in a field of 1 T, with negligible hysteresis loss [133]. Inves-
tigations on Niy_,Co,Mnj 56Sbg 44 (2=0-0.44) ferromagnetic shape memory alloys
showed that the temperatures of martensitic transition and magnetic transition in
the austentite phase depend strongly on the Co concentration. Only for 0.28 < x
< 0.36, the martensitic transition is accompanied by a sudden change in magne-
tization. Maximum entropy changes of 7.3, 7.9, 8.9 Jkg ' K~ for #=0.28, 0.32,
0.36 were observed in the temperature range 288 - 312 K [134]. The effect of Co
on the structural, magnetic and magnetocaloric properties of Nis_,Co,Mn; 55Sbg 48
(z=0, 0.08, 0.12, 0.16, 0.2) Heusler alloys was studied by Nayak et. al. Remark-
able enhancement of MCE was observed near room temperature upon Co substi-
tution. The maximum magnetic entropy change of 34 Jkg ' K~! was achieved
for 2=0.2 at 262 K in a field of 5 T and a value of 29 Jkg ! K~! was found
near room temperature [135]. The effect of Ge substitution was also investigated
in Nij §CogoMny 52Sbg s »Ge, (=0-0.12). Decrease in the exchange interactions
brought by Ge substitution could be understood from the reduction in magnetiza-
tion of the austenite phase and increase in the martensitic transition temperature.
The most remarkable feature in the system is the reduction of hysteresis with Ge
substitution. The entropy changes were AS,,,,=68, 39, 28 Jkg~ ' K~! for 2=0, 0.04,
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0.12 respectively in a field of 5 T near room temperature. Also the RC value was
larger than that in the reported Ni-Mn-Sb systems [136]. Investigations were car-
ried to observe the effect of substitution of Si and Ga in quaternary Ni-Co-Mn-Sb
alloys. The compound Ni; g4Cog 16Mny 50Sbg 4451004 exhibited a large positive mag-
netic entropy change of 70 Jkg ! K~! at 273.5 K for a field change of 5 T. The
entropy change is much lower (AS,,,,=13 Jkg ' K~! at 272.5 K in 5 T) [137] for
Nij g4Cog.16Mny 525bg 44Gag.os. The magnetic hysteresis loss in Ni-Mn-Sh alloys was
effectively reduced by Si-doping [138]. The effect of boron addition on the magnetic
and magnetocaloric properties was studied in NisMny 50Sbg 4B, for x=0.04, 0.08,
0.12. AS,0,=9.2 Jkg ' K~! in a field of 5 T was observed which is larger than the
entropy change (7 Jkg™' K~!) without boron [139]. A maximum positive magnetic
entropy change of 14.2 Jkg~! K=! was observed for 2=0.08 in NisMn; 55—, Fe,Sbg s
at 288 K in a magnetic field change of 5 T [140]. In NisMn; 45 ,Cr,Shq o series, a
large positive magnetic entropy change of 20 Jkg=! K~ in the vicinity of martensitic

transition temperature was observed for z=0.04 in 5 T [141].

Thus, extensive literature on experimental investgations into MCE in the Ni-Mn
based Heusler compounds is available. All these studies infer that the magneto-
structural transition temperature (7)), the magnetic transition temperature (7.),
mechanical properties, and associated MCE properties of Heusler compounds can
be easily tuned by playing with the compositions. However, the results available
are somewhat scattered, as apparently they are done on arbitrarily compositions. A
systematic study leading to fundamental understanding of the MCE properties in
these systems, which is still missing, and is of utmost importance for the development
of existing magnetocaloric materials as well as discovering new efficient ones. In this

thesis, we have addressed this in the context of Ni-Mn-Sb compounds.

1.7.4 Importance of Ni-Mn-Sb series

The off-stoichiometric Sb-deficient Ni-Mn-Sb systems are the newest addition to
the list of Ni-Mn based Heusler compounds that show large MCE associated with
a first-order magneto-structural transition near the room temperature. Extensive
experimental investigations (as discussed in previous section 1.7.3.4) have revealed
that MPT and associated properties in Ni-Mn-Sb compounds crucially depend on
the concentration ratio of Ni, Mn and Sb. The systems investigated were always

Sb-deficient and Mn-excess. This propels one to examine the role of composition
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on the MCE related properties, in particular the impact on the martensitic phase
transition. Coupled with this is the question regarding the impact of site ordering on
the physical properties. In order to ramp up the MCE in these materials, some more
experimental investigations have been carried out for the Mn-excess Sh-deficient off-
stoichiometric Ni-Mn-Sb systems by substituting the Fe and Co atoms at Mn and Ni
sites respectively. As a consequence, a large positive AS,,,, near room temperature
was obtained with 0.28 < x < 0.36 in Niy_,Co,Mn; 56Sbg 44 alloys [134]. For a
slightly different composition, Niy_,Co,Mn; 50Sb 45, nearly 70% decrease in moment
is observed associated with the martensitic transition and remarkable enhancement
in AS,,q, of 34 Jkg ' K~! is achieved for z=0.2 at 262 K in a field of 5 T [135, 142].
A significant AS,,,, value of 14.2 Jkg "K' at 288 K under 5 T field was observed
for £=0.08 in NisMny 50, Fe,Sbg 4s [140]. These results suggest that Fe, Co, and Cu
substitutions at select sites of Ni-Mn-Sb Heusler compounds would help in improving
their MCE properties. However, it crucially depends on the substituent, the site
of substitution, and the composition. A systematic investigation into the impact
of these three would throw light on the microscopic understanding, help interpret
the experimental observations, and provide a roadmap to tune the compositions
for maximizing the functional properties. Inspite of the obtained giant effect, one
issue with the 3d elements substituted Ni-Mn-Sb compositions is that the working
temperature i.e., the martensitic transformation temperature (7)) decreases below
the room temperature due to the substitution which is not desirable for practical
applications. Thus it will be worthwhile to explore magnetocaloric materials in the
Ni-Mn-Sb Heusler family, with improved giant effect, but, within the desired range
of working temperature. In some recent studies, the strategy of substitution of at
least two 3d elements simultaneously (cosubstitution) has been found to be useful
in achieving the important magnetic and structural properties with better tuning

and adopted successfully [143-145], which may work in the present context.

To this end, the motivation of my research work is two-fold. From the funda-
mental point of view, the motivation is to gain a deeper insight into the relations
between the MCE and magnetic phase transitions, compositions, and related struc-
tural and magnetic properties of Heulser compounds. This insight serves as a guide
in the search for new materials suitable for application. Using this, I next focus
on finding potential materials exhibiting large magnetocaloric effect. 1 have chosen
the Ni-Mn-Sb magnetic shape memory Heusler series since magneto-structural tran-
sitions and significant magnetocaloric effects are observed near room temperature.

This, along with low cost of Sb and achievable negligible hysteresis loss [146], makes
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Ni-Mn-Sb systems potential candidates for good magnetocaloric materials. Apart

from that, there is quite a bit of scope left to investigate it theoretically.

1.8 Importance of combined first-principles electronic
structure calculations and Monte Carlo simula-

tion based studies for investigation of MCE

The discussions in the previous sections clearly demonstrate that it would be of
great interest to understand the fundamental picture of structural, electronic and
magnetic properties in the Ni-Mn-Sb based Heusler compounds behind the fasci-
nating magnetocaloric effect. For a theoretician, the natural way to do this is by
obtaining the solution of Schrodinger equation for electrons in real solids, where
their quantum mechanical behaviour is determined. For such a many body in-
teracting system, exact solution of the Schrodinger equation is not possible. The
Density Functional Theory (DFT) [147, 148] which projects the many body in-
teracting system onto a non-interacting single particle one; where the many body
interactions are taken care of in an average way through a single term, has made
the required breakthrough to arrive at parameter-free, first-principles methods so
that robust and accurate results on materials properties can be obtained from their
electronic structures. Integration of DFT based first-principles methods with ad-
vanced softwares made tackling of complex problems accurately within reasonable
time period [149-155]. Over the years, application of these methods in calculating
the electronic structures of magnetic ground states [156-159], dynamical properties
of materials [160, 161] and simultaneous comparison of these results with experimen-
tal observations confirmed the accuracy of these methods. Various problems related
to sub-lattice disordered alloys [162, 163] have also been encountered with these
sophisticated tools. Over the years, these methods are widely accepted to predict
properties of new materials where experimental evidence is not present. There-
fore, the DF'T based first-principles methods are the essential tool for fundamental
understanding of materials.

To quantify MCE in materials, one needs to calculate the temperature dependent
magnetic properties and the magnetocaloric parameters, which is beyond the scope
of DFT based first-principles electronic structure calculations. However, the fun-
damental insights into the properties obtained from DFT calculations can be used

to model the finite temperature calculations or even screen materials for further
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investigation. In this regard, one important focus of my work goes in developing
in-house computer code to quantitatively calculate the MCE parameters, AS,,,,
and AT,;. Generally speaking, most of the work on MCE in Heusler compounds
are experimental in nature. Only a few theoretical studies of MCE in the frame-
work of molecular-field approximation [164-166], bond proportion model [167], and
Monte Carlo simulations [108, 111, 168-170] have been performed. From a theoret-
ical point of view, it is a demanding task to obtain all phases in a self-consistent
way, which requires the ab initio evaluation of all magnetic exchange parameters,
i.e., for each structure (austenite and martensite) and temperature and compare at
each step of the calculation the corresponding free energies. In the literature, a uni-
fied description of structural and associated first-order magnetic phase transitions,
i.e., magneto-structural transitions, has been successfully presented for Ni-Mn based
Heusler alloys, by using a model Hamiltonian implementing Blume-Emery-Griffiths
(BEG) and Potts model [108, 120, 169, 171-176]. The Hamiltonian allows to explore
the richness of the phase diagram as well as the observed qualitative and quantita-
tive behavior of MCE quantities are in a very good agreement with experiments. In
this thesis, I have adopted the same strategy.

Thus, my work, on one hand, represents how a search for giant magnetocaloric
materials can be initialized by observing the basic structural and magnetic prop-
erties obtained from first-principles calculations and on the other hand, how the
temperature-dependent magnetic, structural and magneto-structural properties can
be calculated with the in-house Monte Carlo method based code implemented on a

thermodynamic model.

1.9 Outline of the thesis

In this dissertation, I have focused on detailed understanding of various important
physical properties related to the magnetocaloric effect, as well as, predicting pos-
sibility of realizing efficient MCE in some new compounds in Ni-Mn based Heusler
systems. My investigation is mainly focused on off-stoichiometric Ni-Mn-Sb and 3d
elements (Fe, Co and Cu) substituted Mn-excess Ni-Mn-Sb compounds. In brief,
I have systematically explored the impact of various factors, such as structural
phase stability, site occupancy, magnetic structure, composition, magnetic inter-
actions, mechanical properties, transition temperatures, and how they may affect
the magnetocaloric properties in a system, by first-principles electronic structure

calculations and Monte Carlo simulations. Simultaneously, the interpretations of
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the existing experimental results are also made. Armed with the inputs from such
study, I calculated the MCE parameters i.e., the isothermal magnetic entropy change
(AS,49) and the adiabatic temperature change (AT,,;) in these systems which leads
to proposing new compounds in Fe, Co and Cu substituted Mn-excess Ni-Mn-Sb

Heusler family with improved magnetocaloric effects.

Chapter 1 starts with a description on thermodynamics of caloric effect in
general along with a focus on the magnetocaloric effect. This is followed by the
important application areas of utilizing the MCE, specially in the field of magnetic
refrigation. A review of literature studies on the important magnetocaloric mate-
rials has been done to find out the criterion for selecting efficient magnetocaloric
materials and hence the importance of Ni-Mn based Heusler alloys in the context of

our systems of interest is analyzed.

Chapter 2 contains a brief description of theoretical methods which are used for
material simulations finding ground state properties. This chapter starts with a de-
scription of Density functional theory (DFT) [147, 148], the backbone of current day
electronic structure calculations in complex materials. Various implementations of
the DFT which are used in this work are then described. In this work, I have used two
techniques: the projected augmented wave method (PAW) [177] and Korringa-Kohn-
Rostoker Green’s function method [150, 151] which are implemented in Vienna Ab
initio Simulation Package (VASP) [178, 179] and Munich Spin-Polarized-Relativistic
Korringa-Kohn-Rostoker (SPRKKR) [180] band structure program package, respec-
tively. Apart from descriptions to obtain the ground-state charge densities and total
energies within the two implementations, I have also provided descriptions regard-
ing calculations of elastic moduli and magnetic exchange interactions. The magnetic
exchange parameters have been used in two different approaches for estimation of
the Curie temperature (7.): the mean field approximation (MFA) [181] and the
Monte Carlo simulations (MCS) [182]. Further the Monte Carlo simulation tech-
nique for simulating the systems incorporating the model Hamiltonian with BEG
and Potts model [108, 111, 120, 172], as a tool to extend the zero-temperature ab
initio calculations to finite temperatures and estimate the MCE parameters, has
been discussed. The simultaneous modeling of structural, magnetic, and magneto-
elastic degrees of freedom in cubic and tetragonal structures in my in-house Monte

Carlo method based code and the simulation details have also been discussed.
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Using DFT calculations, in Chapter 3 we have performed a comprehensive and
systematic investigation into the roles of composition, site occupancies and magnetic
configurations affecting the structural stabilities in Ni and Mn-excess Ni;MnSh. We
find that the site occupancy pattern and associated magnetic alignment of Mn atoms
play the central role in de-stabilizing the high temperature Heusler phase and conse-
quently stabilizing a tetragonal martensite at low temperature. We find that unless
the system is significantly Sb-deficient, a martensitic transformation leading to its
functional properties, like MCE, is difficult to realize unless the system stays in a
meta-stable state due to the process of annealing or is grown by non-equilibrium
methods. Our calculations for Mn-excess Sh-deficient system reproduce the experi-
mentally observed trends. The patterns in phase stability as obtained from our total
energy calculations can be understood from the features in the densities of states
in the minority spin bands. This work helps understand the reason behind ex-
perimentalists choice of Sh-deficient systems for observing functional properties like
magnetocaloric effect in Ni-Mn-Sb. An important outcome of this work is the identi-
fication of Niy, ., MnSb;_, as a potential new MCE compound where the martensitic
transformation takes place even at high Sb composition. This input widens the
scope of the experimentalists to explore functional properties in Ni-Mn-Sb systems.
Shear modulus and electron to atom ratio (e/a) both turn out to be good predictors
of structural transition temperature in Ni-Mn-Sb. The materials are also found to

be ductile which is an advantage for their commercial usages.

In Chapter 4 we have explored the potentials of Mn-excess, Sb-deficient NioMnSb
compounds as magnetocaloric materials by substitution of Ni and Mn by 3d transi-
tion metals Fe, Co, and Cu. Apart from being able to explain the trends of variations
in quantities like the martensitic transformation temperature, magnetic transition
temperature and the magnetic moments with compositions, observed in handful of
experiments on this system, we have provided insights into the possibilities of signif-
icant magnetocaloric effects in this group of compounds; the ones which are yet to
be synthesized. Thus our investigation unveiled the physics behind the variations of
physical properties associated with the magnetocaloric effects, and also interpreted
the available experimental results successfully. We found that the site occupancies
of various atoms play an important role in the variations of the above mentioned
physical quantities. The structural stabilities in these systems could be correlated
to the magnetic exchange interactions and their variations. We predict that the

compounds NisMn; 5_,Co,Sbys and NisMn; 5_,Cu,Sbgs; y ~ 0.25, can emerge as
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materials exhibiting large magnetocaloric effects. In brief, this work systematically
explores the physics behind occurence of magnetocaloric effect in substituted Ni-
Mn-Sb compounds. The approach adopted and knowledge obtained from this work
can be used to investigate a wider pool of materials, boosting the possibility of dis-

covering more materials with large MCE.

In Chapter 5 we explore potential room temperature magnetocaloric materials
near second-order magnetic transition by cosubstitution in the Ni-Mn-Sb family,
using Density functional theory in conjunction with model Hamiltonian. Materials
showing reversible magnetocaloric effect near room temperature are desirable for
green refrigeration technology. The compounds in magnetic Heusler family display-
ing significant magnetocaloric effect driven by first-order magneto-structural transi-
tions are in vogue. Comparatively, the Heusler compounds, undergoing second-order
magnetic transition near room temperature are less explored in the context of dis-
covering significant magnetocaloric effect, though they can offer certain advantages
like less energy cost and hysteresis loss. Our investigation on two cosubstituted
families, Niy_,Fe,Mn; . ,Cu,Sb,_, and Ni,_,Co,Mn,,_,Cu,Sb;_., discovers sig-
nificant numbers of compounds with second-order phase transition near room tem-
perature exhibiting substantial changes in magnetic entropy, comparable to that
observed in the compounds showing inverse magnetocaloric effect near a first-order
magneto-structural transition. We find that the cosubstitution provides a wider
scope of tuning the physical parameters like magnetic moment and magnetic tran-
sition temperature as well as of stabilization of the Heusler phase down to very low
temperatures. We provide a systematic way to select potential reversible magne-
tocaloric compounds and analyze our results from their electronic structures and
magnetic exchange interactions. In brief, this work, thus, offers a broader scope of
synthesis and exploration of large MCE near room temperature by cosubstitution

in other compounds of the Heusler family.

In Chapter 6 we have investigated the two cosubstituted families,
Niy_,Fe,Mn,,_,Cu,Sb;_. and Niy_,Co,Mn; ., ,Cu,Sb,_, to find materials prob-
able to exhibit large magnetocaloric effect associated with the first-order magneto-
structural transition, using the techniques employed in chapter 5. The compositions
complementary to the ones investigated in chapter 5 are considered here. We have
investigated the compositions on which experiments are done as well as the other

potential ones. Our calculations turn out to be in good agreement with experimental
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results. The compositions which our initial screening predicted to be the ones ex-
hibiting large MCE, indeed came out to be that after the full thermodynamic study
(ab initio + Monte Carlo), including both magnetic and structural contributions,
were done. This study, thus, establishes cosubstitution in Ni-Mn-Sb as a route to
achieve giant MCE.

In Chapter 7 we summarize the outcome of the thesis and discuss the possible

directions for extension of the present work.

In Appendix the benchmarking of our in-house Monte Carlo code is presented.
The benchmarking is done by running calculations on a number of systems where re-
sults, both experimental and theoretical, pre-exist. The details of the benchmarking

are discussed in the appendix.
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Chapter 2
Methodology

In this chapter, we describe the theoretical methods which are used in this thesis.
The investigations carried out are based on density functional theory (DFT) and
Monte Carlo methods. Fundamental understandings of the magnetocaloric effect in
Heusler compounds and modeling new ones involves a two-stage approach: Density
Functional Theory based first-principles are used to predict the ground state proper-
ties and subsequently, the obtained information is used as inputs in Monte Carlo sim-
ulation which implements thermomagnetic models to extend the zero-temperature
ab initio calculations to finite temperatures. In this chapter, we provide descriptions
of two different implementations of DFT for calculations of ground state properties,
that are used to obtain results presented in the thesis. Monte Carlo simulation meth-
ods based on Heisenberg model, Blume-Emery-Griffiths (BEG) and Potts model and
how they are used to compute the temperature dependent magnetization behavior,
transition temperatures (7., Tys) as well as to calculate the magnetocaloric quanti-
ties (AS)ey and AT,4) in the presence of strong magneto-structural coupling in our

systems, will be discussed then.

2.1 Density Functional Theory

In principle, all the information about a given system is contained within the cor-
responding quantum mechanical wavefunction. For a hydrogen atom, we can solve
the Schrodinger equation exactly in order to get the wavefunction of the system.
We can then determine the allowed energy states of the system. Unfortunately, it is
impossible to solve the Schrodinger equation for an N-body system. Evidently, some
approximations are to be invoked to render the problem solvable. Density functional
theory (DFT) is a method to do that. DFT is a theory of electronic structure, based
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on the electron density distribution n(r), instead of the many-electron wave function

U(ry, ro, rs,...). It has been used widely for solids, surfaces, defects, etc.

2.1.1 The many-body Hamiltonian

The nonrelativistic, time-independent many body Schrédinger equation for solving

the electronic structure of a solid can be written as

WU = BV (2.1)

The equation describes all many-particle states W of the system and their related
energies F/; H is the Hamiltonian. A many body system consists of NV, positivley
charged nuclei and N electrons. Therefore, the many particle wavefunction ¥ is of

the form,

S \I’<I'1, ro,...,Iri, ..., TN, Rl; Rg, ey R[, SO0 R’Np> (22)

The electronic coordinates are given by r; and nuclear coordinates are given by
R/, where ¢ and [ are indices for electrons and nuclei, respectively. The Hamiltonian

H can be written as

h2 2 V2
(PR TETRL D Y

Z[ZJ@ Z[@
2.3
I#ZJ IR; — Ry| Z ri — Ry (2:3)

m; and M; are mass of electron and nucleus, respectively. Z; is charge of the nucleus.
The first and third terms in the Hamiltonian are kinetic energies of electrons and
nuclei, respectively. The second, fourth and fifth terms are Coulomb interactions
between electrons and electrons, nuclei and nuclei and between electrons and nuclei,
respectively. The many body Hamiltonian given by equation 2.3 is difficult to solve
for solid state systems and approximations are required at different levels. In the

next subsections, we discuss them.
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2.1.2 The Born-Oppenheimer approximation

The many-body problem can be simplified by Born-Oppenheimer approximation [183].
The approximation uses the fact that the nuclei are much more massive than the
electrons. Therefore, the time scale associated with nuclear motion is orders of
magnitude larger than that of the electrons and hence the nuclei can be considered
motionless. Thus, their kinetic energy can be neglected and the potential energy
due to nucleus - nucleus interactions is merely a constant. Accordingly, under the
Born-Oppenheimer approximation, the electrons can be considered as moving in
the field of fixed nuclei and the many-body Hamiltonian in equation 2.3 reduces to

electronic Hamiltonian, given as

Zje
/' A Z_ ‘Z|r—r]| Zm R/|

:Te+‘/;e+‘/ext

(2.4)

T, is the kinetic energy of the electrons, V. is the internal potential energy i.e.
Coulomb energy due to electron-electron interaction and V,,; is the interaction with

external potential energy due to interaction between electrons and nuclei.

2.1.3 Hartree and Hartree-Fock Methods

A first approach to find a wave function that minimizes the energy of the system
is the Hartree approximation [184]. The initial ansatz was that the many-body

wavefunction could be written as

U(ry,ro,....ry) = ¥i(r)) Us(ry)...Un(ry) (2.5)

From equation 2.5, it follows that the electrons are independent and interact
only via the mean-field Coulomb potential, that include both the electrons-nuclei
interaction and the mean field arising from the (N-1) other electrons. This yields

one-electron Schrodinger equations of the form,

hQ VQ
Y ﬁ + Viatree (r) Wi (1) = €;V,;(r) (2.6)
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Although the Hartree equations are numerically tractable via the self-consistent
field method, such a crude approximation fails to capture essential elements of the
physics. The Hatree potential (Viaree) considers potentials due to the electron
density distribution and ionic lattice but neglects exchange and correlation effects,
the manifestation of the Pauli exclusion principle, which disallows two identical
particles to lie in the same quantum state. The Pauli exclusion principle for electrons
demands that the many-body wavefunction must be anti-symmetric with respect to

interchange of any two electron coordinates, i.e.,

\Ij(rlar%"'arN) il _\Ij(r%rla“')r]\/) (27)

This is incorporated in the Hartree-Fock [185] method by construction of a many

body wave function ¥ using a Slater determinant of single-particle orbitals W; :

\IJl(rl) \:[12(1'1) = \I/N(I'l)

1 @1(1‘2) ‘1’2(1'2) e ‘I’N(I‘2>
Y= SR (28)

\Ill(I'N> ‘I’Q(I'N) Ce \I/N<I'N)

The Hartree-Fock method treats the exchange in an exact way. However, the
formalism neglects correlation effects altogether leading to inaccurate results in many
cases. The requirement for a computationally reasonable scheme that successfully
incorporates the effects of both exchange and correlation leads one to consider the

conceptually simple and elegant density functional theory.

2.1.4 The philosophy of DFT

The density functional theory (DFT) considers the electron density n(r) as the
central variable that describes all physical properties of the system, rather than
the many-body wavefunction. This conceptual difference with the wave function
based methods leads to a remarkable reduction in difficulty. Whereas the many-
body electronic wavefunction is a function of 3/V variables, the electron density is a
function of only three variables x, y, z - three Cartesian coordinates. An early version
of the density functional theory was proposed by Thomas [186] and Fermi [187] where
the kinetic energy was represented by one electron density. The electron-electron
interactions was incorporated via a mean field approximation. However, the semi-

classical Thomas Fermi approximation, in spite of pointing out the importance of
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one electron density to obtain the ground state properties in a solid, failed to address
the effects of exchange and correlation. A subsequent proposal by Dirac [188] that
incorporates the exchange energy in terms of the electron density, failed to improve
the method significantly. In 1964, Hohenberg and Kohn [147] provided the required
breakthrough.

2.1.4.1 Hohenberg-Kohn theorems

Hohenberg and Kohn’s approach is the backbone of current day DFT. It is based

on the following remarkable simple theorems:

1. The external potential V,,;(r) is uniquely determined by the electron density
n(r) so the total energy is a unique functional of the density E[n] [149].

2. The true ground state density n(r) minimizes the total energy functional E|[n]

149].

According to the above theorem, the ground state energy of interacting electrons

in an external potential V. (r) is described by an energy functional

E[n] = F[n] + /Vezt(r)n(r) dr (2.9)

The first term F[n] is a universal functional of the electron density n(r) which
includes the kinetic (7}.) and electron-electron interaction (V,.) energies in equa-
tion 2.4. The second term represents interaction energy with the external potential.
The total energy in the ground state (Fjy) is realized through the minimization of
E[n]. Therefore, the ground state density, in principle, uniquely determines the
ground state properties of an interacting electronic system. This approach offers a
perspective different than the conventional methods where many body wave func-

tions are to be computed, which is often a difficult task.

2.1.4.2 The Kohn-Sham ansatz

The two theorems proved the existence of a universal functional, though they do not
give any idea about the nature of the functional. Therefore, the Hohenberg-Kohn
theorems first appeared not to be helpful for practical applications. The success
of the DFT comes through using the Hohenberg and Kohn theorem in conjunction
with the Kohn-Sham formalism [148]. The basic idea of Kohn and Sham is the

introduction of a fictitious auxiliary non-interacting electron system in which the
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electrons are moving within an effective Kohn-Sham potential, Vig(r). The single-
particle Kohn-Sham orbitals are constrained to yield the same ground state density
as that of the fully-interacting system, so that the Hohenberg-Kohn-Sham theorems
are still valid. This mapping by Kohn and Sham resulted in a Schrodinger like
equation for single particle which provides a variational total energy and thus the

ground state single particle density to a good approximation.

T, . .
e = —§V + Vks (in Hartree units) (2.11)
where,
VKS —= ‘/eazt(r) aF VHatree(r) + ‘/J:c(r) (212)

The second term is called Hartree potential,

1 [ n(r)n(r)
VHartree = 5 / W drdr’ (2.13)

and the last term is exchange-correlation potential, defined as,

= on()

Vi (2.14)

which includes electron-electron interaction beyond the Hartree term. The density

is calculated from single-electron Kohn-Sham orbitals according to

N
n(r) = [i(r)]? (2.15)

i=1

The total number of electron is obtained as
N = /n(r) dr (2.16)

The self-consistent equations (2.9-2.16) are used to compute the ground state energy

of an electronic system with
Eys = Ts[n] + /Ven(r)n(r) dr + Enariree|n] + Eype[n] (2.17)

Addressing magnetism by incorporating spin dependent density is not too com-
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plicated in DFT. In this case, the Kohn-Sham equations are solved separately for
each spin channel. The charge density is obtained by adding up the densities of the
two spin channels (nf + nJl), while the spin density is obtained as the difference of

the electron densities between the two spin channels (nf - nJl).

2.1.4.3 Approximations for the exchange-correlation energy functional

In principle, the Kohn-Sham ansatz is exact, except for the exchange-correlation
functional. The challenging part of the solution of Kohn-Sham equations lies in
approximating the exchange-correlation functionals in which all of the complicated
many-body effects are considered.

The simplest approach to obtain an approximate E,. is the local density approx-
imation (LDA) [148]. The LDA assumes that the variation of density in a solid is
locally insignificant, and thus the electron density in a solid can be mimiced using
that of the homogeneous electron gas, the exchange and correlation terms of which

are known exactly. The E,., under LDA, is given by

EEPAn) = [ n(x)elem (n(r)) s 2.15)

hom

2o is the sum of the exchange and correlation energies of the homo-

where €
geneous electron gas of density n(r). Consideration of spin degrees of freedom of
electrons modifies LDA to the local spin density approximation (LSDA).

LDA, however, ignores the exchange-correlation energy at point r due to nearby
inhomogeneities in the electron density. In spite of this, the success of LDA is
remarkable due to the fact that it gives the correct sum rule for the exchange-
correlation hole. However, it failed upto the extent of producing wrong electronic
ground state in some important cases.

An attempt to improve the LDA was made by introducing the gradient correc-
tions on the electron density, the generalized gradient approximation (GGA) [189-
191]. The GGA functional is given by

xc

EECGA[TL] = /d3r n(r) €94 (n(r), |Vn(r)|) (2.19)

For systems where the charge density varies slowly, the GGA functional improves
the results. Calculations presented in the thesis are done with the GGA functionals.

For strongly correlated systems, LDA, as well as the GGA, fail. For example,
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band gaps of semiconductors are underestimated [192]. The reason for this behavior
is found in the mean-field treatment of the Coulomb repulsion between the electrons,
which does not take into account strong electronic correlations. In the formulation of
LDA exchange-correlation functional, the potential of the Kohn-Sham orbitals does
not depend on the occupancy of the orbitals. However, in case of strong on-site
correlations, the addition of an electron to a localized site, already containing an
electron, requires an additional energy U [193]. The “Hubbard U” in the Hubbard
model, introduced by J. Hubbard in 1963, takes into account the on-site Coulomb
repulsion by an additional term in the Hamiltonian [194]. The introduction of the
“Hubbard U” in the energy functional of LDA gives rise to the so-called LDA+U
method [195-197]. In a similar manner, a term that takes into account correlation
effects can also be added to GGA exchange-correlation functional, which gives rise
to the GGA+U method. The basic idea behind this method can be understood in
the comprehensive review by Anisimov et al. [198]. The absolute value of the U can
either be estimated from experimental observations [199, 200] or through different

computational approaches [201-204].

2.1.5 Methods implementing DFT for electronic structure

calculations

DFT based electronic structure methods are classified according to the represen-
tation that is used for the Kohn-Sham orbitals. Depending on the nature of the
problem addressed, developing accurate and at the same time, efficient numerical
representations for solving the Kohn-Sham equations is the biggest challenge in
computational material science. In the atomic region, rapid oscillations of the wave-
functions require a fine grid and chemical environment has little effect on the shape
of the wavefunction. Therefore, a small basis set would be sufficient if appropriately
chosen. On the other hand, in interatomic region, the wavefunction is smooth but
very flexible and responds strongly to the environment, which requires large basis
sets. In this sub-section, we discuss two different implementations of DFT that are

based upon two different basis sets. Both methods have been used in this thesis.

2.1.5.1 Projector Augmented Wave (PAW) method

From solid state point of view, the atoms can be considered as a perturbation of
the free electron gas and a very widely used basis set in solid-state calculations
is the plane wave expansion. A plane wave basis set has the advantage of being
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mathematically simple, and is in principle complete, in contrast to localized basis
sets. Exploiting the lattice periodicity using Bloch’s theorem [205], the one-electron
wavefunctions are expressed in terms of a Fourier expansion using plane waves as a
basis set. This approach is of more general interest, also for non-periodic systems,
which can be modeled by supercells. Bloch’s theorem states that the wavefunc-
tion of an electron in a band can be expanded using a discrete set of plane waves.
However, a plane wave basis set is poorly suited to expand electronic wavefunc-
tions because a very large number of plane waves are required to expand the tightly
bound core orbitals and to represent the rapid oscillations of the wavefunctions of
the valence electrons in the core region. The construction of the pseudopotentials
removes the rapid oscillations in the wave functions of the valence electrons in the
core region, resulting in a smooth valence wavefunction there. Consequently, the
pseudo-wavefunctions can be represented by a reasonable number of plane waves,
making the method computationally tractable. In the following, we briefly describe
the evolution of pseudopotentials which are widely used in the electronic structure
calculations. This is important to understand the history and philosophy of the
PAW method.

The norm-conserving pseudopotentials (NCPP) were the first in the block of
pseudopotentials which were computationally tractable. The NCPPs are generated
by putting up the constraint that the norm of the pseudo wave function is same as
that of the all electron wave function within some cut-off distance r.. The condition

is mathematically stated as,

/rc P ()5 (r)r? dr = /Orc YA (1) AE (r)r? dr (2.20)

0

Y% and ¢¥AF are the pseudo and all electron wave functions respectively. Though
suitable for sp elements, this approach becomes intractable for transition metals and
rare earth elements as very large plane wave basis sets are required for localized d
and f states.

Within norm-conserving pseudopotentials scheme, the idea is that the consid-
ered pseudo-wavefunctions should match to the all-electron wavefunctions outside
r.. However, inside r., they are allowed to soften as much as possible. With
norm-conservation criteria, it is unrealistic to make the pseudopotential dramati-
cally smooth inside r.. A large plane wave basis set is required which slows down

the convergence of the calculations. To overcome this issue, in 1990, Vanderbilt
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proposed a new and radical idea for generating ultrasoft pseudopotentials [206-208].
Although this introduces some complications, it greatly reduces the number of plane
waves required to construct the basis set. The three-fold complications inherent to
the construction of ultrasoft pseudopotential are: (i) since the wavefunctions are not
necessarily been normalized, they introduce a non-trivial overlap term in the secular
equation, (ii) the pseudo charge density cannot simply be obtained with calculations
> 1 as done with norm-conserving pseudopotentials. Rather, a term is needed
to be added in the core region, (iii) relaxation of the norm conservation results in
less transferable pseudopotentials. Nevertheless, usage of these pseudopotentials
over the years in large-scale calculations proved their reliability in condensed matter
calculations and most importantly, the cost of generating these kinds of pseudopo-

tentials is negligible compared to the cost of calculations where they are used.

In spite of the enormous benefits in terms of speed and memory, the major
drawback of pseudopotential method is that all the information of the full wave
function is lost close to the nuclei which can influence the result obtained in cases of
certain properties, such as hyperfine parameters and electric field gradients. Another
disadvantage is that there are many adjustable parameters and degrees of freedom for
the generation of the pseudopotentials. For this reason, a particular pseudopotential
with fixed parameters may not give accurate results under all circumstances. A more
general approach introduced by Peter Blochl in 1994 is the Projector Augmented
Wave (PAW) method [177]. The PAW method is a full-potential calculation which
keeps the all-electron wavefunction. The main idea of PAW method was to divide
the wave function into two parts: partial wave expansion in a sphere around the
atom (atomic region) and envelope functions outside the spheres (interstitial region),
which are connected by a linear transformation at the sphere radius. PAW unifies
all-electron and pseudopotential approaches. A brief description of this formalism

is as follows:

In the PAW method, the all electron wavefunction |¢), > is represented by a

smooth wavefunction after a linear transformation with operator T
[, >=T1y, > (2.21)

Around each atom, a augmented sphere (Jr — R*| < r%) is constructed, where r?

is the cut-off radius, a is the atom index, R® is the atom position. The linear
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transformation operator T can be written as

T=1+Y 1" (2.22)

where T only acts in the augmentation sphere. Within the augmentation region,

the smooth wavefunction can be expanded into smooth partial waves <;~5“

0, >=Y il > (2.23)

ia

Similarly the all-electron wavefunction can be written as
[, >= D child} > (2.24)
ia
The smooth partial wave after linear transformation operation

60 >=T1|¢; >= (1+T%)|d; > (2.25)

a
Cc

As T only acts inside the augmented sphere, so the Eq. 2.25 at r > r
60 >= |31 > (2.26)
Now the true wavefunction are expressed as (using Eq 2.19 and 2.12)

¥, >= ¢, > — ZCZM? > +chﬂ|¢? > (2.27)

As the transformation operator 7' is linear, the coefficient of the smooth partial wave

must be scaler product and
¢y =< Pilibn >= Py (2.28)

where p{ are some smooth projector operators. So the transformation operator 7T

become

T =22 (16 > ~I6¢ >) < 7| (2.:29)
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After the transformation in Eq. 2.29, the Kohn-Sham wavefunction is

[0, > =0, >+ > (168 > —[¢¢ >) < pilthn >
. © ) ) : (2.30)
=10, >+ > (D016t >< bl > ~1d >< 5l > )

From Eq. 2.30, the wavefunction can be decomposed as the sum of the smooth
wavefunctions (smooth everywhere) and sum over the subtraction of one-centered
all electron contribution and one-centered pseudo part. Using Eq. 2.30 in Eq. 2.21,
one can obtain compact expression for various quantities in PAW method [179,
209-211]. Results presented throughout this thesis have been obtained using the
Vienna Ab Initio Simulation Package (VASP) [212] using PAW potentials and the
generalized gradient approximation (GGA) in the formulation of Perdew, Burke,

and Ernzerhof (PBE) [190] as the exchange-correlation functional.

2.1.5.2 Korringa, Kohn and Rostoker (KKR) Green’s Function method

To apply density functional theory (DEFT) for studying the electronic structure of
materials locally perturbed by defect atoms or more generally of disordered di-
lute and concentrated alloys, a periodic crystal with a large unit cell (supercell) is
constructed for employing Bloch’s theorem. The Green function methods are ap-
propriate for such situations. The advantage of Green function methods is that the
potential must be determined self-consistently only in the region where it notice-
ably differs from the one of the unperturbed host crystal. As a consequence, Green
function methods correctly describe the embedding of the local environment of the
defect atoms in the otherwise unperturbed surrounding perfect crystal. One pop-
ular scheme employing the Green function method is the Korringa-Kohn-Rostoker
(KKR) method.

The KKR method for electronic structure calculation of materials was introduced
in 1947 by Korringa [150] and in 1954 by Kohn and Rostoker [151]. In this approach,
the scattering properties of each atom center are determined first by a scattering
matrix. In the next step, the multiple-scattering theory is applied for solving the
equation of one electron scattered at many different potentials (all atomic sites in the
lattice). The single scattering and the multiple scattering problems are connected
by a condition that the incident wave at each scattering center has to be equal to the
sum of the outgoing waves from all the other scattering centers. Due to the above

splitting, the structural part is separated from the potential part, which makes the

44
TH-2581_156121017



2.1 Density Functional Theory

formalism tractable.

The significant development of the KKR method is made by construction of
the Green function. This method is able to produce the crystal Green function
accurately by relating it to the Green function of free space via the Dyson equa-
tion, which also works efficiently for a system with an impurity in the crystal. So,
KKR method with Green function is an extremely robust technique for solving the
impurity problem without the construction of huge supercells. This technique is par-
ticularly suited for metallic systems but can be also applied for semiconductors and

insulators. The KKR Green’s Function method can be straightforwardly applied to

1. Systems with impurity
2. Surfaces or arbitrarily layered systems
3. Disordered systems using appropriate alloy theory

4. Calculation of response functions and susceptibility

The key steps in the KKR Green’s Function formalism are as described below.

Suppose that the system is composed of an assembly of non-overlapping spherical
muffin-tin potentials centered on each lattice site of a crystal. Then, the crystal
Green’s function G(r,r’; E) can be evaluated from the free space Green’s function
g(r,x'; E) by

G(r,r'; E) = g(r,x; E) + /dr"g(r,r”; EYW ()G v B) (2.31)

where V(r') denotes the assembly of muffin-tin potentials. In reality, the above
equation can not be used for calculations because of convergence problem. Instead,
a cell-centered angular momentum based representation is introduced. Let’s first

consider the cell-centered representation of g(r,r’; E)

gr + Ry, v + Ry E) = g(r,r + R, — Ry E)

= —’L\/EZ JL(r)HL(r/ + R, —Rn) (2.32)

where Hps are the Hankel functions. Using the addition theorem of Hankel functions,
/ 1 o
HL(r +]-:{n_]-:{»m;Ew) - ﬁZgLL’(E)JL'(r; E) (233)
L/
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and utilizing the following abbreviations

Jr(r; E) = jo(VEr)Yi(r)

(2.34)
Hi(r; E) = hy(VEr)Yg(r)
the free electron Green’s function can be expressed as
g+ Ry, ¥ + Ry E) = —iV/ES,n 3, Ji(re; EYH(r>; E) (2.35)

+ 3 Ju(r E)gr Jo(r's B)

The structure constants are defined by

g™ (E) = —4miVE(l — Sy, Z =L+ CL (R — R E) (2.36)

with the Gaunt coefficients

CfL/ = /dQY n(r)Y, (r)Yr(r) (2.37)
Similarly, the crystal Green’s function has the cell-centered representation as follows,

G+ Rm, v + R B) = —ivVE6un >, Jr(r<; BE)Hy(rs; E)

(2.38)
+ELL/ jL(r; E) LL’jL( )

with

Jr(r; B) = Pg(\/Er)YL(r)

M (1 E) = Qu(VEN)Ya(r) (239)

The second term, in equation 2.35, represents the contribution of the multiple scat-
tering or back scattering to the Green’s function and produces the band structure.
The relation between G, (E) and g7, (E) can be obtained by inserting the above

expressions for the Green’s function into the integral equation

GTE/(E) = gLL + Z g //G " /( ) (240)

/
where t-matrix t;;”u is defined as

/

£, = / / drmdr. Jo (v, EY" (v, /v, 1 )y (', E) (2.41)
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When the scattering centers are aligned periodically in the crystal, GT', and g7’
can be Fourier transformed as,
1 )
Gy (R = Ryi B) = [ Gyl )t i (2.42)
T T
1 ; _
977 (R = Rs E) = — / 9, (k, B)e*Bm—Rn) gk (2.43)

where 7 is the volume of the first Brillouin zone. Substituting them into equa-

tion 2.40, one gets

Gk, E) =g,k E)+ Z g (& E)t Gy (k, E) (2.44)
L//
Finally,
Gy (k,E) =Y [0, — gk E)trlg,n, (k, E) (2.45)
L//

Then, the crystal Green’s function is given by

G+ R, ¥ + Ry B) = —iv/Ebyn > p Ti(r<; EYHp(rs; E)

dk , | , (2.46)
+Tim(r) | Teap(ik.(Rm — Ra)) D217 9117 (&, E)[1 = tg(k, E)] 0 T ()

The band structure is then calculated by finding the zeros of the determinant of the

matrix appearing in equation 2.45 for each k
det|d, —to(E)gpy (ki E)| =0 (2.47)

The procedure determines the energy eigenvalues as a function of k and hence, yields
an energy dispersion relation E(k). The zeros of the KKR matrix give the poles of

the Green’s function; each pole corresponds to the eigenstate of the Hamiltonian.

In this thesis, we have extensively used this method for chemically disordered
systems. The chemical disorder is treated by coherent potential approximation
(CPA), which we discuss in the next section. We have used the Munich group’s
implementation of the KKR-CPA method as done in their SPRKKR package [180].
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2.1.5.3 Coherent Potential Approximation (CPA)

For electronic structure calculations of chemically disordered systems, Coherent Po-
tential Approximation (CPA) has been used widely. P. Soven was first to introduce
the CPA method [213]. Later, D. W. Taylor has used this concept for phonons
in random alloys [214]. In 1972, B. L. Gyorffy implemented this method in the
framework of the multiple scattering theory using Green function technique [215].
Over the years, this method has been used to calculate lattice parameters, elastic
constants, mixing enthalpy, etc., for disordered alloys with an accuracy similar to
the ordered systems. The main approximation is that the disordered system can
be replaced by an ordered effective medium, the potential of which is determined
self-consistently. The single-site approximation is used to treat the impurity prob-
lem which means that the single impurity is placed in an effective medium and no
information is provided about the individual potential and charge density beyond
the sphere or polyhedra around this impurity. Let us consider a substitutional alloy
AByC., . . . , where the atoms A, B, C, . . . are randomly distributed in the
lattice sites. Here a, b, c, ... stand for the atomic fractions of the A, B, C, ... atoms,
respectively. The Green’s function g and the alloy potential Py, are used to char-
acterize the above system. In real alloy, due to the disorder in the environment,
the alloy potential varies uniformly around the same type of atoms. There are two
important approximations within the CPA. The first approximation within the CPA
is that the local potentials around a certain type of atoms from the alloy are the
same, i.e., the effect of the local environment is neglected. These local potentials
are described by the potential functions P, Pg, P, . . . . Second approximation
is that the system is replaced by a monatomic set-up described by the site indepen-
dent coherent potential P. Therefore, the real Green’s function g is approximated
by the coherent Green’s function, §. For each alloy component : = A, B, C, . . . a
single-site Green’s function g; is introduced. The main steps to construct the CPA

effective medium are as follows.

First, the coherent Green’s function is calculated from the coherent potential

with an electronic structure method.
-1
g=|s- P (2.48)

here S denotes the structure constant matrix corresponding to the underlying lat-

tice. Next, the Green’s functions of the alloy components, g;s are determined by

substituting the coherent potential of the CPA medium by the real atomic potential
48

TH-2581_156121017



2.1 Density Functional Theory

P;, which is given by
6:=3+3(P—P)g:i=ABC (2.49)

Finally, the average of the individual Green’s functions should reproduce the single-

site part of the coherent Green’s functions, i.e.,
g=aga+bgs+cgc+ ..... (2.50)

The above three equations are solved iteratively and the output g’s and g;’s are used
to determine the electronic structure, charge density and total energy of random
alloys [216].

2.1.6 Calculation of physical quantities

Elastic moduli and magnetic exchange parameters are the two important physical
parameters, used in this thesis, can be obtained from DFT calculations. In the next

sub-sections we briefly describe the approaches adopted to calculate these.

2.1.6.1 Calculation of Elastic moduli

The elastic moduli can be derived from the total energy E(V') calculated as a func-
tion of volume V or strain e by DFT based methods. In the following, we describe

how they are computed.

Bulk Modulus: The bulk modulus (B) describes the behaviour of the crystal
volume or lattice parameters under hydrostatic pressure. It is evaluated from the
energy-volume E(V') relations. The bulk modulus can be obtained from the Birch-
Murnaghan (B-M) isothermal equation of state which is a relationship between the
total energy with crystal volume under hydrostatic pressure [217]. The third order
B-M equation of state is given by

9
E(V):EOJrEBVO
2 3 2 2 2.51)
Vb 3 ‘/0 3 ‘/0 3 (
—) —1| Bl—|[—=) -1 4—) —6
AE) () ] ()
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and the related pressure P(V) is given by

()0t i)'} o

where V) is the equilibrium volume, V' is the deformed volume, and By is the deriva-

3B

P(V) =5

{1+Z(B()—4)

tive of the bulk modulus with respect to pressure. The value of B} is almost constant

for many substances [218].

Elastic Constants: There are two standard methods for calculating the elastic
constants from ab initio calculations. One is the energy-strain method and another
is the stress-strain method. In this thesis, we employed the energy-strain method
where the total energy is calculated as a function of the applied strain [216]. The
applied strains are chosen at constant volume as the total energy depends on the
volume much more strongly than on strain. The stain matrix D(e), the elements of
which are denoted by ey, es, ..., €5, transforms the lattice A with basis vectors x, vy,

z into the deformed lattice A" with basis vector 2/, v/, 2/, i.e.

T (1+e)r jeey 3esz
y | =@DE)+D)|y| =] ser (L+e)y jesz (2.53)
1
Z =
g

esx %e4y (1+e3)z

where [ is the 3 x 3 identity matrix. In practice, the ey, es, ..., e are expressed in

terms of 0 so that the change in E upon strain is written as

1
E(el, €2, ..., 66) = E(O) + §V Z Cij€i€5 + 0(53) (254)

i,j=1,6
where ¢;;s are the elastic constants. In general the Eq. 2.54 becomes
E(0) = E(0) + VC& + O(6%) (2.55)
where C is the particular combination of elastic constants which is obtained by
fitting £(0) by a polynomial of ¢

_ G

C
V

(2.56)

(5 is the second order coefficient of the polynomial [216].
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For a cubic lattice there are three independent elastic constants C1;, Cia and
Cy4. The corresponding strains are given in the Table 2.1. The compliances of the

cubic phase can be obtained from the elastic constants using the following relations:

1
Sy = —
44 0447
1
Sii—Sp=——"—+
11 2= e (2.57)
C
Si1+ Si2 = =

(Cy1 — Ch2)(Chy + 012)’

Table 2.1: Strain for the calculation of elastic constants in the cubic systems. AFE is the
energy change upon strain and V' is the equilibrium volume of the lattice.

Strain  Parameter AEJV
C1 epL=€ey=¢€3=20 2(Cn1 +201,) 82
C2 e =de=—de3=12 (Cn—Ci)d+O0(6%)
C3  e3=1og,e6=10 204402 4+ O(5%)

Throughout this thesis, the strains have been varied from 0.00 to 0.05 with
intervals of 0.01. Total energies are calculated for monoclinic and orthorhombic
deformations and the elastic moduli (C4;, Ch2 and Cyy) are then obtained by fit-
ting the variation of total energies on the respective strain tensors to a 4th or-
der polynomial equation. In the cubic lattice, the bulk modulus (B) is defined by
B = % (Ch1 4 2C13). The shear elastic modulus (C”) is defined by C’ = % (C11 — Cha).

For mechanical stability in the cubic lattice, the conditions are
044 > 0, 011 > |012|, 011 -+ 2012 > () (258)

Apart from these, other elastic moduli are relevant when the material is poly-
crystalline. In a polycrystalline material, the single-crystal grains are randomly
oriented. On a large scale, such materials can be considered to be quasi-isotropic
or isotropic in a statistical sense. So suitable averaging methods based on statis-
tical mechanics are needed to calculate the polycrystalline elastic moduli. There
are two approximation methods to derive the isotropic elastic modulus. They are
the Voigt [219] and Reuss [220] averaging methods, which represent the upper and
lower bounds respectively of the isotropic elastic modulus. As there are only three

independent elastic constants in the cubic crystal, the shear modulus in the Voigt

o1
TH-2581_156121017



Chapter 2. Methodology

method is
1
Gy = 5(011 — Chp +3Cy) (2.59)

The corresponding one in Reuss method is

5
Gpr = 2.60
B 64, — 4S5y + 354 (2.60)

Finally, the shear modulus (G) are typically the average of Voigt and Reuss elastic

moduli based on Hill approximation [221, 222] which is expressed as following:
1
G = §<GR + Gvy), (2.61)

However, in cases of a number of ferromagnetic Heusler compounds, it was found
out that G, using Voigt formalism is closer to the experimental results [223, 224].
Hence G has been approximated as GG,. The Pugh ratio (G,/B) and Cauchy pressure
(CT) are the two other important quantities characterising the mechanical properties
of a material. Pugh ratio G,/B [225-227], related to the resistance of the material
to plastic deformation, measures whether material is more ductile or more brittle.
Compounds having a Pugh ratio greater than 0.57 are considered to be more brittle.
On the other hand, Cauchy pressure C¥, calculated as C*=(C5-Cy4), provides
insight to the nature of bonding in a material with cubic symmetry [228]. A positive
value of Cauchy pressure indicates more metallic bonding in the system, while a

negative value implies a stronger covalent bonding [229].

2.1.6.2 Calculation of the magnetic exchange interactions

The magnetic pair exchange parameters are computed in order to understand the
nature of the magnetic interactions of the systems studied in this thesis. They
are efficiently calculated using the multiple-scattering Green’s function formalism
as implemented in the SPRKKR, code [230]. In this approach, the spin part of the

Hamiltonian is mapped to a Heisenberg model:

HHeisenberg Z Z JMVeM (262)

M?V Z7j
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u, v represent different sublattices; 4, j represent atomic positions; and e denotes
the unit vector along the direction of magnetic moment at site ¢ belonging to sub-
lattice . The Ji‘;l’ are magnetic exchange interactions which are computed from
energy difference due to the small orientation of a pair of spins resulting a perturba-
tion in spin-density which within the formulation of Lichtenstein et al. [231], based
on magnetic force theorem [232] takes the following form

1 [Br

JZ] de Im TI'(AITgAJTJol,) (263)

:E T

where A;= (£}t }), o is the spin index, £ is the single scattering matrix and T is the
scattering path operator related to the off-diagonal elements of the Green’s function.
Tr is the trace over the orbital indices of the scatting matrix. Positive (negative)
values for J;; indicate ferromagnetic (antiferromagnetic) coupling between atoms ¢

and j.

2.2 Monte Carlo Simulation (MCS) Method

The Monte Carlo simulation method can be considered as an appropriate tool to
extend the zero-temperature ab initio calculations to finite temperatures. The prob-
lems using Monte Carlo method [233] are solved in a stochastic manner, which de-
pends on a sequence of random numbers generated during the simulation so that the
equilibrium state at a given temperature 7' is reached. This method is widely used
in statistical physics for computation of the “average” macroscopic observables of a
system for which the Hamiltonian (H) is assumed to be known. If the temperature
(T") is zero, the system must be in a state of lowest energy.

The thermal average of any observable A(x) in the canonical ensemble is defined

as,

(A(x))r = %/dxe_H(x)/kBTA(x) (2.64)

7 = / dx e~ HE)/kpT (2.65)

The vector x in phase space represents the set of variables describing the de-
grees of freedom of the system. For example, the spin degrees of freedom, x =
(S1,52,53,...,Sn) in case of Ising Hamiltonian. A central property of statistical

physics is the probability density p which describes the statistical weight with which
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the configuration x occurs in thermal equilibrium:

1
p(x) = EG_H(X)/kBT (2.66)

The probability density p is the normalized Boltzmann factor. A problem arises
due to the fact that the exact description in equation 2.66 contains an overwhelming
amount of information, impossible to compute. Thus, an approximation for the
exact equation 2.64 is required. The idea of the Monte Carlo simple sampling
method is to substitute the exact equation, where integration is performed over
all states {x} with their proper weights p(x), using only a characteristic subset of
phase space points {x;, Xa, ..., X1, } that are used as a statistical sample. In numerical
integration routines integrals are replaced by sums. Thus, in the limit M — oo the

discrete sum in Eq. 2.67 approximates equation 2.64.

ZL: 6_H(xi)/kBTA(Xi)
Alx) = == (2.67)
Z e—H(xi)/ksT
=1

There are two common routines to choose the points x; . In the simple sampling
technique the points x; are set up with equal probability. They are chosen randomly
or according to a regular grid. But this procedure has severe disadvantages, espe-
cially at low temperatures, where only few states dominate the sum in Eq. 2.67 while
the main part of the phase space points are irrelevant. In order to cure this problem
the method of importance sampling has been introduced in which the points x; are
chosen with a certain probability P(x;). This ensures that only the points which

matter, are selected. Equation 2.67 is then written as,

L
e HOa/keTP=1(x,) A(x;)

Alx) == (2.68)
S e HOxi) k5 TP-1(x;)

i=1

The most natural choice for P(x;) would be P(x;) o exp|—H (x;)/kpT]. Then
the Boltzmann factor cancels out and equation 2.67 reduces to a simple arithmetic
average:
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A6 = 73" Al (2.69)

ll

Thus the observables i.e. energy, magnetization etc. are be obtained. For the
construction of the points according to the Boltzmann distribution the so called

Markov process is used.

2.2.1 Markov process

Following the Markov process, a new state x| is constructed from a given state x;
with respect to a given transition probability W(x; — x}). Based on a given starting
state a chain of states is built, known as Markov chain, finally resulting in the states
with Boltzmann distribution P.,(x;) = Zexp[—H (x;)/kgT]. A sufficient condition

to achieve this is to impose the principle of detailed balance

P.y(x)) W(x; — x}) = Poy(x;) W(x; — x;) (2.70)
Equation 2.70 implies that only the energy change 0H = H(x}) — H(x;) defines
the ratio of the transition probabilities for a “move” x; — x; and the inverse move

X; — X},

W(XZ’ — Xg) - Peq(X;) B
W xi)  Palx) PO 271)

As Eq. 2.71 is ambiguous, several options for the choice of W exist. One of them

is given by the Metropolis algorithm.

2.2.2 Metropolis algorithm

In the Metropolis algorithm [234] the transition probabilities are given as

W(x; = x,) = exp(—=0H/kgT), if 6H >0

(2.72)
=1, Otherwise
The transition to the new state will be realized in case the new state is lower
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in energy. If this is not the case the transition will only occur with the probability
given by the exponent. The algorithm proceeds as follows: first an appropriate
starting state x; is set up. Then a new state x; is chosen randomly. As a next
step the energy difference §H = H(x}) — H(x;) is calculated and the transition is
carried out if 0H < 0, i.e. if the energy of the new state is lower than the energy
of the old state. Otherwise, the exponent R = exp(—k‘;—HT) has to be calculated
which defines the transition probability. This is implemented in the simulation by
choosing randomly a number 0 < r < 1. If r < R, the system will adopt the new
state. Otherwise, it remains in the old state. The random selection of a new state

is carried out again and the whole procedure is repeated.

2.2.3 Calculation of Curie temperature (7}.)

Using the MCS method, the second order magnetic transition temperature i.e. the
Curie temperature (7,) is estimated. Heisenberg model (Eq. 2.62) is considered to
construct the Hamiltonian. In this model, e; = (ef, e’ e7) is a classical Heisenberg
spin variable and |e;| = 1 at lattice site i. We have used the magnetic exchange
interaction (Jj;"), calculated using SPRKKR code [180]. In the MC simulations,
the initial spin states are randomly sampled and the acceptance or rejection of
the spin states is determined by Metropolis algorithm [234]. For a given site, the
components of spin state are randomly chosen in the following manner [182]: two
random numbers r; and ry are chosen in the interval of [0, 1] to produce a vector with
two components & = 1—2r; and & = 1—2r,. The length of the vector is determined
by €2 = €2 4 €2. If €2 < 1, then the new spin components are e” = 2&/1 — £2,
e¥ = 252\/@ and e = 1 — £2. After selecting the new spin components, we
calculate the change in energy (AH) of the system. If AH is negative then the new
spin state is accepted. Otherwise, the new spin state is accepted with probability
e~ AH/kBT " The above procedure is continued for all the sites. When all the sites are
covered, one Monte Carlo step is finished. The system evolves using MC algorithm
for several MC steps till it reaches equilibrium that is, when the total energy of
the system does not change significantly with MC step. The statistics are then
calculated from the significant number of configurations. The total magnetization
is calculated using the Eq. 2.73. The Curie temperature is estimated from the

susceptibility [176, 223|, (Eq. 2.74).
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M = <Z e;)r/N (2.73)

v= L3n i - oy .

where NN is the number of sites.

It is worth mentioning that we have used another approach for calculation of
T., the mean field approximation (MFA) [181]. This is done in order to check the
qualitative consistency in the computed results. The MFA is known to overesti-
mate or underestimate T, while the MCS method is more accurate quantitatively.
The Curie temperature within the mean field approximation for a multi-sublattice

material can be obtained by solving the system of coupled equations [181, 223, 235]

(@) = g 2 ) (2.75)

where (e”) is the average z component of e/ and J§” = > . J§’. Eq. 2.75 can be

expressed in the form of an eigenvalue matrix problem
O©-TIHE =0 (2.76)

O = ﬁJg ”, Tis a unit matrix and E is the vector of (€”). The largest eigenvalue

of matrix © determines the value of the Curie temperature [181].

2.2.4 Calculation of Magnetocaloric parameters

For estimation of the MCE parameters, i.e., isothermal change in magnetic entropy
(AS)q9) or adiabatic temperature change (AT,4) under an applied magnetic field,
we have used Monte Carlo simulation on a model Hamiltonian that uses the de-
generate Blume-Emery-Griffiths (BEG) model and a mixed g¢-states Potts model.
The Hamiltonian was chosen such that it accommodates, along with magnetic and
structural degrees of freedom, the coupling between the two [108, 111, 120, 172].
The Monte Carlo simulation using the classical Heisenberg Hamiltonian treats the
spins as classical variables which may take on continuous values and hence does

not reproduce the saturation value of the magnetic entropy [111]. Thus, in order
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to calculate the saturation value of the magnetic entropy, we have used the g¢-state
Potts model, in which the spin variables can take discrete values.

The model Hamiltonian (Hppg—_pous) consists of three parts: (a) the magnetic
contribution due to the magnetic degrees of freedom of the system, H,,; (b) the
elastic contribution due to the structural transformation from cubic to tetragonal
phases, H.; and (c) the contribution arising from the coupling of magnetic and

structural interactions, Hj,;.

HBEGfPotts = Hm + Hels ot Hint (277>

The magnetic subsystem is described by a mixed g-states Potts model [111, 171,
172, 175, 176], which allows for both first- and second-order phase transitions, where

¢ is the number of spin states for magnetic atoms.

NN N
<t, 5> g

Here, the first term represents the magnetic interactions at different lattice sites;
J;; being the exchange parameters involving sites ¢ and j, S; the spin defined on
the lattice site ¢ = 1,2,....., N and N the total number of atoms considered in the
simulation cell. The second term represents the coupling of the spin system to the
external magnetic field H.,; along the direction of ghost spin variable S,. up is the
Bohr magneton, g is the Lande factor (here g=2).

The degenerate Blume-Emery-Griffiths (BEG) model [173, 174], which allows
one to describe the interaction between the elastic variables, was used to address
the mutual influence of magnetic ordering and structural transitions. The energy of

the system undergoing structural transformation can be represented by,

Hyo=—-J Y o0, —K Y (1-0})(1—0}) —ksTln(p) Y (1-07)

<i,j> <i,j> i
NN NN
—KlguB,uoHeth&ggi Z oio;  (2.79)
; <i, j>

where o is the strain parameter. It denotes the structural state of the lattice

site and takes the value 0 for cubic or undistorted state, +1 or -1 for the tetragonal
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or distorted state. J and K are structural exchange constants for tetragonal and
cubic states respectively, p is the degeneracy factor characterizing the number of
tetragonal states, K1 is the dimensionless magneto-elastic interaction, and 7" is the
temperature of the system. The third term accounts for the higher configurational
entropy in the cubic phase. The last term accounts for the energy contribution due
to the changes in the structural states under the influence of the external magnetic
field. The structural states are coupled to the external magnetic field through the
ghost spin state o,. The sign of the magneto-elastic parameter, K1, indicates the
favored structural state (cubic or tetragonal), in presence of an external magnetic
field. For K1 > 0, energy is removed from the system in a tetragonal state, so that
the tetragonal (distorted) state is favored over cubic state by the external magnetic
field, while for K1 < 0, energy is added to the system in a tetragonal state so that
the cubic state is favored. In essence, K1 > (<)0 if T}, increases(decreases) in the

presence of external magnetic field.

NN 1 1 1 NN
Hipp =2 Uijds,.s,(5 — 03)(5 —o?) — 5 > Uyds,. s, (2.80)
<i,j> <i, >

In the magneto-elastic part (equation 2.80) of the Hamiltonian, the first term
describes the effective coupling of magnetic sub-lattice to the modulation of the
lattice, while the last term renormalizes the spin-spin interaction. Uj; is the magneto-
elastic interaction parameter.

This Hamiltonian (equation 2.77) was used for Monte Carlo calculations using

the following procedure:

1. For all the magnetic and lattice sites in the supercell, values of initial spin

(S;) and strain (o;) were chosen as 1.

2. First, one arbitrary lattice site was chosen, and the initial elastic energy con-
tribution (H7al) from that site was calculated using equation 2.79. For o; = 0,
the site’s energy contribution was calculated on a cubic lattice, while for o; = +1
or o; = —1, the energy was calculated on a tetragonal lattice. This was also done

while calculating the magnetic and coupled contributions of the Hamiltonian.

3. For the same site 7, the strain parameter o; was changed randomly. The
Hfinal

elastic energy of the new configuration, H_

, was calculated. The change in the
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Hfinal

Jmet . ginitial) - ywas then computed.

elastic energy of the system, (

4. The new system configuration i.e., the lattice with a new strain parameter on
that particular site was accepted or rejected based on the Metropolis algorithm [182,
236, 237]. If H/* < H7itel The new system configuration was accepted; else a

ratio R is calculated

R = exp(~ (B — H) [k yT) (2.81)
A random number (r; 0 < r < 1) is generated, and if R > r, the new configura-

tion was accepted.

5. The next step was to find the new spin state for the site 2. The total energy
of the system, H™"* was calculated using equation 2.77. The spin state of site i
was then changed randomly, and the energy of the new configuration, H/™ was
calculated. The new system configuration (site ¢ with new spin parameter) was then
accepted or rejected based on the Metropolis Algorithm, as described in the previous

step.

6. The steps (2) - (5) were then repeated by moving through the lattice sites.

Once all the lattice sites were swept, one Monte Carlo step (MCS) was completed.

At a given temperature, the system was first equilibrated by repeating the above
Monte Carlo steps. Then the magnetic order parameter (m) and strain order pa-

rameter () of the equilibrated system for a given temperature were calculated as,

m= 3 (g: " = N:) (2.82)

€= % > o (2.83)

Where 7 in equation (2.82) denotes a magnetic atom type, n the total number of
magnetic atom types, ¢; the total number of spin states of the atom of type ¢, N/***
is the maximum number of atoms of type ¢ with the same spin state, /V; is the total
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number of atoms of type i, N is the total number of atoms in the system.

The magnetic specific heat (Chyag), the magnetic entropy (Smag) and total specific
heat, C' = Ciyt + Cag With lattice and magnetic contributions were then calculated.
We have neglected the electronic part of the specific heat. For the lattice heat, we
have used the standard Debye approximation. Finally, the magnetocaloric param-
eters i.e. the isothermal changes in magnetic entropy (AS,,.,) and the adiabatic
temperature change (AT,4) due to the application of an external field, were calcu-
lated by equation (2.87) and (2.88) respectively.

N
1 () - (Y
Conag (T, Hear) = Z T (2.84)
Smag (T, H, )_i/TdTM (2.85)
mag ) ext) — N o T .
T \3 Op/T 23
Clat(T, Op) = 9RNi{4<@—D) /0 do——
©p 1
~(7) oomr=1) (2.86)
ASmag (T, He:vt) —= Smag(T7 Hezt) - Smag (Ta 0) (287)
H
AToa(T, Hewt) = =T Aoy (T Hea) (2.88)

C<T7 Hemt)

We have developed the code implementing this method to calculate the magne-
tocaloric quantities for the systems of interest in this thesis. The benchmarking of
our in-house Monte Carlo code is presented in the appendix by running calculations

on a number of systems where results, both experimental and theoretical, pre-exist.
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2.3 Summary

In this chapter, we have briefly described the computational techniques i.e., DF'T
based methods for the calculations of ground state properties and Monte Carlo
simulations for calculations of temperature-dependent magneto-structural properties
relevant for the study of the materials investigated in this thesis. We have extensively
used two different implementations of DFT: PAW method as implemented in the
VASP and Green’s function based KKR method as implemented in the SPRKKR
package. Armed with the information from the ab initio methods, finite temperature
properties are calculated with the in-house Monte Carlo code, using various model
Hamiltonians. Various thermodynamic models like Heisenberg, g¢-state Potts and
BEG models have been used to construct the model Hamiltonians. We have provided

a comprehensive discussion of the models and the contexts in which they are used.
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Chapter 3

Role of composition, site ordering
and magnetic structure for structural
stability in Ni and Mn excess
off-stoichiometric NioMnSb

3.1 Introduction

The most important feature driving the giant magnetocaloric effect in a mate-
rial is the presence of first-order martensitic phase transition (MPT) accompanied
with a significant change in magnetization. Unlike the prototype magnetic shape
memory Ni-Mn-Ga family, Ni-Mn-Z (Z=In, Sn, Sb) Heusler alloys undergo MPT
from high temperature L2, parent austenite phase to a low temperature tetrago-
nal or orthorhombic martensite phase resulting in many exotic properties, only in
off-stoichiometric compositions with substantial Z-deficiency [113, 238-241]. The
off-stoichiometric Sh-deficient Ni-Mn-Sb systems exhibit giant magnetocaloric effect
associated with the MPT near room temperature [130, 132] drawing special atten-
tion. Extensive experimental investigations, as discussed in chapter 1, have revealed
that MPT and associated properties in Ni-Mn-Sb alloys crucially depend on the
concentration ratio of Ni, Mn and Sb. The martensitic transformation is observed
in NisMn;,,Sb;_, alloys for x > 0.4 [242]. Complex magnetic structure with short-
range correlations are also predicted. The observed decrease of magnetic moment
with increasing electron-atom ratio e/a; a behaviour opposing the general trend in

Heusler compounds, is attributed to the presence of these anti-ferromagnetic corre-

The contents of this chapter are published in Physical Review B 99, 064112 (2019)
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Chapter 3. Role of composition, site ordering and magnetic structure for structural stability
in Ni and Mn excess off-stoichiometric NioMnSb

lations. Similar features are observed by Khan et al. [243]. Experiments on systems
with low Sb concentration (between 0.44 and 0.48) with either Ni content being
fixed [96, 132] or varying in a way to make the system Ni-deficient [146, 243], ob-
served significant inverse magnetocaloric effect and exchange bias. All these experi-
mental results pointed towards the presence of substantial anti-ferromagnetic inter-
actions present due to excess amount of Mn occupying presumably the Sb sites. The
experiments, though wonderfully established the potential multi-functional traits in
Ni-Mn-Sb systems, certain fundamental questions remain to be answered. The sys-
tems investigated were always Sb-deficient and Mn-excess. This propels one to
examine the role of composition on the properties, in particular the impact on the
stabilities of the high-temperature austenite and the low-temperature martensite
phases. Coupled with this is the question regarding the impact of site ordering in
the system on its physical properties. Previous studies on off-stoichiometric Ni-Mn-
Z (Z=Sn, Ga, In) showed that in the off-stoichiometric compositions, the excess
atom does not always prefer to occupy the deficient atom site. The magnetic struc-
ture, as a consequence of this, also plays an important role in deciding the phase
stability and the associated properties. For example, Hu et al. [244] showed that,
for most of the off-stoichiometric NisMnGa, though the excess atoms of the rich
component occupy the deficient atom sites, in cases of Ga-rich alloys, the excess Ga
atoms always prefer the Mn sites irrespective of whether the system is Mn-deficient
or not. For Ni-deficient Ga-excess NisMnGa systems, some of the Mn atoms move
to the Ni sites and the excess Ga atoms occupy the Mn sites. For NisMn;,,Sn;_,
it was shown that the experimental phase diagram for Curie temperature can be
verified only when an intermixing of Mn and Sn atoms is considered [223]. Li et
al. [245] suggested a possibility of Mn-In ordering for Mn-excess off-stoichiometric
NigMn;,,.In;_, compositions. They showed that magnetic ordering in the system
can affect the martensitic phase transition significantly. It was found that if there
is ferromagnetic (FM) coupling between the Mn atoms at Mn and In sites then no
MPT occurs whereas for anti-ferromagnetic (AFM) coupling, MPT occurs in the
system. For MnyNi; ,Sn;_, [246] also, an intricate relation between the site occu-
pancy, magnetic ordering and the stability of the martensite phase was observed.
Thus a knowledge of the site-occupancy will be essential for Ni-Mn-Sb systems for
investigation of its physical properties. Detailed and systematic investigation about
the effects of site ordering and magnetic structure on phase stability for compositions
beyond those considered in the experiments would help understand the fundamen-

tal physics of the system and help choose the composition ranges where practical
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applications due to the presence of MPT are most suitable.

Since relative stabilities of phases is central towards other novel features of this
system, finding a good predictor for martensitic transformation temperature (7))
is important. The electron-atom ratio (e/a) has been identified to be a predictor
of Ty for systems undergoing martensitic transformations: a larger e/a indicates a
higher Ty, [247-249]. However, such a connection is coarse grained and fails in some
situations. For the same e/a ratio, changes in atomic order (site occupancy) also can
change the T);. For example, replacement of Ga by Al or In and variations in the
long-range atomic order changed T); without altering the e/a ratio [250-253]. This
is also true for Ni-Mn-Sb alloys. Although T, varies as e/a for NigMn;, ,Sb;_, [242]
and for Niy_, Mn; 565.Sbg 44 [146], Khan et al. [254] concluded from their experiments
on Nig, ,Mnj 50 ,Sbg4s that rather than the e/a, the hybridization between Ni and
excess Mn 3d states is responsible for variations in the T);. On the other hand,
for some compounds undergoing MPT, T}, is found to be closely related to elastic
shear modulus C”: the lower the shear modulus, calculated in the austenite phase,
the higher the T, will be [255, 256]. Various off-stoichiometric Ni,MnGa alloys also
show this T, dependence on C” [244, 257]. The total energy difference AE between
the high temperature parent austenite phase and the low temperature tetragonal
martensite phase is another quantity to correlate Ty, and C” with the composition
of the compounds. A higher AFE corresponds to a higher T), [258, 259]. It is
therefore, of fundamental interest, to correlate the trend of variation in T), for off-
stoichiometric Ni-Mn-Sb compositions with these physical quantities and decide the

best predictor of T)y.

In this chapter, we present a systematic study over the entire composition range
in Mn and Ni-excess off-stoichiometric NioMnSb systems to explore the importances
of various physical factors affecting the phase stability. To this end, we have sys-
tematically explored the importances of composition, atomic ordering and magnetic
structure and the consequences on phase stability and various properties. The mi-
croscopic origin of the observed features has been interpreted from the composition,
site-ordering and magnetic ordering dependent electronic structures. We have tried
to address the reasons behind choice of Sh-deficient systems in experiments, how
critical the role of relative compositions of Ni and Mn are in effecting martensitic
transformation, how site occupancy and magnetic structure are intricately related
with one another to impact the phase stability and also provided a predictor for
martensitic transformation temperature, one that is independent of the details of

the off-stoichiometry.
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3.2 Computational Details

In the present work, electronic structure calculations were done with spin-polarized
density functional theory (DFT) based projector augmented wave (PAW) method
as implemented in Vienna Ab initio Simulation Package (VASP) [177-179]. The
valence electronic configurations used for the Ni, Mn and Sbh PAW pseudopotentials
are 3d%4s%, 3d%4s and 5s25p3, respectively. For all calculations, we have used the
Perdew-Burke-Ernzerhof implementation of generalized gradient approximation for
exchange-correlation functional [190]. An energy cut off of 550 eV and a Monkhorst-
Pack 11 x 11 x 11 k-mesh was used for self consistent calculations. A larger k-mesh of
15 x 15 x 15 was used for the density of states calculations of all the structures. The
convergence criteria for the total energies and the forces on individual atoms were
set to 1079 eV and 1072 eV /A respectively for all calculations. The elastic constants
for the compounds are calculated using energy-strain method for high-temperature

cubic austenite phases, as discussed in Chapter 2.

3.3 Results and Discussions

In the present work, we have focused on understanding the physics related to MPT
and the trend in associated properties with compositional changes considering four
off-stoichiometric NigMnSb systems: (1) NigMn;,,Sb;_, (sysl), (2) Niy_,Mn;,,Sb
(sys2), (3) Nigy,Mn;_,Sb (sys3) and (4) Niy . MnSb;_, (sys4). The modelling with
any arbitrary composition within the formalism employed, requires large supercell
and hence is computationally demanding. Hence, we have considered compositions
with x = 0,0.25,0.50 and 0.75. To model the chemical substitution we have taken a
16-atom conventional cubic cell. Thus, chemical substitution of 25%, 50% and 75%
can be modelled by successive replacement of the atoms of one of the constituents.
For example, to make a 25% Mn-excess NiyMnj o5Sbg 75 composition, one Sb atom
out of the four in the conventional cell is to be replaced with one Mn atom. Such
modelling strategy has worked for many other substituted systems in the Heusler
family [144, 246, 260].

3.3.1 Site preference and magnetic ground state

Site-occupancy of different atoms for a fixed composition of a system has great
importance in deciding the physical properties. Sdnchez-Alarcos et al. [253] showed

that quenching temperature and the subsequent heat treatment change the degree
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of the L2; long-range atomic order i.e. the site occupancy of the alloy and this is
a very important issue affecting the martensitic transformation temperature (7))
in NisMnGa based alloys. Hence before proceeding with investigation on the phase
stability and other physical properties, the preferred site-occupation patterns are

decided for all the systems considered.

For each of the four systems and compositions considered, possible configura-
tions due to different site occupancy and magnetic structures are listed in Table
3.1 and Table 3.2. At high temperature regular Heusler L2; cubic structure of
NisMnSb [146, 261], the Sb atoms and Mn atoms occupy 4a (0, 0, 0) and 4b (0.50,
0.50, 0.50) Wyckoff positions respectively and Ni atoms occupy the 8c ((0.25, 0.25,
0.25) and (0.75, 0.75, 0.75)) sites [Figure 3.1(a)]. Taking the Mn-excess at Sb site,
NioMny,,Sby_, (sysl) system as an example, for x = 0.25, there exist two differ-
ent possible site-occupation configurations: (i) the normal site occupation [Figure
3.1(b)] where 25% excess Mn atoms occupy the deficient Sb sub-lattice and (ii) the
abnormal site occupation [Figure 3.1(c)] where 25% excess Mn atoms occupy the Ni
sub-lattice and consequently the Ni atoms occupy the deficient Sb sub-lattice. For
x = 0.50 and x = 0.75, the same way there are three and four different possible site-
occupation configurations respectively. For all the cases, configuration “S-a” is the
normal site-occupation configuration. For all compositions, the following nomencla-
ture has been followed : if there are two types of a particular atom, say X, present,
then X atom at its original site is denoted as X1, whereas it is denoted as X2 at
other than its own site. If there are three types of a particular atom X present
then X1 is the atom at its own site, X2 is the atom at the site originally for any
other constituent but the constituent has deficiency in its composition with respect
to NisMnSh, X3 is the atom at site other than these two.

The preferred site-occupancy and the corresponding ground state magnetic con-
figuration for a particular system and composition is determined by comparing the
electronic energies (Fy) and the free energies (F') of the configurations considered.
The stable site-occupancy is determined by the relative free energy AF'; the reference
being the energy of the configuration with normal site occupancy and the magnetic
structure corresponding to that which produces the lowest energy Ejy. The relative

free energy is determined as,

AF = AE, — TAS (3.1)

The entropy S includes contributions from chemical mixing, lattice vibrations
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saCl QP @ @ O

Sbl Mnl Mn2 Nil
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saC2 QP @ @ O

Sbl Mnl Mn2 Nil

Figure 3.1: 16-atom supercells for (a) stoichiometric NigMnSb and (b)-(c) off-
stoichiometric NigMnj,Sbi_, (sysl) with 2=0.25 for (b) normal site-occupation con-
figuration (“S-a”) and (c) abnormal site-occupation configuration (“S-b”) respectively.
“S-a-C1” - “S-a-C2” indicate the possible different magnetic configurations corresponding
to “S-a” site configuration and “S-b-C1” - “S-b-C2” indicate the same corresponding to
“S-b”. Different types of atoms have been referred by their corresponding colour. The
arrows indicate the spin orientations of the atoms with respect to z axis. An uparrow
indicates positive z direction or spin up. The magnetic configurations “C1” and “C2” are
explained in Table 3.1

and magnetic excitations,

S = szz + Svib + Smag (32)

The chemical mixing entropy for a given configuration is determined as

n 4

i=1 j=1

Where 1;; is the concentration of i component at j* sublattice, n is the number
of components at corresponding sub-lattices, kg is the Boltzmann constant. For

compositions considered in this chapter, the 8c site is treated as two degenerated
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sublattices where different types of atoms are present at equal concentrations. The
entropy difference between configurations due to lattice vibrations is approximated

by the high-temperature expansion and given as [262]

AS,i ~ 3kp (AO/O) (3.4)

In the simplest approximation, the Debye temperatures © are proportional to
VB [263], where r is the Wigner-Seitz radius and B is the bulk modulus. The
contributions of the magnetic excitations to the entropy is calculated invoking the
Disordered Local Moment [264] to approximate the fully spin disordered phase. In

the mean field approximation, the entropy due to magnetic disorder is given as [265]

Smag = kg ¥ In(p; + 1) (3.5)

11; is the magnetic moment of the i-th component. In all cases, the contribution
of AS,; is at least 1 to 2 orders of magnitude smaller than that of AS,,;,. Sim-
ilarly, ASyqg is at most of the order of AS,; in some cases (For example, AS,,q,
for S-b-C1 configuration of sysl with x = 0.25 is only 0.00367 meV/K) even after
consideration of fully spin disordered phase. Therefore, the contributions from lat-
tice vibrations and magnetic excitations are neglected in total AS as at ambient
condition of T=300 K and at typical annealing temperature of the order of 1000 K,
their contributions are not significant enough towards AF'. In what follows, in Table
3.1 and Table 3.2, alongside AEj, the relative energy with respect to the minimum
total energy, we present only the values of AS,,;,. It can be noted that even at
the typical annealing temperature of the order of 1000 K, the AF comprising of
contributions of only mixing entropy, will have the same trend as AFy. Therefore,
in the temperature range of interest, the mixing entropy cannot change the rela-
tive stability of the different site occupations and magnetic configurations. Thus,
consideration of the relative electronic energy (AFEy) is sufficient to determine the

preferred site and the magnetic configuration.

From Table 3.1, it can be seen that for all the compositions in Mn-excess off-
stoichiometric systems (i.e. sysl and sys2), the normal site occupation (i.e. “S-a”)
where excess Mn atoms occupy the deficient atom sub-lattice, is preferred over the

abnormal ones and for all of the preferred site-occupation configurations,
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Table 3.1:

Relative electronic energy AEp (in meV/atom) and relative mixing en-

tropy ASp, (in meV/K per atom) considering the electronic energy and the mixing
entropy of the normal site-occupation configuration with lowest energy magnetic configu-
ration as reference for Mn-excess systems in their L2 phases: NigMnj,Sbi_, (sysl) and
Nig_;Mnj4,Sb (sys2) with =0.25, 0.50 and 0.75. “S-a” to “S-d” and “C1” to “C4” denote
possible site-occupation configurations and possible magnetic configurations respectively.

Boldface indicates the most stable configuration for the corresponding composition.

(i) NigMny,Sby_, (sysl)

Composition Site Config. Site Occupancy Magnetic Config. Name AE, AS,
4a site 4b site 8c site
z=0.25 S-a Sb1g75Mn2q ;5 Mnl Nil, C1 (NilT Mn1t Mn2|) S-a-ClJ 0.00  0.00
Ni,Mn; »58bg 75 C2 (Nilt Mnlt Mn21) 11.70  0.00
Sb Sb1g.75Ni20.25 Mnl NilpzsMn2005  C1 (Nilf Ni2f Mnlt Mn2)) 33.61  0.00812
C2 (Nilt Ni2t Mnlt Mn21) 55.51  0.00825
x = 0.50 S-a Sb1j50Mn2g 50 Mnl Nil, C1 (Nilt Mn1t Mn2|) 0.00  0.00
Ni,Mn; 50Sby 50 C2 (Nilt Mnlt Mn2t) 15.32 0.00
S-b Sb1g.50Ni20.50 Mnl Nily 50Mn2g 50 C1 (Nilt Ni2t Mnlt Mn2]) 38.58  0.0242
C2 (Nilt Ni2t Mnlt Mn27) 90.36  0.0242
S-c Sb150Mn2g25Ni2p05 Mnl Nily 75Mn3p .25 C1 (Nilt Ni2t Mnlt Mn2] Mn3/) 30.98  0.0237
C2 (Nilt Ni2t Mnlt Mn2t Mn3t) 55.36  0.0237
C3 (Nilt Ni2t Mnlt Mn2] Mn3t) 44.67  0.0237
C4 (Nilt Ni2t Mnl1 Mn2t Mn3]) 36.86  0.0237
z=0.75 S-a Sb1j.95Mn2 75 Mn1l Nil, C1 (NilT Mn1t Mn2|) 0.00  0.00
Ni,Mn; 758bg 25 C2 (Nilt Mnlt Mn21) 15.02  0.00
S-b Sb1g25Ni20 75 Mnl Nily 95Mn2g 75 C1 (Nilt Ni2t Mnlt Mn2)) 35.40 0.0285
C2 (Nilt Ni2t Mnlt Mn21) 139.32 0.0285
S-c Sblg25Mn2g25Ni2p 50 Mnl Nily 50Mn3g.50 C1 (Nilt Ni2t Mnlt Mn2| Mn3]) 50.35  0.0345
C2 (Nilt Ni2t Mnlt Mn2t Mn31) 124.78 0.0345
C3 (Nilt Ni2t Mnlt Mn2| Mn31) 85.97 0.0345
C4 (Nilt Ni2t Mnlt Mn2t Mn3]) 44.10  0.0345
S-d Sb1g25Mn2g50Ni2p 05 Mnl Nily 75Mn3p.25 C1 (Nilt Ni2t Mnl1 Mn2| Mn3l) 36.27  0.0265
C2 (Nilt Ni2t Mnlt Mn2t Mn3t) 74.86  0.0265
C3 (Nilt Ni2t Mnlf Mn2| Mn3?) 45.42° 0.0265
C4 (Nilt Ni2t Mnlt Mn2t Mn3l) 35.72  0.0265
(i) Nig_,Mn;;,Sb (sys2)
Jomposition Site Config. Site Occupancy Magnetic Config. Name AE;, AS,ix
4a site 4b site 8c site
=025 S-a Sb1 Mn1l Nil; sMn2q2;  C1 (Nilf Mnlt Mn2]) S—a—ClJ 0.00  0.00
Ni; 73Mn; 5;Sb C2 (Nilt Mnlt Mn2t) 7.52  0.00
S-b Sb1g.75Mn2g .5 Mnl Nily 755b2¢ 25 C1 (Nilt Ni2t Mnlt Mn2]) 98.41 0.0121
C2 (Nilt Ni2t Mnlt Mn21) 128.76 0.0121
z=0.50 S-a Sb1 Mnl  Nil;5Mn2p5 C1 (Nilf Mnl{ Mn2]) 0.00  0.00
Ni; 50Mn; 50Sb C2 (Nilft Mnlt Mn2t) 20.75  0.00
S-b Sb1g50Mn2 50 Mnl Nily 50Sb2 .50 C1 (Nilt Mnl1t Mn2|) 110.85 0.0149
C2 (Nilt Mnl1t Mn2t) 141.96 0.0149
S-c Sb1g75Mn3g 25 Mnl Nily 50Mn20255b2025 C1 (Nilt Mnlt Mn2| Mn3]) 95.09  0.0195
C2 (Nilt Mn1t Mn2t Mn31) 137.95 0.0195
C3 (Nilt Mn1t Mn2t Mn3]) 108.98 0.0195
C4 (Nilt Mnlt Mn2| Mn3t) 119.32 0.0195
z=0.75 S-a Sb1 Mn1l Nil; »;Mn27;  C1 (Nilf Mnlt Mn2]) 0.00  0.00
Ni; 55Mn; 75Sb C2 (Nilt Mnlt Mn2t) 36.12  0.00
S-b Sb1g25Mn2 75 Mnl Nily 955b20.75 C1 (Nilt Mnlt Mn2|) 93.44 0.0121
€2 (Nilt Mnlf Mn21) 1612 0.0121
S-c Sb1g50Mn3g.50 Mnl Nily 95Mn2g255b2050 C1 (Nilt Mnlt Mn2] Mn3]) 106.33 0.0252
€2 (Nil Mnlt Mn2} Mn31) 161.19 0.0252
C3 (Nilt Mnlt Mn2t Mn3J) 116.57 0.0252
C4 (Nilt Mnlt Mn2] Mn3t) 127.57 0.0252
S-d Sb1g75Mn3g 25 Mnl Nil;95Mn2g50Sb2g25 C1 (Nilt Mnlt Mn2] Mn3]) 87.43  0.0224
C2 (Nilt Mn1t Mn2t Mn31) 149.99 0.0224
€3 (Nilt Mnlt Mn2} Mn3]) 124.21 0.0224
C4 (Nilt Mnlt Mn2| Mn3t) 106.82 0.0224
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Table 3.2: Relative electronic energy AFEy (in meV/atom) and relative mixing entropy
AS, i (in meV /K per atom) considering the electronic energy and the mixing entropy of
the normal site-occupation configuration with lowest energy magnetic configuration as ref-
erence for Ni-excess systems in their L2y phases: Nig;,Mn;_,Sb (sys3) and Nig;, MnSby_,
(sysd) with £=0.25, 0.50 and 0.75. “S-a” to “S-d” and “C1” to “C4” denote possible site-
occupation configurations and corresponding magnetic configurations respectively. Bold-
face indicates the most stable configuration for the corresponding composition.

(iii) Niys,Mny_,Sb (sys3)

Composition Site Config. Site Occupancy Magnetic Config. Name AE, AS,ix
4a site 4b site 8c site
=025 S-a Sb1 Mnlo;NiZps;  Nil,  C2 (Nil{ Ni2| Mnl?) S-a-C2] 0.00  0.00
Ni 2 Mg 7;8b
S-b Sbo.75Ni20.25 Mnlo7sSh2p2s  Nilp €2 (Nilf Ni2f Mnlt) 140.28 0.0123
Z=0.50 S-a Sb1 MnlosNiZos  Nil,  C2 (Nil{ Ni2| Mnl?) S-a-C2] 0.00  0.00
Niz 50Mng 50Sb
Sb Sh1.50NiZ0 50 MnlosSh2s0  Nil, €2 (Nilf Ni2t Mnlt) S-b-C2  170.75 0.015
S-c Sb1.75Ni3.25 Mnlg5Ni20255b2055 Nily (2 (Nil1 Ni2t Ni3t Mnlt) 164.36 0.0194
z=0.75 S-a Sb1 Mnlo;NiZoss  Nil,  C2 (Nilf Ni2| Mnlt) S-a-C2] 0.00  0.00
Niy 75:Mmng.2;Sb
S-b Sb1g.25Ni2g.75 Mnlg 255b20.75 Nil, C2 (Nil1 Ni2t Mnlt) S-b-C2| 148.74 0.0121
S-c Sb1p 50Ni0.50 MnloasNiZoosSh2050 Nily €2 (Nilf Ni2t Ni3t Mnlf) ScC2  204.67 0.0252
S-d Sb1.75Ni30.25 Mnlg25Ni2050Sb20.25 Nil, C2 (Nil1 Ni2f Ni3t Mnlt) S-d-C2  170.92 0.0224
(iv) Nip,MnSh;_, (sysd)
Composition Site Config. Site Occupancy Magnetic Config. Name AEy, AS,iz
4a site 4b site 8c site
=025 S-a Sb1p75NiZo.2s Mnl Nil,  C2 (Nilf Ni2f Mnlf) 0.00
Ni; 05 MnSby 75
S-b Sb1y7;Mn2 5 Mn1l75Ni2¢.95 Nily C1 (Nilt Ni2t Mnlt Mn2|) 0.012
C2 (Nil1 Ni2t Mnlt Mn21) 0.0123
z = 0.50 S-a Sb1.50Ni20.50 Mnl Nil, C2 (Nilt Ni2t Mnlt) 0.00
Niy.50MnShy 50
S-b Sb1j5Mn2 59 Mn1, 50 Ni2g 59 Nil, C1 (Ni1lf Ni2t Mnlt Mn2|) 0.0149
€2 (Nilt Ni2t Mnlf Mn21) 0.0149
S-c  SblgsMn2)55Ni2 s  MnlgzsNidgs;  Nil,  C1 (Nilf Ni2t Ni3t Mnlt Mn2]) 0.0195
€2 (Nilt Ni2t Ni3t Mnlt Mn2t) 0.0195
=075 Sa Sblo.25NiZ.75 Mnl Nil, €2 (Nilf Ni2f Mnl7) 0.00
Niy.7sMnSby 25
S-b Sb1j.;Mn2 75 Mn12;Ni2q 75 Nil, C1 (Ni1f Ni2t Mnl| Mn2t) 0.0121
€2 (Nilt Ni2f Mn11 Mn21) 0.0121

S-c SblossMn250Ni2oss  MnlosoNiSese ~ Nil,  CIL (Nilf Ni2f Ni3t Mnlf Mn2)) S--C1  -1.88  0.0252
€2 (Nilf Ni2f Ni3t Mnlt Mn21) S-C2 073  0.0252
C1 (Nilt Ni2f Ni3t Mnlt Mn2J) S-d-Cl 239  0.0224
€2 (Nilt Ni2f Ni3t Mnlt Mn21) S-d-C2 078 0.0224

S-d Sblg.25Mn2g 25 Ni2 50 Mnlg 75Ni3p.05 Nil,

magnetic configuration “C1” is the ground state in which the Mn atom at its origi-
nal sub-lattice (denoted as Mnl) and the Mn atom at the deficient atom sub-lattice
(denoted as Mn2) align antiparallel. Previous experimental and theoretical investi-
gations [266, 267] also showed a ferrimagnetic coupling between the Mnl and Mn2
atoms in Sh-deficient Mn-excess Ni-Mn-Sb compositions. For Ni-excess systems, as
has been shown in Table 3.2, depending upon the deficiency of Mn or Sb in the
systems, preferred site occupancy can be the normal or abnormal. For Mn-deficient
system (sys3), normal site-occupation configuration (“S-a”) with “C2” magnetic
structure is stable for all the compositions. For Sb-deficient system (sys4), it is the

abnormal one which has the lowest energy for each of the compositions. In this
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system, for both 25% and 75% substitutions “S-b-C1”, where the excess Ni atoms
prefer the Mn sub-lattice although the compositions have Sb deficiency, is the low-
est energy configuration whereas, for x=0.50, almost same energy for “S-b-C1” and

“S-c-C1” suggests that these configurations may co-exist in the alloy.

3.3.2 Structural parameters and magnetic moments

The equilibrium lattice constants for the minimum energy configurations for each
system and composition in the .2, phases are listed in Table 3.3. The variations
in the lattice constants with x for all systems can be understood from the relative
sizes of the atomic radii (the atomic radii of Mn, Ni and Sb are 1.40 A, 1.35 A,
1.45 A respectively) of the constituents. The trend in the variation of our calculated
lattice constants agrees well with the experimental results available for Mn-excess
Sb-deficient system (sysl) [242, 243].

PN
N N

Magnetic moment (uB)

D[ | ® Total v Nil 7
® Mnl ¢ Ni2 ]
A Mn2

.= —_
WO W
{
i
1

0 025 05 075 0 025 05 075
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Figure 3.2: Calculated total magnetic moment in pp/f.u. and atomic magnetic moments
(for atom-name convention see Section. 3.3.1) as a function of concentration of excess
atom z for all four systems: NisMny,Sby_, (sysl), Nis_,Mnj,,Sb (sys2), Nig;,Mn;_,Sb
(sys3) and Nig;,MnSb;_, (sys4) in their minimum energy configurations as indicated in
Table 3.1 and Table 3.2.

In Fig. 3.2 and Table 3.3, we show the variations in the total and atomic magnetic
moments in the L.2; phase as a function of composition for each of the four systems

considered. For sysl, sys2 and sys3, the total moments decrease with x while for
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Table 3.3: Calculated values of electron to atom ratio (e/a), equilibrium lattice constant
(ap), total magnetic moment (Mpy ) of the four Ni-Mn-Sb systems in their L2; phases. The
total energy difference (AFE) between the austenite(L.2;) and the martensite(tetragonal)
phases [the equilibrium value of tetragonal distortion (¢/a) is given in parentheses|, the
corresponding volume change (|AV'|/V') with respect to L2y structure, are given. Reported
values of lattice constants in the literature are also given.

Composition Configuration e/a ao(A)  AE(c/a)  |AV])V My aght(A)
(meV /atom) (%) (up/fu.)

Ni;MnSh SaC2 800 6.06 - 309 6.027 [243], 6.0031 [242]
NipgMnj 95Sbg 75 S-a-C1 8.125 6.00 2.56(1.28) 0.54 2.86 6.018 [243] (z=0.24)
NipMn;soShoso ~ S-a-Cl 825 594 25.14(1.32)  1.60 1.71 5.98 [243], 5.97 [268]
NiyMny 755bg 25 S-a-C1 8.375 5.86  55.32(1.36) 1.69 0.69 -
Niy.75Mny 95Sb S-a-C1 7.8125  6.09 - - 3.27 -
Nilv501\/hll.5osb S-a-C1 7.625 6.10 = - 2.49 -
Nij 95Mnj 75Sb S-a-C1 74375  6.12 - - 1.59 -
Nig.25Mng.755b S-a-C2 8.1875 6.04 - - 2.94 2
N12_501\"1110_5osb S-a-C2 8.375 6.01 - - 1.93 o
Niy 75 Mng 25Sb S-a-C2 8.5625 5.98 - - 1.03 -
Nig 95 MnSbyg 75 S-b-C1 8.3125 5.96 13.3(1.31) 0.55 1.78 -
Niy 50MnShg 50 S-b-C1 8.625 5.88  54.88(1.38) 1.75 0.00 -

ScCl 8625 588 3646(1.34)  1.22 2.08 -
Niy 75MnSbg .25 S-b-C1 8.9375 5.78  61.05(1.40) 2.30 2.10 -

sys4, the variation is non-monotonic. Also, there is no uniform trend in the variation
of the total moment with (e/a). For sysl, the trend agrees well with the experimental
observation [243]. Our calculations establish the prediction based upon experimental
results [96, 243] that the decrease in moment with increase in Mn content is due to
anti-parallel alignment of Mn1 and Mn2. Same is true for sys2. For Ni-excess, Mn-
deficient system (sys3), the same trend is observed, albeit not because of anti-parallel
alignment of Mn atoms at different sites but because of decrease in the Mn content,
the largest contributor to the total magnetic moment. The non-monotonic trend
seen in sys4 can be attributed to the presence of Mn and Ni at two different sites.
The trends in the atomic moments suggest that the moment of each constituent
element remains nearly constant across systems and compositions. Thus, the trends

in the total moment are controlled by concentration alone.

3.3.3 Composition dependent structural phase stability

After ascertaining the ground-state atomic and magnetic configurations of each of
the four systems considered, we now investigate the relative stabilities of the 1.2,
austenite and the tetragonal martensite phases. This investigation will shed light
on the dependence of the stability of the high temperature austenite phase on the
details of composition. We proceed to do this by distorting the L2y structure along
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Figure 3.3: The variations of total energy difference (AE) between the austenite(L2;)
and the martensite(tetragonal) phases as a function of tetragonal distortion i.e. ¢/a ratio
for all four systems with different compositions and at their minimum-energy configura-
tions.

z axis and computing the total energy as a function of the tetragonal distortion,
given by (c/a). This is done for the ground state configuration for each system and
each composition. In each case, the composition with x = 0.50 required special
treatment. Due to finite size of the 16 atom supercell, two crystallographic inequiv-
alent directions appear in the supercell only for compositions with x = 0.50. In this
case, the tetragonal distortion can be applied parallel to or perpendicular to the
plane defined by the two atoms which are deficient with respect to stoichiometric
composition of 2:1:1 (8:4:4 in 16 atom supercell) for sysl, sys3 and sys4 and by the
two atoms which are excess in sys2. Accordingly, the total energies are computed

with respect to both distortions and averaged. The results are presented in Fig. 3.3.

For sysl i.e. Mn-excess and Sh-deficient system, it can be seen that the stabil-
ity of the austenite L2; phase decreases with the increasing concentration x of the
excess Mn atoms at the expense of Sb atoms. The increase of AE (see Table 3.3)
with x suggests that as the Sb(Mn) concentration gradually decreases(increases),
the martensitic transformation would take place at higher temperature. This trend

is in good agreement with the experimental observations [132, 146, 243] that the
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martensitic transformation temperature 7j; increases with decrease in Sb concen-
tration for NigMny,,Sbhy_, alloys. For sys2 and sys3, those are the two systems
where Sb concentration is that of the stoichiometric NisMnSb, the austenite phase
is stable throughout the entire composition range considered. In case of sys3, a weak
tendency towards de-stabilization of the austenite phase is observed when x = 0.75.
For sys4 i.e. Ni-excess and Sb-deficient system, the tetragonal phase is stable for all
compositions with AE as large as ~61 meV /atom for x = 0.75. Our calculations,
thus, suggest that the L2; phase in Ni-Mn-Sb system can be destabilized leading
to a martensitic transformation only when Sb content in the system is about 12.5%
(25%) or less for Mn-excess(Ni-excess) systems. This also suggests why experiments
to observe functional properties driven by martensitic phase transformation were

always done at compositions with Sb content around 12.5%.

3.3.4 Dependence of phase stability on site-occupancy and

magnetic structure

Site ordering and magnetic structure can affect the possibility of a martensitic trans-
formation in Heusler alloys. Ghosh et al. [269] observed that depending on anneal-
ing time, site occupancy in NigMn; 4450954 can change, affecting the magnetocaloric
properties as a consequence. In NisMny,,In; ., it was observed that the marten-
sitic phase transformation happens only when the Mn atoms at different sites align
anti-parallel [245]. We therefore examine the dependencies of the relative stabilities
of the two phases on the site occupancy configurations and the magnetic structures.
We do so by picking up only those configurations corresponding to each of the four
systems and compositions which have energies in their L2, phases lying right above
the corresponding ground state energies and computing their total energy surfaces
as a function of tetragonal distortions. In choosing the configurations from Table 3.1
and Table 3.2 following this procedure, we have made exceptions in only two cases:
(i) in sysl, for z = 0.75 i.e. NigMn; 75Sbg .95 composition, though “S-b-C1” has lower
energy than “S-d-C1”, we have chosen “S-d-C1” to compare, in order to maintain
the same site-occupancy pattern as that of x = 0.25 and 0.50 compositions, (ii)
in sys4, since an abnormal configuration is always the lowest energy one, we have
considered the normal configuration for the purpose of comparison even though it
is not the one having energy right above the minimum. The configurations picked
up are marked by enclosing boxes around them in Table 3.1 and Table 3.2. For

these calculations optimized lattice constants corresponding to each configuration
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have been used. The results are presented in Fig. 3.4.
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Figure 3.4: The variations of total energy difference (AFE) between the austenite(L2;)
and the martensite(tetragonal) phases as a function of tetragonal distortion i.e. ¢/a ratio
for all four systems with different compositions for different site occupancies and magnetic
configurations. The red curves correspond to the minimum energy configurations and the
blue curves are the ones with energies right above them. Solid curves with filled symbols
indicate ground state magnetic configurations and the dashed curves with open symbols
are the ones with energies right above them, for each site-occupation configuration.
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We divide the systems into two categories: (i) ones with Sb concentration equal
to that of NisMnSb, but with excess-Mn or excess-Ni (sys2 and sys3 respectively),
(i) Sh-deficient ones, but with excess-Mn or excess-Ni (sysl and sys4 respectively),
for the purpose of discussion. For the category (i), the total energy results sug-
gest that an abnormal site-occupancy where Mn atoms occupy Sb sites also is the
key factor de-stabilizing the austenite phase, effecting a martensitic transformation.
Thus, irrespective of whether site-occupancy is normal or abnormal, the austenite
phase is nearly stable across compositions in sys3, as in such a Mn-deficient system,
Mn can occupy its own site only. In sys2, the abnormal site-occupancy leads to
de-stabilization of the austenite phase across compositions as in “abnormal” occu-
pancy patterns considered here, extra Mn atoms occupy both Ni and Sb sites. For
the category (ii), both site-ordering and spin alignment of Mn atoms at different
sites contribute towards phase stability along with the content of Sb. In sysl, with
the highest Sbh-content (NigMn;j o5Sbg75), a parallel alignment between Mn atoms
at its original site and at Sb site with normal site configuration produces minimum
total energy in the L2; phase. The stability is disturbed when the alignment is
anti-parallel leading to a rather shallow minima for ¢/a # 1. With an abnormal
site configuration where excess Mn occupies Ni site rather than Sb site, the de-
stabilisation of the austenite phase becomes prominent, and the alignment of Mn
spins do not matter. As Sb-content decreases, the martensitic phase becomes stable
for abnormal site-configuration, irrespective of the magnetic structure. However,
with normal site configuration, a magnetic structure where Mn moments align par-
allel stabilize the austenite phase. Thus, the ferromagnetic ordering stabilizes the
austenite phase in this system when site-occupancy is normal. The opposite picture
is seen in case of sys4, which is Ni-excess and Sb-deficient. Barring the highest Sb-
content compound, the austenite phase is significantly de-stabilized irrespective of
site-occupancy configurations and orientation of Mn spins. Hence, we can conclude
that in order to de-stabilize the austenite phase and effect a martensitic transforma-
tion in the Ni-Mn-Sb family, the requirements are an abnormal site occupancy and
the presence of Mn at Sb site apart from its own site, with their moments aligning
anti-parallel. This means that controlling the site ordering by manipulating the
annealing or preparing the sample by non-equilibrium methods may see potential
benefits in Ni-Mn-Sb system with regard to functional properties associated with

the volume conserving martensitic transformation.
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3.3.5 Electronic structure

In this subsection, we try to understand the microscopic physics behind composi-
tion, site occupancy and magnetic structure dependent stabilities of the austenite
phase of Ni-Mn-Sb systems as discussed in the previous two subsections. We do this
by computing the total and partial electronic densities of states of each compound
with various compositions, normal and abnormal site occupancies and different mag-
netic structures of Mn atoms. In order to analyse the stability of the L.2; phase of
NisMnShb, we also take recourse to the total and partial densities of states for the
same in Fig. 3.5. It is well known for Ni-Mn based shape memory systems that
the occurrence of martensitic stability or the lack of it can be linked to the relative
strengths of two factors: the Jahn-Teller effect manifested by substantial densities
of states at the Fermi level and the covalent bonding due to Ni and the main group
element manifested in a pseudo-gap in the occupied parts. Fig. 3.5 suggests that,
in the L2; phase for NisMnSb, a pseudo-gap at around -1.2 eV is formed in the
spin-down state. Partial densities of states suggest that this pseudo-gap is formed
mainly due to the hybridization between the 3d states of Ni and 5p states of Sb
resulting in strong covalent bonding that stabilizes the .2; phase down to low tem-
perature. Thus, a competition between the strength of the Jahn-Teller instability
and the strength of the covalent bond due to Ni d and Sb p minority states explains
the phase stability in Ni-Mn-Sb too.

In order to understand the dependencies of phase stability on composition, site
occupancy and magnetic structure for the four considered off-stoichiometric Ni-Mn-
Sh systems, we analyze the electronic structures of the minority bands close to Fermi
levels as shown in Figs. 3.6, 3.7, 3.10, 3.11 for sysl to 4 respectively. The densities of
states are presented for those configurations for which the total energy curves were
discussed in Fig. 3.4.

For sysl, in Fig. 3.6, we first compare the electronic structures corresponding
to two magnetic structures “C1” and “C2” with the same normal site occupancy
“S-a”. We find that with the magnetic configuration being “C2”, where Mnl and
Mn2 align parallel, the pseudo-gap in the minority band around -1.2 eV persists
for all compositions and in fact becomes wider with increasing x. The structure
at the Fermi level, on the other hand has no significant difference due to changed
magnetic configuration. This persisting pseudo-gap explains the stability of the L2,
structure when two Mn atoms align parallel. The origin of this can be understood
from the partial densities of states (Fig. 3.8). The pseudo-gap originating out of Ni
and Sb hybridization could not be suppressed in “C2”, as unlike “C1”, the Mn2 do
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Figure 3.5: Total and partial densities of states for L.2; phase of NisMnSb. The zero
energy is set at Fermi energy (EFp).

not have states in this energy range. Next we analyze the effects of site-occupancy
patterns by inspecting the densities of states with “S-b”, “S-¢” and “S-d” (Fig. 3.6)
configurations. From partial densities of states in Fig. 3.9, we find that for all
abnormal configurations, irrespective of the magnetic structures, the pseudo-gap
around -1.2 eV in stoichiometric NisMnSb gradually becomes narrower due to Nil,
Mn2 (Mn at Sb site) and Mn3 (Mn at Ni site) states in the down band. Also a
peak around -0.3 eV seen in x = 0.25 composition gradually shifts towards the
Fermi level as x increases and finally fermi level falls on a peak in x = 0.75 which
is mainly due to the states of Sb1l, Nil and Mn3 atoms amplifying the Jahn-Teller
instability in the system and driving it towards the martensitic transformations
for both magnetic configurations as shown in Fig. 3.4. Thus for sysl, for normal
configurations, the Nil and Mn2 states decrease the strength of covalent bonding
with increase in Mn2, only when there is an anti-parallel coupling between Mn1 and
Mn2, bringing in the structural instability as Jahn-Teller effect gains strength in
relative sense. For abnormal site occupations, once again the hybridization between
the spin down bands of Ni and Mn atoms at various sites aligning anti-parallel boosts

the Jahn-Teller instability driving a phase transition.
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Figure 3.6: The total minority spin Figure 3.7: The total minority spin

states (DOS) for NigMnj,Sby_, (sysl)
(x=0.25, 0.50, 0.75) in L2; phase with dif-
ferent site occupancies and magnetic con-
figurations used in Fig. 3.4. The zero en-
ergy is set at Fermi energy (Ep). The in-
sets show the zoomed view of total densi-

states (DOS) of Niy_,Mnjy,Sb (sys2)
(z=0.25, 0.50, 0.75) in L2; phase with dif-
ferent site occupancies and magnetic con-
figurations used in Fig. 3.4. The zero en-
ergy is set at Fermi energy (Er). The in-
sets show the zoomed view of total densi-

ties of states near Fermi level. ties of states near Fermi level.

In a similar way, we can infer from Fig. 3.7, Fig. 3.10 and Fig. 3.11 that (i) for
sys2, the changes in the hybridizations due to changes in site-occupancy configura-
tions can induce instability in the L.2; phase; the decisive factors being the deficiency
of Sb at its own site and presence of anti-parallel Mn-Mn interactions (ii) the absence
of Mn at any other site than its own in sys3 is the key factor behind absence of any
pronounced Jahn-Teller instability irrespective of configurations and thus behind
the stability of the 1.2y phases throughout and (iii) the hybridizations between Sb1,

Nil and Ni2 minority bands in sys4 drive the system towards martensitic instability.

3.3.6 Elastic properties and predictor of T},

Finally, in search of a predictor for Tj;, we compute the composition dependence
of elastic moduli. The results, apart from deciding on a predictor for Ty, provided
insights into the mechanical properties and the nature of bonding in Ni-Mn-Sb. In

case of Ni-Mn based Heusler alloys, the elastic modulus C” in the austenite phase
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Figure 3.8: Partial densities of states of NigMnj,Sb;_, (sysl) in L2; phase for “S-a-C1”
(left) and “S-a-C2” (right) configurations. The zero energy is set at Fermi energy (Er)
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Figure 3.9: Partial densities of states in the L2; phase of NigMnj,Sb;_, (sysl) for
“S-b-C17, “S-c-C1”, “S-d-C1” (for x=0.25, 0.50, 0.75 respectively) (left) and “S-b-C2”,
“S-c-C4”, “S-d-C4” (for x=0.25, 0.50, 0.75 respectively) (right) configurations. The zero
energy is set at Fermi energy (EFr).
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states (DOS)  of Ni“mMnl—be .(sys.3) states (DOS) of Niy ,MnSb;_, (sys4)
(.%':025, 050, 075) m L21 phase with dif- (.%'2025, 0507 075) in L21 phase with dif-

ferent site occupancies and magnetic con-
figurations used in Fig. 3.4. The zero en-
ergy is set at Fermi energy (Ep).

ferent site occupancies and magnetic con-
figurations used in Fig. 3.4. The zero en-
ergy is set at Fermi energy (Ep).

has been found to be a good predictor for T), [270-272]. The (¢/a) and AFE, the
energy difference between 1.2; and tetragonal phases, are the other two quantities
found to be good predictors in certain cases. In Fig. 3.12, we show the composition
dependence of C” for each of the four systems in L2; phases. Calculations are
done in their respective minimum energy configurations. For sysl and sys4, we find
gradual softening of C” indicating instability in the L2; phase. This is consistent
with the results obtained from the total energy calculations. In fact negative C” at all
compositions of sys4 indicates that the L2, structure is unstable across compositions.
In sysl, a small positive C’ for x = 0.25 is consistent with a shallow minimum
for (¢/a) # 1 in the total energy curve. For sys2, C’ has little variation with
composition while for sys3, we see positive C’ for = 0.25, 0.50 which is consistent
with the stable L.2; phase at low temperature as seen from Fig. 3.3. The trends
of AF shown in Fig. 3.12 for sysl and sys4 are consistent with variations in C’;
a decreasing(increasing) C'(AF) indicating increasing stability of the tetragonal
phase and increasing value of T),;. For sys1, this is consistent with the experimental

results where T) increases with x [146]. It is also to be noted that for sysl and
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Figure 3.12: The calculated shear elastic constant C’ in L2, phase as a function of con-
centration of excess atom z for all four systems: NigMnj4,Sb;_, (sysl), Nig_,Mny4,Sb
(sys2), Nigq,Mny_,Sb (sys3) and Nigy,MnSb;_, (sys4) in their respective minimum en-
ergy configurations. The dashed lines represent the variation in AE (defined in Table 3.3)
with z.

sys4 where our calculations predict martensitic transformations, AFE increases with
(e/a) meaning that T), varies as (e/a). Consequently, for Ni-Mn-Sb systems both
(" and (e/a) can be good predictors for Ty,.

Table 3.4:  The calculated elastic moduli in the 1L2; phase for all four systems:
NigMnj4,Sb;—, (sysl), Nig—,Mn;,Sb (sys2), Nis;,Mn;_,Sb (sys3) and Nigy,MnSb;_,
(sys4) (z=0.00, 0.25, 0.50, 0.75) in their minimum energy configurations.

Composition Configuration B C Cus Cy Cia G, G,/B CP=C1y-Cy
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
Ni,MnSh S-a-C2 138.0  0.16 76.79 13831 137.99 4554 0.33 61.20
NipMnj 95Sbg.75 S-a-C1 140.8 1.67 86.21 143.03 139.69 52.10 0.37 53.48
NiyMny 50Shg 50 S-a-C1 1415 -381 94.86 136.42 144.04 55.18 0.39 49.18
NiyMn; 75Sbg 25 S-a-C1 140.4 -13.61 108.58 122.25 149.48 60.37 0.43 40.89
Ni; 75Mn; 25Sb S-a-C1 136.1 -148 7246 129.63 132.59 43.55  0.32 60.12
Niy 50Mn; 50Sb S-a-Cl 123.9 424 67.17 11825 126.72 3841 0.31 59.55
Ni; 05Mny 75Sb S-a-C1 117.8  -1.09 66.95 116.35 118.53 40.05 0.34 51.58
Niy 05 Mng 75Sb S-a-C2 145.8  6.40 81.14 154.34 141.53 51.03 0.35 60.39
Niy 50Mng 50Sb S-a-C2 150.7 2.08 82.88 153.48 149.31 51.24 0.34 66.44
Niy 75Mng 25Sb S-a-C2 1574  -6.57 85.52 148.64 161.78 48.79 0.31 76.25
Nij 95 MnSbg 75 S-b-C1 144.2  -4.37 93.55 13837 147.12 54.79 0.38 53.57
Niy. 50MnSby 50 S-b-C1 152.7  -12.13 108.16 136.53 160.79 59.55  0.39 52.63
S-c-C1 151.8 -9.25 110.03 139.47 157.97 62.24 0.41 47.94
Niy 75 MnSbg o5 S-b-C1 160.3 -12.39 117.23 143.78 168.56 65.72  0.41 51.33

In Table 3.4, we show in detail the values of various elastic modulus for each
compound. We calculated Pugh ratio (G,/B) and Cauchy pressure (C*) to get an
idea about the brittleness and the nature of bonding in the compounds. Pugh ratio
G,/ B [225, 226], where G, is the isotropic shear modulus under Voigt formalism [219]
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related to the resistance of the material to plastic deformation, measures whether a
material is more ductile or more brittle. Compounds having a Pugh ratio greater
than 0.57 are considered to be more brittle. On the other hand, Cauchy pressure C*
provides insight to the nature of bonding in a material with cubic symmetry [228].
A positive value of Cauchy pressure indicates the presence of more metallic bonding
in the system while a negative value implies a stronger covalent bonding [229]. The
tabulated values in Table 3.4 imply that Ni-Mn-Sb compounds are ductile in nature
and the bonding is largely metallic.

3.4 Summary and Conclusions

In this chapter, we have performed a comprehensive and systematic investigation
into the roles of composition, site occupancies and magnetic configurations affecting
the structural stabilities in Ni- and Mn-excess NioMnSb by ab initio calculations.
We find that the site occupancy pattern and associated magnetic alignment of Mn
atoms play the central role in de-stabilizing the high temperature Heusler phase
and consequently stabilizing a tetragonal martensite at low temperature. It has
been found that unless the system is significantly Sb-deficient, a martensitic trans-
formation leading to the shape-memory effect and associated functional properties is
difficult to realize unless the system stays in a meta-stable state due to the process of
annealing or is grown by non-equilibrium methods. Our calculations for Mn-excess
Sh-deficient system reproduce the experimentally observed trends. The patterns in
phase stability as obtained from our total energy calculations can be understood
from the features in the densities of states in the minority spin bands. This work
helps understand the reason behind experimentalists choice of Sb-deficient systems
for observing functional properties like magnetocaloric effect in Ni-Mn-Sb. An im-
portant outcome of this work is the identification of Niy,,MnSb;_, as a potential
new shape memory alloy where the martensitic transformation takes place even at
high Sb composition. This input widens the scope of the experimentalists to explore
functional properties in Ni-Mn-Sb systems. Shear modulus and electron to atom
ratio (e/a) both turn out to be good predictors of Ty, in Ni-Mn-Sb. The materials

are also found to be ductile which is an advantage for their commercial usages.
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Chapter 4

Understanding the origin of the
magnetocaloric effects in
substitutional Ni-Mn-Sb-Z (Z=Fe,

Co, Cu) compounds

4.1 Introduction

In the previous chapter, we performed a comprehensive and systematic investi-
gation into the role of composition on structural stabilities in Ni and Mn-excess
NioMnSb. The electronic structure analysis clearly revealed that to realize a marten-
sitic phase tranformation, the required criterion is the anti-parallel alignment be-
tween Mn atoms occupying different sites. This is the reason behind choosing Mn-
excess and Sh-deficient compositions in all experimental investigations in Ni-Mn-Sh
Heusler compounds [96, 130, 132, 242, 243] that eventually exhibit giant magne-
tocaloric effect. Along with the presence of MPT, high-performance magnetocaloric
materials should meet at least the following important requirements: (1) the mate-
rials should possess a good value of magnetization in the high-temperature phase.
A large difference in magnetization (AM) between the high-temperature austenite
and low-temperature martensitic phases is also of great importance because substan-
tial Zeeman energy, which is defined as AM.H, is the key to first-order magneto-
structural transition; (2) the first-order magneto-structural transition temperature
(Tyr) and the second-order magnetic transition temperature (7) in the austenite

phase should be close and must be near room temperature; (3) the materials should

The contents of this chapter are published in Physical Review B 101, 024109 (2020)
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have good mechanical stability during operation.

In this regard, one major disadvantage with the off-stoichiometric Mn-excess,
Z-deficient Ni-Mn-Z (Z=In, Sn, Sb) Heusler alloys is that the value of AM is lim-
ited due to the low value of magnetization in the high-temperature austenite phase,
which arises because of the antiparallel alignment between the Mn atoms occupy-
ing different crystallographic sites. To overcome this, recently, several experimental
studies have been done on Ni-Mn-Z compounds considering substitution of either
of the constituents with another 3d transition element (i) to get a larger AM near
the structural transition, (ii) to tune the transition temperatures (Tj; and T') and
bring them close to each other, (iii) to improve the mechanical properties. Positive
changes in several counts were observed for substitution of Co, Cu and Fe at different
sites and in different proportions [93, 273-285]. Some recent investigations have also
been carried out for the Mn-excess Sb-deficient off-stoichiometric Ni-Mn-Sb systems
by substituting the Fe and Co atoms at Mn and Ni sites respectively. As a conse-
quence, a large positive AS,,,, near room temperature was obtained with 0.28 <
x < 0.36 in Niy_,Co,Mn;j 56Sbg 44 alloys [134]. For a slightly different composition,
Ni,y_,Co,Mn; 50Sbg 45, nearly 70% decrease in moment is observed associated with
the martensitic transition and remarkable enhancement in AS,,,, of 34 J kgt K1
is achieved for z = 0.2 at 262 K in a field of 5 T near room temperature [135, 142].
A significant AS,,,, value of 14.2 Jkg™' K~! at 288 K under 5 T field was observed
for x = 0.08 in NigMny 55, Fe,Sbg 4s [140]. Thus, the Ni-Mn-Sb based Heusler alloys
show a possibility to be proved as emerging materials, showing significant MCE prop-
erties with the substitution of 3d-transition elements. However, the improvement in
MCE properties due to the substitution crucially depends on the substituent, the
site of substitution, and the composition. What is nevertheless lacking is a system-
atic investigation into the impacts of substitution with different 3d-elements. Such
an investigation would throw light on the microscopic understanding of these fac-
tors, help interpret the experimental observations, and provide a roadmap to tune

the compositions for maximizing the functional properties.

In this chapter, we have considered Fe, Co and Cu substituted Ni-Mn-Sb systems
to address these issues. We specifically considered the compound NisMn; 5Sbg 5, rel-
ative concentrations of the elements being around the mostly studied experimental
composition, as the parent one, and systematically substitute Ni and Mn by Fe,
Co, and Cu, varying the concentrations of the substituents. We mainly address the
following: (i) the effect on the magnetization in the high temperature phase and

whether and how the substitutions improve AM (ii) in what way the substitutions
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impact the structural phase stabilities, the magnetic exchange interactions, the me-
chanical properties, the characteristic temperatures (Ty; and T) and (iii) how the
information from (i) and (ii) can be correlated to the magnetocaloric properties of
the Ni-Mn-Sb compounds. In light of these, we also attempt to interpret the ex-
perimental observations in Fe substituted [140] and Co substituted [134, 135, 142]

compounds which highlight the important role of atomic ordering in the system.

4.2 Computational Details

Electronic structure calculations were done with spin-polarized density functional
theory (DFT) based projector augmented wave (PAW) method as implemented in
Vienna Ab initio Simulation Package (VASP) [177-179]. The valence electronic
configurations used for the Mn, Fe, Co, Ni, Cu and Sb PAW pseudopotentials are
3d%4s, 3d"4s, 3d%4s, 3d®4s?, 3d'°4s and 5s%5p®, respectively. For all calculations,
we have used the Perdew-Burke-Ernzerhof implementation of generalized gradient
approximation for exchange-correlation functional [190]. An energy cut off of 550 eV
and a Monkhorst-Pack 11 x 11 x 11 k-mesh were used for self-consistent calculations.
The convergence criteria for the total energies and the forces on individual atoms
were set to 107% eV and 1072 eV/ A respectively for all calculations. The stabilities

of the compounds are checked by computing the formation energies, defined by:

Ef = B — »_nE; (4.1)

E}y is the total energy of the systems, ¢ represents the atoms in the unit cell, and
n; is the concentration of the i-th atom. FE; is the total energy of the element i in
its bulk ground state. We have considered bce-Mn, bee-Fe, hep-Co, fee-Ni, fee-Cu,
and trigonal-Sb as ground-state structures in their elemental phases. The elastic
constants for the compounds are calculated using the energy-strain method only for

high-temperature cubic austenite phases.

To study the variation of Curie temperatures with concentrations, we have cal-
culated the magnetic pair exchange parameters using multiple scattering Green
function formalism as implemented in SPRKKR code [230], as described in Chap-
ter 2. In order to calculate the energy differences by the SPRKKR code, full poten-

tial spin-polarized scalar relativistic Hamiltonian with angular momentum cut-off
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lmae = 3 is used along with a converged k-mesh for Brillouin zone integrations. The
Green’s functions were calculated for 32 complex energy points distributed on a
semi-circular contour in the complex plane. The energy convergence criterion was
set to 107° eV for the self-consistent cycles. Here we used the equilibrium lattice
parameters, and the optimized atomic positions from the projector augmented wave
calculation using VASP package. These exchange parameters are then used for the
calculations of Curie temperatures (T) in the austenite phase. The Curie temper-
atures are estimated with two different approaches: the mean-field approximation
(MFA) [223, 286] and the Monte Carlo simulation (MCS) method [182, 236] in order
to check the qualitative consistency in the results and to obtain a reliable estimate
of the quantity as the MFA is known to overestimate 74 while the MCS method
is more accurate quantitatively. The Monte Carlo simulations have been carried
out using Metropolis algorithm [182, 236]. Magnetic exchange interactions Jj;” for
upto 20 neighbours surrounding each atom have been considered in the Heisenberg
Hamiltonian, as described in chapter 2. At each temperature, 80000 Monte Carlo
steps have been performed to equilibriate the systems containing 8192 atoms. The
Curie temperatures are obtained from the resulting M-T' relationship, where M is

the total magnetic moment of the system and 7' the temperature.

4.3 Results and Discussions

In the present chapter, we have dealt with Fe, Co and Cu substituted NiyMn; 50Sbg 50
compounds with substitutions done both at Ni and Mn sites to get a comparative un-
derstanding of how they affect the properties as a function of composition. We, thus,
have considered two different systems: (i) NigMny 59_,Z,Sbg 50(referred as Z@Mn)
and (i) Nig_,Z,Mn; 50Sbg 50 (referred as Z@QNi) with Z=Fe, Co and Cu for y =
0,0.25,0.50 (shown in Table 4.1). The systems are modelled with a 16-atom conven-
tional cubic cell. For example, to make a 25% Fe-substituted NiyMn; o5Feq 25Sbg 50
composition, one Mn atom out of the six in the conventional cell of NiyMny 50Sbg 50
is replaced with one Fe atom (Fig. 4.1(d)), as done elsewhere [144, 246, 260].
Though the experiments have been done with much smaller concentrations of the
substituents, we had to restrict ourselves with above mentioned values of y as mod-
elling of experimental compositions would require computationally demanding larger

supercells.
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Figure 4.1: Sixteen-atom supercell for (a) stoichiometric NisMnSb (b) off-stoichiometric
NisMny 50Sbg 50, and (c) 3d-element substituted Nis_,,Z,Mn; 50Sbg 50 (Z=Fe, Co and Cu)
(d) NigMn1_50_yFeySb0.50 (e) NigMn1.50_yCOySbo_50 and (f) NigMn1_50,yCuySb0,50 with
y=0.25 compositions for their corresponding preferred site-configurations as mentioned in
Table 4.1.

4.3.1 Site preferences and magnetic ground states in austen-

ite phases

The configurational ordering of the constituent elements in the crystal lattice affects
both the martensitic transformation characteristics and the magnetic properties of
Ni-Mn-based alloys [223, 253, 269]. First-principles calculations [229, 287, 288] also
demonstrated that the substituent 3d-transition metals do not always prefer to oc-
cupy the sites of substitutions. Therefore, we first focus on the determination of
the site preferences and the associated magnetic ground states of the substituted
NisMn; 5Sbg 5 compounds in their high-temperature austenite phases, by comparing
total energies of various possible site ordered and magnetic configurations at fixed
compositions. The results are shown in Table 4.1.

The results suggest the following (see Fig. 4.1): substitutions at Mn sites show
that the different substituents prefer different sites. While the substituting Fe atoms
prefer to occupy the Mn sublattices, Co atoms prefer the Ni sublattices forcing
the Ni to occupy the substituted Mn sublattices. Substituting Cu atoms, on the
other hand, prefer the Sb sublattices. In case of substitutions at Ni sites, all three
substituents have preferences for the sites of substitution only, corroborating the
experimental predictions in case of Co substituted NisMn; 55Sbg s [289]. Regarding

the preferred magnetic configurations, it can be concluded that for both Fe and Cu
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Table 4.1:

tions, and their relative electronic energies AEj (in meV/atom) are shown.
“C4” denote possible magnetic configurations for Z=Fe, Co and Cu substituted (i)
NigMn1.50_yZySb0.50(Z@Mn) and (11) Nig_yZyMn1.5osb0_50(Z@Ni) systems. The atom X
at its original site in L2; lattice is denoted as X1, whereas it is denoted as X2 when
it occupies any other site. The reference energy in each case is that of “C1” or “C3”
(when “C1” is not possible) magnetic configuration. Boldface indicates the ground state

magnetic configuration for the corresponding composition.

Preferred site-occupancies, corresponding possible magnetic configura-
“Cl?? tO

(i) NiyMn, 50-,Z,Sbo.s0

Composition Site Occupancy Mag. Configurations AFEy
4a site 4b site 8c site

Z=Fe

NizMny 5Sbo.50(y=0.00) Sblos0Mn200 Mnl Nil, C1(MnlT Mn2] Nilf) 0.00
C2(Mn1t Mn2t Nilt) 15.32

NiMn; 25 Feq.25Sbo 50 (y=0.25) SblpsoMn20s0  MnlgssFelss Nily C1(Mnlt Mn2| Nilf Fel]) 0.00
C2(Mnl1t Mn2t Nil?t Fell) -3.15
C3(Mn11 Mn2] Nil} Felt) -26.10
C4(Mnl11 Mn21 Nil?t Fel?) -1.20

NiyMnFeg50Sbo.50 (y=0.50) SblpsoMn2pss  MnlgsoFeloso Nily C1(Mn1t Mn2| Nilt Fell) 0.00
C2(Mnl1t Mn2t Nilf Fell) -16.94
C3(Mn1+ Mn2/) Nilt Felt) -36.17
C4(Mn11 Mn2t Nilf Felt) 3.34

7=Co

Niz M, 55bo.50(5=0.00) Sbigs0Mn2g .20 Mnl Nily C1(Mnl] Mn2] Nil7) 0.00
C2(Mnlt Mn2t Nilt) 15.32

NizMn1 25C0p.25Sbo s0(y=0.25) SblesoMnZps0  MnlozsNi2oas NilizsColgss C3(Mnlt Mn2) Ni1,Ni2f Colf) 0.00
C4(Mn1t Mn2t Ni1,Ni2t Colt) 12.02

NizMnCog 5Sbo.s0(y=0.50) SblosoMn2ps0  MnlosoNi2es0 NilysoColysy C3(Mnlt Mn2) Nil,Ni2t Colt) 0.00
C4(Mn1{ Mn2t Ni1,Ni2f Colt) -0.69

Z=Cu

NigMny 50Sbo.50(y=0.00) Sblo.50Mn2g 50 Mn1 Nil, C1(Mnlt Mn2| Nilt) 0.00
C2(Mn1t Mn2t Nil?) 15.32

NizMn; 25Ctig.255bo.50(y=0.25)  SblgsoMn2y.25Culyss Mnl Nil, C3(Mn1t Mn2| Nilf Cul?) 0.00
C4(Mn1t Mn2t Nilt Cult) 6.80

NizMnCiig 50Sbo.s0(y=0.50) Sh1p50Culo s Mn1 Nil, C4(Mn1{ Nilt Cult) 0.00

(ii) Niy_,Z,Mn, 50Sbg.50

Composition Site Occupancy Mag. Configurations AEy

4a site 4b site 8c site

Z=Fe

NisMny 50Sbg 50 (y=0.00) Sb1g.50Mn2g 50 Mnl Nil, C1(Mnlf Mn2| Nilt) 0.00
C2(Mn1t Mn2t Nil?) 15.32

Niy 75 Feg.05 My 50Sbo.50(y=0.25) Sb1p.50Mn20.50 Mnl Nil 7sFelyas C1(Mnlt Mn2) Nilt Fell) 0.00
C2(Mn1t Mn2f Nilf Fell) 25.13
C3(Mn14 Mn2/) Nilt Felt) -13.07
C4(Mn1t Mn2t Nilf Felt) 426

Niy 50Feq 50 Mny 50Sbo 50 (y=0.50) Sb1g.50Mn2g 50 Mnl Nily s0Feloso C1(Mnlt Mn2/) Nilt Fell) 0.00
C2(Mn1t Mn2t Nilf Fell) 38.84
C3(Mn14 Mn2/) Nilt Felt) 22.73
C4(Mn11 Mn2t Nilf Felt) -13.68

7=Co

Niz M, 505bo.50(y=0.00) SblgaoMnZ000 Mnl Nil, C1(Mn1T Mn2] Nil7) 0.00
C2(Mnl1f Mn2t Nilt) 15.32

Nij 75Cog.95Mny 50Sbg 50 (y=0.25) Sb1g.50Mn2g 50 Mnl Nily 75Colpe5 C3(Mnlt Mn2| Nilt Colt) 0.00
C4(Mn1t Mn2t Nilf Colt) 5.77

Nij 50Cop.50Mny 50Sbg 50 (y=0.50) Sb1g.50Mn2 50 Mnl Nily 50Colgs0 C3(MnlT Mn2| Nilt Col?) 0.00
C4(Mn14 Mn2t Nil1 Colt) -3.04

Z=Cu

NizMny 5Sbo.50(y=0.00) Sbps0Mn20.0 Mnl Nil, C1(MnlT Mn2] Nilf) 0.00
C2(Mn1t Mn2t Nilt) 15.32

Nij 75Cug.25Mny 50Sbg 50 (y=0.25) Sb1g50Mn2g 50 Mnl Nily 75Culg 2 C3(Mnlt Mn2| Nilt Cult) 0.00
C4(Mnlt Mn27 Nilt Cult) 17.74

Nip50Ctig.50Mn1 50Sbo.so(y=0.50)  Shlg.s0Mn2o.50 Mnl NilysCulpse C3(Mnlt Mn2) Nilt Cult) 0.00
C4(Mn11 Mn21 Nilt Cul?) 18.90
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substitutions, the Mnl atoms align parallel with Nil, Ni2, and Z(=Fe, Cu) atoms
and align anti-parallel with the Mn2 atoms; the configuration denoted as “C3”. In
cases of Co substitutions, though the Mn atoms have anti-parallel alignments for
smaller concentrations (i.e., “C3” configuration), with increase in Co concentration,
they align parallel making the “C4” magnetic configuration as the ground state.
However, in Ni;MnCoq50Sbg50 the energy difference between the “C3” and “C4”
configurations is small indicating that a mixed phase of these two can be present.
This implies that Co acts as a “ferromagnetic activator” in Ni-Mn-Sh alloys, as is
seen in other Ni-Mn based Heusler alloys [283, 290-293].

4.3.2 Magnetic moments in the austenite phases

As was discussed in Section 4.1, significant enhancement of magnetic moment in
the austenite phases leading to a possibility of large AM is one of the motivations
for substitutions of Ni and Mn with other 3d elements. That there is a correlation
between enhancement of magnetization in the austenite phase and a large MCE for
Ni-Mn-Sb system could be observed in the experiment on the compound where Co
substituted Ni. An enhancement in magnetization in the austenite phase along with
a significant MCE was observed [135, 142, 293|. In order to understand the qual-
itative and quantitative trends in magnetizations due to substitutions of different
elements at different sites and with different concentrations, we have calculated the
total and atomic moments of all compounds as a function of compositions. The
results are shown in Fig. 4.2 and Table 4.2. In Fig. 4.2, we present simultaneously
the variations in the moments when concentrations of the substituting element are
between 0 and 25% as well as between 25% and 50%, that is when the concentra-
tions could be chosen arbitrarily. These calculations are done by SPRKKR code,
which implements the KKR-CPA method that uses single-site mean-field technique
to address the substitutional disorder and hence does not require constructions of
supercell. This was necessary in order to mimic the experimental compositions as
much as possible and at the same time, to find whether the qualitative changes in the
moments with compositions indeed follow the trends as computed using supercells
where concentrations of the substituents are varied by larger percentages. The lat-
tice constants used for the calculations with KKR-CPA for arbitrary concentrations
are taken by interpolating the lattice constants obtained from supercell calculations,

presented in Table 4.2.
We find that Fe-substitution at the Mn1 sites in NisMn; 50Sbg 50 lead to a slight
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Figure 4.2: Calculated total magnetic moment and atomic magnetic moments (in
up/ fu.) (for atom-name convention see Table 4.1) as a function of concentration y of
substituting elements, Z=Fe, Co and Cu for (a) NizMnj 50—yZ,Sbg50(Z@Mn) and (b)
Niy_yZyMn; 50Sbg.50(Z@Ni) systems in their lowest energy magnetic configurations as in-
dicated in Table 4.1. Variations of total magnetic moments with y calculated by SPRKKR
code [230], are presented by dashed lines with open symbols. For Co-substituted systems,
magnetic moments both for “C3”(dashed lines with open circles) and “C4” (solid lines with
marked circles) magnetic configurations for y > 0.25 are shown.

decrease in total magnetic moments with increase in the concentration of Fe, al-
though the atomic moments hardly change. This is due to the lower moments on Fe
atoms in comparison to the substituted Mnl atoms. When Fe substitutes Ni, the to-
tal magnetic moment increases with Fe concentration as stronger magnet Fe replaces
Ni. In case of Cu substituting Mn, we find remarkable increase in the total moment
as Cu concentration increases. This occurs as the Cu atoms, instead of occupying
the Mn1 sites, replace Mn2 atoms at the Sb sites, thus decreasing the negative con-
tributions from Mn2 atoms to the overall moment. This does not happen when Cu
replaces Ni. Co-substitutions at either Mn or Ni sites present an interesting picture.
When Co substitutes Mn or Ni, the magnetic configuration up to at least y = 0.25 is
“C3”. Since Co always occupies Ni sites irrespective of whether Mn or Ni is substi-

tuted, leaving Mn2 as it is, the moment decreases when Mn is substituted, as the net
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positive contribution to the total moment goes down with weaker magnet Co replac-
ing Mn. When Ni is substituted, the net moment increases with y, albeit weakly,
as Co moment is greater than that of Ni. Quantitatively the results of supercell
calculations (by VASP) and KKR-CPA calculations (by SPRKKR) have excellent
agreements, and reproduce experimental results well, as KKR-CPA calculated mo-
ment value of 1.99 ug/ f.u. for Nij sCop2Mnj 50Sbg 50 is in good agreement with the
experimental value of 1.85 ug/ f.u. for Ni; gCogoMnj 50Sbg 4 composition [289]. For
y = 0.5, we found that although the lowest energy magnetic configuration “C4”, the
energy difference between “C3” and “C4” is extremely low, even less than 1 meV per
atom for Mn-substituted compound. This gives rise to the possibility of mixed mag-
netic phases comprising of both “C3” and “C4”. However, in our calculations, we
have considered only “C4” for y = 0.5 in the supercell calculations while both con-
figurations are considered for all y between 0.25 and 0.5 in KKR-CPA calculations.
We find that for y = 0.5, both supercell and KKR-CPA produce identical results,
a high magnetic moment which is expected as the Mn spins align in “C4”. The
configuration “C3” leads to gradual quenching of the total moment as Co replaces
Mnl, an extrapolation of the behavior for y < 0.25. However, for Co replacing Ni,
the total moment does not change appreciably due to the proximity of the atomic
moments of the two.

Thus, substitution with Co provides us with a possibility for large magnetic
moment in the austenite phase when y ~ 0.25 and subsequently a large value of
AM as desired may be realized. However, since there is a good possibility of mixed
magnetic phases of the two configurations, the actual moment may not be that high
as the net moment will be a weighted average of moments of the two magnetic
configurations. Even then, the net magnetic moment is expected to be higher than

the cases where Fe or Cu are substituted.

4.3.3 Structural phase transition and associated change in

magnetic structure

Compositions exhibiting the structural phase transition near room temperature and
associated with a change in the magnetic structure are of great importance. Chemi-
cal substitution in Ni-Mn based ternary compounds has been proved to be an effec-
tive way to tune the stability of the austenite phase or in other words, to adjust T},
and to increase AM. As discussed in Section 4.1, different investigations conclude
that Fe, Co, Cu substitutions at Mn and Ni sites in Mn-excess Ni-Mn-(Ga, In, Sn)
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Figure 4.3: The variations of total energy difference (AE) between the austenite(L2;)
and the martensite(tetragonal) phases as a function of tetragonal distortion i.e. c/a ra-
tio for ((a)—(c)) NizMIll_g;Q,yZySbo.g,o(Z@Mn) and ((d)—(f)) NiQ,yZyMD1.5osb0_50(Z@Ni)
(Z=Fe, Co and Cu) systems for considered values of y and at their ground state magnetic
configurations (as in Table 4.1). Results where the magnetic configurations are different
in the martensitic phases (for Co substitution with y = 0.50) are also shown.

alloys tune the thermodynamic parameters related to the magnetic and structural
transformations and consequently the MCE [134, 135, 140, 142, 289, 294]. There-
fore, in this section, we have systematically investigated the effects of substitution of
different elements with different concentrations and at various sites on the stability
of the austenite phase of NisMn; 5Sbgs. We also look into the possible changes in
the magnetic configurations due to the structural transitions from cubic austenite to
a tetragonal martensitic phase that can result in a large (AM) in these compounds.
Although, the quantification of AM and comparison with experiments cannot be
directly done in this way due to the fact that the experimental samples may not
lead to the tetragonal martensites immediately after the MPT and at the temper-
atures where experimental measurements were carried out, the calculations surely
can provide important insights into the possible trends and outcomes in regard to

expectation of large AM.

To study the structural phase stability for a particular composition, we have dis-
torted the lowest energy 1.2, structure at that composition along each of the possible
crystallographic inequivalent directions and computed the total energy as a function
of the tetragonal distortion given by (c¢/a), as done in the previous chapter. Due to

the finite size of the 16 atom supercell, different atomic distributions in the planes,
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Table 4.2: Calculated values of equilibrium lattice constant (ag), formation energies (Ey)
and total magnetic moment (My) of the systems under considerations in their austenite
phases with corresponding ground state magnetic configurations are shown. The total
energy difference (AE) between the austenite(L2;) and the martensite(tetragonal) phases
[the equilibrium value of tetragonal distortion (c¢/a) is given in parentheses|, the total
magnetic moment (Myy) in the non-modulated martensitic phases and the differences in
magnetic moments between the austenite and martensite phases (AM) are also shown.

Composition Mag. Config. ag Ey AE(c/a) My My [AM|
(A) (eV/fu) (meV/atom) (up/fu.) (up/fu.) (ps/fu)

NizMn; 509D0 50 Cl 594 055  27.64(1.34) 171 1.55 0.16
NigMny 95Feg 255bg 50 C3 5.92  -0.42 39.23(1.36) 1.51 1.46 0.05
NizMnFe.50Sbo 50 C3 591 -029  48.38(1.36) 1.33 1.37 0.04
Nil,75FC().251\/’11‘11.50811)0.50 C3 5.92 -0.45 1068(129) 2.09 1.88 0.21
Ni]_50F€0_501\1H]_508b0_50 c3 5.91 -0.33 481(124) 2.48 = -

N‘lgI\’Il‘lllgg,COO‘g()Sboﬁo C3 5.89 -0.63 3300(134) 1.04 0.93 0.11
NiyMnCog 50Sho 50 C4 5.87  -0.66 73.26(1.36) 4.53 0.09 4.44
N.11A75CO()_251\’11’11}5081}0_50 C3 5.93 -0.67 2097(130) 1.99 1.94 0.05
Nil_50C00_501\"1111_508})0_50 C4 5.95 -0.79 1627(129) 6.82 1.95 4.87
NigMnj 25 Cu1g.255bo 50 C3 592 -0.49 22.30(1.28) 2.94 3.06 0.12
Niy 75 Cig.05Mn1 50Sbo.50 c3 595 -044  32.23(1.38) 1.69 1.64 0.05
N11_50C110_50Mnl_508})0_50 C3 5.98 -0.33 3435(141) 1.73 1.76 0.03

perpendicular to which distortion is given, define two crystallographic inequivalent
directions for most of the compositions considered here. Further, for the purpose
of investigation of any possible changes in the magnetic structures in the marten-
sitic phases from that in the cubic phases, we have also checked energy profiles
for all the possible magnetic configurations listed in Table 4.1 at each composition,
considering the reference energy as the energy of the austenite ground state for
the corresponding composition. In Fig. 4.3, we summarize the results and show the

energy profiles of the configurations which provide the minimum energy in each case.

Figure 4.3(a) shows that, when Fe is substituted at Mn site in NisMn; 5Sbg 5,
the stability of the austenite phase decreases with increasing concentration of Fe
as is apparent from the growing difference in energy (AFE) (Table 4.2) between the
austenite and the martensite phases, implying that T}, increases with Fe concen-
tration. This is completely in contrast with the qualitative behavior observed in
the experiment [140]. We address this anomaly in detail as a special case in Sec-
tion 4.3.7. Fe substituting Ni, on the other hand, enhances the stability of the
austenite phase. For 50% Fe-substitution, the total energy curve has a shallow min-

imum, and thus the possibility of a martensitic instability is slim. Thus the relative
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phase stability due to Fe substitution is dependent on the atom that is being sub-
stituted. For both cases, no changes in magnetic structures have been observed
near the structural phase transition, and as a result, AM are also found to be very
small. Substitution of Cu, in place of either Ni or Mn, does not affect the rela-
tive phase stability significantly. As the Fig. 4.3(c) and Fig. 4.3(f) suggest, AE
does not change appreciably with y, implying that T3, remains almost unchanged
even when concentration of the substituents are high. In both cases, the magnetic
structures do not change across phases, as is clear from the results in Table 4.2.
Co-substitution turns out to be very interesting as compared to the other two cases.
With increase of Co concentration substituting Mn, AFE first increases moderately
in the lower concentration range (y < 0.25), and no changes in magnetic structure
across phases are observed, resulting in a lower value of AM. Further increase in
Co concentration brings in a change in the magnetic structure in austenite phase
as was discussed in the previous section; however, the magnetic structure remains
same in the martensitic phase with Mn spins still aligned anti-parallel, leading to a
AM value of 4.44 pg/f.u.. Simultaneously, we find a substantial increase in AF,
implying a greater martensitic instability in the system. Large AM coupled with a
large T indicate better prospect for MCE. Similar jump in AM is observed in case
of Co substituting Ni. However, the AE decreases in this case with y. This is consis-
tent with the experimental observation in Niy_,Co,Mn; 55Sbg 45 with y = 0.2 [135].
Incidentally, large MCE has been found in this compound. Thus, our results in
Co-substituted compounds indicate that they are potential materials for large MCE

near a magneto-structural transition of the first order.

4.3.4 Magnetic exchange interactions

The inter-atomic magnetic exchange interactions provide the understanding behind
the evolution of magnetic transitions and the occurrence of MCE in cases of magneto-
structural transitions as observed in Ni-Mn-Z compounds [121, 123, 132, 144, 171,
172, 295, 296]. In this section, we investigate the effects of substitutions of different
constituents of NisMn; 5Sbg 5 at different sites and with different concentrations, on
the magnetic exchange interactions in their austenite phases, and try to correlate
with the results obtained in Sections 4.3.2 and 4.3.3. We then exclusively discuss
the reasons behind large MCE observed in experiment on Niy_, Co,Mn; 525bg 45 in
light of these.
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Figure 4.4: The dependence of the inter-atomic magnetic exchange parameters in the first
coordination shell (for different pair of atoms) for (left panel) NigsMn; 52—, Z,Sbg.4s(Z@Mn)
and (right panel) Niy_,Z,Mnj 52Sbg.4g(Z@Ni) with Z=Fe, Co and Cu systems in their
austenite phases. Calculations in each case are done at the ground state magnetic config-
uration. The composition of the parent compound (y = 0), in each case, is considered to be
the ones in the experiments [134, 135, 140, 142, 289, 294], and are nominally different from
that of NisMnj 55bg 5. For Co-substituted systems, magnetic exchange parameters both
for “C3”(closed symbols) and “C4”(open symbols) magnetic configurations for y > 0.25
are shown.

Figure 4.4 shows the trends in variations of various nearest neighbor inter-atomic
magnetic exchange coupling strengths as a function of the substituents concentra-
tion. Only the variations in the first coordination shells are considered as these are
the dominant interactions. We find that, in each case of substitution, the overall
ferromagnetic interactions increase due to the predominantly ferromagnetic inter-
actions between the Ni-Z, Mn-Z, and Z-7Z pairs. When Mn is substituted by Fe,
there is a competition between the ferromagnetic coupling of Ni-Fe, Mnl1-Fe, and
antiferromagnetic coupling of Mn1-Mn2 pairs. The antiferromagnetic interaction
of Mn1-Mn2 pairs increases with the concentration of Fe and compensates for the

weak increase in the ferromagnetic interactions with y. The small negative changes
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in the magnetic moment with y can be correlated to such variations in the exchange
interactions. In complete contrast to this, substitution of Fe at Ni sites amplify
the ferromagnetic Mn-Fe interactions, along with a simultaneous weakening of the
anti-ferromagnetic interactions(Mnl-Mn2, Fe-Fe) as y increases. The increase in
the magnetic moment with y is an artifact of this. Almost no variations in the
magnetic moment of compounds when Ni is substituted by Cu can be understood
from the minimal variations in both ferromagnetic and anti-ferromagnetic exchange
interactions with Cu concentration. In contrast, The significant strengthening in
Ni-Mn ferromagnetic interactions when Cu substitutes Mn can be correlated to the
increase in the magnetic moment of the corresponding compound. Co substitutions,
both at Mn and Ni sites, give rise to the largest ferromagnetic coupling strengths,
which is due to very strong ferromagnetic exchange interactions between the Co and
Mn atoms. Ferromagnetic interactions between Mn-Ni and Co-Co pairs strengthen
it further. For higher concentrations (y > 0.25) the parallel alignment of the Mn
atoms (as in “C4” magnetic configuration) magnifies the ferromagnetic interactions
further. This explains the large value of moment at high concentrations of Co. Over-
all, it can be concluded that substitutions of magnetic 3d-elements in NisMn; 5Sbg 5
magnify ferromagnetic exchange interactions in the system, and thus in general,

leads to a higher value of magnetic moment with respect to the parent compound.

We next focus on understanding of the occurrence of large AM and the possible
connection to significant MCE in some of the substituted Mn-excess, Sh-deficient
NisMnSb compounds. For this purpose, we consider NioMn; 505bg4g compound and
investigate the behavior of magnetic exchange interactions, in both austenite and
martensite phases, when Fe, Co and Cu substitute Ni and Mn with the concentration
of the substituent being 0.24. The reason for picking this particular composition is
the observation of large MCE for compositions close to this [142] in the compound
where Co substitutes Ni. In Fig. 4.5, we show the results for parent composition
NisMn; 50Sbg.4s and Co substituted Nij 74Cog24Mny 50Sbg4g to interpret the experi-
mental observations. In the parent composition NisMnj 50Sbg 45, the austenite phase
is dominated by the Mn1-Mn2 nearest-neighbor antiferromagnetic (AFM) interac-
tions. In the tetragonal martensite phase, this AFM interaction gets almost four
times magnified and shows an oscillatory behavior in the second and third coordina-
tion shells. As a result, not much difference between the magnetic moments in the
two phases is expected to occur. This proposition is consistent with the results on
NiyMn; 5Sbg s (Table 4.2). When Co substitutes Ni, the Mn1-Mn2 AFM interaction

strength remains the same as the pristine compound in the martensitic phase, while
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Figure 4.5: Inter-atomic magnetic exchange interactions in (a)-(b)parent composition
NiQMH1_5QSbo_4g and (C)-(d) NiQ_yCOyMD1.52Sb0.48 with Yy = 0.24 in the cubic (c/a = 1)
and tetragonal (c/a # 1) phases as a function of distance d(in units of lattice constant ag)
between the pair of atoms.

the ferromagnetic interactions gain slightly. But, in the austenite phase, the Mn-Co
ferromagnetic interactions amplify more than five times in comparison to the domi-
nant ferromagnetic interactions in the pristine compound. As a result, the magnetic
moments in the two phases would differ substantially, in comparison to that in the
pristine compound. This, therefore, perfectly explains the experimentally observed
large AM and large MCE. Another highlight of these calculations is observation
of a correlation between the qualitative nature of the variations in the exchange
interactions and relative stabilities of the structural phases. Experimentally it was
observed that for Co-substitution at Ni site in NipsMn; 50Sbg 4, Ths decreases with
the substituent concentration implying that this substitution stabilizes the austenite
phase. The nature of magnetic exchange interactions in Fig. 4.5(c) suggests that

the strong ferromagnetic interactions stabilize the austenite phase.

Analysis of the figures 4.6-4.8 lead to the following: (i) for Fe substitution at Mn

site, AFM couplings are stronger in the austenite phase, in comparison to the parent
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Figure 4.6: Inter-atomic magnetic exchange interactions in (a)-(b) NisMn; 52—, FeySbg 48
(y = 0.24) and (c)-(d) Niz_,Fe,Mn; 55Sbg4g (y = 0.24) in the cubic (¢/a = 1) and
tetragonal (c¢/a # 1) phases as a function of distance d(in units of lattice constant ag)
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Figure 4.7: Inter-atomic magnetic exchange interactions in NisMn; 50, Co,Sbg.4g (y =
0.24) in the (a) cubic (¢/a = 1) and (b) tetragonal (¢/a # 1) phases as a function of
distance d(in units of lattice constant ag) between the pair of atoms.
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Figure 4.8: Inter-atomic magnetic exchange interactions in (a)-(b) NioMnj 52—, Cu,Sbo 48
(y = 0.24) and (c)-(d) Niz_,CuyMn52Sboag (y = 0.24) in the cubic (¢/a = 1) and
tetragonal (¢/a # 1) phases as a function of distance d(in units of lattice constant ag)
between the pair of atoms.

compound, due to AFM Mn2-Fe interactions on top of already existing Mn1-Mn2
one. In tetragonal phase, the AFM interactions magnify, mainly due to stronger
Mn2-Fe interactions. Moreover, Mn1-Mn2 and Mn2-Fe interactions are oscillatory
in nature. This implies that AM may not be very large in this system; (ii) Fe sub-
stitution at the expense of Ni leads to substantial increase in the FM components in
the exchange interactions in the austenite phase, due to strong Mn-Fe FM interac-
tions. In the martensitic phase, the nature of the interactions are not too different
from that in the parent compound; (iii) ferromagnetic interactions become domi-
nant upon substitution of Co at Mn site, in both phases. The many-fold stronger
FM interactions in austenite phases and the presence of large AFM interaction in
martensitic phases can explain the reason behind large AM when Co is substituted;
(iv) nature of interactions in Cu substituted compounds are more or less similar
to that in the parent compound. Combining these with the results on the relative
stability of structural phases of various compounds, occurrence of large AM from
our calculations and experimental observation of large MCE in Co-substituted (at
Ni site) NigMnj 48Sbg 52 [130, 132], we can infer that strong FM interactions stabilize

101
TH-2581_156121017



Chapter 4. Understanding the origin of the magnetocaloric effects in substitutional
Ni-Mn-Sb-Z (Z=Fe, Co, Cu) compounds

160

150

140

B (GPa)

130

C,, (GPa)

1 I 1 L L
0.3 0.4 0.5
Concentration (y)

|
0 0.1 0.2

Figure 4.9: The variations in bulk modulus B, shear elastic constants Cyy and C’
as a function of concentration y of substituents, Z=Fe, Co and Cu, in the austen-
ite phases of the considered two systems: NiaMnj 50—yZ,Sbgso(closed symbols) and
Nig_yZyMn1_5OSbo_50(open symbols).

the austenite phase, reducing the Tj, and that the observed large MCE is due to
strikingly different nature of dominant magnetic interactions across structural phase

transitions, in these compounds.

4.3.5 Mechanical properties

MCE materials with coupled magneto-structural transitions often suffer from crack-
ing and fatigue, which severely limits their usefulness. Quaternary off-stoichiometric
Ni-Mn based Heusler compounds are found to exhibit better mechanical properties
such as ductility, corrosion resistance, machinability, all of which ease manufac-
turing and increase the product longevity. For example, Fe-addition improves the
toughness of Ni-Mn-Ga alloys without sacrificing its magnetic and thermoelastic
properties [229, 281]. In this section, we, therefore, explore the changes in the me-

chanical properties of NisMn; 5Sbgs compounds upon substitution by the fourth
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Table 4.3: The calculated values of Pugh ratio G, /B and Cauchy pressure C* of
the systems under consideration in their austenite phases with ground state magnetic
configurations for corresponding compositions.

Composition Mag. Config. G,/B CF(GPa)
NigMn1_5osbo_50 C1 0.39 49.19
N12Mn1_25Fe0,25Sb0<50 C3 0.43 41.77
NigNIHFeoj()Sbo_M) C3 0.44 38.93
NisMn; 505bg 50 C1 0.39 49.19
N11.75Feo_25Mn1,5OSb0.50 C3 0.47 31.68
Nil.50Feo_50NIIl1.50Sb0‘50 C3 0.49 25.31
NigMn; 50Sbo 50 C1 0.39 49.19
NigMn1,25C00_25Sb0_50 C3 0.42 42.70
ng 1\/11’1000.5081)0'50 C4 0.45 40.12
Nigl\/lnl'g)osbof,o C1 0.39 49.19
Ni; 75 C00.25 M1 50Sbo 50 C3 0.43 40.85
Nil.50COO.50Mn1_5osbo_5o C4 0.41 44.81
NiQMDl"gOst.g,O C1 0.39 49.19
NizMny 95Cug.255bg 50 C3 0.46 33.78
NisMnCug 505bo.50 C4 0.39 52.65
N12N1H1_508b0.50 C1 0.39 49.19
Nil.75CU.0,25M1’11'5()Sb0,50 C3 0.42 41.86
Ni; 50Cio 50Mn1 50Sbo.50 C3 0.41 42.05

element.

Compounds having a Pugh ratio (G,/B) greater than 0.57 are considered to be
more brittle [225, 226]. On the other hand, a positive value of Cauchy pressure
(CP) indicates the bonding in the compound to be more metallic, while a negative
value implies a stronger covalent bonding [228, 229], as discussed is Chapter 2. To
calculate the Pugh ratio and Cauchy pressure, at first we have calculated the Bulk
modulus (B) and the elastic moduli (Cy4 and C’) for all the compounds, in their
austenite phases. The results are shown in Fig. 4.9. We find that the bulk modulus
decreases for all the cases where Mn is substituted. The bulk modulus does not
change when Fe and Co substitute Ni but decreases appreciably when Cu replaces
Ni. These trends in B are consistent with the trends in the variations of lattice
constants, as shown in Table 4.2. Positive Cyy for all the compositions satisfies one
of the stability criteria for cubic crystals. A negative C’ indicates the instability
in the L2; phase and that the system is prone to a structural transformation. The
values of C” explains the observed martensitic instabilities in the compounds and
will be discussed later in Section 4.3.6 in detail. Then G, /B and C” are calculated
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using the relations in Chapter 2 for all the compounds. The results are shown in
Table 4.3. The results imply that substitution of Fe, Co, or Cu keeps the Ni-Mn-Sh

compounds ductile and the nature of bonding largely metallic.

4.3.6 Variation in Ty; and T4

A large MCE i.e., AS,,,, is usually obtained at a temperature near T); in cases
of first-order magneto-structural transitions, typical for Ni-Mn based Heusler com-
pounds. However, small AS,,,, may also be observed near T, the magnetic transi-
tion temperature in the austenite phase, in a second-order magnetic transition. The
largest MCE can be obtained if these two temperatures are as close as possible and
near room temperature for operational purposes. Attempts [102, 103, 297], thus,
have been made to bring these two temperatures closer by adjusting the composition
so that T}y increases and T decreases. Success in this approach has been achieved
in case of Niy 18Mngg2Ga by substitution of the magnetic components with another
transition metal from the 3d series [104, 275, 279, 280, 298|. After investigating
the role of the substituents in achieving a large AM and the underlying physics
therein in section 4.3.3 and section 4.3.4, thus pinpointing the materials which can
potentially be exhibiting significant MCE, it becomes necessary to explore how T},
and TCA behave with substitution of Fe, Co or Cu in NisMn; 5Sbg 5; more so as the
experimental results on Ni-Mn-Sb compounds with compositions close to the par-
ent compound considered in this work suggest that the two temperatures are quite

close [134, 142, 289, 294] and near room temperature, varying between 260-330 K.

Calculation of T}, requires computations of free energies, including contributions
from phonon and magnetic excitations, apart from the electronic one. This becomes
computationally prohibitive for off-stoichiometric compounds like the ones consid-
ered here. Therefore, in this work, we could only look at the qualitative variations
in Ty, as a function of composition for the compounds considered here, by study-
ing the variations of quantities which are related to Ty, [244, 287, 299, 300], and
are calculated here. The e/a ratio has been found to be a good predictor for com-
position dependence of T, in Ni-Mn based Heusler alloys. T}, is found to follow
e/a [247-249], albeit with exceptions in some cases: Fe substituted Ni-Mn-Sb being
one [140]. For a few notable cases like Ni-Mn-Ga compounds [287], the electron
density n=((e/a)xny)/Veey, scales with Ty, n; being the average number of atoms
contained in the unit cell of volume V. [301]. The total energy difference (AFE)

between the austenite and the martensite phases is found to be another predictor of
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Table 4.4: Calculated values of all predicting observables of martensitic transition tem-
perature, Th: electron to atom ratio (e/a), electron density (n), total energy difference
(AF) between the austenite(L2;) and the martensite(tetragonal) phases, tetragonality of
the martensite phase (| ¢/a—1|) and shear modulus (C”) of the austenite phase for all the
six types of considered systems. In the last column trend in Th; and Curie temperature
(T4) in the austenite phase have been concluded by observing the trend in more reliable
quantity C’ and values of T4 calculated through Monte Carlo Simulation in Fig. 4.10,

respectively.

Composition Mag. Config. ¢/a n AE [c/a—1] Trends in Ty and T4
(meV /atom) (GPa)

NiyMn; 50Sbg 50 C1 8.25 0.630 27.64 0.34 -3.81 Ty decreases,

NiyMn; 95Feq 25Sbg 50 C3 8.3125 0.641 39.23 0.36 1.65 T(A decreases slightly

NiyMnFeg 50Sbo 50 C3 8.375  0.649 48.38 0.36 5.04

NisMny 50Sbo.s0 C1 8.25 0.630 27.64 0.34 -3.81 Ty decreases,

Niy 75Feq.05Mny 50Sbo 50 C3 8.125  0.627 10.68 0.29 5.28 T4 decreases

Niy 50Feq.50Mny 50Sho 50 C3 8.00 0.620 4.81 0.24 13.12

NiyMn; 50Sbg 50 C1 8.25 0.630 27.64 0.34 -3.81 Ty increases,

NiyMnj 95Cog.255bg .50 C3 8.375  0.656 33.00 0.34 -9.26 T decreases

NisMnCog 50Sbo.50 C4 8.50 0.672 73.26 0.36 -14.06

NiyMn; 50Sbo.50 C1 8.25 0.630 27.64 0.34 -3.81 Ty decreases,

Nij 75Cog.25Mn 50Sbg 50 C3 8.1875 0.628 20.97 0.30 -0.55 T4 increases slightly

Niy 50Cog.50Mny 50Sbg 50 C4 8.125 0.617 16.27 0.29 -1.90

NiyMn; 50Sbg.50 C1 8.25 0.630 27.64 0.34 -3.81 Ty decreases in the beginning

NiyMnj 25Cug.255bg 50 C3 8.50 0.656 22.30 0.28 15.64 and then increases,

NisMnCug 50Sbg 50 C4 8.75 0.682 22.00 0.27 -7.95 T4 decreases

NiyMnjy 50Shg 50 C1 8.25 0.630 27.64 0.34 -3.81 Ty and T2 remains

Niy 75Cug.o5Mny 50Sbg 50 C3 8.3125 0.631 32.23 0.38 -1.51 almost constant

Nij 50Cig 50 M1 50Sbo 50 3 8.375  0.627 34.35 0.41 -1.26

Ty [229, 288, 302]. A larger value of AE implies a higher stability of the martensite
phase at zero temperature and thus a higher T),. The tetragonality of the marten-
site phase quantified by | ¢/a — 1| is also found to follow variations in T), in cases
of Ni-Mn-(Ga, In) compounds [245, 247, 303]. The best predictor of Ty, for Ni-Mn
based Heusler alloys, so far, has been the shear modulus C” in the austenite phase.
This is due to the fact that the shear modulus is associated with the softening of the
acoustic phonon branch that drives the martensitic transformation in these systems.
Important physical factors like site ordering and magnetic structure are all taken
care of in the variation of this quantity [255, 256]. Calculations on off-stoichiometric
Ni-Mn-Sb compositions, in the previous chapter, also showed that for Ni-Mn-Sh
systems, (e/a), AE, C" can be good predictors for Ty;.

In Table 4.4, we compile the trends in variations of these five quantities as a func-
tion of composition for the six compounds considered, to qualitatively understand
the variations in T),. With increase in Fe concentration at the expense of Mn, the
e/a ratio, electron density n, | ¢/a—1 | and AFE increases, suggesting increase in Ty,
with Fe concentration, while the increase in C’ with concentration of Fe suggests the

stabilization of the austenite phase, an opposite trend. This later trend is in agree-
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ment with the experimental observation [140], which shows a decrease in T); with Fe
concentration. Even though we consider the trends in C’ as the authentic one, this
particular system exhibits discrepancy between theory and experiment with regard
to the trend in the magnetic moment in the austenite phase, as mentioned earlier.
We discuss the origin of this discrepancy and possible solution in Section 4.3.7. For
compounds with Fe substituting Ni, the trends in all five quantities are consistent,
indicating lowering of T}, with Fe concentration. Though there are no experimental
observations available on compositions close to Ni,_,Fe,Mn; 55by 5, Fe substitution
at Ni sites for similar systems Ni-Mn-(Ga, In, Sn) show the same trend in variation
of Ty [280, 284]. Our result for this system, therefore, is consistent. In case of Co-
substitution, irrespective of whether Mn or Ni is substituted, all five quantities show
the same trend, which implies that T); increases(decreases) with Co concentration,
when Co substitutes Mn(Ni). The available experimental results [134, 135, 142] for
Niy_, Co,Mn; 525bg 48 are in agreement with this. For Cu substitution at Mn site,
both e/a and n increase wheres AE decreases slightly, implying contrasting trends
in Ty;. On the other hand, C” initially increases with Cu for the low concentrations,
consistent with the trend seen in AFE, predicting a slight decrease in Ty, only to
decrease for higher concentrations. For compounds where Cu substitutes Ni, AE
and C’, too, show opposite trends. However, changes in all the quantities are very
small, indicating that the T); remains almost constant with respect to the parent
compound. In absence of experiments on this system, this cannot be verified. Nev-
ertheless, it is noteworthy that other Ni-Mn based Heulser compounds show almost
the same trend for Cu substitution [275, 304].

The variation in Curie temperature (7) in the austenite phase for all the con-
sidered systems, calculated by Mean-field approximation (MFA) and Monte Carlo
simulation (MCS) methods, have been shown in Fig. 4.10. It can be seen that the
overall trend remains almost same for most of the cases, irrespective of the method
used, and that the calculated values, in general, are overestimated in comparison to
experiments. For Fe substitution at Mn site, T, calculated by the MCS method,
slightly decreases with Fe concentration wheres with MFA calculation, a substantial
decrease in T4 is observed. On the other hand, when Fe is substituted at Ni site,
same trend of T/ decreasing linearly with Fe concentration is found from calcu-
lations by either method. We find the same for Co substituted compounds. For
compounds with Co substituting Mn, T decreases with Co concentration when
“C3” magnetic configuration is considered. For “C4” magnetic configuration in the

higher concentration range, same trend is observed ; the values of T4 are larger
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Figure 4.10: Calculated Curie temperatures (7) as a function of substituents (Z=Fe,
Co, Cu) concentration for NigMny 59—y Z,Sbg.4g(Z@QMn) and Nip_,Z,Mn; 52Sbg 45(Z@QNi)
systems. Closed symbols and Open symbols represent results calculated by Monte Carlo
Simulation (MCS) and Mean Field Approximation (MFA) methods, respectively. For Co-
substituted systems, Curie temperatures in “C4” magnetic configuration for y > 0.25 are
shown with marked circles.

though. For compounds with Co substituting Ni, the T slightly increases with Co
concentration. For compounds with Cu substitution, 74 decreases linearly when
substitution is done at Mn site, whereas for substitution at Ni site T remains al-
most constant when calculated with MCS method. T calculated by MFA shows
a different trend for substitution at Mn site for which T4 first decreases in the low

concentration range, and then it increases in the higher concentration range.

In Table 4.4 we have summarized the above discussion with regard to variations
in Ty and T#. Among the compounds which showed promises as magnetocaloric
materials by means of large AM, the Co-substituted ones at concentrations of Co
more than 25%, NisMny 5_,Co,Sbgs can have Ty, and TCA very close, desirable for
large MCE. In this case, if we take into account the fact that our calculated T4
is overestimated by around 50 K, the T can be very close to room temperature
for y ~ 0.25. On the other hand, a crude estimation of Tj; can be done from the
values of AFE. If the AFE of the parent compound is mapped to 260 K, the possible
Ty by extrapolation from experimental results [132, 146, 305] on compounds with
compositions close to it, then T, will be close to 300 K for y ~ 0.25. This, together
with large AM, will make this compound with this composition a desirable material
for MCE. Niy_,Co,Mn; 5Sbos will not be as effective since its TCA will be around
350 K for y ~ 0.25 while the Tj; will be around 220 K, as per the crude estimation
from AE. Although the AM is very low, the compound NiyMn; 5_,Cu,Sby 5 exhibits
the possibility of almost coincidence of Ty, and T4 as the former remains almost

constant, and the later rapidly decreases towards room temperature.
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Ni-Mn-Sb-Z (Z=Fe, Co, Cu) compounds

Table 4.5: All possible site-occupation configurations (“S-a” to “S-e”) and corresponding
ground state magnetic configurations of NipgMnj 50—, Fe,Sbg 50 (y=0 and 0.25) with their
relative electronic energies AEy (in meV/atom), considering the electronic energy of the
“S-a” configuration as reference one.

Composition Site Site Occupancy Mag. Configurations AFE,
Config. 4a site 4b site 8c site
NipyMny 50Sbo 50 S-a Sh1g.50Mn2g.50 Mnl Nily C1 (Mnlt Mn2] Nilt) 0.00
NisMnj o5Feq05Sbgs0  S-a Sblgs0Mn2¢25Felgos Mnl Nil, C3(Mnlt Mn2| Nilf Felt) 0.00
S-b Sb1g.50Mn2g 50 Mnlg7sFelgos Nils C3(Mnlt Mn2| Nilt Felt) -4.06
S-c Sb1ps50Mn2g25Ni2g 95 Mnl Nily 75Felgos  C3(Mnlt Mn2| Nil,Ni2t Felt) 5.80
S-d ShlgseMn2ys Mnlo7sNi2gas NilyssFeloss C3(Mnlt Mn2) Nil,Ni2t Felt) -3.09
S SblosoMn2025NiZyas MnlgssFeloss NilirsMn3gas C3(Mnlt Mn2) Mn3t Nil,Ni2t Felt) 32.90

4.3.7 Resolving discrepancy between theory and experiment

for NioMn, 5, ,Fe,Sby 4z: possible role of site occupancy

In the absence of experimental results for most of the systems considered in this
work, the validation of our findings largely dependent upon agreement with the
results of only a couple of experiments on Fe and Co substituting Mn and Ni respec-
tively in NigMn; 50Sbg.4g, a composition very close to the one considered here. In
case of the system with Co substituting Ni, we observed a good agreement for the
trends in magnetic moment and Ty, [142]. For the system where Fe substitutes Mn,
following discrepancies between our calculations and the experimental observations
[140] were found: (i) the magnetic moment of the system, decreases with Fe concen-
tration as per our calculations, in complete disagreement with the trend observed
in the experiment and (ii) although the variation of C”, the most reliable predictor
of Ty, with Fe concentration, suggesting a lowering of T}, in agreement with the
experimental findings, the trend in AF, another predictor, and a useful one, as it
can provide a quantitative estimate of T, implies the opposite. In this section, we

attempt to find the origin of the discrepancy and resolve it.

The possible origin of the discrepancy is the difference between the site ordering
obtained in our calculation and the actual one generated during the experiment.
The site ordering in an experimental sample depends on the thermal treatment. To
resolve whether the site ordering is behind the observed discrepancy, we have done
a detailed investigation considering all possible site occupancy of the constituent
atoms in the Fe-doped NisMnj o5Feq255bg50 system. The energies of the ground
state magnetic configurations, for each pattern of site occupancy, are summarized
in Table 4.5. We, then, have calculated the magnetic moments as a function of Fe
concentration between 0 and 0.25, for each site occupancy configuration of Table

4.5. The results are shown in Fig. 4.11(a). We find that the magnetic moment
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Figure 4.11: Variations in the (a) total magnetic moments with y for various site config-
urations (Table 4.5) for NipMny 50—, Fe,Sbg 50 system in their austenite phases calculated
with VASP (closed symbols with solid line) and for NisMn; 52—, Fe,Sbg 4g calculated by
SPRKKR (open symbols with dashed line). Experimental values of the total moment
are added for comparison; (b) total energy differences (AE) between the austenite and
martensite phases of NipsMny 50—, Fe,Sbg 50 with y, for select site configurations. Experi-
mental values of Ty, [140] are given for comparing trends.
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Figure 4.12: The dependence of the inter-atomic magnetic exchange parameters in the

first coordination shell (for different pairs of atoms) for NipMny 50—, Fe,Sbgss in their
austenite phases for site configurations (a) “S-b” and (b) “S-c”.

increases monotonically with Fe concentration, as observed in experiments, for all
configurations except “S-b” and “S-d”. It is to be noted that the configuration
“S-b” has the lowest energy for this compound and has been considered for calcula-
tions of physical properties throughout the chapter. Since the configurations “S-a”,
“S-c¢”, “S-e” reproduce the experimentally observed trend of the magnetic moment,
we next calculate the energy profiles of this system as a function of (¢/a) for these
three configurations and compute AFE in each case (shown in Fig. 4.11(b)). In the
figure, experimentally obtained T), are shown to find out the proximity of trends in

variations of T, with one or more of the calculated AE. We find that the configu-
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Ni-Mn-Sb-Z (Z=Fe, Co, Cu) compounds

ration “S-c¢”, one where the substituent Fe atoms occupy the Ni sites while Ni atoms
occupy the vacant Sb sites, provide the best agreement to the experiments, in terms
of trends in magnetic moment of the austenite phase and the T,,. That this con-
figuration provides the same trend in T); as the experiment, is further established
when our calculated shear modulus C’ is found to increase with Fe concentration
(see Table 4.6). The calculated T provides further credence to “S-¢” being the
site occupancy configuration realized in the experiment since its trend with Fe con-
centration also agrees to that in the experiment. The total energies of “S-b” and
“S-¢” are only 10 meV per atom apart. Thus, occurrence of the “S-¢” configuration
during the heat treatment of the sample has substantial possibility. To conclude,
the experimental results on NigMn; 50, Fe,Sbg g can be consistently interpreted by

taking into consideration the role of site occupancies.

Table 4.6: Calculated values of shear modulus €’ and Curie temperature (7}) in the
austenite phase for NipMn; 50_yFe,Sbg 50 as a function of Fe concentration for “S-c” site
configuration with ground state “C3” magnetic configuration.

Concentration(y) €’ (GPa) T2 (K)

0.00 -3.81 425
0.08 - 382
0.16 - 346
0.24 5.61 310

In order to gain further insights into the connection between the site occupancies,
large magnetic moment in the austenite phase, and subsequently the MCE in this
particular compound, we look at the variations in the magnetic exchange interactions
as a function of y. The detailed comparison of the nearest neighbor inter-atomic
magnetic exchange for “S-b” and “S-c¢” configurations is in Fig. 4.12. We find that
substantially large ferromagnetic interactions in “S-c¢” configuration, the greatest
being in the Ni2-Fe pair, makes the difference. The presence of large ferromagnetic
interactions in the austenite phase produces a large moment, lends more stability
to the austenite phase (T); reduces), and can be correlated with the large MCE

observed experimentally.

4.4 Conclusions

In this chapter, we have explored the potentials of Mn-excess, Sb-deficient NisMnSb
compounds, as magnetocaloric materials upon substitution of Ni and Mn by 3d

transition metals Fe, Co, and Cu. Apart from being able to explain the trends of
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variations in quantities like the martensitic transformation temperature, magnetic
transition temperature and the magnetic moments with compositions, observed in
handful of experiments on this system, we have provided insights into the possi-
bilities of significant magnetocaloric effects in compounds which are yet to be syn-
thesized. We found that the site occupancies of various atoms play an important
role in the variations of the above mentioned physical quantities. The structural
stabilities in these systems could be correlated to the magnetic exchange interac-
tions and their variations. We predict that the compounds Ni;Mn; 5_,Co,Sb 5 and
NiosMn; 5, Cu,Sbys; y ~ 0.25, can emerge as materials with large magnetocaloric
effects. In conclusion, this work systematically explores the physics behind occur-
rence of magnetocaloric effect in substituted Ni-Mn-Sb compounds. The approach
adopted and knowledge obtained from this work can be used to investigate a wider

pool of materials, boosting the possibility of discovering more materials with large

MCE.
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Chapter 5

Cosubstitution in Ni-Mn-Sb Heusler
compounds: realization of room
temperature reversible
magnetocaloric effect driven by

second-order magnetic transition

5.1 Introduction

In the previous chapters, it has been seen that the compounds in magnetic Heusler

family displaying significant magnetocaloric effect driven by first-order magneto-
structural transitions are in vogue. Comparatively, the Heusler compounds, un-
dergoing second-order magnetic transition near room temperature are less explored
in the context of discovering significant magnetocaloric effect. The second-order
transition can offer certain advantages like less energy cost and hysteresis loss.

In general, MCE obtained due to first-order transition [89, 123, 132, 306, 307],
is higher compared to those obtained in the vicinity of a second-order magnetic
transition. However, the materials exhibiting large MCE near a first-order magneto-
structural transformation suffer from several disadvantages. The martensitic phase
transition costs high energy, which translates into significant hysteresis loss and low
efficiency for cooling applications. They also suffer from cracking and fatigue, which
severely limit their lifetimes. It is, therefore, of utmost importance, to explore mag-

netocaloric materials in Heusler family exhibiting only second-order magnetic phase

The contents of this chapter are published in Physical Review Materials 4, 025401 (2020)
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transitions. They show full reversible effects and have limited mechanical draw-
backs. The superior mechanical properties such as ductility, corrosion resistance,

machinability of these materials ease manufacturing and bolster product longevity.

Accordingly, some of the recent studies focused on the exploration of large
MCE in magnetic Heusler compounds in the vicinity of a second-order magnetic
phase transition. Singh et al. [308] experimentally investigated the composition
NisMn; 4Ing and found a significant negative entropy change (AS,,.,) of
3.3Jkg 'K tand 6.3 Jkg™! K™ in an applied field of 2 T and 5 T, respectively, as-
sociated with a second-order transition near room temperature (315 K); the AS,,q4,
being comparable to the benchmark material Gd [33] as magnetic refrigerant. A
reversible magnetic entropy change of 1.02 Jkg ' K~! with moderate refrigeration
capacity was obtained across the second-order magnetic transition near room tem-
perature (305 K) in Mn; ssFeg 34Nij 64Sng.44 [309] upon a variation of magnetic field
by 1.4 T only. A tuneable and fully reversible MCE across the ferro-paramagnetic
transition was also realized in Nij goMny 44Ing g4, Sn, compounds [310]. The follow-
ing three major factors behind the large MCE near a second-order phase transition
were noted in these experiments: (i) the austenite phase of the system should be
stable in the range of operational temperature, (ii) the magnetization should be high
and (iii) second-order magnetic transition temperature i.e. the Curie temperature

(T%.) must be close to the room temperature for practical refrigeration applications.

Gd, the prototype material for MCE, has a large magnetic moment (=~ 7.5
up/ fu.) [33] produced by 4f electrons. Therefore, for 3d transition metal based
Ni-Mn-Z Heuslers, the target is to achieve a magnetic moment as close to it. Since
the largest contribution to the magnetic moment in Ni-Mn-Z compounds comes
from the Mn atoms, it is expected that Mn-excess compounds would help increase
magnetic moments. The overwhelming majority of Ni-Mn-7Z compounds, exhibiting
MCE, undergo a first-order magneto-structural transformation. This is typically
achieved in Z-deficient, Mn-excess systems. However, contrary to the intuition, the
magnetic moments of such systems are less than the ones of the stoichiometric com-
pounds NioMnZ because of the anti-parallel alignments of Mn spins. One possible
way to overcome the dominant anti-ferromagnetic interaction originating from Mn-
Mn interactions in these systems is to substitute Mn or Ni by another transition
metal. The substituent, however, should be able to infuse significant ferromagnetic
interactions in the system amplifying the net magnetic moment. This has been done
in several systems showing first-order magneto-structural transitions, with promising
outcomes [93, 273-280, 284|. Investigations showed that there is a delicate balance
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of relative compositions of the elements that has to be achieved in order to obtain
not only a large magnetic moment but also a desirable martensitic transformation
temperature and Curie temperature, simultaneously.

In the previous chapter, we found the proof of this delicate balance upon sub-
stitutions of Ni and Mn by Fe, Co, and Cu. The motivation there was to un-
derstand the roles of the substituent, the composition and the substituted ele-
ments on magnetic and thermodynamic properties relevant to MCE, and interpret
the origin of large MCE in NisMnj 48,,Sbgse_» [132], Niz_,Co,Mn; 56Sbg.as [134],
Niy_,Co,Mny 55Shg 45 [135, 142], and NisMn; 5, ,Fe,Shg 45 [140]. We found that (i)
substitution of Mn with Cu brings the magnetization up, and the 7. down, close to
the room temperature, (ii) substitution of Ni with Fe(Co) bolsters the magnetiza-
tion, reduces(increases only slightly) 7. and provides more stability to the austenite
phase. This indicates that in order to explore off-stoichiometric Ni-Mn-Sb to our
advantage, in the context of large room temperature MCE near a second-order phase
transition, substitutions of at least two elements simultaneously(cosubstitution) can
be useful. This strategy has been adopted earlier successfully [143-145], for materials
undergoing first-order magneto-structural transitions.

In what follows, in present chapter, we have explored possible members in the co-
substituted NisMny,,Sb;_, family which are promising in exhibiting magnetocaloric
effect near room temperature by adopting a strategy of substituting specific elements
at select sites. The search for compounds with target properties was narrowed down
further by imposing certain criteria based upon available information. We have
found a good number of materials with significant changes in entropy due to the
second-order magnetic phase transition, that can be useful for cooling applications.
The greater significance of this investigation is that it opens up possibilities to dis-

cover more such materials in the Heusler family by adopting the same strategy.

5.2 Computational Details

In the present work, electronic structure calculations are done with spin-polarized
density functional theory (DFT) based projector augmented wave (PAW) method
as implemented in Vienna Ab initio Simulation Package (VASP)[177-179]. The
valence electronic configurations used for the Mn, Fe, Co, Ni, Cu and Sb PAW pseu-
dopotentials are 3d%4s, 3d"4s, 3d®4s, 3d®4s?, 3d'%4s and 5s25p?, respectively. For
all calculations, we use the Perdew-Burke-Ernzerhof implementation of generalized

gradient approximation for exchange-correlation functional [190]. An energy cut off
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of 550 eV, and a Monkhorst-Pack 11 x 11 x 11 k-mesh was used for self-consistent
calculations. A larger k-mesh of 15 x 15 x 15 is used for the density of states cal-
culations of all the structures. The convergence criteria for the total energies and
the forces on individual atoms are set to 107% eV and 1072 eV/ A respectively. The
stabilities of the compounds against decomposition into its components are checked

by computing the formation energies, defined by:

Ef = B — »_niE; (5.1)

Eo is the total energy of the systems, ¢ represents the atoms in the unit cell, and
n; is the concentration of the i-th atom. FEj; is the total energy of the element 7 in
its bulk ground state. We have considered bce-Mn, bee-Fe, hep-Co, fee-Ni, fee-Cu,

and trigonal-Sb as ground-state structures in their elemental phases.

To compute the Curie temperature 7, of a compound, we first calculate the
magnetic pair exchange parameters using multiple scattering Green function for-
malism as implemented in SPRKKR code [230]. In order to calculate the energy
differences by the SPRKKR code, full potential spin-polarized scalar relativistic
Hamiltonian with angular momentum cut-off /,,,, = 3 is used along with a con-
verged k-mesh for Brillouin zone integrations. The Green’s functions are calcu-
lated for 32 complex energy points distributed on a semi-circular contour in the
complex plane. The energy convergence criterion is set to 107° eV for the self-
consistent cycles. These exchange parameters are then used for the calculation
of T.. The Curie temperatures are estimated with two different approaches: the
mean-field approximation (MFA) [223, 286] and the Monte Carlo simulation (MCS)
method [182, 229, 236]. The Monte Carlo simulations have been carried out using
Metropolis algorithm [182, 236]. Magnetic exchange interactions JZ'V for upto 20
neighbours surrounding each atom have been considered in the Heisenberg Hamil-
tonian, as described in chapter 2. At each temperature, 80000 Monte Carlo steps
have been performed to equilibriate the systems containing 8192 atoms. The Curie
temperatures are obtained from the resulting M-T' relationship, where M is the

total magnetic moment of the system and 7T the temperature.
For estimation of the changes in magnetic entropy (AS),q,) due to the applica-

tion of a magnetic field, we use the Potts model [175, 176] instead of Heisenberg
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model, as discussed in Chapter 2. The Monte Carlo simulation using the classical
Heisenberg Hamiltonian treats the spins as classical variables which may take on
continuous values and hence does not reproduce the saturation value of the mag-
netic entropy [111]. Thus, in order to calculate the saturation value of the magnetic
entropy, we have used the g-state Potts model, in which the spin variables can take

discrete values.

5.3 Results and Discussions

Taking a cue from findings in the previous chapter and available experimental re-
sults [132, 134, 135, 140, 142], as discussed in the section 5.1, we choose two cosubsti-
tuted Mn-excess, Sb-deficient Ni-Mn-Sb families: (i) Niy_,Fe,Mnyy,,Cu,Sb;_, (de-
noted as Fe@QNi-Cu@Mn) and (ii) Nis—,Co,Mn; ., ,Cu,Sby_, (denoted as Co@Ni-
Cu@Mn). It is to be noted that the concentration of Sb is also a variable, as the
content of Sb is a critical parameter in the stabilization of the austenite phase, as
understood in chapter 3. The austenite (L.2; Heusler) phase of the systems (space
group 225) is modeled by a 16 atom conventional cubic cell with the number of po-
sitions for Ni, Mn, and Sb being 8, 4 and 4 respectively. The cosubstituted systems
are generated by replacing the atoms by the substituents in a systematic way. As a
consequence of the size of the cell, compositions with arbitrary x, y or z cannot be
modeled. In our work, z and z vary independently, the ranges being 0 to 1.5 and
0.25 to 0.75, respectively. The variable y is constrained to be less than or equal to
the value of z. Each variable can be changed by an amount of 0.25 only, due to the

finite size of the cell.

We first optimize the site occupancy and magnetic structures for each of the
systems considered, by minimizing the total energy for each composition. We find
that the optimized configurations exactly mimic the ones found in the previous two
chapters, chapter 3 and Chapter 4, on Mn-excess, Sb-deficient NioMnSb and single
substituted (by Fe, Co or Cu) NiyMn; 5Sbg 5 systems.

After obtaining the ground state atomic order (site occupancy pattern) and mag-
netic configurations, we calculate the magnetic moments and Curie temperatures 7,
in their austenite phases. The T, is calculated by the MFA method. The calcula-
tions are done by first fixing z that is the excess concentration of Mn with respect to
the stoichiometric composition Ni;MnSh, and then varying  and y independently.

The results are shown in Fig. 5.1.
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5.3.1 Selection of compounds with potential to exhibit large
MCE

In order to get significant MCE near room temperature, arising out of a second-
order magnetic transition, large magnetic moment in the austenite phase and a 7.
close to room temperature are the requirements. The other requirement is that the
austenite phase is stable down to low temperatures, or in other words, no MPT
occurs, from the point of view of DFT results at T=0 K. Accordingly, we adopt the

following strategy to choose the compounds for final investigations:

(i) From the results on magnetic moments and TM¥4 as shown in Fig.5.1, we
select only those compositions (the ranges of z, y, z) whose magnetic moment My
in the austenite phase satisfies the criterion My > 4.5 pg/f.u., and the magnetic
transition temperature (T#F4) in the austenite phase satisfies 200 K < TMFA <
450 K condition. The condition on My is in accordance with the existing results on
Heusler compounds showing reasonable MCE. A vast range of T4 around the
room temperature value of 300 K, is considered since MFA is known to overestimate

or underestimate the transition temperature quite often.

(ii) Once the compounds satisfying conditions in (i) are selected, their formation
energies are calculated to check the stabilities against decomposition into its compo-
nents. The compounds having negative formation energies are selected for further
inspection. Their total energy profiles as a function of tetragonal distortions are
examined to check whether a tetragonal phase is energetically favorable. The ones
with their austenite phases having the lowest total energies are finally selected for

computations of the quantities related to MCE.

Summarizing the results in Fig. 5.1, in Table 5.1 we list the ranges of x, y, z over
which the compounds satisfy the conditions given in (i). We find that, in comparison
to Co-Cu cosubstituted compounds (Co@Ni-Cu@Mn), there are more number of Fe-
Cu cosubstituted compounds (Fe@Ni-Cu@Mn) that satisfy the condition (i). For
the former family, the comparatively less number is mostly due to very high values
of TMFA Tn both families, most of the compounds which fail to satisfy the condition
on M have the Mn spins anti-aligned, reducing the magnetic moments. The results
on formation energies of the compounds selected based upon the condition (i) are
shown in Table 5.2. For calculations of formation energies, we have considered bce-
Mn, bce-Fe, hep-Co, fee-Ni, fee-Cu, and trigonal-Sb as ground-state structures in
their elemental phases. The formation energies show the following trend: (a) excess
in Mn and deficiency in Sb decreases the stability of the system, (b) for a fixed Sb
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Figure 5.1: Variations in the calculated magnetic moments (My) and Mean
field approximated Curie temperatures (TMF4) with concentrations (x, y and z) in
the austenite phases of (left) Nip_,Fe,Mnj,. ,Cu,Sb_.(Fe@Ni-Cu@Mn) and (right)
Niy_,Co,Mni4,_,Cu,Sbi_,(Co@Ni-Cu@Mn) systems. Shaded regions mark the com-
position ranges that satisfy Ma > 4.5 ug/f.u. and 200 K < TMFA < 450 K.

concentration, Cu substitution at the expense of Mn decreases the stability and for
fixed concentration of substituted Mn and Cu, Fe/Co substitution at the expense of
Ni further decreases the stability of the system, (¢) Co substitution at the expense
Ni is more favourable than Fe substituting Ni. These observations are in agreement
with previous theoretical studies on Ni-Mn based Heusler compounds [229, 288]. In
summary, all compounds in the family of Co@Ni-Cu@Mn can form from the point

of enthalpy, while the amount of Fe is critical in formation of compounds in the
family of Fe@Ni-Cu@Mn.

Table 5.1: The  compositions of  Nip_,Fe,Mny, ,Cu,Sbi_, and
Niy_,CoMni4,_Cu,Sbi_, which satisfy the criterion of My > 4.5 pp/f.u. and
200 K < TCMFA < 450 K, as seen from results in Fig. 5.1, are summarized.

Niy_,Fe,Mn;;._,Cu,Sh;_. Niy_,Co,Mny, ., Cu,Sh;_.

2=0.25 2=0.50 2=0.75 2=0.50 2=0.75

2=1.00, y=0.00 2=0.50, y=0.46-0.50 2=0.25, y=0.43-0.75 2=0.50, y=0.20-0.50 2=0.25, y=0.56-0.75
r=1.25, y=0.00 2=0.75, y=0.00-0.20 & 0.40-0.50 x=0.50, y=0.25-0.65 2=0.50, y=0.56-0.75
x=1.50, y=0.00 z=1.00, y=0.00-0.23 & 0.30-0.50 2=0.75, y=0.00-0.75 x=0.75, y=0.56-0.75
x=0.50, y=0.25 x=1.25, y=0.00-0.50 x=1.00, y=0.00-0.43 & 0.62-0.75 x=1.00, y=0.56-0.75
2=0.75, y=0.25 2=1.50, y=0.00-0.30 r=1.25, y=0.00-0.75 r=1.25, y=0.56-0.75
2=1.00, y=0.25 x=1.50, y=0.00-0.34 & 0.67-0.75 x=1.50, y=0.56-0.75
r=1.25, y=0.25

r=1.50, y=0.25
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Figure 5.2: The variations of total energy difference (AFE) between the

austenite(L2;) and the martensite(tetragonal) phases as a function of tetragonal dis-
tortion i.e. ¢/a ratio for select compositions of (a) Niy_,Fe;Mn; ., Cu,Sbi_, and (b)
Nip_;CozMnq ., CuySby_, systems. Energy profiles with solid lines and filled symbols
correspond to calculations done in the ground state magnetic structure of the compound.
The plots with dashed lines and open symbols represent calculations done in a different
magnetic configuration.

Next, we check whether the compounds with negative formation energy undergo
structural phase transformation under a tetragonal deformation. To this end, we
distort the austenite 1.2 structure along the z-axis by keeping the volume at the
equilibrium value of the austenite phase and compute the total energy of the system
as a function of the tetragonal distortion given by (c¢/a). The calculations are done
in the ground state magnetic configurations of the compounds. Additionally, cal-
culations are done with ferrimagnetic (FIM) configuration (one where Mn spins at
different sites anti-align) for the compositions where the ground state magnetic con-
figuration is one where Mn spins at different sites align (denoted as FM). This is done
to check the possibility of MPT in the system due to different magnetic structures in
two structural phases. For example (see Fig. 5.2(a)), in Ni_,Fe,Mn;, ,Cu,Sb;_,
family, MPT is observed in systems with Mn content, z = 0.5 and with no Fe
or Cu; the ground state magnetic configuration being one with anti-parallel Mn
spins. However, when Fe is substituted and having a concentration of x = 0.75, the
ground state structure (FM) does not undergo MPT. Even a change in the magnetic
structure does not show any possibility of MPT. Thus overall, the austenite phase
is stable throughout the whole temperature range. Further, for Cu addition also,
no possibility of MPT is observed for compounds with y = 0.25 and 0.50. Same
analysis is done for Niy_,Co,Mn;,,_,Cu,Sb;_, compounds (shown in Fig. 5.2(b)
to decide the stability of the austenite phase. In Table 5.2, we list the structurally

stable phase of each compound: there ‘N’ means a tetragonal phase has the lowest
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energy implying an MPT will take place, and thus the austenite phase is not stable,
while “Y” denotes a stable austenite phase. Finally, we select only those compounds
(the compositions of these compounds are the ones boldfaced in Table 5.2) which
have negative formation energy and stable austenite phase (the condition (ii) above)
for computations of their 7. (by more accurate MCS method) and the isothermal

entropy change (AS,,4).

Table 5.2: Lattice parameter (ap), magnetic moment (Mpy), Mean field
approximated Curie temperature (TMF4)  formation energies (Fy) for select
compositions (Table 5.1) among Niy_ Fe;Mnj;,_,Cu,Sbi_,(Fe@Ni-Cu@Mn) and
Niy_,CoMni 4, Cu,Sbi_.(Co@Ni-Cu@Mn) compounds in their austenite phases. The
result on the stability of the austenite phase is also tabulated: ‘Y’ stands for the stability of
the austenite phase down to low temperatures. Boldfaces indicate the compositions which
satisfy the criteria of negative formation energy and stable austenite phase along with
conditions on Ma and TMF4. The Monte Carlo simulated Curie temperature (7€)
and maximum change in isothermal magnetic entropy (AS,,q4) values around their corre-
sponding TM CS in an external field of 2 T are shown for these compositions only.

Compound & ag My T CM tars E; Stability of TCM C5 ASmag
composition (A (u/fu.) (K) (eV/fu.) austenite (K) (Jkg 'K
Ni;_,Fe,Mny,._,Cu,Sb;_.

z=0.25

r=1.00, y=0.00 5.98 6.35 375.0 -0.181 Y 414 4.55
r=1.25, y=0.00 5.95 6.00 395.9 -0.116 Y 430 7.08
r=1.50, y=0.00 5.92 5.50 434.5 -0.029 Y 450 6.52
+=0.50, y=0.25 5.97 4.69 333.5  -0.348 N 350 4.03
r=0.75, y=0.25 5.96 4.92 328.8  -0.222 Y 348 3.97
r=1.00, y=0.25 5.95 5.00 319.3  -0.082 Y 341 5.39
r=1.25, y=0.25 5.94 5.21 302.8  0.051

x=1.50, y=0.25 5.94 5.97 270.0 0.173

z=0.50

r=0.50, y=0.50 5.89 4.65 304.9 -0.174 Y 286 4.49
x=0.75, y=0.00 5.92 6.89 378.6 -0.219 Y 400 4.19
x=0.75, y=0.50 5.89 4.94 275.0 -0.022 Y 260 3.29
r=1.00, y=0.00 5.91 7.00 372.5 -0.115 Y 419 3.88
r=1.00, y=0.50 5.88 5.31 236.4  0.143

r=1.25, y=0.00 5.88 6.50 395.1  -0.031 Y 449 4.32

x=1.25, y=0.25 5.86 5.40 243.8 0.124
x=1.25, y=0.50 5.90 5.93 1945  0.261
x=1.50, y=0.00 5.85 6.01 438.0  0.050
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Continuation of Table 5.2

Compound & ag Ma TMFA E; Stability of TM¢S - ASiag

composition (A) (up/fu.) (K) (eV/fu.) austenite (K) (Jkg™'K™1)

x=1.50, y=0.25 5.84 5.40 215.8  0.214

x=1.75, y=0.00 5.82 5.53 460.6  0.120

x=1.75, y=0.25 5.84 5.65 163.0  0.306

2=2.00, y=0.00 5.80 5.10 4574 0.198

£=2.00, y=0.25 584 587 1555  0.397

z=0.75

x=0.25, y=0.50 5.83 5.53 448.4  -0.240 N

2=0.25, y=0.75 581 443 4079 -0.167 N

2=0.50, y=0.25 5.84 6.54 418.8 -0.174 N

2=0.50, y=0.50 5.81 5.33 362.4  -0.078 N

x=0.75, y=0.25 5.82 6.27 367.7  -0.045 N

x=0.75, y=0.50 5.79 4.95 273.8  0.079

x=0.75, y=0.75 5.82 5.38 299.5  0.179

x=1.00, y=0.00 5.83 7.51 410.5 -0.052 N

x=1.00, y=0.25 5.79 6.02 336.3  0.076

x=1.00, y=0.75 5.82 5.84 260.0 0.336

x=1.25, y=0.00 5.80 7.02 423.1  0.033

r=1.25, y=0.25 5.78 5.90 308.3  0.185

xr=1.25, y=0.75 5.84 6.30 239.8  0.460

x=1.50, y=0.00 5.77 6.53 452.8  0.100

=1.50, y=0.25 5.76 5.73 242.6  0.255

r=1.50, y=0.75 5.83 6.44 2324 0.603

Ni,_,Co,Mn;._,Cu,Sb;_.

z=0.50

x=0.50, y=0.25 5.92 5.73 441.1  -0.752 N

=0.50, y=0.50 5.89 4.64 401.9  -0.696 Y 484 1.51

z=0.75

x=0.25, y=0.50 5.84 5.62 464.1  -0.525 N

r=0.25, y=0.75 5.81 4.53 430.9  -0.468 Y 420 1.90

r=0.50, y=0.50 5.83 5.66 459.5  -0.658 Y 503 2.40

=0.50, y=0.75 5.80 4.53 400.5 -0.571 Y 442 1.71

x=0.75, y=0.50 5.82 5.71 479.0 -0.781 Y 552 2.79
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Continuation of Table 5.2

Compound & aQ Ma TMFA E; Stability of TMCES - ASag
composition (A) (up/fu.) (K) (eV/fu.) austenite (K) (Jkg 'K
x=0.75, y=0.75 5.79 4.52 378.9  -0.659 Y 440 2.00
+=1.00, y=0.50 5.80 5.62 479.0 -0.893 Y 560 3.62
+=1.00, y=0.75 5.78 4.68 356.7  -0.745 Y 389 1.33
r=1.25, y=0.50 5.78 5.44 4734  -1.00 Y 5935 4.26
r=1.25, y=0.75 5.78 4.75 3442 -0.833 Y 330 2.49
x=1.50, y=0.50 5.77 5.34 486.6 -1.115 N4 494 4.74
x=1.50, y=0.75 5.77 4.81 360.0 -0.921 Y 370 3.19

5.3.2 Quantification of parameters important for M CE: cal-
culations of Curie temperature by MCS method (7¢)

and changes in magnetic entropy (AS,,.)

Quantification of relevant physical quantities is important in order to assess the
potentials of the compounds selected for magnetocaloric applications driven by a
second-order magnetic transition. Having ascertained a stable cubic phase, a neg-
ative enthalpy of formation, and a substantial magnetic moment, we now compute
the two most important quantities: the Curie temperature 7, and the maximum
change in isothermal magnetic entropy (ASj.g). Although the T, was already cal-
culated once to select potential compounds, in here, we employ the more accurate
MCS method for the purpose of quantification as accurate as possible. The results

TMCS are shown in Table

obtained by MCS on a Heisenberg model, denoted as
5.2. We find that, in general, TS are higher than TM4. However, in about 50%
cases, the disagreement is within 10-20 K. It is to be noted that, in general, it is
the TMFA that overestimates the experimental Curie temperature while TA¢S is
closer to it. However, in case of Heusler compounds, there are cases [176, 311] where
TMEA are underestimated with respect to either the experimental results or T3,
In absence of experimental results in the present case, it is thus difficult to predict
which approximation performs better.

Experimental results on the compounds considered in this work are yet to be
available. Thus, in order for the quantitative estimations of AS,,,, to be reliable
and convincing, we first benchmark our calculations (see Appendix, Section A.2)
against a similar system NisMn; 4Ing g, where experimentally a significant MCE was

observed at second-order magnetic transition near room temperature [308]. We em-
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ploy the procedure to compute AS,,,, as a function of temperature in a magnetic
field change of 2 T for all the select compounds (boldfaced in Table 5.2). The
obtained maximum AS,,,, values around their corresponding TM® values for all
the compositions (Table 5.2) are found to be comparable to those of the proto-
type material Gd [33] as well as various Heusler compounds undergoing first-order
magneto-structural transitions. For example, AS,,,, of 7.08 Jkg™' K~! obtained for
Nig.75Fe; 25Mn; 95Sbg 75 is comparable to 7.3 Jkg ' K~! and 7.9 Jkg=! K~! observed
experimentally for Nij 750Cog 28 Mny 565bg 44 and Nij ggCog.30Mny 56Sbg 44, respectively,
in a field of 1 T [134]. From our calculations, we find that though Co-Cu cosubsti-
tuted series has more compounds showing non-negligible MCE near room tempera-
ture, the entropy changes in Fe-Cu cosubstituted compounds are much higher. We
also find that regardless of the series, both 7, and AS,,,, decrease upon addition of
Cu, when concentrations of other constituents are kept fixed.

Having observed significant MCE near second-order magnetic phase transition
for a number of compounds obtained by cosubstitution in Ni-Mn-Sb, we now try
to understand (i) the structural phase stability (ii) the nature of variations in the
magnetic moments with changes in composition and (iii) variations in the 7, as
obtained from our calculations. These three were the important aspects of selecting
compounds, potential for magnetocaloric applications; hence, a microscopic under-

standing is desirable.

5.3.3 Analysis of structural phase stability from electronic

structures

In this subsection, we analyze the densities of states to understand the stabilization
of the austenite phases in the compounds with changes in the compositions of the
cosubstituents. For this, we show the total and atomic densities of states of com-
pounds with z, z fixed at 0.5 and 0.75 respectively, and y varying from 0 to 0.5 in
Fe@Ni-Cu@Mn family. The same is shown for compounds with z, x both fixed at
0.75 with y varying from 0 to 0.75 in Co@Ni-Cu@Mn family. Here we only analyze
the minority densities of states because, in Ni-Mn-Sb compounds, the structural
phase stability can be explained by features in the densities of states of the minority
bands near Fermi level.

In Ni-Mn-Sb systems, a competition between the strength of the Jahn-Teller
instability and the strength of the covalent bonding due to Ni-d and Sb-p minor-

ity states drives the phase stability, as understood in Chapter 3. In stoichiometric
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Figure 5.3: The minority band total and partial densities of states (DOS) for (a)
Niy_,Fe,Mni,_,Cu,Sb;_, and (b) Nig_;Co,Mn;,_,Cu,Sb;_. systems in their austen-
ite phases. The zero energy is set at Fermi energy (Er). Mnl and Mn2 denote Mn atoms
at its own site and at other sites in L2; structure, respectively.

NiosMnSb, the stability of the austenite phase is driven by the pseudo-gap at around
1 eV below the Fermi level, generated by Ni-Sb covalent bonding. When Mn is
substituted at the expense of Sb (z # 0, = = 0, y = 0), the pseudo-gap is filled
by states of Mn atoms at Sb site (i.e., Mn2 atoms), whose spins are anti-parallel
to those of Mnl atoms (the ones at original site of Mn). This results in weakening
of the covalent bonding. Consequently, Jahn-Teller instability, manifested by the
presence of substantial states at the Fermi level, increases, resulting in a martensitic
phase transformation. It is to be noted that in Ni-Mn based compounds undergoing
Jahn-Teller instability, Ni plays the key role in driving the instability and hence, a
structural transformation. Thus, the concentration of Ni is a key factor in relative
stabilities of structural phases in these compounds. Therefore, when Fe concentra-
tion, substituting Ni, exceeds a critical limit (here x = 0.75), the hybridization near
Fermi level, driven by Ni, weakens, diminishing the Jahn-Teller instability. This is
the reason behind the stabilization of austenite phase in FeQNi-Cu@Mn compounds
shown in Fig. 5.3(a). The addition of Cu instead of Mn further weakens Ni-Mn
hybridization stabilizing the austenite phases (y = 0.25,0.5) more. The very similar

features in the densities of states near Fermi level for Co@QNi-Cu@Mn compounds
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Figure 5.4: Variations in the calculated total and atomic magnetic moments (in
up/fu.) with z (z=1, y=0), = (y=0, 2=0.25) and y (x=0.75, 2=0.5) for ((a)-(c))
Nip_,Fe;Mni4,_,Cu,Sbi_. and ((d)-(f)) Nig—;Co,Mn; . ,Cu,Sbi_, systems in their
austenite phases. Mnl and Mn2 denote Mn atoms at its own site and at other sites in L2
structure, respectively.

(Fig. 5.3(b)) offer the same explanation behind the origin of the stability of austenite

phases for the compounds with given compositions.

5.3.4 Understanding magnetic properties from effective ex-

change interactions

In this sub-section, we understand the fundamentals of the variations in magnetic
moments and Curie temperatures by inspecting the magnetic exchange interactions.
We find interesting trends in magnetic moments in some of the cases if we analyze
the effects of substitutions with different elements systematically. For example,
in Niy_,Fe,Mn;,_,Cu,Shy_,(Fe@Ni-Cu@Mn) family, a large magnetic moment is
observed for high concentrations of Fe in systems with y = 0, z = 0.25. In Fig. 5.1,
it can be seen that there is a slight increase in magnetic moment initially upon Fe
substitution for compositions with z = 0.25, y = 0. In between the compositions
with = 0.75 and x = 1, a sudden jump in magnetic moment occurs; it decreases
again linearly if more Fe is added to the system. However, the Curie temperature

increases throughout the whole concentration range of Fe in this case. If z (Mn
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concentration) is further increased, same behaviour of magnetization and TM¥4 are
obtained with less amount of Fe in the system. With a fixed Fe content, if Cu is
added in this composition range, both magnetic moment and Curie temperature
decrease in the system. In order to analyze the trends, we adopt the following
procedure: we inspect the variations in the total and atomic moments by (a) first
considering systems with no Cu (y = 0), fixed amount of Fe/Co (z = 1) and
excess Mn (z > 0.25), (b) then considering systems with no Cu (y = 0), fixed
concentration of excess Mn (z = 0.25) and amount of Fe/Co variable, and (c) finally
considering systems where Fe/Co concentration and amount of excess Mn are fixed
(x = 0.75,z = 0.5), the amount of Cu, y, being the only variable. The results are
shown in Fig. 5.4. The variations in Curie temperatures are investigated by the same
procedure and shown in Fig. 5.5. The effective inter-atomic exchange interactions
Jig = >2;Jo; 3 0 fixed on sub-lattice p and j sites belong to sub-lattice v (J}",
the magnetic exchange parameters for the atoms i, j belonging to p, v sublattices),

shown in Fig. 5.6, are used to analyse the results.

Figure 5.4(a) and 5.4(d) show that for a fixed and high content of substituted
Fe/Co, the substitution of excess-Mn at the expense of Sbh, leads to increase of
the total magnetic moment with Mn content. This is somewhat counter-intuitive
due to the following: stoichiometric Ni;MnSb has a magnetic moment of nearly 4
up/ fu. contributed primarily by Mn. Existing results show that the moment de-
creases gradually with excess-Mn content as the Mn spins at different sites align
anti-parallel. An increasing trend of the moment is only seen when Fe substitutes
Mn [140], or Co substitutes Ni [134, 135, 142]; the increases, however, were not as
large as observed here. A look at the atomic moments reveals that Fe/Co being
stronger magnets than Ni, along with the parallel alignment of Mn spins at dif-
ferent sites, are behind high magnetic moments of the system. In this case, the
Curie temperature (TMF4) also increases with z for both the systems, as can be
seen in Fig. 5.5 (referred as Case-1). Insights into such qualitative behavior can
be obtained from the variations of effective magnetic exchange interactions, shown
in Fig. 5.6(a) and 5.6(d). We find that for both Fe and Co substituted systems,
the dominant antiferromagnetic and ferromagnetic Jog are due to the Mn1-Mn2 and
Mn1(Mn2)-Ni pairs, respectively. The ferromagnetic component is strenghthened
by the interactions between substituted Fe/Co and Mn. In case of Fe substituted
system, the antiferromagnetic J3"M12 increases slightly, although the dominant

Mn1(Mn2)-Ni JMnl—Fe
)y eff

ferromagnetic Jegs like J g increase significantly. The overall in-

crease in ferromagnetic effective exchange interactions results into a growing trend
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Figure 5.5:  Variations of the Mean field approximated Curie Temperatures

(TCMFA) with concentration x, y and z for (a) Niz_,Fe,Mni,_,Cu,Sb;_. and (b)
Nip_;CozMnq4 ., CuySbi_, systems in their austenite phases. Case-1 stands for vari-
ations with z (r=1, y=0). Case-2 shows variations with = (y=0, 2=0.25). Case-3 is for
variations with y (x=0.75, z=0.5).

in Curie temperature with z, the concentration of excess Mn (Fig. 5.6(a)). In case
of Co substituted system, along with the increased ferromagnetic Jogs, decreasing
antiferromagnetic JY""M"25 as a function of z, (Fig. 5.6(d)), explains the trend in
Curie temperature of the system (Fig. 5.5(b), Case-1). The higher Curie temper-
atures in Co-substituted systems, in comparison with Fe-substituted ones, can be

interpreted as due to quantitatively larger ferromagnetic interactions in the former.

Interesting jumps in magnetization are observed (Fig. 5.4(b), 5.4(e)) at a crit-
ical concentration of Fe/Co in systems with no Cu and Mn content 25% in excess
(z = 0.25, y = 0). The atomic moments reveal that such discontinuous jumps in
magnetic moments are solely due to the change in orientation of the Mn spins: from
an anti-parallel to a parallel alignment. The continuous increase in Curie tempera-
ture, as shown in Fig. 5.5 (Case-2), can be attributed to the significant increase in
ferromagnetic Jogs due to Mn1(Mn2)-Ni and Mn1(Mn2)-Fe pairs and the decrease in
anti-ferromagnetic Jog due to Mn pairs. One important difference between the two
systems can be immediately noticed. While the T, for Co-substituted system rises
sharply to a very high value, this is not so for the Fe-substituted system. The origin
of this difference is in the significant presence of anti-ferromagnetic interactions in

Fe-substituted compounds for low concentrations of Fe.

The variations in moments with content of Cu (y) when Mn and Fe content
held fixed (z = 0.5, x = 0.75), are shown in Fig. 5.4(c) and 5.4(f). For Fe@Ni-
Cu@Mn system, the variation of the moment is non-monotonic. With the addition
of Cu, the moment first decreases due to the anti-parallel alignment of Mn spins at

different sites. With Cu content being 0.5 and beyond, there is no Mn at sites other
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Figure 5.6: Variations of the calculated effective exchange coupling constants
with 2z (z=1, y=0), =z (y=0, 2=0.25) and y (x=0.75, =2=0.5) for ((a)-(c))
Niy_,Fe,Mni4,_,Cu,Sbi_. and ((d)-(f)) Nig—Co,Mn; . ,CuySbi_, systems in their
austenite phases. Mnl and Mn2 denote Mn atoms at its own site and at other sites in L2
structure, respectively.

than its original, for the spins to align anti-parallel. The total moment, therefore,
increases again. In Co@Ni-Cu@Mn system, Cu addition does not affect the magnetic
orientation of the Mn atoms leading to a monotonic variation of the total moment.
The differences in the variations of the moments in these two cases are reflected in
the variations of the Curie temperatures (Fig. 5.5, Case-3). The calculated effective
exchange parameters (Fig. 5.6(c), 5.6(f)) show that the presence of substantial anti-
ferromagnetic interactions at low concentrations of Cu and subsequent reductions in
the dominant Mn-Co ferromagnetic interaction, due to reduced content of Mn in the
Co@Ni-Cu@Mn system leads to monotonic decrease of its T, with Cu concentration.
In Fe@Ni-Cu@Mn system, the non-monotonic behavior of T,, with y, can similarly
be interpreted.

This analysis by systematic variations of the contents of the substituents implies
that the contents of the substituents for cosubstitution are critical to obtain the
target properties, as they renormalize the magnetic exchange interactions signifi-
cantly. The reason for a larger number of compounds satisfying the criteria laid out

in Section 5.3.1 in Co substituted family is due to substantially larger ferromagnetic
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temperature reversible magnetocaloric effect driven by second-order magnetic transition

components in magnetic exchange interactions that pull the magnetic moments up.
On the other hand, the addition of Cu in place of Mn reduces the possibilities of
anti-ferromagnetic interactions bringing the moments down. At the same time, Cu
addition reduces the strengths of the exchange interactions, pushing 7, closer to
room temperature. The large and stable ferromagnetic exchange interactions in
this family can also be correlated to the stable austenite phases in almost all select

compounds in this family.

5.4 Conclusions

In this chapter, we have established that cosubstitution by transition metals Fe,
Co and Cu in Mn-excess Sh-deficient Ni-Mn-Sb compounds can lead to significant
changes in magnetic entropy, driven by a second-order magnetic transition near room
temperature. Thus, cosubstitution in Ni-Mn-Z Heuslers compounds can emerge as
an efficient way to obtain reversible magnetocaloric effect, exploiting the advantages
of second-order phase transition over those in a first-order magneto-structural tran-
sition. We find that the cosubstitution provides a wider scope of tuning the physical
parameters like magnetic moment and magnetic transition temperature as well as
of stabilization of the Heusler phase down to very low temperatures. The calculated
changes in the magnetic entropy, for most of the materials, are comparable to those
obtained in off-stoichiometric Heusler compounds undergoing the first-order transi-
tion. This work, thus, offers a broader scope of synthesis and exploration of large
MCE near room temperature by cosubstitution in other compounds of the Heusler

family.
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Chapter 6

Giant magnetocaloric effect driven by
first-order magneto-structural
transition in cosubstituted Ni-Mn-Sb

Heusler compounds

6.1 Introduction

. In the previous chapter, we explored potential room-temperature magnetocaloric
materials exploiting the advantages of second-order phase transition over those in a
first-order ~magneto-structural transition in two cosubstituted families,
Niy_,Fe,Mn; ., ,Cu,Sh;_, (Fe@Ni-Cu@Mn) and Niy_,Co,Mn;,_,Cu,Sby_, (Co@QNi-
Cu@Mn). However, giant effect is generally observed in materials which undergo a
first-order magneto-structural transition i.e. a structural phase transition, coupled
with a magnetic one [17, 65, 67, 69, 88, 89, 123, 306, 307, 312-317], as discussed in
chapter 1. From this point of view, the continuous search of new solid-state mag-
netic refrigerants that could exhibit a giant MCE, in an appropriate temperature
range specially near room temperature, as well as the improvement of the existing
ones, have been focus of research in this area.

Some recent investigations on the Ni-Mn-Sb family, carried out by single substitu-
tion of the Fe and Co atoms at Mn and Ni sites, respectively, resulted in significant
positive values of AS,,., [134, 135, 140, 142] driven by the first-order magneto-
structural transition. However, one major disadvantage observed was, that upon

substitution, the working temperature, i.e., the martensitic transformation temper-

The contents of this chapter are accepted in Physical Review B
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ature (7)) falls below the room temperature. This is not desirable for operational
purposes. The strategy of cosubstitution can be expected to be useful in achieving
giant MCE with better tuning and adaptability of the important magnetic and struc-
tural properties. In the previous chapter, we found a delicate balance of the concen-
trations of different constituents and easy tunability of properties: austenite phase
stability, magnetic moment, Curie temperature, in the cosubstituted Ni-Mn-Sb fam-
ily. Therefore, in the present work, armed with the information in the previous chap-
ter, we investigated the same two cosubstituted series, Niy_,Fe,Mn;,._,Cu,Sb;_,
(Fe@Ni-Cu@Mn) and Ni;_,Co,Mn;,_,,Cu,Sby_, (Co@Ni-Cu@Mn), but focused on
the composition ranges in which a martensitic phase transformation (MPT) occurs,
the ones not covered there. We aimed to explore whether an improved giant MCE
due to magneto-structural coupling can be predicted in these compositions along
with near room temperature Tj,. Using a thermodynamic model in conjunction
with first-principles electronic structure calculations, we made comparisons with the
single substituted systems explored experimentally and provided predictions of new
compounds, yet to be realized experimentally, that can exhibit significantly large
MCE. This study established a systematic way to use the information on struc-
tural and magnetic properties obtained from first-principles calculations to screen
the materials that are potential ones with target properties and the robustness of

the formalism to accurate predictions of new compounds.

6.2 Computational Details

We have used the first-principles electronic structure calculations to gain information
on the phase stability of the compounds explored and their magnetic properties. The
electronic structure calculations were done with spin-polarised density functional
theory (DFT) based on projector augmented wave (PAW) method as implemented
in Vienna Ab initio Simulation Package (VASP) [177-179]. The valence electronic
configurations used for the Mn, Fe, Co, Ni, Cu and Sb PAW pseudopotentials are
3d%4s, 3d"4s, 3dB4s, 3d®4s?, 3d'%4s and 5s%5p?, respectively. For all calculations, we
used the Perdew-Burke-Ernzerhof implementation of generalized gradient approxi-
mation for exchange-correlation functional [190]. An energy cut off of 550 eV, and a
Monkhorst-Pack 11 x 11 x 11 k-mesh were used for self-consistent calculations. The
convergence criteria for the total energies and the forces on individual atoms were
set to 1076 eV and 1072 eV /A, respectively.

The stabilities of the compounds against decomposition into its components were
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checked by computing the formation energies:

Ef = B — »_niE; (6.1)

Eo is the total electronic energy of the systems, i represents the atoms in the
unit cell, and n; is the concentration of the i-th atom. Fj is the total energy of the

element ¢ in its bulk ground state.

To compute the Curie temperature 7. of a compound, we first calculated the
magnetic pair exchange parameters using multiple scattering Green function for-
malism (KKR) as implemented in SPRKKR code [230]. In order to calculate the
energy differences by the SPRKKR code, full potential spin-polarised scalar rela-
tivistic Hamiltonian with angular momentum cut-off /,,,, = 3 was used along with
a converged k-mesh for Brillouin zone integrations. The Green’s functions were
calculated for 32 complex energy points distributed on a semi-circular contour in
the complex plane. The energy convergence criterion was set to 107° eV for the
self-consistent cycles. These exchange parameters were then used for the calcula-
tion of T.. The Curie temperatures were estimated with two different approaches:
the mean-field approximation (MFA) [223, 286] and the Monte Carlo simulation
(MCS) method [182, 229, 236, as described in chapter 2. Magnetic exchange inter-
actions Ji"j" for up to 20 neighbors surrounding each atom have been considered in
the Heisenberg Hamiltonian. At each temperature, 80000 Monte Carlo steps have
been performed to equilibrate the systems containing 8192 atoms. The Curie tem-
peratures are obtained from the resulting M-T relationship, where M is the total

magnetic moment of the system and 7' the temperature.

To estimate the MCE parameters, i.e., isothermal change in magnetic entropy
(ASpag) or adiabatic temperature change (AT,q) due to the application of a mag-
netic field, we have used Monte Carlo simulation on a model Hamiltonian (H),
incorporating the degenerate Blume-Emery-Griffiths (BEG) [173, 174] and a mixed
g-states Potts model [111, 171, 172, 175, 176]. The model Hamiltonian was chosen
such that it accommodates, along with magnetic and structural degrees of freedom,
the coupling between the two [108, 111, 120, 172]. It consists of three parts: (a)
the magnetic contribution due to the magnetic degrees of freedom of the system,
H,,; (b) the elastic contribution due to the structural transformation from cubic
to tetragonal phases, H; and (c) the contribution arising from the coupling of

magnetic and structural interactions, H;,;. The details are in chapter 2.
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6.3 Results and Discussions

We investigated the two cosubstituted Mn-excess, Sb-deficient Ni-Mn-Sb families: (i)
Niy_,Fe,Mny,,_,Cu,Shy_, (denoted as Fe@Ni-Cu@Mn) and (ii)
Niy_,Co,Mn;,,Cu,Sby_, (denoted as Co@Ni-Cu@Mn). As mentioned in the sec-
tion 6.1, our motivation was to find compounds that give rise to large MCE driven
by first-order magneto-structural transition. In order to model the compounds that
have multi-sublattice chemical disorder, we have considered a 16 atom conventional
cubic unit cell. This unit cell mimics the high temperature austenite (L2, Heusler)
phase of the systems (space group 225). The consequence of the cell size is the
inability to model compositions with arbitrary x, y, or z. Each one of the three
variables can be changed by an amount of 0.25 only. The choice of the composition
range to achieve ones with the target properties is crucial. For this, we took recourse
to our previous chapters on the same system. Based upon the findings there, we
restricted the value of x to 0.25, and the range of z between 0.50 and 0.75. The
variable y is constrained to be less than or equal to the value of z. The compounds

with these compositions are expected to exhibit a martensitic phase transformation.

Since, site occupancies in the compounds do not always follow a regular pattern
(the excess atoms occupying the sites of deficient atoms in the reference system)
[229, 253, 269, 287, 288, 318 affecting the MCE properties as a consequence, we first
found out the minimum energy configuration for each composition by comparing the
total energies of configurations with different site occupancy patterns and magnetic
configurations. We found that the substituting Fe/Co atoms prefer to occupy the
Ni sites, whereas the Cu atoms prefer to occupy the Sb sites, the same as found
out in previous chapter. We also found that depending upon the composition, two
types of magnetic configurations are found leading to minimum total energy; FM,
where the two types of Mn can align parallel and FIM, where the two types of Mn

can align antiparallel.

After fixing the lowest energy configurations, we first calculated the formation
energies for all the compounds. Negative values of the formation energy for each
of the composition (Table 6.1 and 6.2) indicated their stability against decomposi-
tion into its constituent elements. Subsequently, the following criteria were used to
screen materials further to narrow down the ones which are potential large MCE
materials:

(i) The materials should possess a high magnetic moment in their austenite phases.

(ii) The martensitic transformation temperature (73;) should be near room temper-
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ature or higher than that.

(iii) The MPT should be associated with a substantial change in magnetization. In
other words, a magnetic structure in the martensite phase different than that in the
austenite phase would be advantageous.

(iv) The second-order magnetic transition temperature, i.e., the Curie tempera-
ture (T) in the austenite phase, should be close to the martensitic transformation
temperature (7h;). This would lead to a large change in entropy due to near simul-
taneous magnetic and structural transition. Otherwise, T should be higher than

Ty so that the MPT can occur in a magnetically ordered phase.

In what follows, we present and analyze the results on the variations in the mag-
netic moments in the austenite phases, the relative stabilities of the structural phases
and variations in the Ty, and the variations in T4 with changes in the compositions
by systematic variations in x,y and z. The analysis helps us in the prediction of new
compounds that have potentials to exhibit large MCE. In here, we first understand
the trends in the physical quantities due to cases with single substitution. For that,
we extended the range of z up to 0.75 in all substituted compounds (Table 6.1).
The outcome of the cosubstituted cases can be understood in the light of the results

for single substituted compounds.

6.3.1 Magnetic moment in austenite phase

A correlation between enhancement of magnetization in the austenite phase and a
large MCE for Ni-Mn-Sb system could be observed in the experiments [135, 142].
For Ni; §CogaMny 50Sbgss [135], an enhanced magnetic moment in the austenite
phase has been observed due to the Co substitution at Ni site. Subsequently, a large
positive MCE was observed in the system, presumably an artifact of magneto-elastic
coupling. In general, a significant enhancement of magnetic moment in the austenite
phase leads to a possibility of large AM, the difference in magnetization between
austenite and martensitic phases, the key to a first-order magneto-structural transi-
tion. We, therefore, focus on finding the possibility of enhancement of magnetic mo-
ment in austenite phases of Ni-Mn-Sb compounds upon substitution by 3d-elements
at different sites. We present the results on total and atomic magnetic moments
in Fig. 6.1 and Fig. 6.2. The panels (a)-(c) in each of the two figures show results
for single substitution while (d)-(e) show results for cosubstitution. All results in
Fig. 6.1 are for compounds with z = 0.5 that is with 50% excess Mn (with respect to
stoichiometric NigMnSb) while those in Fig. 6.2 are with z = 0.75. If we first look at
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Figure 6.1: Variations in the calculated total and atomic magnetic moments
(in pp/fu.) with (a) y (z=0), ((b)-(c)) = (y=0) and ((d)-(e)) y (x=0.25) for
Niy_,Fe;Mny,—Cu,Sbi_, (Fe@Ni-Cu@Mn) and Niy_,Co,Mn; ., Cuy,Sby_, (Co@QNi-
Cu@Mn) systems in their austenite phases. z value is kept at 0.5 throughout. Mnl and
Mn2 denote Mn atoms at its own site and at other sites in L2; structure, respectively.

the compounds with single substitution (Table 6.1), we find that irrespective of z,
Cu substitution at the Mn site allows the total moment to increase linearly with the
Cu content y. This is due to the fact that the atomic moments of both Mn atoms
stay nearly same and that the gradual replacement of Mn2 atoms by Cu reinforces
the moment since Mn2, being aligned anti-parallel to Mn1, was reducing the total
moment. When Fe or Co substitutes Ni, irrespective of the value of z, the behavior
of magnetic moment with the concentration of Fe or Co, z, is qualitatively identical
in the sense that a monotonic variation with z is either preceded or followed by a
discontinuous jump at a critical value of x; the difference being in the critical value.
Such discontinuous jump with at least two-fold increase in the total moment occurs
due to the change in the magnetic structure from FIM to FM, driven by the ori-
entations of the Mn atoms. The variations in the moments for cosubstitution with
x fixed at 0.25, turn out to be the combined behavior of the two single-substituted
cases, Fe or Co substituting Ni and Cu substituting Mn. Due to the presence of

higher concentration of Mn2 atoms in compounds with z = 0.75, in comparison to
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Figure 6.2: Variations in the calculated total and atomic magnetic moments
(in pp/fuw.) with (a) y (z=0), ((b)-(c)) = (y=0) and ((d)-(e)) y (x=0.25) for
Niy_,Fe,Mny . Cu,Sbi_, (Fe@Ni-Cu@Mn) and Niy_,Co,Mn; . ,Cu,Sb;_, (Co@QNi-
Cu@Mn) systems in their austenite phases. z is kept at 0.75 throughout. Mnl and Mn2
denote Mn atoms at its own site and at other sites in L2 structure, respectively.

those with z = 0.5, the overall moments in the former cosubstituted compounds are
higher than that in the later (Table 6.2). The inference from these results is that
the compositions with z = 0.75 may provide higher values of AM and thus better
MCE than compounds with composition having z = 0.5, closest to the one on which

experiments have been performed.

6.3.2 Martensitic transformation and magnetic structures

across structural phases

Next, we investigate whether MPT occurs in our systems of investigation. To this
end, we distort the austenite L2; structure along the z-axis by keeping the volume
at the equilibrium value of the austenite phase and compute the total energy of
the system as a function of the tetragonal distortion given by (c/a). Typical pro-
files of compounds undergoing MPT will have their minima at (c¢/a) # 1. For all

compositions, we calculated the energy profiles as a function of tetragonal distor-
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Table 6.1: Calculated values of equilibrium lattice constant (ag), formation energies
(Ef), and total magnetic moment (Ma) of the single substituted systems in their austen-
ite phases with corresponding ground state magnetic configurations are shown. The to-
tal energy difference (AFE) between the austenite(L2;) and the martensite(tetragonal)
phases, the equilibrium value of tetragonal distortion (c/a), the differences in magnetic mo-
ments between the austenite and martensite phases (AM), the Mean-field approximated
(TCA (MFA)) and Monte Carlo simulated (TCA (MCS)) Curie temperatures in the austenite
phases are also shown. Boldfaces indicate the reference compositions on which experimen-

tal studies are available.

Nig_zAﬁMnlﬁo_yCuySboA{;g(220.50)

Composition Mag.  ao E; My AE c/a |AM|  TAMEN TAMOS)
x y Config. (A)  (eV/fw) (us/fu.) (meV/atom) (us/ fu.) (K) (K)
0.00 0.00 FIM 594 -0.552 1.71 27.64 1.34 0.16 397 422
0.00 0.25 FIM 5.92 -0.493 2.94 22.30 1.28 0.12 324 360
0.00 0.50 FM 5.90 -0.430 4.15 22.00 1.27 0.00 347 300
A=Fe

0.25 0.00 FIM 5.92 -0.450 2.09 10.68 1.29 0.18 351 370
0.50 0.00 FIM 5.91 -0.332 2.48 4.81 1.24 0.26 308 335
0.75 0.00 FM 5.92 -0.219 6.89 No MPT - - 378 400
A=Co

0.25 0.00 FIM 5093 -0.670 1.99 20.97 1.30 0.04 391 410
0.50 0.00 FM 5.95 -0.796 6.82 16.19 1.28 4.85 484 500
0.75 0.00 FM 594  -0.941 7.01 4.95 1.28 4.90 532 565

Nig_;lA;,;Mn1‘75_yCllysb()‘25 (220.75)

Composition Mag. ag Eyf My AE c/a |[AM| T MEA) AMOS)
z y  Config. (A) (eV/Ew) (up/fa) (meV/atom) (wp/fu)  (K)  (K)
0.00 0.00 FIM 5.86 -0.470 0.69 55.32 1.36 0.15 348 290
0.00 0.25 FIM 5.85 -0.427 1.99 49.09 1.33 0.17 295 280
0.00 0.50 FIM 5.84 -0.379 3.30 29.27 1.30 0.30 326 276
0.00 0.75 FM 5.82 -0.347 4.52 23.52 1.28 0.43 451 360
A=Fe

0.25 0.00 FM 5.89 -0.352 7.71 41.22 1.38 6.27 498 406
0.50 0.00 FM 5.88 -0.250 7.69 28.00 1.40 5.64 469 421
0.75 0.00 FM 5.86 -0.147 7.62 16.30 1.41 5.06 424 447
A=Co

0.25 0.00 FM 5.90 -0.615 7.75 37.25 1.34 6.78 519 450
0.50 0.00 FM 5.89 -0.786 7.92 16.65 1.33 6.84 518 535
0.75 0.00 FM 5.88 -0.950 8.12 No MPT - - 573 660

tion. The results are shown in Fig. 6.3. The results suggest that all the considered
compounds, undergo MPT, a requirement for further consideration. However, for
compounds with higher Mn content (z = 0.75), the magnetic ground states of the
austenite phases are different than those in the martensitic phases except at the
compound where y = 0.75. In all such cases, the austenite phase has FM magnetic
structure (Table 6.2), while the martensitic phase has FIM magnetic structure. The
results in Fig. 6.3(c)-(d) corroborate this. A consequence of this is a large value
of AM (Table 6.2) for the compounds with z = 0.75 as compared to those with
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Figure 6.3: The variations of total energy difference (AE) between the austenite(L2;)
and the martensite(tetragonal) phases as a function of tetragonal distortion i.e. ¢/a ratio in
Niy_(Fe/Co);Mny4.—yCuyShi_, ((Fe/Co)@QNi-Cu@Mn) compounds for different y with
((a)-(b)) 2=0.50 and ((c)-(d)) 2=0.75. z is fixed at the value 0.25 for all calculations.The
magnetic configurations considered in each case is given in Table 6.2. The solid curves are
for cases where magnetic configurations considered are same in both structural phases. The
dotted curves in the panels (c) and (d) are for cases where the magnetic configurations in
the tetragonal phases are different from those in the Heusler phases and provide minimum

total energies.

z = 0.5. This makes the compounds with z = 0.75 potentially better to realize large
MCE.

In order to make sure that this is indeed so, we looked at the variations in AFE,
the energy difference between the austenite and martensite phases in their respective
ground states. The results for single-substituted compounds (Table 6.1) are shown
in Fig. 6.4(a)-(c) while those for cosubstituted ones are shown in Fig. 6.4(d)-(e) and
listed in Table 6.2. In literature, AF is routinely used to predict the martensitic
transformation temperature (7},) [229, 288, 302, 318, 319].
it first to understand the trends in the T); so that compositions with higher T},

can be screened. From Fig. 6.4, we find that the trends in variations of AE with

Here we have used

compositions in cases of the cosubstituted compounds can be correlated with the
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Figure 6.4: Variations in total energy difference, AFE between the austenite(L2;) and the
martensite(tetragonal) phases with (a) y (z=0), ((b)-(c)) z (y=0) and ((d)-(e)) y (x=0.25)
for Nip_5(Fe/Co),;Mn 4., Cu,Shi_, compounds with different values of z.

trends in case of single-substituted ones. A general trend of z = 0.75 compounds
having higher AE and thus higher T); can be immediately inferred. Therefore, in
both the counts of larger AM and higher T};, the compounds with Mn-content as
high as 1.75 can be considered promising to obtain large MCE.

6.3.3 Curie temperature in austenite phase

In Fig. 6.5, we present the calculated Curie temperature (7') in the austenite phase
for all the compositions, using both the Mean-field approximation and the more
accurate Monte Carlo simulation method. The results for single-substituted com-
pounds are presented in Fig. 6.5(a)-(c), and those for the cosubstituted compounds
are presented in Fig. 6.5(d)-(e). The T values for all the cosubstituted compositions
are listed in Table 6.2. Here, too, the trends of variations in 72 for cosubstituted
compounds can be correlated to the trends in cases of single-substitutions. Overall
it can be concluded that for cosubstituted systems, the T values are higher for com-
pounds with z = 0.75. This is more prominent for Co and Cu cosubstituted systems
(Co@Ni-Cu@Mn). Thus cosubstituted Co@Ni-Cu@Mn family, with z = 0.75 have

more possibility of fulfilling the target properties of a giant magnetocaloric material.
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Figure 6.5: Variations in calculated Curie temperatures (7)) in austenite phases
with concentration (a) y (z=0), ((b)-(c)) = (y=0) and ((d)-(e)) y (x=0.25) for
Niy_(Fe/Co);Mny4 ., Cu,Sbi_, systems with different z. Closed symbols and open
symbols represent results calculated by Monte Carlo Simulation (MCS) and Mean Field
Approximation (MFA) methods, respectively.

6.3.4 Prediction of new compounds

Based upon the results presented in the previous three sub-sections, we are now
in a position to predict new compounds which can exhibit better MCE properties
than that observed in the experimentally synthesized compounds. To this end,
we first consider the compounds NisMnj 5Sbg 5 (i.e. £=0.00, y=0.00, 2=0.50) and
Ni; 75C00.25Mny 5Sbg 5 (i.e. =0.25, y=0.00, z=0.50) (boldfaced in Table 6.2) as the

reference ones with respect to which we assess the improvement in properties.

These compounds are chosen as the compositions in these compounds are very
close to the experimentally investigated ones [132, 134, 135, 142, 243, 289, 305].
Comparing all the quantities, we predict four compositions (bold bordered in Table
6.2), two in Fe@QNi-Cu@Mn family, and the other two in Co@Ni-Cu@Mn family. In
all the cases, z = 0.75 that is Mn atom is in excess by 75% in comparison to perfectly
ordered NioMnSb, the parent compound. For all the predicted compositions, the
ground state magnetic configuration in the austenite phase is the FM one, where

the two types of Mn atoms are aligned parallel, leading to larger magnetic moments
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Table 6.2: Calculated values of equilibrium lattice constant (ag), formation energies
(Ef), and total magnetic moment (Ma) of the systems under considerations in their
austenite phases. The corresponding ground state magnetic configurations are shown. The
total energy difference (AFE) between the austenite(L2;) and the martensite(tetragonal)
phases, the equilibrium value of tetragonal distortion (c/a), the differences in magnetic mo-
ments between the austenite and martensite phases (AM), the Mean-field approximated
(TCA (MFA)) and Monte Carlo simulated (TCA (MCS)) Curie temperatures in the austenite
phases are also shown. Boldfaces indicate the reference compositions around which exper-
imental studies [132, 135, 305] are available. The compositions shown within the borders
are found to satisfy the criteria for considering them as efficient giant magnetocaloric
materials with improved MCE properties than the reference ones.

Nig,;,;A:,;Mnl_g,o,yCuySb0_5g (22050)

Composition Mag.  ag E; My AE c/a  |AM|  TAMEA TAMOS)
x Yy Config. (A) (eV/tw) (us/fu.) (meV/atom) (us/fu.) (K) (K)
0.00 0.00 FIM 594 -0.552 1.71 27.64 1.34 0.16 397 422
A=Fe

0.25 0.00 FIM 5.92 -0.450 2.09 10.68 1.29 0.18 351 370
0.25 0.25 FIM 5.91 -0.386 3.29 4.45 1.24 0.08 297 340
0.25 0.50 FM 5.90 -0.317 4.44 No MPT - - 327 300
A=Co

0.25 0.00 FIM 593 -0.670 1.99 20.97 1.30 0.04 392 410
0.25 0.25 FIM 5.91 -0.620 3.22 16.91 1.28 0.23 333 401
0.25 0.50 FM 5.90 -0.567 4.42 10.93 1.25 0.19 355 399

Niz,mAIMH1475,yCuySbO.25 (Z:O-75)

Composition Mag.  ag Ey My AE c/a  |AM|  TAMEY pAMCS)
z Yy Config. (A) (eV/tw) (us/fu.) (meV/atom) (ug/ fu.) (K) (K)
0.00 0.00 FIM  5.86 -0.470 0.69 55.32 1.36 0.15 348 290
A=Fe

0.25 0.00 FM 5.89 -0.352 7.71 41.22 1.38 6.27 498 406
0.25 0.25 FIM 5.84 -0.312 2.17 35.30 1.35 0.19 241 120
0.25 0.50 FM 5.83 -0.240 5.54 23.58 1.33 3.33 448 362
0.25 0.75 FM 5.81 -0.167 4.43 24.22 1.32 1.22 408 320
A=Co

0.25 0.00 FM 5.90 -0.615 7.75 37.25 1.34 6.78 519 450
0.25 0.25 FM 587  -0.576 6.66 31.87 1.32 4.66 489 460
0.25 0.50 FM 5.84 -0.525 5.62 12.20 1.28 2.53 464 450
0.25 0.75 FM 5.81 -0.468 4.53 4.40 1.24 0.27 431 425

compared to the reference systems. For these compounds, large values of change in
magnetization (AM), compared to the reference compounds, are observed during
the martensitic phase transformation. Finally, the conditions that the martensitic
transformation temperature (T);) and Curie temperature (T) either should nearly
coincide or T should be higher than Ty, are satisfied for the predicted compounds.
In order to establish this, we have made an estimation of T); the following way: the
value of AFE corresponding to Nij 75Co0q.25Mny 50Sbg 50 composition is mapped to the

experimental martensitic transformation temperature (7)) value of 262 K, found
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for a compound with almost same composition Ni; sCogoMnj 5Sbg 5 [135]. Using this
mapping, we found that approximate values of T); are 294 K, 302 K, 465 K and 398 K
for Nij 75Feg 25 My 25Cug 55bg 25, Nij75EFeq 25 MnCuyg 755bg .25, Nij 75Cog.25Mny 755bg 25
and Nij 75Cog.25Mny 50Cug.25Sbg o5, respectively. A look at Table 6.2, along with
these mapped values, shows that the above mentioned conditions are satisfied for

all four.

6.3.5 Computation of the MCE parameters

After screening the compounds, most suitable to exhibit giant MCE, we aimed at the
calculations of the MCE parameters AS,,,, and AT, to establish our predictions.
Since there is no experimental result to compare in cases of the new cosubstituted
compounds, it is imperative that our approach of using the DFT, in conjunction
with the proposed model Hamiltonian, is validated. To this end, we used our ap-
proach to compute the MCE parameters for two compounds: NisMn; 55Sbg 4s and
Ni; §Cog.2Mnj 50Sbg 4s where experimental results are available [132, 135]. After val-
idation, we computed the MCE parameters for Nij 75Cog.o5Mny 50Cug.055bg.25, one
of the compounds predicted. Due to the huge computational cost involved in cosub-
stituted compounds with multi-sublattice disorder, we restricted ourselves to only
one out of the four new predicted compounds.

The compound NisMn; 50Sbg 48 Was considered first. The Monte Carlo calcula-
tions were done using a simulation domain consisting of 8192 atoms obtained by
replicating the unit cell, containing 16 atoms, eight times in each direction. The
Mn2 atoms are randomly distributed on the Sb sub-lattices. The final simulation
domain contains 983 Sb, 1065 Mn2, 2048 Mn1, 4096 Ni atoms.

For the magnetic interaction part of the Hamiltonian (H,,), the magnetic ex-
change parameters, .J;; were obtained from Fig. 6.6(a) and Fig. 6.6(b). The magnetic
spin states (¢) for Ni, Mn2, Mnl atoms were taken as 3, 6, and 6, respectively, in
accordance with the studies on other Heusler systems [120, 172]. The spin state of
each magnetic atom site (.S;) were chosen randomly by generating a random number
between 0 and 1 (0 < r < 1) and selecting the state as: if 0 < r < 1/3, then gy;
=1L1=1,2 3 andif 0 < r < k/6, then qymivmz) = k, k =1,2,3,. . . 6. We
considered lattice sites up to the third coordination shells for Mn1-Mn1, Mn2-Mn2,
Mn1-Mn2 pairs, and up to the first-coordination shell for Mn1(Mn2)-Ni and Ni-Ni

atom pairs in the summation.

For elastic part of the Hamiltonian (H;), the summation was taken over the
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pairs up to the second-coordination shell. A similar procedure, as for choosing S;
values, had been used to assign the o; values randomly. Values of structural con-
stants J and K were chosen such that the martensitic transformation temperature
(Th) could be adjusted around the experimental Ty, which is around the room tem-
perature (=300 K) [132, 243]. The constraint of K/J < 0.5 was imposed to get rid
of any pre-martensitic phase. Although J and K could be obtained from ab-initio
calculations, we used a simple procedure of tuning to reduce the complexity as well
as computational cost. This had been followed in other investigations [111, 171]
too. The degeneracy factor (p) for the cubic phase was taken as 2, since the cu-
bic phase can distort along one of the three directions (here along the z-direction).
The K1 was chosen to be negative since it was experimentally observed that T},
decreased under application of external magnetic field. The negative K1 fixed the
ghost deformation state o, to -1. The value of K1 was chosen such that the max-
imum magnetic entropy change is obtained around the experimental martensitic

transformation temperature.

In the magneto-elastic interaction part (H;,), the interaction parameters U;;
in cubic (U.) and tetragonal (U;) phases were tuned in such a way that the Curie
temperature in the austenite phase is obtained around the experimental Curie tem-

perature (350 K for the compound considered).

Thus, with an initial guess of J and K values, we adjusted the Ty, to bring it
closer to the experimental value. Once a reasonable T}, is obtained, we tuned the
parameter U;; in both structural phases to obtain the experimental Curie tempera-
ture. These are done by adjusting the co-ordination shells over which summations
are done. These were done in the absence of an external magnetic field, i.e., H..;=0.
Then we applied an external field of 5 T and tuned the K1 parameter so that T},
shifts in the direction observed in the experiment. This ensured a correct behav-
ior of magnetic entropy change AS,,, as a function of temperature and ASJE™ is
achieved around the experimental T);. Here, depending on the sign of K1, ghost
deformation state o, was chosen. The simulation started with the initial values of
o; as 1 for all the lattice sites and S;, Sy as 1 for the magnetic atoms. The final
values of all the parameters are presented in Table 6.3. For each temperature step,
2x10° MC steps were performed. The system was equilibrated for 1x10° MC steps,
and the data, then, were collected for 10° steps. For each temperature step, energy
of the system (H), magnetization (m), and structural distortion (¢) were averaged
over 1000 data points collected after every 100 MC steps. These averaged quantities

were then used to calculate the various thermodynamic quantities using equations,
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given in Chapter 2.
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Figure 6.6: Inter-atomic magnetic exchange interactions in (a)-(b) parent composition
NisMnj 52Sbg4s and (c)-(d) Co substituted at Ni site, Nij §CopoMnj 52Sbgas and ((e)-
(f)) Co and Cu cosubstituted Nij 75C00.25Mn; 50Cug.255bg.25 compositions in the cubic
(¢/a = 1) and tetragonal (c/a # 1) phases as a function of distance d(in units of lattice
constant ag) between the pair of atoms.

Under zero field, the strain order parameter () shows the structural transforma-
tion from austenite (undistorted phase with € = 0) to martensite phases (distorted
phase with ¢ = 1) with decreasing temperature (Fig. 6.7(a)). The transformation
occurs around 300 K, which is in a good agreement with the experimental T,,.

The magnetic order parameter (m) is almost zero at high temperatures indicating
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Table 6.3: Values of structural, magneto-elastic and coupling parameters that are used
in the present study for Ni;_,Co,Mnj._,Cu,Sbhy_. compounds.

Concentrations Parameters
T Y z J K U. U, K1
meV meV meV meV
0.00 0.00 0.52 1.67 025 136 3.54 -0.25
0.20 0.00 0.52 1.67 042 7.56 14.24 -0.8
0.25 0.25 0.75 200 0.32 756 1424 -04
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Figure 6.7: The calculated temperature dependence of (a) magnetic (m) and strain
(¢) order parameters, (b)-(c) normalized magnetic and total specific heat (Cpqq and C,
respectively), (d) normalized magnetic entropy (Spmag) in an external field of 0 and 5 T
and the temperature dependence of (e) the isothermal magnetic entropy change (ASy,qq)
and (f) adiabatic temperature change (AT,4) due to change in the magnetic field from 0 to
5 T are shown. The results are for Niy_,(Fe/Co),Mnj,_,Cu,Sb;_,, with z = 0.52,2 =
0.00, 5 = 0.00.
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a paramagnetic phase. With a decrease in temperature, the magnetic order param-
eter increases gradually, indicating the transformation from the paramagnetic to a
ferromagnetic phase around 350 K. Thus, the magnetic transition temperature (T')
in the austenite phase also matches very well with the experimental value. With
a further decrease in temperature, near the T);, a small kink, indicating a weak
magneto-elastic coupling, is observed in the magnetic order parameter (m). With
an applied external magnetic field of 5 T, Ty, decreases, and the T4 increases in

agreement with the experimental trend.

The calculated magnetic specific heat (Cjq4) is shown in Fig. 6.7(b). The total
specific heat is also calculated as a function of temperature by calculating the lattice
specific heat (Cjy). In absence of experimental result on this compound, the Debye
temperature ©Op was taken as 222 K, the experimental Op of Ni;MnSb [320]. Here,
we assumed that the lattice specific heat does not contribute significantly to the
isothermal entropy change, i.e., there is no significant impact of the application of
magnetic field on Cj,;. The isothermal entropy change, from lattice contributions
across the magneto-structural transition, is not significant as long as the Debye
temperature does not depend strongly on the magnetization and magnetic field.
Two peaks can be observed in the specific heat curves, one at higher temperature
corresponds to the second-order magnetic transition from paramagnetic to ferro-
magnetic phase, while the other at lower temperature corresponds to the structural

transformation from austenite to martensite phases.

The magnetic entropy curve (in Fig. 6.7(d)) has been obtained by integrating
the magnetic specific heat curves both at zero field and a field of 5 T. At very
low temperatures, the calculated entropy has lower values, as expected, and in-
creases with an increase in temperature, saturating at high temperatures beyond
the magnetic transformation in the austenite phase. Upon application of the exter-
nal magnetic field, the entropy of the system decreases as the system undergoes the
magnetic transformation, while the entropy increases at the structural transforma-
tion. The insets of Fig. 6.7(d) show the changes in the entropy of the system when
the structural (inset with lower temperature range) and magnetic (inset with higher

temperature range) transformations take place.

The magnetic field induced isothermal entropy change, AS,,,, and the adia-
batic temperature change AT, are shown in Fig. 6.7(e) and Fig. 6.7(f) respectively.
The maximum change in entropy is positive for structural transformation and neg-
ative for the magnetic transformation. Hence, we have an inverse magnetocaloric

effect (cooling of the material in the presence of magnetic field) during structural
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Figure 6.8: The calculated temperature dependence of (a) magnetic (m) and strain (g)
order parameter in an external field of 0 and 5 T and (b) the isothermal magnetic entropy
change (AS,qq) and adiabatic temperature change (AT,4) due to change in the magnetic
field from 0 to 5 T in Niy_,Co,Mnj._,Cu,Sbi_. ; z = 0.52,2 = 0.20,y = 0.00.

transformation, while regular magnetocaloric effect (heating of the material in the
presence of magnetic field) as the magnetic transformation takes place. A maximum
value of isothermal entropy change of 9.8 Jkg ! K~! is obtained at the first order
magneto-structural transition, in good agreement with the experimental observa-
tion [132, 135]. Our calculations predict a large value of nearly 5 K of AT,; which,
however, could not be compared with experiments due to the unavailability.

We next applied the same formalism to the Co substituted compound
Nij §Cog.2Mn; 55Sbg 4s. Due to the availability of experimental results [135], we could
make a direct comparison. The results are shown in Fig. 6.8. The ab initio magnetic
exchange parameters used here are shown in Fig. 6.6(c)-6.6(d). In here, the number
of spin states for Co was taken to be go,=4. The parameters in the Hamiltonian
were adjusted, such that the experimental value of T, (=~ 260 K) and T (=~ 330 K)
could be reproduced. This is evident from the curves of m and ¢ in Fig. 6.8(a).

The parameters used for this calculation are listed in Table 6.3. The directions
of shifts in Ty, and T under application of an external magnetic field of 5 T are in
agreement with the experimental trends. One noteworthy point is that in contrast
to the NisMny 505bg 45, magnetization changes sharply at the structural transition
in this case. This is important to obtain a giant MCE. This significant change in
magnetization can be understood by analyzing the magnetic exchange interactions
between different atom pairs in both structural phases (Fig. 6.6(c) and Fig. 6.6(d)).
While for both NisMnj 50Sbg4s and Nij gCogaMny 50Sbg g, the dominant antifer-
romagnetic interaction between Mn atoms are four times larger in the tetragonal
phase, in comparison to that in the austenite phase, larger ferromagnetic interac-

tions due to the Mn1(Mn2)-Co atom pairs in the austenite phase appears for the
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Figure 6.9: The calculated temperature dependence of (a) magnetic (m) and strain (g)
order parameter in absence of an external field, (b) the isothermal magnetic entropy change
(ASmag) and (c) adiabatic temperature change (AT,4) due to change in the magnetic field
from 0 to 5 T in Niy_,Co,Mni4._,Cu,Sby_.; 2 = 0.75,2 = 0.25,y = 0.25. Results for
the reference compositions, NisMnj 50Sbg4g and Nij gCogoMny 50Sbg s have also been
included for comparison.
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later compound. This can be correlated to the larger change in the magnetization
for Co substituted compound. The MCE quantities AS,,,, and AT,,, calculated
as a function of temperature, as shown in Fig. 6.8(b) and the maximum AS,,,, of
nearly 40 Jkg=! K=, much larger than the NisMn; 50Sbg s, is obtained due to the
magneto-structural transition near T, in an applied field of 5 T. This is in excellent
agreement with the experimental value [135] of 35 Jkg™' K~'. We also obtained a
large value of AT, that could not be verified in absence of experimental results.
The excellent agreement of the results obtained for the two compounds with
the experimental observations validates the approach adopted here for computing
the variables quantifying MCE. Therefore, we apply the same formalism for the co-
substituted compound Nij 75Cog.25Mny 50Cug255bg.25. The results are presented in
Fig. 6.9. The ab initio calculated exchange interactions used are shown in Fig. 6.6(e)
and Fig. 6.6(f). The values of elastic and magneto-elastic parameters were tuned
(Table 6.3) to fix the Ty, at 398 K, as predicted in subsection 6.3.4, and T at
460 K as calculated through MCS in Table 6.2. For the purpose of comparison, we
have included the results for NisMn; 50Sbg4g and Ni; sCogaMn; 50Sbgsg. We find
that cosubstitution leads to an increase in the working temperature (7). Also, the
change in magnetization near MPT is larger (Fig. 6.9(a)). Both these character-
istics were desired for a larger MCE in cosubstituted compounds. The calculated
MCE quantities (Fig. 6.9(b) and 6.9(c)) meet this expectation. The results demon-
strate that AS,,q, four times higher than NisMn; 50Sbg 4g and two times higher than
the Nij §CogoMny 505bg 48 are obtained. Stronger ferromagnetic interactions in the
austenite phase of cosubstituted compound (Fig. 6.6(e)-6.6(f)), in comparison with

the other two compounds, can be correlated to this amplified effect.

6.4 Conclusions

Using first-principles electronic structure calculations, we provide a protocol to sys-
tematically screen materials, potential to exhibit giant MCE driven by a first-order
magneto-structural transition at temperatures near room temperature or above,
among given Heusler family of compounds. We apply this approach to find target
compounds in cosubstituted Ni-Mn-Sb family; the cosubstitution done at Ni and
Mn sites. Our approach predicted four new compounds in the two cosubstituted
families. In order to validate our predictions, we took recourse to a thermodynamic
model to compute the MCE properties in one of these predicted compounds. The

robustness and accuracy of the computational approach using the thermodynamic

150
TH-2581_156121017



6.4 Conclusions

model that takes into account magnetic, elastic and magneto-elastic effects in equal
footing, is demonstrated by computing the MCE parameters in NisMnj 50Sbg 45 and
Co substituted Nij gCopoMnj 555bg4s compounds where experimental results are
available. Further computation of MCE parameters for one of the predicted com-
pounds yields magnetic entropy change as large as four times in comparison to that
observed experimentally. Thus, this established the protocol for screening materials
from a large database adopted in this work. This work, apart from demonstrating
the power of ab initio based approaches for computations of MCE parameters, offers
experimentalists a broader scope to explore new materials where giant MCE driven
by first-order magneto-elastic transition can be realized through cosubstitution in

Heusler compounds.
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Chapter 7

Conclusions and scopes for future

work

7.1 Conclusions

The focus of this thesis is a detailed understanding of various important physical
parameters related to the magnetocaloric effect, as well as on predicting the possi-
bility of realizing efficient MCE in some new compounds in Ni-Mn-Sb based Heusler
systems. In recent years, magnetocaloric effect, which is the driving force for mag-
netic refrigeration technology, led to intensive research due to its superiority over
conventional gas refrigeration technology. Our investigation is mainly focused on off-
stoichiometric Ni-Mn-Sb and 3d elements (Fe, Co and Cu) substituted Mn-excess
Ni-Mn-Sb compounds. In brief, we have systematically explored the impacts of var-
ious factors, such as structural phase stability, site occupancy, magnetic structure,
composition, magnetic interactions, mechanical properties, transition temperatures,
on the magnetocaloric effect in a system, by first-principles electronic structure and
Monte Carlo methods. We have developed a Monte Carlo code to calculate the MCE
parameters i.e., the isothermal magnetic entropy change (AS,,,,) and the adiabatic
temperature change (AT,4) and thus proposed some new compounds in Fe, Co and
Cu substituted Mn-excess Ni-Mn-Sb Heusler alloys where significant magnetocaloric

effect can be realized.

In the first chapter, the underlying concept of thermodynamics of caloric effect
with a focus on magnetocaloric effect, its important applications and related research
have been described. This is followed by a discussion on the usefulness of Heusler

compunds as MCE materials. Importance of Ni-Mn based Heusler compounds have
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been discussed in detail to set the ground for motivation behind the systems studied
here. The importance of the theoretical approach, a combination of first-principles

calculations and Monte Carlo simulations, adopted here, has also been reviewed.

In the next chapter, the theoretical methods that have been used in this thesis
are discussed. A brief introduction of density functional theory (DFT) and its dif-
ferent implementations are first presented. Then Monte Carlo method, the model
Hamiltonians to compute the finite temperature magnetic and magneto-structural
properties, e.g., the Curie temperature (7,) and the magnetocaloric quantities i.e.,
the isothermal change in magnetic entropy (AS,,q,) and the adiabatic temperature

change (AT,y), are discussed.

In chapter 3, we have performed a comprehensive and systematic investigation
into the roles of composition, site occupancies and magnetic configurations in affect-
ing the structural stabilities or the possibility of martensitic phase transformation,
that is observed to be leading to a giant change in magnetic entropy, in Ni and
Mn-excess NisMnSb compositions. We find that the site occupancy pattern and as-
sociated magnetic alignment of Mn atoms play the central role in de-stabilizing the
high temperature Heusler phase and consequently stabilizing a tetragonal marten-
site at low temperature. We find that unless the system is significantly Sbh-deficient,
a martensitic phase transformation is difficult to obtain, unless the system stays in
a meta-stable state due to the process of annealing or is grown by non-equilibrium
methods. The patterns in phase stability, as obtained from our total energy calcula-
tions, can be understood from the features in the densities of states in the minority
spin bands. Shear modulus (C”) and electron to atom ratio (e/a) both turn out to be
good predictors of structural transition temperature in Ni-Mn-Sb. This work helps
understand the reason behind experimentalists choice of Mn-excess Sh-deficient sys-
tems for observing giant magnetocaloric effect in Ni-Mn-Sb Heusler family. An
important outcome of this work is the identification of Nis,,MnSh;_, as a potential
new shape memory alloy where the martensitic transformation takes place even at
high Sb composition. This input widens the scope of the experimentalists to explore

functional properties in Ni-Mn-Sb systems.

In chapter 4, we have explored the potentials of Mn-excess, Sh-deficient NiMnSb
compounds, as efficient magnetocaloric materials by substitution of Ni and Mn with

3d transition metals Fe, Co, and Cu. Apart from being able to explain the trends
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of variations in quantities like magnetic moments, the martensitic transformation
temperature and magnetic transition temperature, observed in handful of exper-
iments on this system, we have provided insights into the possibilities of signif-
icant magnetocaloric effects in this group of compounds Ni;Mn; 5_,Co,Sbys and
NisMn; 5, Cu,Sbgs; y ~ 0.25, the ones which are yet to be synthesized. Thus our
investigation unveiled the physics behind the variations of physical properties asso-
ciated with the magnetocaloric effect and also interpreted the available experimental
results successfully. The structural stabilities and possibility of significant magne-
tocaloric effect in these systems are correlated to the magnetic exchange interactions
and their variations. The approach adopted and knowledge obtained from this work
can be used to investigate a wider pool of materials, boosting the possibility of dis-

covering more materials with large MCE.

Armed with the information from chapter 3 and chapter 4, in chapter 5, we ex-
plored potential room temperature magnetocaloric materials near second-order mag-
netic transition by cosubstitution in the Ni-Mn-Sb family. Our investigation on two
cosubstituted families, Niy_,Fe,Mn;._,Cu,Sb;_, and Niy_,Co,Mn; . ,Cu,Sb;_,
with the composition range 0 < x < 1.5, 0.25 < 2z < 0.75, y < z discovered signifi-
cant numbers of compounds exhibiting substantial changes in magnetic entropy due
to second-order magnetic phase transition near room temperature, the changes com-
parable to that observed in the compounds showing inverse magnetocaloric effect
near a first-order magneto-structural transition. We find that the cosubstitution
provides a wider scope of tuning the physical parameters like magnetic moment
and magnetic transition temperature as well as of stabilization of the Heusler phase
down to very low temperatures. The work, thus, offers a broader scope of synthesis
and exploration of large reversible MCE near room temperature by cosubstitution

in other compounds of the Heusler family.

In the next chapter, we have extended our investigations on the two cosubsti-
tuted families, Niy_,Fe,Mn;,._,Cu,Sb,_. and Niy_,Co,Mn; . ,Cu,Sb,_, further
to realize giant magnetocaloric effect driven by the first-order magneto-structural
transition. We focussed on the concentration range complementary to the ones used
in chapter 5. With help of the full thermodynamic study, using the techniques em-
ployed in chapter 5, we predict four new compounds with potentials to achieve the
target properties. Our computations of the thermodynamic parameters, relevant for

magnetocaloric applications, show that the improvement in the parameters in the
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Chapter 7. Conclusions and scopes for future work

predicted cosubstituted compounds can be as large as four times in comparison to
the off-stoichiometric Ni-Mn-Sb and a compound derived by single substitution of
Co at the Ni site. This work establishes a protocol to select new compounds that
can exhibit giant magnetocaloric effects and demonstrate cosubstitution as a route

for more flexible tuneability to achieve outcomes, better than the existing ones.

7.2 Scopes for future work

In this dissertation, we have systematically explored various factors that can influ-
ence the magnetocaloric effect in a system. In the process, we have been able to offer
microscopic interpretations of the experimental results. We have also developed a
Monte Carlo method based code to realize the simultaneous presence of a first-order
structural transition coupled with a magnetization change and a second-order mag-
netic phase transition and to calculate the MCE parameters. However, different
possible future extensions of the work presented in the thesis have been left. In the

following, some future research plans are listed:

An important property related to the magnetocaloric effect in a system is the
magnetocrystalline anisotropy in the martensite phase. In NisMnGa, it is observed
that greater the magnetic anisotropy in the martensite phase, larger is the value
of the inverse magnetocaloric effect. Thus it would be interesting to investigate in
detail the interrelation between the magnetocrystalline anisotropy and the MCE in

a system.

The in-house Monte Carlo code deals with Heulser families. A further general-

ization of the code is needed to explore other groups of magnetocaloric materials.

The Hamiltonian used in the Monte Carlo code includes structural, magnetic,
and magneto-structural coupling interaction parameters. The magnetic interaction
parameters are calculated from ab initio methods, while the structural and coupling
parameters are tuned in the simulation process to achieve the experimental marten-
sitic transformation temperature. If the martensitic transformation temperature
is calculated through a free energy approach or can be estimated using machine
learning techniques, then new magnetocaloric systems can be designed with more

accuracy without any prior knowledge from experiments.
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Appendix A

Benchmarking the In-house Monte
Carlo Code

A.1 Calculation of second order magnetic transition

temperature (7..) within Heisenberg model

A.1.1 NisMnGa and Mns;NiGa

We have developed the Monte Carlo method based code implementing the Heisen-
berg Model (as mentioned in chapter 2); the parameters are obtained from ab initio
calculations. We have first applied the code to two very well studied magnetic
Heusler systems: Ni;MnGa (space group no. 225) and Mny,NiGa (space group no.
216). The magnetic exchange interactions (.J;;) calculated by ab initio method have
been shown for NisMnGa and MnyNiGa in Fig. A.1(a) and Fig. A.1(c), respectively.
Using these parameters in the model Hamiltonian, the systems were simulated at fi-
nite temperatures. The temperature dependent behavior of magnetization is shown
in Fig. A.1(b) and Fig. A.1(d), respectively. The steps followed in the Monte Carlo
simulation have been discussed in chapter 2. Curie temperatures from the suscepti-
bility curves are found to be 370 K for Ni;MnGa and 630 K for MnyNiGa, which are
in good agreement with the experimental results (360 K for Ni;MnGa and 588 K
for MnyNiGa) [321-323]. At each temperature, 80000 Monte Carlo steps have been

performed to equilibrate the systems containing 8192 atoms.
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Figure A.1: ((a) and (c)): The calculated magnetic exchange parameters as a function
of distance d between two atom pairs (in units of lattice constant ag). ((b) and (d)):
Magnetization and susceptibility curves as a function of temperature in zero magnetic
field for NioMnGa and MnsNiGa, respectively. Calculations are done using the Heisenberg
Model for magnetic interactions.

A.1.2 NigMnHISnl_J;

Next, we extend our calculations for more complex compositions like off-stoichiometric
NiyMny,,Sn;_, system (x varies from 0 to 0.4), where the Ni atoms occupy the
8¢((0.25, 0.25, 0.25), (0.75, 0.75, 0.75)) sites, Mn and Sn atoms occupy 4b(0.5, 0.5,
0.5) (referred as Mnl) and 4a(0, 0, 0) sites respectively in the Heusler lattice. The
excess Mn atoms occupy the Sn sublattice (referred as MnlII). With this site occu-
pancy of the constituent atoms, the system is referred to as 0% disordered. y% dis-
ordered system refers to the composition (Snj_,_,MnlIl,,)Ni(Mnl;_,Sn,)Ni, that
is, Sn with concentration y occupies the Mnl sublattice. We calculated the magnetic
exchange parameters in ab initio way and used them in the Mone Carlo simulation,
to obtain the magnetization curves for different z values for y = 0 and y = 25%
(Fig. A.2(a) and A.2(b) respectively). Then from the magnetization curves we have
calculated the Curie temperatures for both 0% and 25% disordered systems and

compared those with the existing numerical [223] and experimental results [324] as
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model

shown in Fig. A.3.

4 T I T I T T I T I T I T I T I T
~ 35 0% Disorder | _ L2ec (b) 25% Disorder |
s 7 oo x=0 = 0 = 1
S sax=01 o & 1 T,

m x=0.
= =+ x=0.2 = T A x=0.3
\q/ 2.5§ A4 x=03 ‘; 0.8 «<x=0.33
9 5 - <+« x=0.33 _' 9 vv x=0.37 T
= vvx=0.37 7] = 06
N N
= 1.5 = 1
2 2 041
on 1 an Y
< <
S 05 > 02
. e _ r ®
0 L L L | 8 ! | ! | 1 | 1 I
0 100 200 300 400 500 00 250 300 350 400 450 500
Temperature (K) Temperature (K)

Figure A.2: Magnetization curves as a function of temperature in zero magnetic field
for NigMnj4,Sn;_, (2 varies from 0 to 0.4) with (a) 0% disorder and (b) 25% disorder.
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Figure A.3: Experimental [324] (T, z) phase diagram of NigMnj;,Sn;_, to which the
present calculated (filled symbols) and existing MC simulated results [223] (open symbols)
have been added.

Our observed trends for Curie temperatures agree well with the previous existing
numerical results, both qualitatively and quantitatively. From Fig. A.3, it can also
be seen that the trend of experimental Curie temperatures matches with our results

only when the effect of disorder is considered.

A.1.3 Fe/Co substituted Mn;NiGa

Next, we study the composition dependencies of Curie temperatures for two systems:
Fe and Co substituted MnyNiGa [229]. Experimental results are available for these
systems. Fe and Co have been substituted at different crystallographic sites and

we have considered four different concentrations 25%, 50%, 75% and 100%. Site
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Figure A.4: Magnetization curves as a function of temperature in zero magnetic field
for Fe and Co substituted MnsNiGa alloys with different concentration of the substituent
atoms. XQY denotes that X(X=Fe, Co) atom substitutes Y(Y=Mn, Ni, Ga) atom.

preference of the substituted atoms has been taken care in the calculation as the site
occupancies have an important impact on the magnetic properties of the system. At
high temperature, MnsNiGa crystallizes in the HgoCuTi (inverse Heusler) structure
with four inequivalent Wyckoff positions (4a, 4b, 4c, 4d) in a fcc unit cell. Mn atoms
occupying the 4a(0,0,0) and 4¢(0.25, 0.25, 0.25) Wyckoff positions are denoted as
MnlI and MnlI respectively. The 4b(0.5, 0.5, 0.5) and 4d(0.75, 0.75, 0.75) positions
are occupied by Ni and Ga, respectively. It was observed that for substitution of Fe
and Co at the Mn site, the substituted atoms prefer the MnlI sites. Substitution at Ni
site also show the normal site occupancy. The substitution at the Ga site, however,
follows a different pattern, depending on the substituting element. The abnormal
site occupancies are preferable for Fe and Co substitution at Ga sites in MnyNiGa
which means that Fe/Co prefers to occupy the Mnl sites pushing the remaining
Mnl atoms to Ga sites (henceforth denoted as Mnlll). In Fig. A.4 and Fig. A.5, we
show the composition dependencies of magnetization and Curies temperatures (73,),
respectively, for Fe and Co substituted MnyNiGa.

The MCS results are found to be close to experimental results for a variety of sys-
tems. The available experimental results in these compounds are included in fig. A.5.
From the MCS results, we find that all the end compounds obtained by complete

substitution of Fe or Co in any of the sites have very high T,, the largest being close

160
TH-2581_156121017



A.2 Calculation of MCE parameters for NioMny 4Ing ¢ near second-order magnetic transition

@@ (Mn, Co )NiGa

2-x X

m—m Mn,(Ni;, Co )Ga

A—A Mn Ni(Ga, Co) /

- (Mn, Fe)NiGa

m—m Mn,(Ni, Fe)Ga
A—A MnNi(Ga, Fe)

O
S
(e)

N 0

o 9O

o O

T 1T 1T
N T I T O T s . NN |

A\

Curie Temperature (TC)
2
p=

500
400
300 | | | | |
0 025 05 0.75 025 05 0.75 1
Fe content (x) Co content (Xx)

Figure A.5: Calculated Curie temperatures as a function of substituent (a) Fe concen-
tration and (b) Co concentration for substitution at different sites in MnyNiGa. Open
symbols represent the experimental results which are adopted from Refs. [325-328].

to 900 K for MnyNiCo. The qualitative variation of T, for Mny(Ni;_,Co,)Ga agrees
well with the experiment [325, 326], although the MCS results are a little overesti-
mated. The quantitative agreement between the MCS results and the experimental
results [327, 328] for (Mny_,Fe,)NiGa is better. There is a significant disagreement,
both qualitatively and quantitatively, for MnyNi(Ga;_,Co,) systems. The MCS cal-
culations show a sharp decrease in T, for 25% Co substitution after which the 7,
rises sharply with increase in z. In case of the experiment [325], the change is very
nominal. It may be noted that the 7, reported in Ref. [325] is lower by 50 K in
comparison to T, obtained from other experiments [322, 327]. Such discrepancies
may be due to antisite disorder or off-stoichiometric compositions present in the
samples used by the authors of Ref. [325]. Nevertheless, the agreement between
the MCS results and the experiments for the end compounds, wherever available, is

remarkable.

A.2 Calculation of MCE parameters for Ni;Mn; 4In g

near second-order magnetic transition

In order to calculate magnetocaloric quantity, the isothermal change in magnetic
entropy (ASyqy) as a function of temperature, Monte Carlo simulation is employed
on a g-state Potts model Hamiltonian in presence of an external magnetic field (dis-
cussed in chapter 2). We calculated the isothermal magnetic entropy change for
NioMnj 4Ing¢ system, experimentally investigated by Singh et al. [308]. To this

end, we have first calculated the ab initio magnetic exchange parameters (.J;;) con-
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Figure A.6: The calculated ((a)-(b)) magnetic exchange parameters in FIM and FM
magnetic configurations (c¢) temperature dependence of magnetic order parameter (d)
magnetic specific heat (Cnqg) (€) normalized magnetic entropy (Spmag) in an external field
of 0, 2 T and 5 T, (f) temperature variation in the isothermal magnetic entropy change
(ASmag) due to change in the magnetic field from 0 to 2 T and 5 T in NizMn; 4Ing¢, to
compare with the experimental observation [308].

sidering two magnetic configurations: (i) ferrimagnetic (FIM), where the Mn spins
at different sites align antiparallel and (ii) ferromagnetic (FM) configuration, where
the Mn spins at different sites align parallel. Calculated J;;s for both of them are
shown in Figure A.6(a) and A.6(b). We find that the saturation magnetization
(M) has a larger value of 6.21 pg/f.u. in FM configuration compared to that in
the FIM configuration, in agreement with the large magnetization value observed
in experiment. Using the magnetic exchange parameters (.J;;) obtained with FM
configuration, we then calculate the Curie temperature through Monte Carlo sim-
ulation on the Heisenberg model. The calculated T, comes out to be about 380 K,
a little higher than the experimental value of 315 K, still reasonable for further

consideration. Next, Monte Carlo simulation is done on the Potts model, for cal-
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culation of temperature dependent magnetization. The result is shown in Figure
A.6(c). For this calculation, we have used a simulation cell containing 8192 atoms
and performed 80000 Monte Carlo steps to attain equilibrium at each temperature.
We have used three and five spin states for Ni and Mn, respectively. To adjust the
exchange interactions within a reasonable and computationally tractable number
of coordination shells, we have used the Curie temperature, calculated using the
Heisenberg model, as reference. These are done in absence of an external field i.e.
H.4=0. Then, for different applied external fields (here 2 T and 5 T), we have
simulated the system at different temperatures, and from those we have calculated
the magnetic specific heat (C,qy) as a function of temperature in 0, 2 T and 5 T ex-
ternal field. The results are shown in Figure A.6(d). Finally, normalized magnetic
entropy as a function of temperature, (shown in Figure A.6(e)) is calculated and
used further to calculate isothermal changes in magnetic entropy values in presence
of an external field (shown in Figure A.6(f)). The calculated maximum AS,,,, val-
ues, -4.3 Jkg7! K~ and -5.81 Jkg ! K~ ! in an applied field of 2 T and 5 T around
T.=388 K are in good agreement with the experimental observations [308] of -3.3
Jkg 'K~'and -6.3 Jkg ' K~ in 2 T and 5 T respectively. The agreement between

theory and experiment, thus, validate our approach.

A.3 Calculation of MCE parameters near first-order

magneto-structural transition

The giant magnetocaloric effect in Heusler compounds is associated with the first or-
der magneto-structural transition. The simultaneous presence of second order mag-
netic transition is also observed in these systems. Hence to address both the tran-
sitions, in addition to the g-state Potts model, the Blume-Emery-Griffiths (BEG)
model has been incorporated in the Monte Carlo code. This implementation allows
simultaneous structural and magnetic transformations, as described in details in

chapter 2.
With the in-house Monte Carlo code, we have first studied the temperature

dependence of the magnetic and strain order parameters for three different Heusler
systems: (i) NigMnj 3¢lnges (i) Nig18MnggoGa and (iii) NigMng75CugosGa. The
systems are chosen as results on them are available in literature. In the simulations,
the simulation domain consists of 8192 atoms and for each temperature 10> MCS
steps have been considered. The system has been equilibrated for first 60000 MCS.
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Finally, the system energy (H), magnetic order parameter (m) and strain order

parameter (¢) have been averaged over the last 40000 steps.

Ni,Mn, ,In, c, 1

o
)
P
o
)

o o
ESN N
' |

=

(@)Y

© ¢
o
P
<
~

Strain order parameter (€)

P
o
)

Magnetic order parameter (m)

— 0T
[ 5T 5 ;
075 150 225 300 37’50
Temperature T (K)

—_
1
~
=
=
L1
—

g —_
= O
Q St
2 0.8f —0.8§
<

g | 1. &
206} {06 &
gt i
504 104E
13) | ] o
= (=}
202 o007 {028
CEG F >»5T b n

Y150 225 300 3715 "
Temperature (K)

= T | T |
g 1r©@ -
= L
s
5 0.8 —
= L
06k ]
g el
o]
8 o4l .
= L
€021 .
z 0'

200 250 300 350
Temperature T (K)

Figure A.7: The calculated temperature dependence of (a) magnetic order parameter(m)

and strain order parameter(¢) in external magnetic field of 0 T and 5 T for NisMn; 36In¢ 4.

Existing results from numerical simulation [108] and experimental [296] are shown in (b)

and (c) respectively.

The temperature dependence of the magnetic and strain order parameters for
NigsMnj 35Ing64 in both absence and presence of external magnetic field have been
shown in Fig. A.7(a). The existing numerical [108] as well as available experimen-
tal [296] results are shown in Fig. A.7(b) and Fig. A.7(c). In Fig. A.7(a), in absence
of external magnetic field we observe two phase transitions, the PM-FM transition

in austenite phase at (7~)290 K and the magneto-structural transition from FM
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Magnetic order parameter (m)

A.3 Calculation of MCE parameters near first-order magneto-structural transition

cubic state to mixed AFM-FM tetragonal phase at (T3,/)180 K. The behavior of the
strain order parameter (¢) shows the onset of the structural phase transformation
around 180 K. The calculated magnetization and distortion curves coincide in the
phase transition region which points to a coupled magneto-structural phase tran-
sition. When an external magnetic field of 5 T is applied, Ty, decreases, whereas
T# increases. All these observations are in very good agreement with the existing
trends observed in numerical simulations [108] and experiment [296].

Next, we investigate the other two systems, Nis 1sMng g2 Ga and NisMng 75Cug 05 Ga.
The calculated magnetic and structural transition behaviors along with a compar-
ison to the existing simulation results [111, 172] (in absence of external magnetic
field) have been shown in Fig. A.8. Our results are in excellent agreement with the

existing ones implying robustness and accuracy of our simulation.

T T - " T - T
'(bT I LS eﬁeﬁleMno.7sC“o.sza |

0.8 € % -

O0e0agy
S
G0
B0
Boang
S

38
’’’’’’
%

(=)
o]

S S
=
r r

. .
I
[ee]

.

I
o0

o
o)

.
o
o)

L
I
(o)}

o
~
.
o
~
o
~
——
M|
<o
~

I
o
S
o

I

|
I
(3]

Strain order parameter (€)
Strain order parameter (€)

.
o
o

[ == Buchelnikov et al. I =—= Sokolovskiy et al.

()] S | 1 | n | n | n I n I , | IR
150 200 250 300 350 400 900 225 250 275 300 325
Temperature (K) Temperature (K)

Magnetic order parameter (m)

L
ad
(=]

Q
ecGeceraeE

Figure A.8: The calculated temperature dependence of magnetic order parameter(m)
and strain order parameter(z) in absence of external magnetic field for (a) Nig 18Mng g2Ga
and (b) NigMng 75Cug 25Ga. The simulation results present in literature [111, 172] have
also been included.

Final benchmarking is done by calculating the magnetocaloric parameters asso-
ciated with the first-order magneto-structural transition. To this end, two systems,
Niy 18Mng goGa and Fe substituted Ni-Mn-Ga (Nig 104Mng s76 Gag.ogs Feo.052) have been
considered. The simulated results for the two systems are shown in Fig. A.9 and
Fig. A.10. The tuned parameters used for the simulations in different considered
systems are listed in Table A.1. The Monte Carlo calculations were done using a
simulation domain consisting of 8192 atoms obtained by replicating the unit cell,
containing 16 atoms, eight times in each direction. For each temperature step, 2x10°
MC steps were performed. The systems were equilibrated for 10> MC steps, and the
data, then, were collected for 10° steps. For each temperature step, energy of the
system (H), magnetization (m), and structural distortion (¢) were averaged over
1000 data points collected after every 100 MC steps.
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Table A.1: Values of structural, magneto-elastic and coupling parameters that are used
in the present study for Nis 1§Mng goGa and Nis 104Mng g7 Gag.gss Fep.o52 systems.

Systems Parameters
J K U. U, K1
meV meV meV meV
Nig 13Mng g2 Ga 2.00 0.25 0.3 0.3 0.25
Nig 104Mng g7 GagossFeg oz 2.01 0.4 0.3 0.3 -04

A.3.1 NigllgMno_ggGa

We first consider the Nis1sMnggoGa system under three different fields 0 T, 1.85 T
and 5 T. In absence of any external magnetic field, the strain order parameter
(¢) shows the structural transformation from austenite (undistorted phase with
e = 0) to martensite phases (distorted phase with ¢ = 1) as temperature decreases
(Fig. A.9(a)). The transformation occurs around 362 K. The magnetic order pa-
rameter (m) is almost zero at high temperatures indicating a paramagnetic phase.
With a decrease in temperature, the magnetic order parameter increases gradu-
ally, indicating the transformation from the paramagnetic to a ferromagnetic phase
around the same temperature as that of the structural transition. Thus for this
system, a coinciding Ty and T is attainable, leading to the possibility of a giant
magnetocaloric effect. Due to the application of external magnetic field of 1.85 T
and 5 T, the transition temperature increases. The magnetic specific heat (Cjuq)
and total specific heat (C) were calculated then as a function of temperature. The
magnetic entropy curve (in Fig. A.9(b)) has been obtained by integrating the mag-
netic specific heat curves using equations in chapter 2. At very low temperatures,
the calculated entropy has lower values, as expected. It increases with an increase
in temperature, leading to saturation at high temperatures. Upon application of
the external magnetic field, the entropy of the system decreases. The magnetic field
induced isothermal entropy change, AS,,,, and the adiabatic temperature change
AT,y are shown in Fig. A.9(c) and Fig. A.9(d), respectively. A negative change in
entropy for the magneto-structural transformation occurs and hence a regular mag-
netocaloric effect (heating of the material in the presence of magnetic field) takes
place. The maximum values of isothermal entropy change of -13 Jkg=* K~! and -29
Jkg ' K1 in an external field of 1.85 T and 5 T are obtained around 364 K, in very
good agreement with the experimental observation [111](Fig. A.9(e)). Our values

are, however, higher than the existing simulated result in case of applied field of 5 T.

166
TH-2581_156121017



A.3 Calculation of MCE parameters near first-order magneto-structural transition

— T T —_~ .7 T -
£ w6 | @ r 1o
. = %]

g 08 085 = o8f .
E L i |5} >
= £ & 3
z 0.6 —40.6 & 2 06k |
o < = .
= - E I 5] L
s 42 S 04f i
Z l..g % I 0T
202 Dlsst 102 g E 02 ve 85T ]
s 5T e 1 @ g 3 5T A
p= P T R R ¥ 0 T N R B |

075 150 225 300 375 450 075 150 225 300 375 450

Temperature T (K) Temperature T (K)
: : . . . I5S——F——— 11—
C© T T T T ] @

AT, (K)

Q75 150 225 300 375 450 Q7'5 150 225 300 375 150
Temperature T (K) Temperature T (K)

30 T

L (e) i

- 25 & 7

.=;== | Bt
280 300 320 340 360
Temperature T (K)

Figure A.9: The calculated temperature dependence of (a) magnetic (m) and strain
(¢) order parameters, (b) normalized magnetic entropy (Smag) in an external field of
0, 1.85 T and 5 T, (c) isothermal magnetic entropy change (AS;,q4) and (d) adiabatic
temperature change (AT,4) due to change in the magnetic field from 0 to 1.85 T and 5 T
for Nip 18Mngg2Ga system are shown. The temperature dependent AS,,,, observed in
previous numerical (solid lines) and experimental (dotted lines) results [111] are presented
in (e) for comparison.

A.3.2 Fe substituted off-stoichiometric NisMnGa

Next, we consider the other system Nis 104 Mng g76GagossFeo.os2. In contrast to the
Nis 18Mng g2 Ga, the first-order magneto-structural transition and second order mag-
netic transition temperatures do not coincide for this system. Thus, both the inverse
MCE associated with the magneto-structural transition and regular MCE due to the
magnetic transition can be realized. Our results are shown in Fig. A.10. The max-
imum positive AS,,,,, of +2 Jmol ' K™ at (T),=)322 K and -0.55 Jmol ' K~ at
(TA=)387 K (Fig. A.10(c)) associated with first-order magnetostructural transition

and secon order magnetic transition, respectively, in an applied field of 2 T are in
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Appendix A. Benchmarking the In-house Monte Carlo Code
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Figure A.10: The calculated temperature dependence of (a) magnetic (m) and strain
(¢) order parameters, (b) normalized magnetic entropy (Smaeg) in an external field of 0
and 2 T, and the temperature dependence of the (c) isothermal magnetic entropy change
(ASpmag) and (d) adiabatic temperature change (ATgq) due to change in the magnetic field
from 0 to 2 T for Nig 104Mng 876 Gag.gesFep.052 are shown. Also temperature dependent (e)
ASyqg and (f) ATgg observed in previous numerical simulation results [171] have been
compared.

a good agreement with the existing result [171, 329] (shown in Fig. A.10(e)). The
value of our calculated adiabatic temeprature change also (AT,4) matches well with
the previous result (Fig. A.10(d) and Fig. A.10(f)).

The results obtained by the in-house Monte Carlo code on a number of systems,
benchmarked against available results in the literature, validate the implementation
of the thermodynamic model, in conjunction with results from ab initio calculations,
used in this thesis. The predictions made in this thesis based on simulations alone

thus turn out to be robust and accurate.
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