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ABSTRACT

In the present era of technology, materials science plays a crucial and indispensable role in
developing numerous advanced technologies across various sectors, including health, comput-
ing, defense, and many more. It is intriguing to note that magnetic materials belonging to a
distinct class of materials, exhibit a wide range of applications. The properties displayed by
magnetic materials are strongly influenced by factors such as the crystal structure, spin order,
and interaction. These characteristics can be thoroughly explored and examined using diffrac-
tion techniques like x-ray diffraction (XRD), powder neutron diffraction (ND), and magnetic
properties such as dc and ac magnetization and transport properties measurements. In the
area of magnetic materials, Heusler alloys have emerged as the most promising candidates in
contemporary research due to their high magnetic moment and high Curie temperature (above
room temperature). This is primarily used for applications in various fields such as spintronics,
thermoelectricity, shape memory alloys, and many more. The unique properties and versa-
tility of Heusler alloys make them highly attractive for further exploration and utilization in
cutting-edge technological advancements. In this context, we prepared Heusler alloys and in-
vestigated their structural and magnetic properties by performing various experiments varying

the temperature and magnetic field.

In this thesis, the structural and magnetic properties of NiyCry_,Mn,Al (z = 0, 0.25, 0.5)
Heusler alloys have been investigated using x-ray diffraction and magnetic susceptibility (x—T)
(dc and ac), and isothermal magnetization measurements at low temperatures and high mag-
netic fields, respectively. The Rietveld refinement of x-ray diffraction patterns attribute the
coexistence of both phases of cubic (L2;) and tetragonal (L1p) structures, respectively. The
analysis of xy—T data show an irreversible behavior with the paramagnetic effective magnetic
moment (ueg) of about 1.6 up/f.u. for the x = 0 sample. Interestingly, the x—T curves of the
x = 0.25 and 0.5 samples show the broad bifurcation between zero-field-cooled and field-cooled,
which reveals the coexistence of ferromagnetic (FM) and antiferromagnetic (AFM) type mag-
netic interactions with increase of peg = 2.3 and 3.3 up/f.u., respectively. The inverse y curves
are fitted using modified Curie-Weiss law, which indicates the enhancement of FM ordering
with Mn substitution, possibly due to the exchange interaction between Mn—Mn atoms. The
detailed analysis of magnetic isotherms using the modified Langevin model confirms the SPM
cluster embedded in the FM/PM matrix above the blocking temperature. Notably, suppress-
ing the bifurcation and shift in the magnetization towards low temperature by applying the
magnetic field may suggest the presence of spin glass behavior. This is further investigated by
analyzing ac—y data and determining spin relaxation time using the Vogel-Fulcher law and a
critical-scaling approach to confirm the cluster glass-like behavior for both the x = 0.25 and
0.5 samples. Moreover, the low temperature-specific heat capacity presents anomalous behavior

with an increase in the Sommerfeld coefficient.
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Further, the investigation of the nuclear and magnetic structures in Heusler alloys has been
performed using the temperature-dependent powder neutron diffraction on the polycrystalline
inverse Heusler alloys CraCo(_;)Cr Al (z = 0, 0.2). The nuclear and magnetic structures are
revealed by the Rietveld refinement of powder neutron diffraction patterns in the temperature
range 100-900 K, where the magnetic structure is obtained below 750 K temperature using the
space group I4m2 and wave vector (k = (0, 0, 0)). The inverse tetragonal structure is confirmed
and consistent over the large temperature range from 100-900 K of the x = 0 sample. Interest-
ingly, the transition temperature (730+5 K) is obtained with the fitting of the ordered magnetic
moment as a function of the temperature using empirical power law M(T) = My (1 — T/T¢)?
and intensity of the (110) peak mimics the magnetization behavior by decreasing the intensity
as increasing the temperature. The spin configuration of the microscopic magnetic structure
suggests the fully compensated ferrimagnetic behavior where the magnetic moments of Cr2 are
antiparallel with respect to the Crl, and Co moments. Moreover, the observed anomaly in the
lattice parameters at 73045 K suggests that the distortion in the crystal structure may play an

important role in the magnetic phase transition.

Generally, some types of disorder are found in Heusler alloys; however, a few alloys show the
ordered structure. Therefore, we have prepared the quaternary Heusler alloy, and in-depth anal-
ysis has been performed on the structural and complex magnetic interaction across the phase
transition using the x-ray diffraction and magnetic data as a function of temperature and mag-
netic field of the quaternary CoFeVggMngoSi Heusler alloy, respectively. The Rietveld refined
XRD pattern suggests that the sample is found to crystallize in a single-phase cubic Y-type
structure belonging to the space group F43m (no. 216). The ferromagnetic nature is obtained
from the thermo-magnetization, recorded in the temperature range 300-700 K having the fer-
romagnetic transition temperature ~446 K, which is found from the derivative of field-cooled
data. The saturation magnetization is found to be 2.2 ug/f.u. at 5 K, concur nearly with the
Slater—Pauling rule, a prerequisite for half-metallic nature. The values of asymptotic critical
exponents (3, v, and ¢) and the T are extracted through detailed analytical analysis including
the Modified Arrott plot, the Kouvel-Fisher (K-F) method, and the Widom scaling relation.
Interestingly, the estimated values of 5 = 0.369 and v = 1.445 closely approximate the theo-
retical values of the 3D Heisenberg model and validate the second-order thermodynamic phase
transition across the 7. The obtained exponents lead to the collapse of renormalized isotherms,
represented by the relationship between the magnetization (m) and the applied magnetic field
(h), into two distinct branches above and below the T, which validates the reliability of the
analysis. Furthermore, these exponents suggest that the spin interaction follows a decay pattern
of J(r) ~ r=49 indicating a short-range magnetic ordering akin to the itinerant-electron 3D

Heisenberg model.

To study the bulk properties of Heusler alloy in thin film form, we have successfully grown

an epitaxial thin film of CogCrAl Heusler alloy on the single crystalline MgO(001) substrate



using a pulsed laser deposition system. The x-ray diffraction pattern in #-20 mode showed the
film growth in single phase B2-type ordered cubic structure with the presence of (002) and
(004) peaks and the film oriented along the direction of the MgO(001) substrate. The ¢ scan
along the plane (220) confirms the four-fold symmetry and the epitaxial growth relation found
to be CoaCrAl(001)[100]||[MgO(001)[110]. The thickness of about 12 nm is extracted through
the analysis of x-ray reflectivity data. The isothermal magnetization (M—H) curves confirm the
ferromagnetic (FM) nature of the thin film having significant hysteresis at 5 and 300 K. From in-
plane M—H curves, the saturation magnetization values are determined to be 2.1 ug/f.u. at 5 K
and 1.6 pup/fu. at 300 K, which suggests the soft FM behavior in the film having the coercive
field ~522 Oe at 5 K. The thermo-magnetization (M-T) measurements at 500 Oe magnetic field
show the bifurcation between field-cooled and zero-field-cooled curves below around 100 K. The
normalized field-cooled magnetization curve follows the T? dependency, and the analysis reveals
the Curie temperature around 335+11 K. Moreover, the decrease in the resistivity indicates
semiconducting behavior with the temperature and has a negative temperature coefficient of
resistivity (5.2 x 107* /K) in the film.
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Organization of Thesis Chapters

The research conducted for this thesis is structured into seven chapters, each exploring different
aspects of the topic. A concise overview of all the chapters is provided below, highlighting the

key outcomes made in each one.

Chapter 1 of the thesis provides an introduction to Heusler alloys, with a primary focus on
their structural properties and an examination of potential structural disorder. It also presents
the fundamental properties of these alloys and includes a comprehensive literature survey. The
subsequent section of the thesis delves into the critical behavior of Heusler alloys, emphasizing
a thorough review of previous studies conducted on cobalt-based and other Heusler alloys.
This analysis aims to analyze the magnetic interaction in the proximity of the ferromagnetic
transition temperature, particularly in the context of spintronics applications. Furthermore, it
highlights the motivation behind investigating different types of Heusler alloys, which exhibit
complex magnetic interactions at low temperatures, resulting in various magnetic features such
as spin glass and superparamagnetism. Lastly, the chapter provides a concise overview of thin
film Heusler alloys deposited on single crystalline substrates, utilizing different systems such as
pulsed laser deposition and sputtering techniques. This overview emphasizes the significance of

thin film systems in a wide range of applications.

Chapter 2 presents the experimental details for the synthesis of bulk and thin film of Heusler
alloys. For describing nicely this section, we divided the experimental part into two main
sections. Firstly, we described the process of preparing bulk Heusler alloys using an arc melting
under the protective environment of an argon gas. Secondly, we focused on the growth of an
epitaxial thin film of Heusler alloy. We utilized the cutting-edge pulsed laser deposition (PLD)
system to describe the deposition process of the thin film. The PLD system is equipped with an
ultra-high vacuum-compatible chamber connected to a load lock, enabling precise control over
the deposition process. Furthermore, we provide a detailed explanation of the characterization
techniques employed to analyze structural, magnetic, transport, and topographic properties of
our samples. These techniques include the following: high-resolution x-ray diffraction, scanning
electron microscopy, energy dispersive x-ray spectroscopy, powder neutron diffraction, atomic
force microscopy, superconducting quantum interference device (SQUID), and physical property

measurement system (PPMS).

Chapter 3 provides the detailed study of the structural and magnetic properties of the
NisCri_zMn, Al (z = 0, 0.25, and 0.5) Heusler alloys. Our analysis comprised dc and ac
susceptibility measurements (x-T), isothermal magnetization measurements at low tempera-
tures and high magnetic fields, and x-ray diffraction. The Rietveld refinement of the x-ray
diffraction patterns at room temperature unveiled the coexistence of cubic (L.21) and tetragonal

(L1p) structures in the alloys. Notably, the x-T curves of the sample with x = 0 exhibited



an irreversible behavior, showing an anomaly around 4 K. In contrast, the samples with x =
0.25 and 0.5 displayed a broad bifurcation between the zero-field-cooled and field-cooled curves,
along with non-saturating behavior in isothermal magnetization measurements. These observa-
tions indicated the coexistence of ferromagnetic (FM) and antiferromagnetic (AFM) magnetic
interactions. We employed the Curie-Weiss (CW) law to fit the inverse y curves and deter-
mined the effective magnetic moment (ueg) for each sample. The peg values were found to be
approximately 1.6, 2.3, and 3.3 pp/f.u. for the samples with z = 0, 0.25, and 0.5, respectively.
The increase in the effective moment and the shift from negative to positive CW temperature
indicated an enhancement of FM ordering with Mn substitution, possibly due to the exchange
interaction between Mn-Mn atoms. Further analysis of the magnetic isotherms using the modi-
fied Langevin model confirmed the presence of an interacting super-paramagnetic (SPM) matrix
at low temperatures. At higher temperatures, the model revealed SPM clusters embedded in the
paramagnetic (PM) matrix. Notably, the suppression of bifurcation and its shift towards lower
temperatures under an applied magnetic field suggested the presence of spin glass behavior. This
was supported by the analysis of ac-y data and the determination of the spin relaxation time
using the Vogel-Fulcher law and a critical-scaling approach, which confirmed a cluster glass-like
behavior in both the samples with « = 0.25 and 0.5. Moreover, the low-temperature specific
heat capacity exhibited anomalous behavior, increasing the Sommerfeld coefficient () observed

with Mn substitution. This behavior indicated the presence of cluster spin glass behavior.

Chapter 4 presents a detailed analysis of the temperature-dependent neutron diffraction pat-
terns of CraCoj_,CrzAl (z = 0, 0.2) inverse Heusler alloy. Our investigation aims to uncover
the microscopic magnetic structure of the alloy and explore its fully compensated ferrimagnetic
nature up to the phase transition temperature. The Rietveld refinement of the diffraction pat-
terns confirms the presence of an inverse tetragonal structure by using the I4m2 space group
across a wide temperature range of all the samples. The refinement of the magnetic phase with
a wave vector k = (0, 0, 0) reveals the ferrimagnetic nature of the samples. These transition
temperatures are determined by empirically fitting the variation in the ordered net magnetic
moment and the intensity of the (110) peak as functions of temperature. The spin configuration
of the microscopic magnetic structure indicates a nearly fully compensated ferrimagnetic behav-
ior, where the magnetic moments of Cr2 are antiparallel to those of Crl and Co. Additionally,
we observe an anomaly in the thermal expansion and lattice parameters at 730+5 K, suggesting
that the distortion in the crystal structure may play a significant role in the magnetic phase

transition.

Chapter 5 explores the critical phenomena displayed by a quaternary CoFeVygMng 2Si Heusler
alloy through measurements of dc susceptibility x(7') and isothermal magnetization (M H)
across paramagnetic to ferromagnetic transition temperature. The x-ray diffraction analysis

conducted at room temperature reveals that the sample possesses a single-phase cubic Y-type



structure, belonging to the F43m (no. 216) space group. The magnetic properties, charac-
terized by the dc susceptibility x(7") and isothermal magnetization measurements, exhibit a
ferromagnetic behavior with a second-order thermodynamic phase transition from paramagnetic
to ferromagnetic at approximately 446 K. The saturation magnetization at 5 K is determined
to be 2.2 pup/f.u., as obtained from the isothermal magnetization. This value closely adheres to
the Slater-Pauling rule, indicating a half-metallic nature of the alloy. To investigate the critical
behavior in more detail, we calculate precise values of the asymptotic critical exponents (3, 7,
and d) and the Curie temperature (T¢) using various analytical methods such as the modified
Arrott plot, the Kouvel-Fisher (KF) method, and critical isotherm analysis. These values play
a crucial role in identifying the second-order thermodynamic phase transition and magnetic
interactions in the vicinity of Tz. Furthermore, we employ the KF approach and the Widom
scaling relation to deepen our understanding of the system. The estimated values of § = 0.369
and v = 1.445 closely align with the theoretical values of the 3D Heisenberg model. The renor-
malized isotherms, plotting magnetization (m) against the applied magnetic field (h), collapse
into two distinct branches above and below T, further confirming the reliability and precision
of the obtained exponents and our analysis. Moreover, these exponents indicate that the spin
interaction decays as J (’I“)NI“(_4'99), suggesting a short-range ordering behavior characteristic of

the weak itinerant-electron 3D Heisenberg model.

Chapter 6 provides an investigation of the structural, magnetic, and transport properties of
an epitaxial thin film of CooCrAl Heusler alloy. Using the pulsed laser deposition technique,
the film is grown on a single crystalline MgO(001) substrate. Analysis of the x-ray diffraction
pattern in 6-26 mode reveals that the film exhibits a single phase with a B2-type ordered cu-
bic structure. The presence of (002) and (004) peaks indicates the film’s orientation along the
MgO(001) direction. Further confirmation of the epitaxial growth relation is obtained through
a ¢-scan along the (220) plane, which exhibits four-fold symmetry. The epitaxial relation-
ship is identified as CoaCrAl(001)[100]||MgO(001)[110]. The film thickness is determined to be
approximately 12 nm based on the analysis of the x-ray reflectivity data. The isothermal mag-
netization (M-H) curves demonstrate the ferromagnetic (FM) nature of the thin film, showing
significant hysteresis at both 5 K and 300 K. The saturation magnetization values obtained
from the in-plane M — H curves are found to be 2.1 pug/fu. at 5 K and 1.6 pg/f.u. at 300
K, indicating a soft ferromagnetic behavior. The coercive field is approximately 522 Oe at
5 K. Thermo-magnetization measurements conducted at a magnetic field of 500 Oe reveal a
bifurcation between the field-cooled and zero-field-cooled curves below approximately 100 K.
The normalized field-cooled magnetization curve follows a T? dependency. Analysis of the data
yields a Curie temperature of approximately 335+11 K. Additionally, the low-temperature re-

sistivity measurements exhibit semiconducting behavior with temperature. Notably, a negative



temperature coefficient of resistivity (5.2 x 107%/K) is observed in the film. Our findings pro-
vide valuable insights into the structural, magnetic, and transport properties of an epitaxial thin

film of CoyCrAl Heusler alloy grown on a MgO(001) substrate using pulsed laser deposition.

Chapter 7 serves as a comprehensive conclusion to our research endeavors to understand the
detailed structural and magnetic properties of Heusler alloys. Using various characterization
techniques, as discussed in the preceding chapters, we examined these alloys in bulk and thin
film forms. By synthesizing, we have done the investigations to understand the properties of
Heusler alloys. Our comprehensive analysis has shed light on our potential studies and provided
valuable insights for future research directions with the limitations and constraint encountered

during the research.



