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Synopsis

In the present thesis, the roles of nuclear multipole moments in the characterization of
solid materials through the nuclear technique of perturbed angular correlation (PAC)
spectroscopy and in the study of nuclear structure properties at high spin states in the

proton-rich trans-lead region by gamma ray spectroscopy have been described.

Nuclear moments are intrinsic properties of a nucleus. The nuclear magnetic moment
is related to the angular momentum of the nucleus. The angular momentum, in turn, is
related to the orbital configuration of protons and neutrons which generates the nuclear
spin I. All nuclear levels with non-zero spin possess nuclear magnetic moments. The
nuclear electric dipole moment is zero due to the definite parity of nuclear states. The
next significant term, nuclear electric quadrupole moment is related to the spin of nucleus
and its projection along the “z”-axis. This parameter describes asphericity of the nuclear
charge distribution. Any nuclear state with spin angular momentum 1 > %h has a finite
quadrupole moment. These nuclear moments can be useful to probe charge density inside
a non-cubic material or the internal magnetic field in a magnetic material through study
of hyperfine interactions. Gamma ray transitions, occurring between nuclear states,
carry information about the corresponding transition probabilities, which in turn, may
be directly correlated to the corresponding nuclear multipole moments of the decaying
nuclear levels. The transition rate for magnetic dipole transition is sensitive to nuclear
magnetic dipole moment and the transition rate for electric quadrupole transition is

associated with nuclear electric quadrupole moment.
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In the first part of the thesis, studies of structural properties of some solid materials
through the hyperfine interaction of electric quadrupole moment with the electric field
gradient generated at the probe nuclear site due to surrounding charge distribution with
a non-cubic symmetry have been carried out. This nuclear technique of studying solid
materials through the hyperfine interaction is known as perturbed angular correlation
(PAC). In this technique, using the known values of electromagnetic moments of the
probe nucleus, the EFG and/or the magnetic field (MF) strength in a magnetic material
are determined. The measured value of EFG is then compared with that calculated by
density functional theory (DFT) considering the known crystal structure of the material.

The EFG and MF are the local structure effects of the probe nucleus.

Second part of the thesis deals with gamma-ray spectroscopic studies which were
carried out to determine the structural properties of proton-rich astatine nucleus at high
spin states. It is well known that the gamma transition rates depend on, apart from
other factors, the transition probabilities. The life time of the high spin states and their
systematics carry the footprint of the interplay between some of the valance nucleon
spins, which is directly correlated with either the magnetic moments or the electric
moments related to the internal charge distribution of the nuclei. The targeted nucleus
is produced by bombarding a high energy projectile beam on a target material by fusion-
evaporation reaction. The excited compound nucleus then de-excites by emitting vy-rays.
By observing the y-rays at different detector angles with respect to the beam direction,
the spin and parity of excited nuclear levels are determined. Multipolarity and linear
polarization of emitted v-rays are measured by the spin differences of the nuclear levels
and angles at which these y-rays are Compton-scattered in the detector crystals with
respect to beam direction, respectively. By studying the systematics of the transition
probabilities of dipole and quadrupole transitions, single particle and /or collective nature

of the nucleus are determined.

In PAC technique, a suitable probe nucleus which emits two coincident v-rays is intro-
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duced into the investigated material. The important requirements for PAC measurement
are the existence of an isomeric intermediate level whose lifetime (7x) falls in the range
from few ns to microsecond and a large anisotropic angular correlation of coincident
v-rays and having large values of electromagnetic moments (electric quadrupole moment
@ > 0.1 b and magnetic dipole moment ;1 > py). The observation of first gamma ray
of the v1-v9 cascade in a fixed direction selects an aligned ensemble of nuclear spin of
the intermediate state, thus creating an anisotropic angular distribution for the ~9 with
respect to the direction of 7;. The probe substitutes some of the lattice atoms of the host
matrix which have similar atomic radius or electronegativity as the probe atom. Doping
of the probe into the material is done in high dilution so that the crystal structure of
the host matrix remains unaltered. For a non-cubic crystal symmetry of the material,
the electric field gradient is created by the surrounding charge distribution of the probe
nucleus which interacts with the nuclear quadrupole moment, and the internal magnetic
field of any magnetic host material interacts with the nuclear dipole moment of the probe
nucleus. The technique has got some advantage over the other complementary material
characterization techniques due to its atomic scale resolution and its sensitivity with
temperature. Thus, phase stability of any material can be determined by temperature
dependent PAC studies. For the studies of different materials in the present thesis, !8'Hf
probe which undergoes 3~ decay to '®'Ta (T} /2=42.4 d) has been used. This daughter
isotope then emits 133-482 keV coincident y-rays passing through the intermediate 482
keV level with T} /,= 10.8 ns, u=3.24(5) pun, @= 2.36(5) b [1].

For present PAC measurements, we have used two PAC spectrometers developed in
our laboratory, a four detector BaF,-BaFs and a four detector LaBrs(Ce)-BaF,. From
four slow-fast coincidence combinations (two at 90° and two at 180°), the perturbation
function Go(t) [1,2] is obtained. The G»(t) contains three transition frequencies between
the sublevels that arise due to hyperfine splitting of the intermediate 482 keV level of
181Tg and the EFG is derived from these three transition frequencies. From the three

transition frequencies, generated by the hyperfine splitting of the intermediate level,
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contained in Gs(t), the quadrupole frequency and EFG are determined. For temperature
dependent PAC measurements (up to 1073 K), a locally made resistive furnace was used.
The investigated materials by PAC technique have been categorized in two parts due to
the different procedures involved in the preparation of samples. a) Chemical samples:
ZrF4-3H,0/HIF 4-3H50, RbyZrFg/CsoHfFg; b) Intermetallic samples: ZrgNiy; /HfgNigy,
ZrNiz /HfNiz, ZreNiyy /HfgNiy; and ZryNijo/Hf7Niyg.

The two trihydrate tetrafluoride compounds, viz., ZrF4-3H,O and HfF,;-3H,O have
been studied by PAC to resolve the structural anomalies of these compounds reported
earlier. From XRD measurements [3], both the monoclinic and triclinic modifications
of ZrF4-3H,0 were found but for HfF,;-3H,0O, only the monoclinic modification was re-
ported. The triclinic structure of ZrF4-3H50 is formed by the discrete dimeric groups
ZroFs(H20)g where the Zr atoms share F---F common edge. On the other hand, the
monoclinic structures of ZrF4-3H,O and HfF,-3H,0O are polymeric. In the co-ordination
sphere of Zr/Hf atom, four fluorine atoms and two HyO molecules are attached with
the central Zr/Hf atom and one of the water molecule resides between the chains. Fur-
thermore, the anhydrous ZrF, and HfF, have applications in developing optical coating
materials due to their excellent transmission properties [4]. Therefore, it is important
also to study the phase transitions from hydration to dehydration and their structural
stabilities with temperature and these have been studied by the PAC technique. From
our measurements, both monoclinic and triclinic structural modifications were found in
HfF4-3H,0O and ZrF,-3H5O. In HfF,;-3H50, a predominant component was found due to
triclinic structural modification and the monoclinic fraction was produced as a minor
component. In ZrF4-3H,0, a major component was found due to its triclinic structure.
Interestingly, a minor fraction due to monoclinic modification of zirconium tetrafluoride
trihydrate was found in this sample. From temperature dependent PAC studies, a struc-
tural transition at 318 K was found in ZrF,-3H>O due to the production of HF adducted
ZrF4-HF-2H50. In HfF4-3H50, both monoclinic and triclinic components disappeared

completely at 333 K and three new phases, viz., Hf adducted hafnium tetrafluride di-
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hydrate (HfF4-HF-2H50), hafnium tetrafluoride monohydrate (HfF,-H,0), Hf5OF4 and

anhydrous HfF, were found.

The compounds RbyZrFg and CsyHfFg have been studied to resolve ambiguities in
earlier measurements, particularly, to study the nuclear relaxation effects due to fluorine
activation in the materials and also to find any structural phase transition in RbyZrFg
with temperature. From our PAC measurements in RbyZrFg, four structural modifica-
tions were found. A new fraction due to the rotated ZrFz octahedron was observed
similar to the results found in analogous RboHfFg [5]. Time dependent spin-relaxation
effect was observed at 773 K in one of the samples of RbyZrFg due to the fluctuation
of fluorine atom in the Zng_ octahedral cage. In CsyHfFg, on the other hand, two

structural modifications were found.

A major portion of the present thesis is the studies of Zr-Ni and Hf-Ni intermetal-
lic systems of different stoichiometric compositions. The alloys based on Zr-Ni system
have numerous technological applications due to their high thermo-chemical stability.
These are used as an integral part to form high temperature eutectics, bulk glassy al-
loys, corrosion resistance materials etc. Some of the Zr-Ni binary alloys, viz., ZrgNisy,
ZrgNiyq, Zr;Niyg, ZrNis, ZroNi; and ZrNi have received considerable attention due to
their excellent high rate capacity of gasious hydrogen storage in interstitial sites and
reversibility of hydrogen dissociation at room temperature. These alloys are potential
candidate to form metal hydride (MH) which have application as a negative electrode in
Ni-MH rechargeable batteries. These batteries are used in fuel cells and hybrid electric
vehicles for their high energy density and environmentally friendly characteristics. In
ZrgNiy; base alloy, other secondary phases, Zr;Nijg and ZrsNi; were found to be present
after annealing treatment [6]. Therefore, it is very important to study multiple phase
components that are produced at high temperatures in these alloys which will help in

the future development of MH with better electrochemical properties.

In the present thesis, ZrgNis;, ZrNis, ZrgNij; and Zr;Nijq alloys have been studied to
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i) determine the component phases in the samples from PAC, X-ray diffraction (XRD)
and transmission electron microscopy/selected area electron diffraction (TEM/SAED)
measurements ii) to determine the EFG for different phase components and compare the
results with those obtained from theoretical calculations by density functional theory
(DFT) considering the known crystal structure of the crystalline compound and iii) to
determine the structural stability of the compounds with temperature from temperature
dependent PAC studies. The EFGs at the ¥ Ta impurity atom have been calculated by
density functional theory. In most cases, more than one EFG is found due to different
non-equivalent Zr/Hf sites for a particular compound or for different phases present
in the sample. The compounds HfgNiy;, Hf;Nijg, HfgNi;; and HfNis have also been
studied by PAC technique to determine the isostructurality of isoformulae Zr-Ni and
Hf-Ni compounds and to compare their temperature dependent properties. The Hf-Ni
alloys have tecnhological applications also. The Hf-Ti-Ni alloys are used to form shape

memory alloys.

The intermetallic Zr-Ni and Hf-Ni samples were prepared in argon arc furnace by
melting the constituent elements taken in stoichiometric ratios. The radioactive ®'Hf
wire which was prepared by neutron activation in the Dhruva reactor, Mumbai was then
inserted within the sample by further melting. In most cases, the loss of sample during
preparation in arc furnace was less than 1% and a shiny globule sample was found. For

high temperature measurements, the sample was sealed in an evacuated quartz tube.

For XRD and TEM/SAED measurements, separate inactive samples were prepared
in a similar manner and these were then powdered using a mortar and pestle. The XRD
measurements were carried out using the Rigaku X-ray diffractometer TTRAX-III and
Cu K, radiation. Transmission electron microscopy measurements were carried out using
FEI, Tecnai G2 F30, S-Twin microscope equipped with a high angle annular dark-field
(HAADF) detector, a scanning unit and a energy dispersive X-ray spectroscopy (EDX)

unit to perform the scanning transmission electron microscopy (STEM-HAADF-EDX).
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In the Zr-Ni phase diagram, eight stable Zr-Ni crystalline phases have been found.
The compounds ZryNiz, ZraNi and ZrNi are congruently melting phases, and the alloys
ZrgNisy, ZrgNij; and Zr;Nijg and ZrNis; are formed peritectically. The phase ZrNis
is formed in a peritectoid reaction between Zr,Ni; and ZrgNiy;. The phase ZrgNijy
decomposes to ZrNi and Zr;Nijg phases eutectoidally at ~975°C. In the Hf-Ni binary
system, nine stable intermediate crystalline phases, viz., Hf;Ni;, HfNi, Hf;Ni, Hf3Ni,
HfNiz, HfNis, HfsNiy;, HfgNij;; and Hf;Ni;g were found. The phases Hf;Ni; and HfNi
were reported to be congruently melting phases. All other phases are formed by peritectic

reactions.

The isostructural compounds ZrgNiy; and HfgNis; have triclinic crystal structure with
space group P1. From our PAC measurement, two non-equivalent Zr/Hf crystallographic
sites in ZrgNiy; /HfsNig; were found. Quadrupole frequencies for these sites decrease with
temperature following 7%/?-temperature dependent relationship. In ZrgNia;, a secondary
phase due to Zr;Ni;y was observed and in stoichiometric HfgNiy;, weak signal due to
HfNis phase was detected. At 1073 K, the HfsNiy; phase was found to decompose to
HfNi; phase eutectoidally. The phase HfNi3 appeared as a dominating phase when re-

measured at room-temperature after measurement at 1073 K.

The ZrNiz compound has hexagonal close-packed structure with space group P63/mmec.
The phase HfNi3 has two polymorphs, one is a-HfNiz which is stable above 1200°C and
another phase is S-HfNi3 which is stable below 1200°C. The a-HfNiz phase has trigonal
crystal structure with space group R3m and the 3-HfNi; has hexagonal crystal structure
with space group P63/mmc. The §-HfNiz phase is isostructural with ZrNis. In ZrNis,
single Zr site whereas in HfNi3, two non-equivalent Hf sites were found from our PAC
measurements. In stoichiometric ZrNiz, the phase ZrNi;s itself is produced as a weak
fraction but in HfNi3 sample, the phase HfNij is largely produced. Presence of multiple
phases, viz., ZryNiz, Zr;Nijy and ZrgNis; were found in the ZrNiz sample. In HfNis,

secondary phases due to HfsNi; and HfgNiy; were found in the sample. Temperature
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dependent PAC measurements show that the phase HfNi3 is a stable phase.

The ZrgNi;; and HfgNij; compounds have tetragonal crystal structure with space
group I4/m. In the stoichiometric sample of ZrgNijy, the phase ZrgNiy; is found to be
predominant up to 673 K from our PAC measurements. The phase ZrgNiy; is produced
as a minor fraction in the sample. At 773 K, the phase ZrgNiy; partially decomposed to
Z17Nijg and at 973 K, it completely decomposed to ZrNi and Zr;Ni;y phases eutectoidally.
In HfgNiy;, the phase HfNi is produced as a dominating phase and a weak signal due to

phase HfgNi; was detected. The phase HfgNi;; was found to be stable up to 873 K.

The stoichiometric Zr;Nijy and Hf;Niyq alloys crystallize in orthorhombic C'mca space
group. Three Zr-Ni phases have been observed from our PAC studies in the stoichiometric
Zr7;Nijg sample. Apart from the Zr;Ni;¢ phase, the phases Zr,Ni; and ZrgNiy; were found
in the sample. The phase ZryNi7 is found to be a predominant up to 1073 K in the sample.
In Hf;Ni;o, the phase HfNi3 was appeared as a dominating phase and Hf;Ni;y phase was
produced as a minor fraction. However, the phase fraction of Hf;Ni;q was found to

enhance with temperature at the expense of HfNi3 phase.

The DFT calculations were done using WIEN2k simulation package [7]. The basis set
used is (linearized) augmented plane wave + local orbitals [(L)APW-lo]. The exchange
correlation potential was calculated using generalized gradient approximation (GGA).
In the APW basis function, electrons which are far away from the nucleus are treated
as free electrons and are described by plane waves. The electrons which are near to the
nuclei behave more-like they are in free atom and thus these electrons are described by
atomic like wave-functions. Therefore, the entire reciprocal space is divided into two
regions. A sphere is drawn around each atom which is called muffin-tin sphere and
the remaining space outside the sphere is interstitial region. In the linearized APW
method, the eigenenergy of the searched eigenfunction is linearized by Taylor expanding
the atomic-like wavefunction about a chosen energy value. But, it becomes difficult to

guess the energy value for low-lying valance states where the electrons are not contained
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in the core or valance states entirely. These are called semi-core states. To resolve
this ambiguity, concept of local orbital is introduced. A local orbital is defined for
every orbital and magnetic quantum number of spherical harmonics of the atomic-like
wavefunction and for every atom including the equivalent atoms in the unit cell. A local
orbital is zero in the interstitial region and in the muffin-tin spheres of other atoms. For
the calculation of EFG, a supercell approach is used in WIEN2k software. Each of the
non-equivalent Zr/Hf atoms in the unit cell was replaced by Ta (probe) subsequently
preserving the point group symmetry around original atom. The probe atom resides at
the center of the supercell whose volume is large enough to allow significant relaxation.
The calculated electric field gradients and asymmetry parameter at the Ta positions were

then compared with the measured values from PAC spectroscopy.

Nuclear structure in the trans-lead region are not very well understood due to the dif-
ficulty of the production of targeted nuclei by fusion evaporation technique. In addition,
the fission channel dominates here creating unwanted background of gamma rays, which
limits the observation and study of the systematics of very weak transitions. Isotopes
of neutron deficient 2°*At nucleus in the trans-lead region have not been explored in
detail. Observation of possible shears band in 2°*At nucleus was reported by Hartley et
al. [8] through their Gammasphere experiment, but the level scheme was incomplete due
to the absence of linking transitions between the main yrast sequence and the possible
magnetic rotational band. In fact, M1 band was first reported from this observation at
Gammasphere, but no crossover E2 transition in the M1 band was found in the earlier
study [8]. To re-investigate the high spin states and to give more insight into the shears
band in 2°*At nucleus, we have carried out gamma ray spectroscopic measurements in
204 At. The excited proton rich astatine nuclei are produced by bombarding " Au target
with 2C beam. At 65 MeV and 75 MeV beam energies, it predominantly produces
205A¢t and 2°*At nuclei as evaporation residues. Exhaustive work on 2°?At nucleus has
been made earlier [9]. From our measurement in 2°*At, a significant number of new

~-transitions were found by gating on the previously known 601, 491 keV ~-rays and on
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astatine X-rays. The directional correlation of oriented nuclei (DCO) and polarization
directional correlation of oriented nuclei (PDCO) measurements of 7-transitions have
been carried out to estimate the multipolarity and electric/magnetic nature of transi-
tions, respectively. The main yrast sequence and the Al = 1 band were linked by newly
observed ~v-transitions. Crossover E2 transitions in the Al = 1 band were also observed.
The value of B(M1)/B(E2) for several transitions in the A/ = 1 band were determined
from the measured intensities. The falling trend of B(M1)/B(E2) with increasing spin
further confirms the presence of shears band in this nucleus. Matrices generated by
gating on the time window indicate the possible presence of isomers along the pathway

linking AT = 1 sequence and main yrast sequence.
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CHAPTER 1

Introduction

1.1 Motivation

The nucleus inside an atom is a many body system consisting of neutrons and protons
bound by the strong force. The nuclei are built up to form nuclear structure that is
governed by the interaction of these nucleons (viz. neutrons and protons) with the
many particle system. It can be stated that the individual neutrons and protons form
bound states where they themselves, as an ensemble, govern the nuclear structure of the
nuclei. Being a quantum mechanical many particle system, the governing interaction
is basically the mean field generated by the nuclei themselves. Measuring the nuclear
properties reveal the nature of these interactions and their subtleties in governing the
nature of the bound states. With a nucleus of mass A = Z + N (where Z and N are
the number of protons and the neutrons in the bound nucleus), which is stable or long
lived, there exists more than ten nuclei on the average, which are unstable. Thus, for
approximately a few hundreds of stable or long lived nuclei, we have several thousands of
nuclei which are unstable or metastable, but are known or predicted to be bound nuclei.
These unstable nuclei are artificially produced by several techniques involving nuclear
reactions between stable or metastable (or ‘radioactive’) beams from an accelerator and

also stable or metastable targets. More than 2000 of such nuclei are produced till date,
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and for several hundreds of them, basic properties such as mass, lifetime, decay and
excitation scheme, spins and multipole electric/magnetic moments have been studied

and the results are published or archived in various data bases.

Knowledge of these basic properties allows us to obtain information on the nuclear
structure, and also the nature of the strong force at play in the nuclear many body
systems. Comparison of the experimentally measured properties of unstable (or ‘exotic’
in the common parlance) nuclei to calculated results based on different nuclear models
and their variants and also to that of the stable nuclei, provide a testing ground for the
predictive power and acceptability of these models. These comparative studies also hint
at the suggested modifications of the theoretical models and their parameters. Some
of these properties are either sensitive to the neutron-proton interaction, while others
reveal more information about the collective properties, such as deformation and pairing

interaction.

Static nuclear moments are extremely important parameters to understand the single
particle or collective nature of the nuclear states. The magnetic moments are sensitive to
the single particle nature of the valence nucleons, while the electric quadrupole moments
are sensitive to the nuclear collective properties viz. deformation. A non-spherical nu-
cleus has rotational motion due to its angular momentum. The quantum energy levels of
the excited nuclear states are designated by total angular momentum or spin I and parity
7 quantum number. The nuclear magnetic dipole moment (1) is related with the angu-
lar momentum of the nucleus. Any nuclear level with spin I #0 has a magnetic dipole
moment (u). The nucleus is not always spherical, i.e. the mass and charge distribution
inside the nucleus may deviate from spherical symmetry. Deformation of a nucleus is
primarily designated by the electric quadrupole moment (@) of the nucleus. For a spher-
ical nucleus, the quadrupole moment is zero. The nuclear electric dipole moment for a
nucleus is zero due to definite parity of nuclear states. Quadrupole moment of a nucleus

is also related with the spin (I) of the nucleus and its projection along the z-axis. For
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any nucleus with spin / > %h, the nucleus has a non-zero value of quadrupole moment.
For more than half a century, the nuclear moments of stable, long lived and unstable
nuclei are studied, both in the ground states, and in the isomeric states, i.e. metastable
states, by producing these nuclei using mostly the fusion evaporation reactions or in a
few rare cases, using fusion-fission reactions. As a result, most of these nuclei were either
near the valley of stability, or in the neutron deficient side, except in a few rare cases, in
the neutron rich side. With the advent of the radioactive ion beams from the nineties,
the neutron rich side of the valley of stability has been explored using various efficient
methods of isolating these rare and short lived nuclei. The most striking discovery made
by these studies is the halo structure of these exotic nuclei. Another important aspect
that has been brought out is the vanishing of magic numbers, and also manifestation of

new magic numbers.

Interesting co-operative phenomena take place in an ensemble of nucleons forming
the nuclei. Starting from the simplest model, namely the liquid drop model, where the
protons can be assumed to have a uniform distribution over a spherical liquid drop, a
refinement of the model can be considered where the protons and the neutrons move
independently inside the so-called liquid drop giving rise to multipole moments. Devi-
ation from spherical shape of the liquid drop in its simplest form gives rise to higher
magnetic and electric multipole moments due to obvious reason. The protons and the
neutrons contribute to the single particle magnetic dipole moments, which result from
the vector sum of the magnetic dipole moments of the individual nucleons in the mean
field of the nucleus. The nuclear magnetic moment of each of the constituent nucleons
is the weighted vector sum of the orbital contribution and the spin contribution to the
magnetic moments, where the weight factors are the respective gyromagnetic factors.
While it is easy to envisage the orbital contribution to the magnetic dipole moment of
the protons having charge content, that for the neutrons are a bit difficult to envisage
since they do not have charge. However, inside a nucleus, the neutrons interact with the

nucleons belonging to the core, resulting in core polarization that generates the orbital
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magnetic field and in turn, an effective charge is attributed to the neutrons inside the

nucleus.

In the same spirit, the nuclear shell model of nuclear structure is established where
the individual on-shell or valence nucleons interact with the mean field of the nucleus
through the residual interactions. Therefore, the valence nucleons are effectively con-
sidered to interact with the core nucleus, usually belonging to magic number in protons
and/or neutrons. Same is true when we consider the corresponding proton holes and
the neutron holes. For the proton deficient high Z nuclei near the doubly magic Lead,
the large angular momentum shell model orbitals (considered as high j orbitals) arising
from the proton particles (or holes) and the neutron particles (or holes) give rise to many
interesting phenomena at high angular momenta. One such phenomenon is the magnetic
rotation (MR) band, which arises from rotation of the large magnetic dipole moments
of the proton and the neutron particles (or holes) around the angular momentum quan-
tization axis. These effects, arising out of the experimental investigation of high spin
states, backed by theoretical support have attracted lot of attention in recent years. The
nuclear magnetic dipole moments, thus, have played an important role in the build up

of a class of collective nuclear structure.

The nuclear moments play an important role in exploring the atomic environment
of a material through hyperfine interaction. The interaction of nuclear moments of a
probe nucleus with the electromagnetic field created by the electron environment sur-
rounding the nucleus is called hyperfine interaction. When a probe nucleus with non-
spherical charge distribution (¢) #0) interacts with electric field gradient generated by
the surrounding charge distribution, the nuclear energy level with spin I >1/2 h splits
into non-degenerate sub-levels and the interaction is called electric quadrupole interac-
tion/electric hyperfine interaction. Electric field gradient (EFG) strongly depends upon
the lattice parameters and the crystal structure of the lattice. In the magnetic hyper-

fine interaction, the magnetic dipole moment of the probe nucleus (I #0) interacts with
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the magnetic field at the nuclear site. In the magnetic hyperfine interaction, the mag-
netic dipole moment of the probe nucleus (I #0) interacts with the magnetic field at
the nuclear site which is known as magnetic hyperfine field (Bj,y). The By is created
in a material mainly due to orbital motion of electrons, distribution of electron spin
around the probe nucleus and Fermi contact field produced by the differences of spin-up
and spin-down electron populations of s electrons at the probe nuclear position. In a
non-magnetic material i.e in a material without magnetic ordering, the effective mag-
netic field (B.sy) in the presence of externally applied magnetic field (Be,) at the probe
nuclear site can be written as Bery = (1 + K)(1 — 0)5Bey , where K is the Knight

shift, o is the diamagnetic shielding and 3 is the paramagnetic enhancement factor. The

b—1= g:jt is equal to the local susceptibility x;.. of the probe impurity atom. The
magnetic dipole moment (u) of the probe nucleus precesses about the effective magnetic
field with Larmor precession frequency (wy). Due to this magnetic dipole interaction,
degeneracy of the nuclear energy level of the probe nucleus is lifted. As a result, the
angular emission characteristics of the associated gamma rays change with time in corre-
lation with precession motion of the nucleus with respect to the quantization axis. The
time scale of such a change should be small compared to the life time of the nuclear
excited states involved. This phenomenon, known as the time-differential perturbed an-
gular correlation (TDPAC), also called PAC, is an important nuclear technique based on
the interaction of electromagnetic moments (electric quadrupole or magnetic dipole) of
a specific nuclear level with the electric field gradient or the magnetic field generated at
the nuclear site by the surrounding environment of the probe nucleus. Effects of a -y
angular correlation in a crystalline environment are measured by this technique. This

technique is, therefore, sensitive to the change of local field environment of the probe

nucleus.

The first part of the thesis contains the results of structural properties of some solid
materials including intermetallic compounds through the study of electric hyperfine in-

teraction between the electric field gradient at the probe nuclear position in a non-cubic
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lattice with the electric quadrupole moment of the probe nucleus. The PAC technique
has been employed for this study of hyperfine interaction. In this technique, known val-
ues of nuclear moments of the probe nucleus are used to determine the EFG of non-cubic
material or magnetic hyperfine field (MHF) inside a ferromagnetic material. The mea-
sured values of EFG or MHF are compared with those calculated by density functional

theory (DFT) considering the known crystal structure of the materials.

The second part of the thesis describes the gamma-ray spectroscopic measurements to
determine the nuclear structure of proton-rich astatine nucleus at high spin states. The
nuclear moments of the nucleons here play the role of the cuts of jigsaw puzzle called
the nuclear structure. The nucleus, when excited by some external agency, undergoes
transition between different energy levels by emitting gamma rays and / or other nucleons
or clusters. The gamma transition rates of excited nuclear levels are related to the
transition probabilities. The study of lifetime of high spin states and their systematics
bring out the information of the interactions between some of the valance nucleon spins.
The transition probability of nuclear states is correlated with the lifetime of the decaying
nuclear level and multipole mixing ratio of transition. The nuclear moments of the
decaying nuclear energy level are required to obtain the multipole mixing ratio. By
observing the gamma-rays through detectors placed at different angles with respect to
the beam direction, spin and parity of excited nuclear levels can be determined. The
multipolarity and linear polarization of gamma rays are obtained from the spin differences
of the nuclear levels involved in the decay and by observing the parallel or perpendicular
Compton scattering of gamma rays using segmented crystal in detectors, respectively.
The study of transition probabilities and its systematics tell us about the single particle

or collective nature of a nucleus.
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1.2 Experimental technique: PAC

In the PAC technique, a suitable radioactive probe nucleus which emits two coincident
~-rays is introduced into the investigated material. The important requirements of the
probe nucleus are the presence of an isomeric intermediate energy level (few ns to us),
large angular anisotropy (]Az2| > 0.05 [13]) of the sequential y-rays and high values of
electric quadrupole moment (@) > 0.1 b) and magnetic dipole moment (x> py) [1] of
the intermediate nuclear energy level. In general, any radioactive source emits vy rays
isotropically in all directions. The probability of emission of any particle or v-rays from
excited nuclear states of a radioactive source depends on the angle between the nuclear
spin axis and the direction of emission. The angular correlation of the coincident ~-rays
is observed when the emission of y-rays occur from an oriented nucleus. In the PAC
measurement, detection of the first gamma ray (7;) of the y-y cascade in a particular
direction selects an ensemble of nuclei whose spin axis are oriented along the detection
direction of 4, and if the second gamma ray (7,) is detected in coincidence with v;, an
anisotropic angular distribution of v, is observed with respect to the emission direction
of 71 due to specific spatial orientation of nuclei. The probe atoms substitute some of the
atoms in the host lattice which have similar charge and atomic radius. Doping of probe
atoms is done in high dilution (~10'® atoms [14]) so that the probe atoms do not change
the lattice structure of the investigated material. When these probe atoms are introduced
into a non-cubic material, the electric field gradient or the gradient of electrostatic field
created by the surrounding charge distribution at the probe nuclear site interacts with
the nuclear electric quadrupole moment and/or magnetic field inside a magnetic material
interacts with the magnetic dipole moment of the intermediate nuclear energy state of
the probe nucleus. This interaction of nuclear electric/magnetic moments with extranu-
clear electric/magnetic fields is called electric/magnetic hyperfine interaction. Due to
this hyperfine interaction, the degeneracy of the magnetic substates of the intermediate

nuclear energy level is lifted and the level splits into different non-degenerate magnetic
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Table 1.1: T} /a;ent: Half-life of the parent nucleus; T} jo: Half-life of the intermediate state
of the daughter nucleus [1]

‘ Parent— Daughter ‘ Decay mode ‘ TP (days) ‘ T (keV) ‘ 72 (keV) ‘ Ir ‘ Ti/2 (ns) ‘ w () ‘ Q (barn) ‘
Ty, g EC 2.83 171 245 ]85 20.7656(25) | 0.83(13)
STHE , 81Ty 5 424 133 482 571108 3.24(5) 2.36(5)

sublevels. On the other hand, due to this interaction during the time the probe nuclei
reside in the intermediate state, the nuclei are reoriented from the initial state after the
emission of vy to a different state from which the 5 is emitted. Thus, angular correla-
tion of the coincident y-rays is perturbed due to this hyperfine interaction. Measuring
this perturbation in angular correlation of «-rays, internal lattice configuration of a non-
cubic material or magnetic field inside a ferromagnetic material can be determined. This
nuclear technique of obtaining hyperfine fields in a material is called perturbed angular
correlation (PAC). Combined effects of magnetic hyperfine interaction and electric hy-
perfine interaction in a non-cubic magnetically ordered system have been also studied by
PAC spectroscopy [15]. The electric field gradient is inversely proportional to the cubic
power of distance from the probe nuclear site. So, the measurement of EFG by PAC
technique gives local structure which is sensitive to the change of lattice configuration
near the probe atom. Thus, short range order in materials can be studied by this PAC
technique which offers atomic scale resolution. Apart from this y-v perturbed angular
correlation technique, two other similar techniques are used also to determine the local
structure which are -y and e”-y perturbed angular correlations [16]. The perturbed
angular correlation technique is also used to determine the magnetic dipole moment of
excited nuclear states by applying known external magnetic field or internal hyperfine
magnetic field (transient [17] or static field) on the probe nucleus. In fact, this is the
only method to determine the magnetic dipole moment of highly excited nuclear state
having lifetime 7 < few ps [17,18]. The most commonly used probe isotopes for PAC
measurements are 8'Hf and ''In. Several other isotopes that are used for PAC spectro-
scopic measurement can be found in the references [19,20]. The characteristics of '®1Hf

and '"'In probe nuclei are summarized in the Table 1.1. For our PAC measurements, we
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have used 'Hf probe. Natural hafnium (~30% ®°Hf) is irradiated by thermal neutron
capture to produce the probe ¥1Hf. Several techniques are employed to insert the probe
atoms into the investigated material. 1) Mechanical alloying of the activated probe metal
along with the investigated sample in large dilution (probe atom <0.01 at%); 2) if any
of the constituent element of the investigated material can be activated to a PAC probe,
then the sample after preparation is allowed to undergo nuclear reaction (e.g. neutron
irradiation) which converts some atoms of that constituent element to probe; 3) ion-
implantation of the probe atom inside the investigated material by an ion-implanter 4)
thermal diffusion of probe into the investigated material by taking the probe solution

and sample in an evacuated quartz tube and annealing at high temperature.

1.3 Applications of PAC spectroscopy

The PAC method has been successfully applied to study different types of materials viz.
metal [21], intermetallic alloy [22,23], ceramics [24], thin flim [25-28], nano material
[28-32], single crystal [33], amorphous material, oxide material [28, 34-36], chemical
samples [37,38]. Several novel phenomena viz. oxygen ordering in superconducting
material [39], structural and magnetic properties of heavy fermion system [40,41] and
pressure induced valency change [42,43], structural property of ferroelectric materials
[44], defect dynamics in semiconductor [45], structural [36] and magnetic [46] phase
transitions have been investigated by PAC spectroscopy. The physics of interaction
of dilute magnetic impurity in a ferromagnetic and anti-ferromagnetic host material
has been extensively studied by PAC spectroscopy [47-53]. Point defects (vacancy or
interstitial) [54,55] and diffusion of atom/molecule [56] inside a material can also be
studied by the perturbed angular correlation (PAC) technique. When any atom/molecule
jumps near the probe site, the probe atom experiences a fluctuating EFG which causes
a dynamic nuclear spin relaxation. Activation enthalpy can be deduced from the study

of jump diffusion frequency of vacancies [54,55]. To study the effect of defect-probe
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interaction in a material, defects in a matrix is purposefully created by irradiating the
material with high energy particles viz. neutron, «, proton. The sample is then annealed
by isochronous annealing consecutively at higher temperatures and finally the sample is
cooled down to the measuring temperature. The defects (mainly interstitial impurity and
vacancies) are trapped by the probe atoms in the process of annealing and subsequently
cooling down the sample. Biological samples have also been studied by PAC spectroscopy.
Coordination chemistry and bio-chemistry have been a subject of investigation by PAC
spectroscopy [57,58]. Dynamics of biomolecular metal sites have been explored by PAC
technique [19,57,59-62].

1.4 Comparison with other techniques

There are several other nuclear probing techniques apart from PAC to determine the
lattice environment by observing the spin motion of nucleus viz. Mossbauer Spectroscopy
(MS), Nuclear Quadrupole Resonance (NQR)/ Nuclear Mganetic Resonance (NMR).
There are some advantages of PAC technique over these other hyperfine techniques. Very
small amount of sample (typically 1-100 mg) is sufficient to carry out PAC measurement.
There is no restriction on reaction vessel material as high energy ~ rays are used for
PAC spectroscopy as compared with MS where favorable conditions arise when low
energy ~y-ray sources are used. The sensitivity of MS (through Debye-Waller factor [1]),
NMR/NQR techniques depend on temperature whereas PAC sensitivity is independent
of temperature, which makes it useful to study the structural/displacive [5] or magnetic
phase transition [46] of materials. Electric field gradient or magnetic hyperfine field
can be determined with same accuracy at high and as well as low temperatures as the
resolution and efficiency of PAC technique do not depend on temperature. Solid state
reactions can be determined by PAC spectroscopy [22]. PAC technique can be very useful
to study the polymorphic phase transition as it can observe formation of compound at

very early stage [57]. Various other applications of PAC technique can be found in the

10
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references [14,57,58,63,64]. Measurements by MS technique are often only feasible on
materials which have Fe or Sn as a major constituent element. In PAC, the number
of probe atoms required are very less ~ 10'1-10!2 whereas MS and NQR measurements
require ~10* and ~10'8 probe atoms, respectively [14]. Also, the sample for PAC study

does not have any solid state restrictions i.e. the sample can be solid, liquid or gaseous.

1.5 Objectives of the present PAC studies

The investigated materials by PAC technique in the present thesis have been categorized
in two parts due to the different procedures involved in the preparation of samples. a)
Chemical samples: ZrF4-3H,O/HfF4-3H,0, RbyZrFg/CsyHFg; b) Intermetallic samples:
ZrgNig; /HfgNigy, ZrNiz/HINisz, ZrgNiy;/HfgNiy; and Zr;Niyg/Hf;Nijg. For present PAC
measurements, we have used two PAC spectrometers developed in our laboratory, a
four detector BaFs-BaF, and a four detector LaBrs(Ce)-BaF,. From four slow-fast
coincidence combinations (two at 90° and two at 180°), the perturbation function Go(t)
(defined in chapter 2) [1,2] is obtained. The G(t) contains three transition frequencies
between the sublevels that arise due to hyperfine splitting of the intermediate 482 keV
level of ¥'Ta and the EFQG is derived from these three transition frequencies. From the
three transition frequencies, generated by the hyperfine splitting of the intermediate level,
contained in G5(t), the quadrupole frequency and EFG are determined. For temperature

dependent PAC measurements (up to 1073 K), a locally made resistive furnace was used.

Isoformulae compounds of Zr and Hf are found to have similar crystal structure.
However, two trihydrate tetrafluoride compounds, viz. ZrF4;-3H5,0O and HfF4-3H,O were
reported to have different crystal structures. From XRD measurements [3], both the
monoclinic and triclinic modifications of ZrF,-3H,O were found but for HfF4-3H5O, only
the monoclinic modification was reported. We have studied these materials by PAC to

resolve the structural anomalies of these compounds reported earlier. The anhydrous

11



CHAPTER 1. INTRODUCTION

ZrF4 and HfF, have applications in developing optical coating materials due to their
excellent transmission properties over the infrared region [4]. Therefore, it is important
also to study the phase transitions from hydration to dehydration and their structural

stabilities with temperature and these have been studied by the PAC technique.

The compounds RbyZrFg and CsyHfFg have been studied to resolve ambiguities in
earlier measurements, particularly, to study the nuclear relaxation effects due to fluorine
activation in the materials and also to find any structural phase transition in RbyZrFg
with temperature. In RboHfFg, a displacive phase transition was found by C.C. Dey [5]
and a fluctuating electric field gradient at temperatures > 413 K in RboHfFg and CsyHfFg
was found by Vasquez et al. [65,66]. In the isomorphous compounds RbyZrFg and
RbyHfFg, a phase transition denoted by abrupt change of site fractions of different phase

components was found ~740 K by Martinez et al. [67].

A major portion of the present thesis is the studies of Zr-Ni and Hf-Ni intermetallic
systems of different stoichiometric compositions. The alloys based on Zr-Ni system have
numerous technological applications due to their high thermo-chemical stability. These
are used as an integral part to form high temperature eutectics, bulk glassy alloys,
corrosion resistance materials etc. Some of the Zr-Ni binary alloys, viz. ZrgNisy, ZrgNijq,
Zr7Niyg, ZrNiz, ZryNi; and ZrNi have received considerable attention [68-75] due to
their excellent high rate capacity of gasious hydrogen storage in interstitial sites and
reversibility of hydrogen dissociation at room temperature. These alloys are potential
candidate to form metal hydride (MH) which have application as a negative electrode in
Ni-MH rechargeable batteries. These batteries are used in fuel cells and hybrid electric
vehicles for their high energy density and environmentally friendly characteristics. These
alloys generally produce multiple phases along with their stoichiometric compounds [6,
69,70,75,76]. Therefore, it is very important to study multiple phase components that are
produced at high temperatures in these alloys which will help in the future development

of MH with better electrochemical properties.
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In the present thesis, phase components and their stability, structural /compositional
phase transformation in ZrgNig; /HfsNisy, ZrNiz/HfNis, ZreNiy; /HfgNiy; and ZryNijo/Hf;Nijg
alloys have been studied by observing the temperature dependence of PAC parameters.
Additionally, we have carried out X-ray diffraction (XRD) and transmission electron
microscopy (TEM)/selected area electron diffraction (SAED) measurements to deter-
mine the phase components in these samples. Calculations of EFG and asymmetry
parameter () at '®'Ta impurity site have also been carried out within the framework
of density functional theory (DFT) in these compounds to compare with the exper-
imental results from PAC measurements and therefrom to assign these phases. The
DFT calculations were performed using WIEN2k simulation package [7] by considering
full potential-(linearized) augmented plane wave + local orbitals [FP-(L)APW+lo] basis
sets. The compounds HfgNiy, Hf;Nijg, HfgNi;; and HfNiz have also been studied by
PAC technique to determine the isostructurality of isoformulae Zr-Ni and Hf-Ni com-
pounds and to compare their temperature dependent properties. The Hf-Ni alloys have
tecnhological applications also. The Hf-Ti-Ni alloys are used to form shape memory

alloys.

1.6 Objectives of exploring nuclear structure

Nuclear structure in the trans-lead region are not very well understood due to the diffi-
culty of the production of targeted nuclei by fusion evaporation technique. In addition,
the fission channel dominates here creating unwanted gamma ray background, which
limits the observation and study of the systematics of very weak transitions. Isotopes
of neutron deficient astatine nucleus in the trans-lead region have not been explored in
detail. Observation of possible shears band in 2°*At nucleus was reported by Hartley et
al. [8] through their Gammasphere experiment, but the level scheme was incomplete due
to the absence of linking transitions between the main yrast sequence and the possible

magnetic rotational band. In fact, M1 band was first reported from this observation

13



CHAPTER 1. INTRODUCTION

at Gammasphere, but no crossover E2 transition in the M1 band was found earlier [8].
To re-investigate the high spin states and to give more insight into the shears band in
204 At nucleus, we have carried out gamma ray spectroscopic measurements. The major
difficulty in extracting the nuclear structure information of 2°*At is the predominant
production of 2*°At as evaporation residue along with 2°*At nucleus. Exhaustive work
on 2® At nucleus was done earlier [9]. In the present thesis, the directional correlation of
oriented nuclei (DCO) and polarization directional correlation of oriented nuclei (PDCO)
measurements of y-transitions have been carried out to estimate the multipolarity and

electric/magnetic nature of transitions, respectively.
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Perturbed angular correlation

2.1 Hyperfine interaction

Hyperfine interaction is described as the interaction of nuclear moments (electric or
magnetic) with the electromagnetic fields. The perturbed y-v angular correlation is a
hyperfine spectroscopic technique where the internal electromagnetic field in a material is
determined by observing the hyperfine interaction between the nuclear moments of probe
atom and surrounding electromagnetic field. The local electromagnetic fields are created
by the electrons and nuclei in the vicinity of the probe nucleus. External magnetic field
can also be applied to observe the hyperfine interaction. The hyperfine interaction was
first observed in atomic spectroscopy and later, it was found in nuclear spectroscopy.
The perturbed angular correlation was first started as a tool to determine the dipole
moments of excited nuclear states of the probe nucleus by applying external magnetic
field. With the advent of highly sensitive detectors and fast pulse processing units, the
perturbed angular correlation technique was found to have great potential in microscopic
investigation of materials. In the following sections, electric/magnetic nuclear moments
and electric/magnetic hyperfine interactions have been introduced, and method of ob-
serving the electric/magnetic hyperfine interactions by studying the perturbation of -~y

angular correlation has been presented.
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2.1.1 Nuclear magnetic dipole moment

Nuclear magnetic dipole moment is produced mainly by the orbital motion of charged
protons whose motion create electric current density and the intrinsic magnetic moment
of the nucleons (proton and neutron) due to their intrinsic spin. Nuclear magnetic dipole

moment (i) is proportional to the total angular momentum (I) of the nucleus in the

classical picture:

fi =1, (2.1)

where v is called the nuclear gyromagnetic ratio and is defined as v = g&*. Here,

g is called the g-factor and py is the nuclear magneton, defined by uy = % In
P
quantum mechanics, the magnetic dipole moment is defined as expectation value of the

z-component of the magnetic dipole moment (i.e. u.) in the state |1, M) with M = I:

n = <]’]|MZ|]7I>

=~Ih.

The spin or total angular momentum of the nucleus has two parts, one is the the orbital
angular momentum L and another is the spin angular momentum S. For the orbital
angular momentum L of the nuclei, the g-factors for the nucleons are classically given

by

gr =1 (for proton)
(2.3)

=0 (for neutron).

-,

The g-factors related to the spin angular momentum () for the free nucleons are given
by
gs = +5.59 (for proton)

(2.4)
= —3.83 (for neutron).

If the magnetic moment is created by the outermost nucleon outside a closed nuclear

shell, then the spin or total angular momentum I (:E—l—g ) of the outer nucleon is related
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to the magnetic moment (i) by [1,77]

= gsz + gsg, (2.5)

where g is expressed in the units of uy, and L and S are expressed in the units of A.

From the generalized Landé formula [1], the g-factor for single particle can be written as

gs — gL
2L +1

g=gr=* with [ =L+1/2. (2.6)

A detailed description about nuclear magnetic dipole moment can be found in the refer-

ence [78].

2.1.2 Nuclear electric quadrupole moment

Electric quadrupole moment of the nucleus is the measure of deformation of nuclear
charge density from a spherical shape where still there exists a symmetry axis. A nucleus

with charge density p(7) creates an electrostatic potential ¢(7) given by

. 1 p(r)dv’
= 2.
4(r) 47eg |77 — | (2.7)

This electrostatic potential in multipole expansion can be expressed in terms of Legendre

polynomial as
1

dmegr

¢(r) =

/ o) S Bleost) (L)\av". (2.8)
1=0

where, 6 is the angle between 7 and 7. In the summation, the term for [=2 gives the

quadrupolar contribution which is given by [1,77]

O(M)i=2 = 2(7) =

4meq

: / p(F’)Z“ w3z, = 170), &,

25

17



CHAPTER 2. PERTURBED ANGULAR CORRELATION

Quadrupole moment of the nucleus is defined by a symmetric, traceless, 2nd rank tensor.
In the equation 2.9, the quadrupole tensor of the nuclear charge distribution is written

as
1
Qij = - /p(f’)(i’)x;x; —1"%5,5)dr . (2.10)

Quadrupole moment of the nucleus is classically expressed by @..:

Q= Q= [ o3~ )i @11)

(&

Now, using z = rcosf, the above equation 2.11 can be written in terms of spherical

Q- é,/“’g / P20 () dr. (2.12)

In Quantum mechanics, the quadrupole moment operator is expressed as the expectation

harmonic Y7 as

value of /% Zr?YY in the state |I, M = I):

Q= \/MTWU,M:HZ?"?YQOH,M:I) = (Qa0) . (2.13)

where Z is the atomic number. Using Wigner-Eckart theorem, the above equation 2.13

can be written as [1]

ul L2
(I, M| Qo |1, M) = (1) (I11Q2] 1) - (2.14)

-M 0 M
The term in the bracket is called Wigner’s 37 symbol. For I < 1, the Wigner’s 3j
symbol is zero which gives the value of quadrupole moment Q=0 and (I||Qa] |I) is the
reduced matrix element whose value does not depend on the z-projection (M) of the
spin (7). Quadrupole moment is expressed in units of barn where, 1 barn = 1072 m?.
The value of @ can both be positive and negative. The positive (prolate) and negative

(oblate) values of quadrupole moment indicates cigar-like and disc like nuclear charge
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distribution. As the quadrupole moment operator acts on the state vectors |I, M), the
quadrupole moment should be expressed in terms of angular momentum operators I;.

The operator formulation of quadrupole moment is given by the following relation [1]
Sipr 2z 2

Here, 1, 7 represents cartesian coordinates.

2.1.3 Electric hyperfine interaction

The interaction energy of the nuclear charge density p(7) in the extra-nuclear electrostatic

potential ®(7) created by the surrounding charge distribution in a material is given by

o / o(F)D(F)dPr, (2.16)
where
/ p(F)d’r = Ze (2.17)

is the nuclear charge. If we expand the electrostatic potential created by the external

electric field, we get the following equation

3 a 82
B(7) = D(0) + Y <8j>0$i + % 3 (axg;j)oxixj b (2.18)
i—1 7 . (2

Here, x;, z; are Cartesian coordinates. After substituting ®() in the equation 2.16, we

get the following expression of the interaction energy

B} N, B} 1 0*® )
E = ®(0) /p(r)d3r + ZZI (&’Ei)o / p(P)x;dPr + 3 ; (8%6%)0 /p(r)xixjd?’r + ..

— FEo+ Ey+ By + ...
(2.19)
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Now,

Eo = ®(0) / o)

= ®(0)Ze.

(2.20)

This term gives the potential energy of a point charge in an external potential and
does not change for different isotopes of the same element. This term does not split the

nuclear energy levels and thus is not of our interest. The second term is

(2.21)

Here, VO(r) = —7 is the electrostatic field and [ p(f)z;d*r is the nuclear electric
dipole moment (p;). Due to the fact that nuclear states have definite parity, the nuclear

electric dipole moment is zero [78]. The next significant term is

1 02 ;
b= 2 Z <8xi8$j>o/p(mxixjd "
=5 Z ;5 / (Mziz;d’r (2.22)

2

== Z (I>”/ (F)r?d°r + = Z D, / (3: xj — g (5ij>d37°.

We have defined ®;; = ( 833@) which is the electric field gradient due to external
i 0

electric field at the nuclear site. The electrostatic potential obeys the Poisson’s equation

and thus

V2O(f)mo = Y Py =ce : (2.23)

where [¢0(0)|? is the probability density of electron wave function and -e|i(0)[? is the
electronic charge density at the nuclear site. The density has a significant contribution

from the s-electron surrounding the probe nuclear site. The term F5 can now be written
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as
2

1
E2 = i|w(0)|2 /p(F)TQdS)T + = Z (I)ij /p(?z’) (Izﬂlj — r—&;j)dgr
Geo 25 3 (2.24)

:EC + EQ7
where E¢ is the monopolar interaction energy and Eg is the quadrupolar hyperfine

interaction energy. Mean-square radius of the nucleus can be expressed as
(r*) = i//)(7’)7“2d37“- (2.25)
Ze
Thus, the monopole term becomes
Ze? 9/ 9
Bo = S5 (0)P (). (2.26)
€o

This monopolar term gives a shift in the interaction energy but does not split the energy
levels into non-degenerate magnetic sub-levels. Due to slightly different nuclear radii of
isotopes of the same nucleus, the mean square nuclear radius gives different monopolar

contribution.

2.1.4 Electric quadrupole interaction
The quadrupole hyperfine interaction energy is defined by

2
Eq = %Z 12 /P(f’) (xz'fcj - %52'1)6137’
i

(2.27)
e o .
=5 Z ®;;Q;; (substituting equation 2.10).

ij

Now, as both ¢;; is a symmetric matrix, it is possible to diagonalize the matrix in a

particular eigenvector basis. So, the quadrupole interaction energy takes the form

€
Eq=¢ > 2iQu (2.28)
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Multipole expansion of the electrostatic potential which gives rise to the term Ej is only
valid if the source of charges that produce the electric field gradient does not coincide
with the nuclear charge distribution. As the electric field gradient tensor is a traceless
tensor, the Laplace’s equation (V2?®(7)=0) is valid here. Thus, we can more generally
describe the electric field gradient by

1
Dij = Vi + 5T7(®). (2.29)

Tr(®) = >, ®; is the trace of . Here, Vj; is a traceless matrix (ie. ), V;=0).
The second term %T?‘((D) does not contribute to the quadrupole interaction energy term
(equation 2.28) as the quadrupole moment is a traceless tensor. So, V;; gives the value
of electric field gradient which contributes to electric hyperfine interaction energy. The
electric field gradient (V;;) created by the surrounding charge distribution of electrons,
ion core electrons that contain the nucleus of interest and the positive charges of other
nuclei in a material at the site of the probe nucleus, can be written as [2]

0E; 00" [ 1

Vi = —_ N
T Oy O0x;0x; 7o

(3zs2; — 12055) p(F) N dPr- (2.30)

Here, the charges external to the nuclear site only contributes to V;; and p(7)N is extra-
nuclear (EN) charge density. Dependence of EFG on %3 restricts the determination of
electric field gradient for only non-cubic or non-spherical crystal systems. Because of
the r% dependence of EFG, the determination of EFG extracts the local structure near
the probe atom and it is very sensitive to small changes in the lattice configuration.
However, if surrounding defects distort the symmetry of the cubic lattice near the probe
atom, a non-zero electric field gradient is found. The s-electrons (I=0) are spherically
symmetric and does not contribute to the electric field gradient. Thus, the electronic
charges with [ >1 contributes to the electric field gradient and in Eg. As the electric
field gradient is symmetric, it can be diagonalized. The principal components of the

EFG are denoted by V.., V,, and V... Due to the traceless property of the EFG, only
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two independent parameters are required to express V;;. With the choice of a suitable
principle axis system, we can have |V,,| > |V,,| > |Viu|. We can define the symmetry
of the electric field gradient which is a measure of how much the electric field gradient

deviates from axial symmetry of the lattice, by the following relation
(0<n<1). (2.31)

For a cubic or spherically symmetric charge distribution (e.g. s electrons) surrounding
the nucleus, the electric field gradient (V,) at the probe nuclear site is zero as V,, =
Vyy = V. and V, + V), + V., = 0. For tetragonal, hexagonal and rhombohedral crystal
systems, the asymmetry parameter is zero [2,63]. In this case, the principal axis is in
the same direction as that of the symmetry axis of the crystal. For lower symmetry
crystals, viz. monoclinic, triclinic and orthorhombic crystal systems, the V,, # 0 and
0 <n <1][263]. Using the traceless properties of the electric field gradient as well
as quadrupole moment tensor and the expression of 7, we can write the quadrupole

interaction energy as

eV

Using the quantum formulation of the quadrupole tensor from the equation 2.15, the

interaction Hamiltonian of the nuclear state with spin I h can be written as

T GQ‘/;Z

Ho = 2 |312 — I2 + (12 — I2)|. 2.

Now, using the raising and lowering operator, f+ = fm—i-@'fy and [_ = Aﬁ—zfy, respectively,

we get the following expression of the interaction Hamiltonian

7 eQ‘/zz

A~ S n ~ A
— Ve fap p NP p ] 9.34
2 4](2,_1)[ PP (B 1) (2.:34)
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The non-zero matrix element of the interaction Hamiltonian (I, M| H |I, M') are the

following;:

Harar = hwo [3M2 —I(I+ 1)] (2.35)

hw
HMMiQ:TQU\/(IqEM—1)(I$M)(I:I:M+1)(Ij:M+2), (2.36)
where wg is the quadrupole frequency

eQV..

If we consider axially symmetric electric field gradient i.e. n = 0, the energy difference

between two sublevels is
Eg = E(M) — E(M') = 3hwq|M? — M"|. (2.38)

2 . . L. .
The absolute value |M? — M'?| is always integer and we see transition frequencies are

the multiples of wg and the fundamental observable frequency w% is related to wg as

w% =6wq for I half-integer
(2.39)

w% =3wq for I integer.

2.1.5 Magnetic hyperfine interaction

When a nucleus is exposed in a magnetic field (it can be external or the internal magnetic
field in a ferromagnetic material), it exerts a torque to the magnetic dipole moment of
the nucleus, and as a result, the nuclear magnetic dipole moment start precessing about

the magnetic field in the classical picture. The interaction energy can be written as

E, =f-B. (2.40)
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This interaction energy lifts the degeneracy of the nuclear state and splits the nuclear
state in non-degenerate m-sublevels. The quantization of the nuclear spin allows only
certain directions of the nuclear moment. Thus, by choosing the magnetic field parallel

to the z axis, the interaction in the state |I, M) is

Ey = <I’M|_Msz|IaM>

= "B 1, M| 1|1, M)

h (2.41)
= —gunB.M
:thLa
where p, = %X, = I, (y: gyromagnetic ratio) and wy = —‘—”“;—BZ is the Larmor

precession frequency. The difference in energy between two adjacent level is

Emagn(M + 1) - Emagn(M) == —Q,MNBZ - hWL- (242)

This means that the sublevels are equidistant. The energy difference of successive energy
sub-levels is Aiwy, and the transitions between different M-sublevels occur with frequencies
that are integer multiple of wy [1,2,47]. Quantum-mechanically, it means that the

population of m-substates modulates periodically with Larmor precession frequency wy,.

There are different sources of magnetic field at the nucleus inside a magnetically
ordered system. Without any external magnetic field and disregarding any demagneti-
zation and Lorentz field we see three main contribution [47]. The first one is generated
due to the orbital motion of the electron (B,,) and By, is produced due to orientation
of the nuclear spin around the nucleus. The term By, can be sub-divided into two parts.
The first one is due to the the spin density of the electrons of the atom where the nucleus
resides. The other part comes due to all other atoms or ions except the ion or atom of
interest. One of the major contribution in the magnetic hyperfine field comes due to

Fermi contact field (Bpeqmi). This is measured by the difference of densities of spin-up
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and spin-down electronic states at the nuclear site.

2.2 Directional angular correlation of v-rays

L;, M;
/y]‘ source
vl + 1) —— Detd *%32
I,M 0
o /
Yo (lo + 1) a,
moﬁe
If? Mf

coincidence
Figure 2.1: ~-v cascade emitting from nu- |

clear energy levels. M;, M and My are the
projection of the nuclear spins I;, I and Iy,
respectively. The Iy, I} and lg, I, are the
multipolarities for mixed v; and 7, transi-
tions, respectively [1].

counter

Figure 2.2: Measurement of angular cor-
relation of y-rays [1].

Figure 2.3: General co-ordinate system
for measuring ~-v angular correlation. kq
and ko are the wavevectors corresponding
to v1 and 7, respectively [1].

Quantum energy levels of radioactive nuclei are characterized by spin I and parity ()

quantum number. Unstable nuclei decays by emitting ~-rays whose probability depend
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on the nuclear spin axis and the direction of emission. In general, spin axis of nuclei are
oriented random in space co-ordinate and thus y-rays are emitted isotropically from the
nucleus. If a nucleus decays by emitting two sequential y-rays (Figure 2.1), by detecting
the first y-ray (1) of the v~ cascade cascade in a particular direction, a subset of nuclei
are chosen whose spin axis points towards the detection direction of ~;. Now, if the
second vy-ray (72) of the y-v cascade is observed in coincidence with the v, (Figure 2.2),
the emission of the v, becomes anisotropic because of the un-equal population of M-
substates of the intermediate energy level. Anisotropic observation of v-rays can also
be obtained by a similar method called perturbed angular distribution [13] where, the
excited nuclear state of the probe nucleus is produced by a nuclear reaction of projectile
beam with target nucleus. In this case, the direction of beam acts as a reference similar
to that of 41 in perturbed -y angular correlation spectroscopy. For the measurement of
angular correlation, the anisotropy coefficient (Ayy) should be large and the intensities

of v rays should be high.

Directional angular correlation of the coincident y-rays can be described by the an-
gular correlation function (W (ky, k2)) which is the probability of observing the 7, at an

angle 6 with respect to the detection of v, (Figure 2.3) [1,77,79-82]:

kmaz
W (k1 ky) = W(0) = > A Pi(cost), (2.43)
k=0

even

where Ay, is the anisotropy coefficient and Py (cosf) is the k™ Legendre polynomial. The
summation in the expression of W (#) is finite because of the conservation of angular mo-
mentum. The value of k4, is obtained from the relation, k.,=min(21, li+1], lo+1)),
where, [;+1] and ly+1} are the multipolarities of 7; and 7, transitions, respectively, and
I is the spin of the intermediate nuclear state. For pure multipole transition, {{=l; and
l5=Iy. Conservation of parity in 7-transitions and the fact that the -ray polarization
is not measured here rule out k=odd terms in the summation and the terms involv-

ing k=even are allowed only in the equation of angular correlation. The anisotropy
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coefficients are defined as

The anisotropy coefficients Ag(71) and Ag(72) depend on the multipolarity of the re-
spective ~-ray transitions and the spin differences of the nuclear levels involved in the

respective y-decay. These coefficients can be written as

Ak(’}/l) = Ak(lhl/la]i?I) =

Fiy (1, b 1, ) ()50 By (b, s o 1) + 0200 Fiy (1, 1, 1) )
1+ 6%(m)

and

Ap(y2) = Ai(lp, 1y 1y, 1) =

Fialla i Iy, 1) + 26(32) By (I, B 15, 1) + 80 By, 1, 1, D) 240)

1+ 6%(72) 7
where the F'-coefficients are defined by Wigner 3-5 and 6-;5 symbols
E(L,U; 1, 1) =(—=1)" =1 /(20 + 1)U + 1) (21 +1)(2k + 1)

I Uk I I k (2.47)
1 10 roor |

The §(71) and §(y2) are the multipole mixing ratios for 7, and -, transitions, respectively.

It gives the mixing of angular momentum during emission of v-rays.

2.3 Perturbed ~v-v angular correlation

When a nucleus which decays by emitting -7 cascade is placed in an extranuclear
electromagnetic field, the hyperfine interaction occurs between the nuclear moments
and the electromagnetic fields. Due to this hyperfine interaction, the degeneracy of the

intermediate nuclear energy level is lifted and induces transitions between different M-
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sublevels of the intermediate energy level of the -y cascade. As a result, time dependent
redistribution of the population of M-substates occurs during the time the nucleus resides

in the intermediate level which causes perturbation in angular correlation [1,77,80].

The effect of extranuclear field on the re-distribution of M-substates depends on how
much time the nucleus gets to interact with the nuclear moments in the intermediate
state. As the intermediate state decays exponentially, we can visualize the time develop-
ment of the angular correlation as a function of time using a set of fixed detectors. As the
emission probability of v, oscillates with time, modulations in the angular correlation
can be determined by observing the time differences of the coincident detection of v,

with 71 by a fixed set of detectors at a particular angle.

Now, if A(t) is considered the time development operator which changes the initially

populated M, sublevel to the final M, substates from which the 7, is emitted. So,

| My) = A(t) |Ma) . (2.48)

The perturbed angular correlation is defined as [1,77]

W mt) = > Aw (1) Ak (72)[(2k1 + 1)(2ks + 1))/
k1,k2,N1,N2 (249)

x Gl]c\ilk];& (t)ijjl*(eh ¢1)Yk];]2 (62, p2).

The perturbation function is given by [1,2,80]

G2 (t) = Z (=1)HHMat My /(9] +1)(2ky + 1)

M, My

I ] kl I I kQ / I\ ¥
x (My| At) [Ma) (M| A(t) | M)
M —M, N M, —M, N,

(2.50)
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Here, Ny = M, — M! and Ny = M, — M]. The M,, M., M,, M] are the magnetic
substates of the intermediate energy level designated by the spin I. The values of k; are
restricted to k;=0, 2, ---min{2/,[; + [} (i=1,2) and the values of N; are restricted by
the relation |V;| < k;. The angular correlation probability changes periodically towards
a given detector due to the interaction of nuclear moments with extranuclear field. In
the actual time-differential PAC experiment, the second radiation is accepted at time
t after the emission of 77 with probability f(¢ — T') which is the response time of the
experimental set-up. The second radiation is delayed by time T to ensure that the first
ray reaches the coincidence analyzer system first than the second ~-ray. The expression
of periodically modulating correlation function in a time-interval 7z centered at 1" can

be expressed as

I exp( t/TN)W(‘917027¢17¢27t)dt

W(917927¢17¢27 )* j‘o exp( t/TN)dt

(2.51)

Here, exp(—t/7xn) shows the exponential decay of the intermediate energy level where 7y
is the mean lifetime of the intermediate energy level of the vy-v cascade. This response

function is often approximated by a step function

ft—=T)=1 when T —7r/2<t<T+71R/2

(2.52)
=0 when t<T —715/2 and t>T+75/2,
where 75 is the prompt time resolution of the experimental set up. Thus,
TR/2
th_R eXp t/TN)W(017027¢1a¢27t)dt
W (61,02, 01,02, T) = n/2 (2.53)

J. T+TTR/22 exp(—t/7n)dt

Now, if the time resolution of the experimental set-up is greater than the mean lifetime

of the intermediate state (7g > 7), then, time-integral perturbed angular correlation
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measurement is done. The time integrated angular correlation function is given by [1]

W(91,92,¢1,¢2,OO> = %/ exp(_t/TN>W(91762a¢17¢27t)dtﬂ (254)
0

and the time integrated perturbation function is defined by a similar manner as

- 1 o
Gﬁlkjf(oo) = ;/o exp{—15/7'}(?156\11;;72 (t)dt. (2.55)

2.4 Perturbation function: Axially symmetric hy-

perfine interactions

From the equation 2.50, it is not difficult to obtain numerical solution for the perturba-
tion function. But, it is useful to derive analytical expression of perturbation function
for some special cases. A special case of hyperfine interaction is axially symmetric hy-
perfine interaction, where the nuclear electric quadrupole moment interacts with axially
symmetric EFG , i.e. n=0 or V,, = V,,. For symmetric magnetic hyperfine interaction,
the magnetic field that interacts with nuclear magnetic dipole moment, should have a
particular direction. For a homogeneous external magnetic field, the condition of axial
magnetic field is readily satisfied. But for internal magnetic field, it is not always the
case as the direction of internal magnetic field vectors can vary spatially. Here, we are
excluding non-axially symmetric hyperfine fields. If z-axis is chosen as the direction of

the axial field, the matrix element (M,| A(t) |M,) can be written as [1,77,80]

(Ml 0) 13} = (0l exp{ ~ £ e | 14
_ exp{—%E(M)t}éMMaéM,Mb (2.56)
_ exp{—%E(M)t},
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where M, = M, = M and a similar expression holds for(M]| A(t) |M]). So, for axially
symmetric hyperfine interactions, the time development operator causes only a phase
change and no repopulation of M-substates occurs. Now by substituting the above
equation into equation 2.50, we get a simplified form of perturbation function for the

axially symmetric hyperfine interaction which is given by

Grm(t) = /(2k1 +1)(2k2 + 1)

1 I Kk 1 Ik { 1
exp
M —M N M —M N

where N = M — M'.

2.4.1 Axially symmetric electric hyperfine interaction

For axially symmetric electric hyperfine interaction, the energy difference between the
magnetic M-sublevels can be obtained from the equation 2.38. Substituting the values
of E(M) — E(M")=3|M? — M"*|lwg into equation 2.57, we can get the final form of

perturbation function as

I I k I I k
GIN (8) =/ (ki + D)2k + 1) Y 1 * | exp[-3ilM — Mgt
M M —M N M —M N
(2.58)
Perturbation function can be re-written as
Gk, (t) = Z Sﬁ}\’,”cos(nw%t). (2.59)

n
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Here,
wy =3wg and n=|M*— M?| for I integral (2.60)
1
wy = 6wy and n= §|]\/[2 — M| for I half integral, (2.61)
and
1 I k I I k
Sk — 2k + D2k + 1) Y ' . (262
mm \ M —M N M —M N

The summation indices M and M’ takes only the values for which the equations 2.60
and 2.61 are satisfied. The results obtained in equation 2.59 says the angular correlation
pattern modulates with wg), 2wg, 3wy, <+, Nmeewg frequencies where the correspond-
ing weighting factor is given by Sﬁ}\l,” coefficients. The angular correlation function and
perturbation function get even more simplified for a polycrystalline sample where the
crystallites are oriented randomly and the direction of axially symmetric EFGs also

becomes randomly oriented. For axially symmetric hyperfine interaction in a polycrys-

talline sample, the angular correlation function can be written as

kmafr

W(0,t) =) AuGra(t) Pe(cosb), (2.63)

k=0
even

and the perturbation function is written as

Nmax

Gril(t) = Sgacos(nwgt), (2.64)
n=0
and the Sy, coefficients are written as
2
1 1 k

Stn = Y _ . (2.65)
mm \ M —M M— M
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For the randomly oriented powder sample, the dependence of perturbation function on

N is lifted and interference terms in the anisotropic coefficient Ay, do not appear and

we obtain Akle = Akk

2.4.2 Oriented magnetic hyperfine interaction

Parent nucleus

M= +]

Ii7Mi

I,M

Iy, My

Daughter nucleus

Figure 2.4: Quantum mechanical picture of magnetic hyperfine interaction. The wy, is

Larmor precession frequency [2].

The energy difference between M-sublevels for magnetic hyperfine interaction (Figure

2.4) can be obtained from the equation 2.41. So the E(M) — E(M') = (M — M')hw, =

Nhwp,. The perturbation function (equation 2.57) takes the following form for an external

or internal magnetic field oriented along z-axis

1 I Kk

G (1) =+/(2ky + 1)(2ks + 1) exp(—iNwgt) Y
M M —M N

34



CHAPTER 2. PERTURBED ANGULAR CORRELATION

which can be further simplified using orthogonality rule for Wigner 3j-symbols as [1]

1
Ok ks

lekQ( ) \/(Zkl + 1)(2ks 4+ 1) exp(—iNwypt) \/(2k DD : )
1 2 2.67

=exp(—iNwrt).

From the above equation 2.67, we can say that no interference terms appear in the

angular correlation function

W (ky, ko, t) Z Akk

exp{—inLt}YkN*(eh P1) Y, (02, ¢2). (2.68)

Thus, due to the interaction of nuclear dipole moment with axial magnetic field, the
angular correlation of y-rays or population of the M substates of the intermediate level

oscillates with fundamental frequency wy and its higher harmonics Nwry.

Now if the external magnetic field is applied perpendicular to the plane of detectors,
then, the angular correlation depends only on the difference of azimuthal angles of ky

and k;, ie. 0 = ¢ — ¢ and 0 = 6,=90°. The form of angular correlation becomes

kmaz

wi(,t) = Z A Prcos(0 — wt)]

k=0

even (2‘69)

k/'mu,z
= Z Akk’Gkk Pk(COSQ)

even

For a polycrystalline sample, the perturbation function becomes even more simplified

and it does no more depend on N

Gru(t) = 2k1+ (1423 cos(nnt)). (2.70)

n=1

Now, if only dipole transition is considered i.e. k=2, the perturbation function becomes

Gaa(t) = [1 + 2cos(wrt) + 2cos(2wit)|. (2.71)

U] =
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u(5/2%)=+3.24(5) uy
Q(521)=+2.36(5) b

18l Ao =-0.288
% T,,=42.4d Agy=-0.062
A42 =-0.318
A44=-0.076
5 Ty, =17.8 s +5/2
133 keV
+
T,=10.8 ns ; +£3/2

482 keV
;4 7 M1+E2

| |
2 | |

o1 0o N 1

Figure 2.5: Electric hyperfine interaction for the probe nucleus ' Hf.

2.5 Perturbation function for electric hyperfine in-

teraction for polycrystalline sample

For the PAC measurement, I have used *'Hf probe isotope. The decay scheme for ¥ Hf
PAC probe is shown in Figure 2.5. For this probe nucleus Ay > Ay and, therefore,
the angular correlation function for a polycrystalline sample can be simplified to the
following form [2]

W(Q, t) =1 + AQQGQQ({:)PQ(COSQ). (272)

Commonly, the coefficient Ay and Gy are referred as A, and G, respectively as no
interference terms appear here. The perturbation function Gs(t) for electric quadrupole
interaction in a polycrystalline sample with intermediate spin of the probe nucleus I=5/2

h can be written as

Ga(t) = Sa(n) + > San(n)cos(wyt). (2.73)

n=1
For the probe nuclei having intermediate state I #5/2 h, the perturbation function

can be found in the reference [83]. The Sy, coefficients for I=5/2 h are written as a
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polynomial in 7 (:% where |V.,| > |V, | > [Vazl|) [84]:

Sao =0.20009 — 0.006647 + 0.33716n* — 0.428497> + 0.15641n*

So1 =0.37135 + 0.00647n — 0.35367n* + 0.42579n — 0.15571n* o)
2.74

Sos =0.28568 + 0.001667m — 0.03854n* + 0.06943n° — 0.02379n*

Shs =0.14280 — 0.00149n + 0.05504n> — 0.06673n° + 0.023087".

For n=0, the values of Sy,, are Sy0=0.20, S31=0.37, S2=0.29, S53=0.14. For non-zero
values of 7, the energy of the non-degenerate M-sublevels becomes a function of n which

can be written as

E.5/9 = 2acosf X hwg (2.75)
Ei3)s = —a(cosf — V3sing) x hwg (2.76)
Ei1/9 = —afcosf + \/gsinﬂ) X hwg, (2.77)

and the transition frequencies w,, can be written as

FE - F 1
wy = w — Qﬁansjn(gcos_lﬁ) (278)
FE - F 1
oy = —=2/2 2 2\/§ozchsin(E — —cos 'B) (2.79)
h 3 3
E —F 1
w3 = w = 2\/§Ozwcﬁin(g + gcos_lﬁ), (2.80)

where a = /28(1 +72/3) and =",
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For any value of 7, the following relation is satisfied
W3 = Wy + Ws. (2.81)

Here, quadrupole frequency wg is expressed in units of Mrad/s, which is related to the

maximum component of electric field gradient (i.e. V,,) by the following relation:

eQV..

Electric field gradient (V,,) is sometimes expressed in term of quadrupole coupling con-

stant vg as

Vg = eQ]yZZ. (2.83)

Due to inhomogeneity or lattice imperfections (e.g. point defects, dislocations) in the
sample, the probe nuclei do not experience a unique hyperfine interaction and a distribu-
tion of frequencies are observed. This phenomena is called inhomogeneous broadening.
As a result, amplitude of the angular precession gets attenuated. For practical purposes,
the perturbation function is fitted with a single linewidth of transition frequencies which
is the average of the distribution frequencies for the different w,. The linewidth ¢ is

defined as
AV,

0= .
Vs

(2.84)

As the linewidth ¢ increases, the more the amplitude of oscillation of angular correlation
gets attenuated with time. Generally, Gaussian or Lorentzian type distribution is used

for fitting of PAC spectrum [2]. The expression for perturbation function becomes

Ga(t) = San(n) + Y San(n)cos(wnt)exp { — ]1)(5%15)?} . (2.85)

n=1

When p = 1, it is called Lorentzian distribution and for p=2, it is Gaussian distribution.

In our PAC measurements, we have fitted the PAC spectra with Lorentzian distribution
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function. When w,, is smaller than 1/7x, no dependence of the perturbation function on
the resolution of the detector (7g) is found. But, for the cases where w, is comparable
with 1/7g, the perturbation function is dependent on the prompt time-resolution of the

experimental set up which can be written as [85]

Ga(t) = Sao(n) + i S (17)c08(wnt)exp [ - 5%75] exp [ - %(%TRV] | (2.86)

n=1

For an axially symmetric EFG, the transition frequency w, are the integer multiple of
the lowest transition frequency w% ie. w, = nw%. For the probes with half-integer
spin, w% = 6wy and for integer spin the relation is w% = 3wg. Thus, for '8'Hf probe,
wlzw%:&uQ, wy = 12wg and w3 = 18wg (i.e. wy : we @ wy=1: 2 : 3) for n=0. Thus,
the perturbation is periodic and harmonic for n=0. For asymmetric EFG (n #0), the
perturbation function is periodic but not harmonic. For nuclear quadrupole interaction
in polycrystalline sample, as the crystallites are oriented randomly, the nuclear spin
precession is averaged over all field directions. Despite of this fact, the nuclear spin

precession remains observable because the oscillation frequency of angular correlation of

~v-rays depends on the magnitude of the EFG and not on the direction of EFG.

Now, if different fractions of probe nuclei are exposed to different HFT due to different
crystal environment in the same sample, the total perturbation function can be written

as a sum of all the different perturbation functions:
Galt) =) fiG5(t)
> fi=L

(2.87)

where f; is the fraction of atoms in the ith site and G4(t) is the corresponding pertur-

bation function.
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2.6 Nuclear spin-relaxation

When the charge density surrounding to the probe nucleus changes with time, i.e. the
probe nuclei are exposed to a fluctuating electromagnetic field in the host lattice, a rapid
disappearance of -y correlation is observed. This phenomena is called nuclear spin-
relaxation [80]. In liquid samples, time dependent hyperfine interactions are observed due
to continuously changing environment surrounding the probe atom. In soild materials
also, time dependent HFI can occur due to jump diffusion of vacancies which reorients
EFG through large angles. The probe nuclei experience a fluctuating EFG or magnetic
field as the nuclear spin continuously re-orients with time due to random collision of
molecules in liquid samples. The hyperfine field axis reorients continuously with time
within the lifetime of the intermediate level of the probe nucleus which produces smearing
or damping in the angular correlation of v-y-cascade. The rate of reorientation of nuclear
spin depends on nuclear electric quadrupole moment, mean EFG or magnetic field and
the correlation time 7. which is defined as the time up to which the system retains its
identity. This nuclear relaxation effect depends on the relative strength of the three
characteristic times 1) correlation time 7,; 2) interaction time 7"'= < w? >1/2; 3) time
of observation t. However, at any instant, a local configuration can be presumed to
be stationary at the vicinity of the probe nucleus. Two different models are used to
calculate the relaxation effect, 1) diffusion model; 2) strong collision model. In diffusion
model, it is assumed that the molecular axis changes its direction with very small angular
steps. There is a strong correlation of orientation before and after the collision. On the
other hand, in strong collision model, there is no correlation of orientations before and
after any collision and every orientation is equally probable after each collision. The
strong collision model is called also as rapid phase approximation (RPA). Diffusion model
has been widely used by experimentalists to explain the PAC results. In this model,
perturbation function can be calculated for two processes a) fast relaxation (<w2>_1/ ‘&

-1/2

1) b) slow relaxation ({(w?)~ " 7. >1). Here, wo=w for pure electric quadrupole and
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w=wy, for pure magnetic dipole relaxation. The correlation time 7. depends on the
molecular size, mass and on the viscosity of the solvent in liquid sample which can
be calculated by Einstein-Stokes model. The correlation time 7. can be approximately
written as

4 o

T, = =TT

3 (2.88)

where 7 is the radius of the molecule and p,, is the viscosity of the solvent at temperature
T. Abragam and Pound [86] developed the perturbation theory for fast relaxation and

adiabatic approximation is employed to describe the slow-relaxation process.

a) Abragam-Pound Model: fast relaxation

-1/ —-1/2

For fast relaxation, the correlation time 7, < (w?)~"/* where, (w?) represents the
mean interaction time 77". The fast fluctuation model is valid when fluctuation occurs
within ~ 10~ !s. If the time of observation ¢ > 7., then, the perturbation function can

be expressed by a simple exponential relation
Gk<t) = exp(—)\kt), (289)

where \; is the relaxation constant which, for a fluctuating EFG, is defined by the

following relation:

3 e2Q?
Mo = = (B mok(k+1)[AI(I+1)—k(k+1)—1]; 2N = V2. (2.90
For a fluctuating magnetic field, \; is given by
1 2 2 92M?V 2

Here, By is the magnitude of the magnetic field at the probe site, i.e. hyperfine magnetic
field.
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b) Adiabatic approximation: slow relaxation
Slow relaxation occurs due to slow rotational motion of large tumbling molecules in
liquid or small molecule in viscous medium where the correlation time 7. > <w2)_1/ 2,
The model is developed by Marshall and Meares [87] which considers an adiabatic change
of local configuration with time. The perturbation function in the case of slow relaxation

can be written as

Gr(t) = exp(—Apt)G24e(¢), (2.92)

Here, G5'%¢ represents the random static hyperfine interaction. For spherically symmet-
ric molecule, the rotational diffusion coefficient D is relation to the relaxation constant
as

1 1

Slow-fluctuation model is valid if fluctuation of any atom/molecule occurs in > 107 7s.
In solid material, if any ion near the probe atom jumps from one vacancy site to the
next-nearest vacancy site by crossing the potential barrier, the rate of fluctuation can be
obtained from the Arrhenius relation [88]:

as JAVIREN
Mast 7\ f exp(—kTg )

AEﬂlow
KT )

(2.94)

Aglow =)\, exp (—

The relaxation constant A\ is the jump frequency in the fast fluctuation regime where
APEyign is the activation energy, and A% is the jump frequency in the slow fluctua-
tion regime where AFE),, is the activation energy. Due to this nuclear spin-relaxation,
a damping in the PAC spectrum is observed and as the value of relaxation constant
increases, the amplitude of modulation of angular correlation gets attenuated with time.
In the fast fluctuation regime, the damping in the angular correlation decreases as the
fluctuation rate increases and after a certain high value of fluctuation rate, the nuclear

spin precession is no more observable and a static hyperfine interaction is observed. This
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phenomena is called “motional narrowing”. Lattice vibration may cause such phenom-
ena where the fluctuation occurs in less than 10~ !s. In the slow fluctuation regime, the
attenuation of the correlation function increases as the rate of fluctuation increases. The
attenuation of the modulation of angular correlation reaches to a maximum at an in-
termediate fluctuation rate depending on the relative strengths of static and fluctuating

components.
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CHAPTER 3

Experimental details

3.1 Experimental set up for PAC measurements

To observe the hyperfine interaction through time differential perturbed angular corre-
lation technique, it is required to measure the time development of angular correlation
of y-rays by detecting the two gamma rays in coincidence at angular separation of 180°
and 90°. The time resolution of the detector combination sets the lower time limit and
genuine to accidental coincidence count rate ratio sets the upper time limit in measuring
the nuclear spin precession. Scintillation detectors as well as semiconductor detectors
are mainly used for gamma-ray spectroscopic measurements. However, the semiconduc-
tor detectors produce poor time resolution (typically 5-10 ns) although it shows very
good energy resolution (R~0.1% for germanium semiconductor detector whereas it is
~T% for Nal scintillation detector at typically 1 MeV ~ ray energy [89]). Thus, the
semiconductor detectors are not generally used for PAC measurement as the probe nu-
clei that are commonly used usually have lifetime ~ 10-100 ns. So, the detector used
for PAC measurements ideally requires ~1 ns time resolution. Some of the inorganic
scintillation detectors viz. LaBrs(Ce), BaFs, LSO (LuySiOj;) coupled with fast PMT

(photo-multiplier tube) are mostly used. These detectors produce a prompt time reso-
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lution (FWHM) ~ few hundred ps for gamma ray energies >500 keV. These inorganic
scintillators have high + detection efficiency due to their high effective atomic number
(Zegy). A comparison of characteristic features of some inorganic scintillation detectors
has been summarized in the Table 3.1. Plastic scintillation detectors also show good
time resolution but are not used for PAC spectroscopic measurement due to their poor
energy resolution and lower detection efficiency. In BaFs, two decay components are
observed. Approximately 20% of the light yield of this scintillator originates from fast
decay component and rest ~ 80% stems out from the slow component. A sub nanosecond
prompt time resolution of BaFy detector is found due to its fast decay component with
decay constant ~0.6-0.8 ns. The slower component has a decay constant of 630 ns. The
LaBrs3(Ce) scintillation detector also produces a sub nanosecond prompt time resolution
due to its high light yield (~63 photons/keV). Due to its very high light output compared
to any other scintillator, it produces the best energy resolution (~3-4% at 662 keV) and
a prompt time resolution comparable to BaFy detector although it has a much longer
decay time of 16 ns. Time walk and jitter are significantly minimized for high amplitude
pulses which improves the time resolution of LaBrs(Ce) scintillation detector. Another
advantage of LaBrs(Ce) is that the wavelength of maximum emission occurs near visible
region (at 380 nm) and a glass window PMT can be used for collecting scintillating
light. In BaF, scintillation detector, as the fast component shows maximum emission at
wavelength of ultraviolet region (Table 3.1), a quartz window PMT is required to collect
signal from BaF, scintillator. For our PAC measurements, two TDPAC spectrometers
have been employed. These are a four detector LaBrs(Ce)-BaF, and a BaF,-BaF, set-
ups developed in our laboratory. For each of the set-ups, the detectors are placed on a
horizontal table as shown in Figure 3.1. The schematic diagram of the LaBrs(Ce)-BaF,

and BaF,-BaF; set-ups are shown in the Figure 3.2 and Figure 3.3, respectively.
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Table 3.1: Characteristics of some inorganic scintillation detectors

Scintillators Light yield 1/e Decay | Wavelength of | Refractive index | Density | Z.;; | Hygroscopic
(photons/keV) | time (ns) | maximum (gm/cm?)
emission (nm)
LaBr3(Ce) 63 16 380 ~1.9 5.08 45.22 | yes
fast component) | 1.8 0.6-0.8 220 1.54 .

BaF Eslow corrf)ponent)) 10 630 310 1.50 4.88 50.96 | slightly
Nal(TI) 38 250 415 1.85 3.67 50.6 | yes

LSO 32 41 420 1.81 7.1 65.5 | no

Figure 3.1: LaBr3(Ce)-BaFy detector set up in our laboratory.
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Figure 3.2: Schematic diagram of the four detector LaBrs(Ce)-BaFy; PAC set up.

3.1.1 LaBr;3(Ce)-BaF, PAC spectrometer

In the LaBrs(Ce)-BaF; set-up, two LaBrs(Ce) and two BaFy have been employed in

a slow-fast coincidence assembly (Figure 3.1). The crystal sizes are 38.1(dia)x25.4(ht)

mm? and 50.8(dia)x50.8(ht) mm? for LaBrs(Ce) and BaFy scintillators, respectively.
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Figure 3.3: Schematic diagram of the four detector BaFs-BaFo PAC set up.
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Figure 3.4: Energy spectrum of !8'Hf obtained from LaBr3(Ce) (top) and BaF5 (bottom)
scintillation detectors. The 57.5 keV peak is the K, X-ray of Hafnium.

The energy resolutions of the LaBrs(Ce) [38.1(dia)x25.4(ht) mm?] and BaF, (50.8x50.8
mm?) detectors used in this set up have been found to be ~ 4% and 14%, respectively
at 662 keV v ray energy of 3"Cs. The spectra of '8'Hf in LaBrz(Ce) [38.1x25.4 mm?
and BaF, (50.8x50.8 mm?) scintillation detectors are shown in Figure 3.4. The two
~v-rays that we are concerned about viz. 133 keV and 482 keV, are distinctly separated
in the energy spectra obtained in both the scintillation detectors. Due to superior en-

ergy resolution of LaBrs(Ce) detectors, the 133 keV gamma rays have been selected in
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LaBr3(Ce) detector. This will reduce the Compton contribution of higher energy gamma
rays falling within this energy window and BaFy detectors have been used to detect 482
keV ~-rays of the probe nucleus 8'Hf. Using these detectors, four conventional slow-fast
coincidences have been made, two at 90° and two at 180°. In this set-up, all the coin-
cidence combinations comprise of one LaBrs(Ce) and one BaF, detector. The prompt
time resolutions for the LaBrs(Ce)-BaFy set up have been found ~ 510 ps at the 511
keV gamma ray energies and ~ 666 ps for 133-482 keV energy window selection using
511 keV prompt annihilation gamma rays of *Na (Figure 3.5). The four coincidences
can be labeled as 1/3, 1/4, 2/3, 2/4, where detectors marked as 1 and 2 are LaBrs(Ce)
detectors and these detectors subtends an angle of 90° at the source position with each
other (Figure 3.2). The detectors marked as 3 and 4 are the BaFy detectors which also
subtends an angle of 90° with each other. The LaBrs(Ce) and BaFy detectors are also

placed at an angle of 90° with each other with respect to the sample position. The
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tillator. scintillator.

combinations 1/4, 2/3 are the coincidences where the two detectors are at 90° with
each other and 1/3, 2/4 are the coincidences where the detectors are at 180° with each
other. From each of the detectors, two signals have been taken out, one is from the
anode and another is from the last dynode. The signal from the last dynode is used
for energy selection of the desired ~-ray. The pulse from the anode is used for timing
purposes. A typical anode pulses from BaF; and LaBrs(Ce) detectors have been shown
in the Figure 3.7 and Figure 3.8, respectively. The fast and slow decay component can
be distinctly observed in the anode pulse of the BaFy scintillator. The anode pulse is
directly fed to the fast timing discriminator (ORTEC 584) in the constant fraction (CF)
triggering mode [constant fraction discriminator (CFD)]. The main function of the CFD
is to register the time of arrival of the detected events with maximum precision. In
CFD, the analog pulse is first divided into two parts; one part is inverted and attenuated
upto some constant fraction of the actual pulse, and another part is delayed. Finally
the two parts of the signal are added which eliminates the dependence of the time of
arrival of any signal on its amplitude and rise time. The negative logic pulse of the
CFDs are directly fed to the time-to-amplitude converter (TAC). The CFD signals from
the LaBrs(Ce) detectors are used as start in the TAC and the CFD signals from the

BaF, detectors are used as stop with appropriate delay. In the TAC, a ramp pulse is
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generated as soon as the start pulse appears in the TAC and the ramp is stopped by the
stop signal. The amplitude of the analog output pulse from the TAC is proportional to
the time differences between the start and stop pulse. The range of the TAC is generally
set to 5-10 times the lifetime of the intermediate level of the probe nucleus. We have set
the TAC range to 100 ns as the half-life of the intermediate level of 81 Hf probe nucleus
is 10.8 ns. It is expected that within this time range of 100 ns almost all stop pulses will
be generated. The dynode pulse is fed to the spectroscopic amplifier where the signal
is processed by a pulse shaping network. The signal is allowed to pass through a CR
high pass filter followed by a RC low pass filter in the amplifier. The shaping times of
spectroscopic amplifiers are set to 1 us. The output analog pulses from the amplifier are
fed to the timing single channel pulse-height analyzer (TSCA). The desired ~y-ray energy
is selected here. The TSCA connected with LaBr;(Ce) detectors are set to select 133
keV gamma rays and the TSCA connected with BaF, detectors are set to select 482 keV
gamma rays. The two logic pulses from TSCA in a particular combination are fed to
a Universal Coincidence unit after matching their delays. In the coincidence unit, the
resolving time is set to few ps, which is much larger than the TAC window to reduce
the loss of genuine coincidence event. The output signal from TAC is then gated with
the coincidence output for a particular coincidence combination in a linear gate stretcher
(LGS) unit. The output analogue pulses from the LGSs are then fed to the analogue
to digital converter (ADC) units which are further processed by a multiparameter data
acquisition system (Canberra Multiport IT). All ADCs are set to 1K channel. Details of
functional properties of the electronic modules used in this set up can be found in the

references [89,90].

We have used four TACs and four ADCs for obtaining the four coincidence spectra.
As all the TACs have different time calibration, a common time calibration is needed
to combine the data obtained from two coincidence spectra at 90° and two at 180°. A
Time Calibrator unit (ORTEC 462) is used to calibrate all the TACs. Using a prompt

source, e.g. %°Co (emits 1173-1332 keV coincident + rays), the time zero channels of the
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TACs corresponding to four different coincidence combinations were obtained. With the
common time calibration of the TACs and by noting all the time zero channels for the
individual TACs, coincidence counts registered in the corresponding ADCs have been

used to get the PAC spectra i.e. AsGo(t) vs t.

3.1.2 BaF,-BaF, PAC spectrometer

In the BaFy-BaFy PAC spectrometer, four BaFy detectors have been used, two having

2. Smaller sized BaF,

sizes 38.2x25.4 mm? and other two having sizes 50.8x50.8 mm
crystal (38.1x25.4 mm?) shows better energy resolution (~10%) than for a BaFy crystal
(~14%) with larger sizes (50.8x50.8 mm?) at 662 keV ~ ray energy of 137Cs. Probably,
trapping of photons worsens the energy resolution for the larger sized BaF, scintillator.
The smaller BaFy crystals have been employed to detect 133 keV ~-ray due to its better
energy resolution and the BaF, scintillators with crystal sizes 50.8 x50.8 mm? have been
used to detect 482 keV ~ ray. Four similar coincidences are formed in this set-up also.
The coincidences are 1/3, 1/4, 2/3, 2/4, where 1 and 2 are the smaller BaF, crystals and
3 and 4 are the BaF; scintillators having higher dimension (Figure 3.3). The detectors 1
and 2 are placed at 90° with each other and detectors 3 and 4 also subtend an angle of
90° with each other with respect to the sample position. Detectors 2 and 3 are at 90°,
and detectors 1 and 4 are placed also at 90° with each other. So, 1/3 and 2/4 are 180°
coincidence combinations and 1/4, 2/3 are the 90° coincidence combinations. All the
coincidences formed has one BaF, detector with dimension 38.1x25.4 mm? and another
BaF, with dimension 50.8x50.8 mm?. The prompt time resolutions for the BaF,-BaF,
detector combination have been found ~ 634 ps at 511 keV v-ray energy and ~ 931 ps
for 133-482 keV energy window selection using prompt annihilation gamma rays of ?2Na
(Figure 3.6). Here, the TAC output and gate from universal coincidence unit for each of

the coincidence combination have been fed to the analog to digital converter (ADC-FAST

ComTec 7070) directly (Figure 3.3) and the data are collected by a multiparameter data
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acquisition system (FAST ComTec).
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Figure 3.9: Typical coincidence data at 90° and 180° using a LaBrs(Ce)-BaFq set up in
crystalline HfF4-3H20O. TAC calibration is 0.4 ns/ch.

3.2 Data reduction

We consider a radioactive source with activity Ny emits coincident gamma rays and
the first y-ray is detected by the detector labeled by ¢ and the second detector labeled
by j detects the second v-ray. The genuine coincidence count rate between these two

detectors i and j can be written as [1]

Nij = NQEijQin, (31)

where ¢;, ); are the efficiency of the detector designated by i, which detects the
of the ~-v cascade and solid angle subtends by the detector at the source position,
respectively. Similarly, €; and 2; are the efficiency and solid angle subtended by the
detector designated by j at the source position, respectively. The random coincidence

counts, arising from the detection of 7; and 5 in the detectors i and j, respectively,
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emitted from different nuclei can be written as
Ni?;andom - NOQQ'E]'QZ‘Q]'TR, (32)

where 75 is the time resolution of the coincidence system. So, the ratio of genuine to

random coincidence count rate becomes:

N;; 1
N{jandom NOTR ’

(3.3)

The ~-v cascade of the probe nuclei used for PAC measurements passes through an
intermediate nuclear energy level of mean-lifetime 7. Then, the differential coincidence

count rate is expressed as [1,80]

N{j(Q, t) =N;;(0,t) + Nig-a"dom(t) = Noexp(—t/7n)€€; ;W (0, 1) + NZj“”dom(t);
Ny =Nj; — Njzndom,

(3.4)
where t is the time difference between the detection of 7, and 5. The random subtracted
coincidence count rate is expressed by N;;. We have used 'Hf probe whose activity
was typically 50-100 pCi. The range of all the TACs were set to 100 ns (which is
approximately 10 times the lifetime of the intermediate nuclear level of ®!Ta) in both
the set-ups. In this configuration, the genuine to random coincidence count rate ratio
at the peak position ~50-100. Now, to get rid of the detector efficiencies, solid angles
and exponential nuclear decay term, a conventional count rate ratio is formed. In both
LaBr3(Ce)-BaF; and BaF,-BaFy set-ups, we have formed four coincidence combinations.

The count rate ratio can be expressed as [1,80,91]

C2f [Nys(180°, £) Nas(180°, )
R(t)_§[\/ Nua(90°, ) Nog (90°. 1) | (3:5)
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Here, N;3(180°,t) is the coincidence count rate for the pair of detectors indicated by 1 and
3 which subtend an angle 180° at the source position and N4 (180°,¢) is the coincidence
count rate for pair of detectors marked by 2 and 4 which subtends the same angle 180° at
the source position. Similarly, the N14(90°,¢) and N53(90°,¢) are the coincidence count
rate for 90° detector combinations. Detector efficiencies and the soild angle subtended
by the detectors at the source position do not appear in the expression of R(t) as the
numerator as well as denominator contain contributions from all the four detectors. A
typical coincidence count rate at 90° and 180° have been shown in Figure 3.9. For

Ay < Ay (as in the case of 8'Hf probe), the angular correlation can be written as
W (0,t) =1+ AsyGy(t)P(cosh). (3.6)

The perturbation function Gs(t) is related to R(t) by the following relation [92]:

R(t)

AsGoll) = TR

(3.7)

A detailed description of data reduction in the PAC spectroscopy can be found in the
reference [91]. The PAC data have been fitted by the WINFIT software. It is based on
x? minimization procedure. In the first step, one has to provide initial guess values of
wg, 1, 9, Sa, and amplitude (f;) of the corresponding perturbation function. In WINFIT
software, the theoretical perturbation functions can be subtracted and the residual of
the fitting can be observed. This software also allows to fit the spectrum where nuclear
relaxation is observed. A Fourier cosine transform of the perturbation function can be
viewed also where, the transition frequencies of the perturbation function are indicated
in the Fourier spectrum. For initial guess values of these parameters, a nice review article

can be found in the reference [93].
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CHAPTER 4

Computational details

Due to enormous advancement of band structure calculations, it has become possible
to calculate reliably the electric field gradient (EFG) by full potential linearized aug-
mented plane wave (FP-LAPW) method within the framework of density functional
theory (DFT) as implemented in WIEN2k simulation package. A brief overview on the

calculation of EFG through density functional theory by WIEN2k code is presented here.

4.1 Density functional theory to solve quantum many

body problem

A system of electromagnetically interacting particles consisting of N nuclei and ZN no
of electrons in a solid form a many body quantum mechanical problem. The Hamiltonian

of this quantum many body system can be written as

Re-V: BV: 1 27, 1 e2 1 27,7,
L Sl S S /I L. 4z
2 ; M; 2 Z me 47T602‘Ri_7?j’ 87760;|7‘i—7‘j| SWEOZ’Ri_Rj|

7 %, k i.J
i#] #J

(4.1)
where M; denotes the mass of nuclei at ﬁ, and m, is the mass of the electron at 7;. The

first term denotes the kinetic energy (K.E.) of the nuclei and second term denotes the
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K.E. of the electrons. Third term describes the Coulomb interaction between the protons
and electrons. Fourth term shows the Coulomb interaction between the electrons. The
last term in the above equation shows the Coulomb repulsion between the protons of
different nuclei in the system. Born-Oppenheimer approximation [10] states that nuclei
are much heavier than the electrons and they hardly move as compared to the electrons.
So, nuclei in solid can be thought of as a source of positive charge at fixed positions
and the NZ electromagnetically interacting electrons move in the external potential of
nuclei. Consequences of the Born-Oppenheimer approximation is that we can drop the
K.E. term due to nucleons in the equation 4.1 and the coulomb repulsion term between
the nuclei with other nuclei becomes a constant. So the many-body Hamiltonian equation
reduces to the following form:

~ ~

H=T+V+ Vi, (4.2)

where T" and V' are the kinetic energy (K.E.) and potential energy (P.E.) of electromag-
netically interacting electrons and these electrons move in a external potential created by
the coulomb repulsion between nuclei and electrons. Although the difficulty in solving the
many-body Hamiltonian reduces to a large extent by implementing Born-Oppenheimer
approximation, it is still very difficult to solve the Hamiltonian. So, further judicial
approximations are needed to solve this Hamiltonian. Density functional theory (DFT)
is a very advanced technique in this purpose. The DFT is formally established by the
two theorems of Hohenberg and Kohn which are:

Theorem 1: There is one-to-one correspondence between the ground state density (p(7))
of a many-electron system and the external potential V. An immediate consequence
is that the ground-state expectation value of any observable (O) is a unique functional

of the exact ground-state electron density

(V|0 |¥) = Olp]. (4.3)
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Theorem 2: For O being the is the Hamiltonian H , the ground state total energy func-

tional H[p] = Ev,,[p] is of the form:

Evu[p) = (U T + V| ¥) + (U] Vet | 1)

(4.4)
=Fuklp] + / p(7)Vext (F)dF,

where the Hohenberg-Kohn density functional Fyg is universal for any many-electron
system. Ey, [p] reaches its minimal value (equal to the ground-state total energy) for

ground-state density corresponding to Vey.

Kohn-Sham (KS) expressed the total energy functional in terms K.E and P.E. of non-
interacting electrons which are subjected to two external potentials, one due to nuclei
and another due to exchange and correlation effects of electrons. The KS equation

established DFT as a practical tool to solve the many-electron system

Hys = By, [p] =Fux + Vesp)

=Tolp] + Valp] + Vaelp] + Vext[p] (4.5)
_ h? V2 4 e? /p(f"’)df’

2m. " dmey ) | — 7|

+ vxc + ‘/exty

where Ty[p] and Viy[p] are the K.E. and P.E. of the non-interacting electron gas, re-
spectively. The term V,.[p] is the exchange-correlation potential. Exchange-correlation
potential is obtained by taking derivative of the V. with respect to the ground state
electron density

The exact ground state density p(7) of N-electron system can be expressed as

GED I GLAGE (4.7)

m=1

Here, ¢;(7) are the non-interacting single-particle wavefunction of the Kohn-Sham Hamil-
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tonian Hgg
]:[KSQSm(F) = qusm(F) (48)

—

These ¢,,(7) are not the single electron wavefunction and can be thought of as quasi-
particle wavefunction which does not have any physical meaning but, the density cor-
responding to this ground state wavefunction is equal to the true electron density and
single-particle energies €, are not same as single electron energies. Now, to construct
the Hamiltonian, we need to know V,.[p] and Vi[p] which can only be constructed only
if the electron density p(7), which are being searched for, is known. We are now stuck
with a self consistency problem. An iterative procedure is needed to get out of this para-
dox. If we start with a density pg and construct the Hamiltonian Hgg,, and solve the
eigenvalue problem, we will get another density p;. In most cases, p; will differ from p,
and using p;, we can construct Hggo. In this way, this iterative procedure goes on until

the density converges to a final density p; which is consistent with the Hamiltonian.

4.1.1 Exchange-correlation functional

In the Kohn-Sham equation, the exact form of exchange-correlation functional V.[p]
is still unknown. Kohn and Sham [94] proposed an approximation called local density
approzimation (LDA) which is widely accepted to define the exchange-correlation func-
tional. Here, the entire space is divided into infinitesimal volume element (p(7)dr) and
the exchange correlation contribution of that infinitesimal volume is obtained by assum-
ing constant homogeneous electron density in that volume, which is same as the density

of the original volume. Thus, the exchange-correlation functional can be written as

VDA = / p(Pexe(pl7))dF. (4.9)

where the function €,.(p) (not functional) is the exchange correlation energy of a ho-

mogeneous electron gas. For interacting electrons, the total energy can be obtained by
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quantum Monte Carlo [10]. Subtracting the non-interacting K.E. and Hatree energy
(V) from this total energy, the €,.(p) can be obtained numerically. This approximation
works very well for many systems. A next step to improve the exchange-correlation func-
tional is to incorporate the spatial variation of density (gradient of density) to define the
exchange-correlation functional. This approximation is called generalized gradient ap-
prozimation (GGA) which is parametrized by Perdew-Burke-Ernzerhof (PBE) [95] and
can be defined by

VG = [ p7IF (ol Dol (4.10)

4.1.2 Solving Kohn-Sham equation numerically

We have to solve the Kohn-Sham equation (equation 4.8) to get the single particle
wavefunction (¢(7)) which gives the ground state electron density p(7) from the equation

4.7. For this purpose, the wavefunction must be expanded in a given basis set ¢g as

P
b=, (4.11)
p=1

where coefficients ¢’ have to be determined. Now, to get the exact single-particle wave-
function in a function space which has infinite dimension, P should be infinite. For
practical purposes, a finite basis set is chosen. So, by substituting the equation 4.11 in

equation 4.8, we arrive at the following eigenvalue problem

(0] H |64) — em (00|04 (4.12)

Diagonalizing the matrix, we obtain P eigenvalues with P sets of coefficients which
describe P eigenfunctions in the given basis. Two thumb rules are there to choose the

basis set. One is that the basis set should be efficient i.e. fewer no of basis functions
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to describe the eigenfunction which reduces the matrix size. Another is that the basis
set should be unbiased i.e. P should not be so small that the approximation enters by
this choice of P carries much properties of the basis function to define a approximated

eigenfunction.

4.1.3 Basis sets

From Bloch’s theorem [96], one can write the wavefunction of any electronic state for a

Hamiltonian having the periodicity of the lattice as

() = 3 e, (4.13)
K

where K is the reciprocal lattice vector, the k is the wave vector in the first Brillouin
zone and n is the band index [10,96]. The set of coefficients c;i{’k are to be determined to
describe the state. The summation index m in the single-particle Kohn-Sham equation

can be thought of as (n, E) and p stands for k+ K. So, by comparing with equation

4.11, basis function can be written as
B(F) = O (4.14)

All the eigenfunction wg with same &k but different band index are described by the basis

set with that same k and the eigenstates with different k will be expressed by another

basis set with that k. This process will be repeated for that many k values for densely

enough sampling of the first Brillouin zone. For practical purposes, we can not work

with infinite basis set. For plane wave basis set, this can be done by choosing a sphere

of radius K,,.,. Many a time, this K,,,, is expressed in terms of the free electron energy
B2 K2

B = —"%. 4.15
! 2me ( )
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Sp

Figure 4.1: Muffin-tin region and interstitial region inside a unit cell. O is the origin of
the co-ordinate system [10].

Plane wave (PW) basis set is very simple to work with but the major problem to work
with plane wave basis set is that the basis set is not very efficient. The computation
time is mainly determined by the time required for matrix diagonalization and the time
scales as third power of the dimension of the basis set [10]. A more efficient basis
set is Augmented Plane Wave (APW). The basic idea of the APW basis set is: the
electrons that are close to the nuclei behave as they are in a free atom which can be
more accurately described by the atomic like wavefunction and electrons that are far away
from the nucleus, i.e. valance electrons behave as free particles which can be described
by plane wave basis set. Surrounding each atom, a sphere is drawn with radius ﬁa,
called the muffin-tin (MT) sphere (S,) (Figure 4.1). All the MT sphere (S,, Sp) in a
unit cell construct the MT-region and the remaining space inside the unit cell is called
the interstitial region (I). Any point inside the MT-sphere is described with respect to
the center of the sphere (7' = 7" —77,), and the angles €', ¢’ describe the direction of 7 in

spherical harmonics. The basis set can be written as

1 i(k+R)-+7 I

oo i e

¢p(F. E) = o (4.16)
S At R (!, EYY() T E Sa
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Here, u{(’, ) is the solution of the radial part of the Schrédinger equation for atom
a, Y™ (') is the spherical harmonics and V' is the volume of the unit cell. The major
drawback of this basis set is that the radial wavefunctions are evaluated at an energy FE
(=the energy eigenvalue e’]g) which is being searched for. A similar kind of wavefunction
with a linearization criterion solves this problem. Here, the function uf(r’, F) is con-
structed at some energy E, and by Taylor expansion, the function uf* at an energy not
far away from Fj is constructed

ou(r', E)

U,la(fr/ EE) = u?(fr/, EO) + (EO — Eg) 9E BBy

’ Tk

+ O(Ey — €})?. (4.17)

But, from this expansion, we get another unknown term (FEy — eg) So, the basis set in

linearized augmented plane wave (LAPW) method can be written as

1 i(k+R)-7 Pe

- We re

O(F) = o N (4.18)
i (A g, Bo) + Bt i (v, o) )Y () T € Sa

Ilm

Now, if any orbital of atom « has predominantly d-character, it will be useful to choose
the value of Ey near the center of d-band. It will be beneficial if we choose its value
according to the different [-character (I = 0, 1,2, 3) instead of fixing the energy value Ej
for all atoms. So, instead of Ej, we choose a set of Ef* and the basis set can be written

as

L i(k+K)7 Fel

E (= _ VvV

() = - o (4.19)
S (Al (07, B2 + B (0, B )Y ) T E S

Accuracy of this basis set can be judged by the product RT/K,,q., Where RT is
the radius of the smallest muffin-tin sphere and K,,,, is the magnitude of the largest

reciprocal lattice vector. The typical value of the cut-off parameter R™" K, ., ~6 - 9.

The coefficients A?;;LHK and Bﬁ)’lkJrK are determined by the condition that the function
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inside the MT-sphere should match with the plane wave in the interstitial region in value

and slope at the sphere boundary.

A question arises here that which states should be described by LAPW basis set.
The core states are strongly bound to the nucleus and these states do not participate
in chemical bonding. Core states are entirely contained within muffin-tin sphere. The
valance states which leaks out of the muffin-tin sphere participate in chemical bonding.
They are described by LAPW basis sets. Core states are defined by the atomic like
wavefunction that are subjected to the potential created by the valance states. Now, the
situation may occur when electronic orbitals with different principal quantum number
n but same [ value both behave as valance states due to hybridization or any other
reasons. One of these states has a greater contribution in defining the character of the
valance state of that atom, then the state with lower principal quantum number is called
semi-core states. But, where to choose the FE; in these type of situations? This dilemma
is solved ay adding another type of function called Local Orbitals (LO) to LAPW basis
set. The LAPW+LO basis set can be defined as

wog {0 TE%

(A5EOup (', Bg ) + Byt Cup (v, Bp) + Ot Oup (r, B3 ) )Y (7) - 7€ S

(4.20)

Local orbitals are defined for a particular [, m and atom «. Local orbitals are not
connected to the plane waves in the interstitial region. This basis sets are kor K
independent. The energy ET,; is chosen near the center of the valance band and the
linearization energy £3; is chosen near the center of the semi-core state. The coefficients
A;’;’fo, Bﬁ‘;foand Cf:;fo are obtained by the normalization condition, zero value and slope
of the LO basis set at the sphere boundary. Thus, the LO does not leak out of the MT
sphere. Now, if the number of atoms in a unit cell increases, more number of LO have

to be added which increases the computational time. This is solved by adding another

type of local orbitals (lo) which is different from the previously defined Local Orbitals
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(LO) to LAPW basis sets and are called (L)APW+lo basis set:

a,lo 0 a ¢ SO‘
Pp (T) = (4.21)
(Aieur (v, ) + Biyip (7, E2) )Y () 7 € Sa.

The coefficients Alo;’fo, Blan;l ? are obtained by the conditions that the basis set is normalized

and local orbitals match in value at the sphere boundary.

The (L)APW method can be extended to full potential where the potential in the
interstitial region is no more constant (V), due to the incorporation of wrapped potential
O VII? ek ™) and spherically symmetric potential inside the MT-sphere as implemented
in APW method, is now modified with non-spherical terms inside the MT sphere. The
potential in full potential (linearized) augmented plane wave (FP-(L)APW) method can

be written as

SV, el pe]
V() = r (4.22)

Y i Vim Y (7) 7 € MT sphere.

4.2 Calculation of EFG by WIEN2k

In WIEN2k code [7], calculations are done using full potential (linearized) augmented
plane wave (FP-(L)APW) method. Certain orbitals are also treated by Local Orbitals
(LO) or local orbitals (lo) which increases the accuracy of calculation at the cost of
computational time. The cut-off parameter in limiting the basis function is RTK,,q..
In this method, as the R/ increases, the computation becomes faster at the cost of
accuracy of calculation. Plane wave basis set is more accurate but demands more com-
putational time. The radii of MT sphere of different atoms in the unit cell should not be
too different with one another (within 20%). The number of k vectors must be limited
as the diagonalization of the Hamiltonian matrix is repeated for every k vectors but

at the same time, it should be able to densely enough sample the first Brillouin zone.
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The calculation of EFG were performed by using the method developed in reference [97]

which is implemented in WIEN2k code. All the calculations refer to zero temperature.

Electric field gradient (EFG) is a traceless, symmetric tensor of rank 2 (3x3 matrix)
and it is expressed as the second derivative of the electrostatic potential at the nuclear
site. Thus, EFG is expressed by five independent components. The EFG in the cartesian

coordinate in define by the equation 2.30 as

0% (7)
Vii = . 4.23
O0z;0x; =0 (4.23)
Coulomb potential is expressed by the following expression
y—© / ) (4.24)
c = - T . .
dreg ) |7 — 17|

This tensor can also be expressed by five angular momentum components in spherical
co-ordinate system (i.e. L=2, M=-2-1,0,1,2). In WIEN2k code, the EFG is expressed
in spherical co-ordinates due to the fact that the potential is also evaluated in spherical
co-ordinates. The Cartesian components are related to the spherical components by the

following relation

Vaa(r) — \/%Vzo(?“) Va,—a(r) Vor(r)
Vomremim s | Vaa) —Valr) - HVa(r) Veln) |- (425)
167 r—0 72 ’ V3 8
Var () Va1 \/%Vzo(?“)

Now, from earlier discussions on the EFG, we know that the most significant component
of EFG in Cartesian coordinate is V,, which is equivalent to V5, component in spherical

coordinate. The component V. is expressed by

Y0
V.. x /p(f')r—?))d?’r. (4.26)

The main contribution in V., comes from the electrons inside the MT sphere. The density
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p(7) can also be expanded in lattice harmonics by the following equation

p(7) = prar PV (7). (4.27)

Now, V.. can be spatially decomposed to two components arising from muffin-tin sphere

and interstitial region:

YMyp Y;
szOC/ ZPLM(F) L 12 d3r+/ p(7) 20 13,
sphere 1 nr interstitial

r3 r3

(4.28)

T
= / P20§ ") dr’ + interstitial.
sphere r

For metallic samples, the local electronic charge density due to valance and semi-core
states dominates. Now, spherical component of the electronic charge density inside the

MT sphere pry(7) is expressed by lattice harmonics as

pa() = Y 3 Ri (€8, 7) R (€, F)G ™ (4.29)

eE<EF Im I'm/

where Ry, is the radial function of non-core electronic states and are restricted by the
condition € < Er, Eris the Fermi energy. The G is the Gaunt number which is basically
an integral over the product of spherical harmonics. Now, for L = 2 and M = 0, the
terms with [ =1' =1 (p-p) and [ =" = 2 (d-d) give non-zero Gaunt numbers although
a minor contribution can be found for [ = 0,!' = 2 (s-d) and [ = 1,I" = 3 (p-f). So, V..

can can be decomposed to different sets of orbital quantum numbers as

V.. =VP 4+ V¥ 1 4 Interstitial
v = {2 S +p) -
2z /12 @ T Py z (4.30)

1 1
V;id — <T—3> |:dmy —+ dxz,y2 — §<dm + dyz) — dg} .
d

Thus, the EFG is found to be proportional to the differences of orbital occupancies. Now,

all the occupancies are same for cubic crystals which gives V,,=0 and crystals which have
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axial symmetry (hexagonal, tetragonal) give p,=p,.

For calculation of EFG, a supercell appraoch is most commonly used. The probe atom
resides at the center of the supercell which is large enough to allow significant relaxation
[94]. A detailed description of calculation of EFG can be found in the reference [98].
The combination of PAC measurements and DFT calculations can be very useful for
the microscopic investigation of materials. The preferential site occupation of the probe
atoms in the investigated material can be identified by comparing the measured EFG

value from PAC with the calculated one using WIEN2k code.
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CHAPTER 5

PAC results and ab-initio calculations

PAC measurements have been carried out on mainly two types of samples a) chemical
samples (Zr/Hf-RbF-HF) b) intermetallic samples (Zr/Hf-Ni). Ab-initio calculations
have been carried out for the intermetallic binary alloys by WIEN2k code to compare
the calculated values of EFG with the PAC results. Structural properties of Hf metal
with nominal amount of Zr impurity has been studied by PAC technique to test our PAC

set up as Hf metal was studied earlier by many authors.
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5.1 Studies on hafnium metal with a few at% zirco-

nium

5.1.1 Introduction

Previous studies in Hf and Zr metals by perturbed angular correlation (PAC) [99] pro-
duced results which are not yet fully resolved. These studies were performed mostly
with few at% impurities and produced non-zero values of asymmetry parameter as well
as damping in the PAC spectra. The metals Hf and Zr have very similar chemical and
structural properties and it is very difficult to separate completely one from the other.
The crystal structures of Hf and Zr are hexagonal close-packed (hcp) with axial symme-
try. Hf metal has lattice constants a=320.0 pm, ¢=506.2 pm (c/a=1.582) and for Zr,
the lattice constants are a=323.1 pm, ¢=514.8 pm (c/a=1.59). The ideal packing ratio
c/a is 1.633. The PAC spectra in Hf and Zr metals are, therefore, expected to produce
an asymmetry parameter n=0. Rasera et al. [100], studied both Hf and Zr for different
impurity concentration and concluded that non-zero values of n in these metals arise
due to presence of Zr or Hf impurities. In a pure Zr metal (Hf concentration 390 ppm),
these authors [100] found an almost undamped PAC spectrum with a value of  ~ 0.
It was shown that the asymmetry parameter and damping of the spectrum increased
with increase in impurity concentration. These authors also showed that PAC spectra in
these metals with few at% impurities produced two frequency components. A fraction
appeared due to all similar atoms surrounding the probe as nearest neighbor (NN) giving
n ~ 0,6 ~ 0 and found another fraction due to the formation of probe-impurity pair by

attracting one Zr impurity atom to the probe producing non-zero value of 7.

In the previous studies with few at% impurities [100], the pure component fraction
observed for a particular impurity concentration was found to be significantly lower

than the statistical model calculation. For an impurity concentration of only 1.1 at%,
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the pure hep fraction was found to be significantly low (~65%) and it is difficult to
understand that this low impurity concentration influences the pure hcp fraction to such
a large extent whereas from statistical model calculation, this fraction was predicted to
be 88%. The experimentally observed fractions for pure hcp were found to be lower
than statistical model calculations for all values of impurity concentrations [100]. Also,
the behaviors of component fractions with temperature for pure hep and probe-impurity
pair were not studied in earlier investigations [100]. Only, the behavior of the two
fractions with impurity concentration was studied. In a Zr metal, however, the evolution
of the pure hcp fraction with temperature for a particular Hf impurity concentration
was reported recently [101]. At room temperature, the major fraction was found to be
produced due to probe-impurity interaction and only ~16% was due to the pure hep
fraction [101]. Interestingly, the pure fraction was found to increase with temperature
and this fraction enhanced to ~ 55% at a temperature of 773 K. For an ultrapure
metal, on the other hand, no component due to the probe-impurity fraction was found.
From our recent measurement in an ultrapure Hf metal with 110 ppm Zr [102], only the
pure component fraction was found. The corresponding PAC spectrum was found to
be undamped up to 110 ns and produced a value of n ~ 0.048(2). Considering above
facts, it is worthwhile to reinvestigate the temperature dependent PAC measurements
in Hf metal with a few at% Zr impurity, particularly, i) to find the pure hcp and 1
NN Zr impurity fractions more accurately at room temperature in order to compare
with the statistical model calculation and ii) to determine the behavior of these two
component fractions with temperature by using a four detector LaBr;(Ce)-BaF; set up.
The LaBr3(Ce) detector has the best energy resolution (~ 4% at 662 keV ~-ray) among
the inorganic scintillators [103] due to its very high light output and also produces a sub

nanosecond time resolution, comparable to that of a BaFy detector [104].

It is known that a very small impurity concentration drastically changes the prop-
erties of metals and alloys, and therefore, the microscopic investigation of the impurity

interaction may be of practical interest. Studies by hyperfine interaction give direct
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information on the local environment of the investigated impurity. In a metal with a
definite crystal structure, an impurity destroys the crystalline symmetry and gives rise
to an electric field gradient (EFG) which interacts with the nuclear quadrupole moment
of the probe atom. The EFG depends on the probe-impurity distance. If the interaction
between the probe and impurity atoms favors their specific configuration in the lattice,
the EFG corresponding to a given probe-impurity distance can be measured and a frac-
tion of probes experiencing this EFG can also be determined. In particular, a number
of the nearest neighbor probe-impurity pairs indicate directly the attractive or repulsive

character of the impurity interaction.

In our previous report [101] in Zr metal with a few at% Hf, the number of probe-
impurity pairs was studied with variation of temperature. From the temperature depen-
dent behavior of probe-impurity fraction, values of binding energy for the probe-impurity
pair and its formation entropy was determined using the Arrhenius relation described by
Hrynkiewicz et al. [105]. Following our previous studies in Zr metal with a small Hf im-
purity, present studies in Hf metal with a few at% Zr have been carried out to determine
the probe-impurity fraction and its variation with temperature. It is also aimed to relate
the temperature dependent behaviors of the probe-impurity and pure hcp fractions with
the Arrhenius relation [105]. This can be used to determine the entropy of formation
and binding energy for the probe-impurity interaction in Hf metal similar to that used

in Zr metal [101].

5.1.2 Sample preparation

For perturbed angular correlation measurements, the probe ¥Hf present in the sample
has been used. A natural Hf wire with ~3 wt% Zr (6 at%)), procured from Alfa Aesar,
was used for the present measurements. This was activated to *'Hf by thermal neutron
capture (flux ~ 10 /cm? /sec) for 7 days in the Dhruba reactor, Mumbai. The natural Hf

sample used here contains '8°Hf (~ 30%) having a thermal neutron capture cross section
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of 14 b. The four detector LaBrs-BaF, PAC spectrometer has been used to acquire four
coincidence spectra at a time (two at 180° and two at 90°). PAC measurements at 373
K and above have been carried out using a resistive furnace placed at the centre of the
detectors. For high temperature measurements, the sample was sealed in an evacuated
quartz tube. For measurement at 77 K, the sample was immersed in a liquid nitrogen

bath.

5.1.3 Results

The TDPAC spectrum at room temperature in present Hf sample is shown in Figure
5.1. The spectrum is analyzed by considering free S, coefficients (equation 2.74) as the
sample is found to have texture effects and it does not behave as a perfect polycrystalline
sample. A best fit to the PAC spectrum (up to 60 ns) at room temperature with
good statistics actually produces five frequency components. In this case, component
2 with a site fraction of (f) ~33% gives values of quadrupole frequency wg=46.8(2)
Mrad/s, asymmetry parameter n=0 and frequency distribution width é=0. This can
be compared with component 1 (~ 33%) which gives values of wg=51.6(3) Mrad/s,
n=0.20(5) and 0=0. The component 2 can be identified as the fraction arising from a
pure hep configuration and the component 1 as due to the configuration of 11 nearest
neighbor Hf plus one Zr impurity surrounding the probe atom. These assignments are
due to the fact that the component 2 produces a somewhat lower value of quadrupole
frequency compared to component 1 and it gives an axially symmetric EFG (n=0) while
the component 1 produces a non zero value of 7 and a slightly higher value of wg.
The values of quadrupole frequencies for these two components are in good agreement
with the earlier reported results [100]. However, in the present case, both pure hep and
Zr impurity frequency components produce no damping (6 ~ 0) at room temperature.
A comparatively higher value of quadrupole frequency for the configuration with one

nearest neighbor Zr surrounding the probe compared to the pure configuration was found
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Figure 5.1: TDPAC spectra in Hf metal at different temperature during initial heating
up to 673 K. Left panel shows the time spectra and the right panel shows the corresponding
Fourier cosine transforms. The PAC spectrum at room temperature designated by 298%
K is taken after the measurement at 673 K.
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Figure 5.2: Variations of wg, n and site fractions (f) with temperature during initial
heating up to 673 K for the pure hcp and the Zr impurity component.
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from previous studies [100] also. At room temperature, the site fractions for both pure
hcp and probe-impurity were found to be the same. These results may change with Zr
impurity concentration. However, apart from these two components, a third component
fraction (~15%) was found which probably arises due to trapping of oxygen in the
interstitial site because of strong affinity of hafnium for oxygen [106]. Components 4 and
5 with site fractions 14 and 5%, respectively, are probably due to some other trapping of
defects. Since, after neutron irradiation, no thermal treatment at high temperature was
done in the sample, these defects probably arise due to irradiation effects. Component 4

producing values of wy=>56.4(4) Mrad/s, n=0 was also found in ultrapure Hf metal [102].

At 373 K, all five components are found to be present and no appreciable change of
results are found at this temperature. However, at 473 K, a drastic change of results is
found where the site fraction for the impurity fraction is enhanced abruptly to ~ 50% and
the pure fraction reduces to ~17% (Figure 5.2). Component 4 with wg ~ 56 Mrad/s, n=0
was not found at 473 K which probably indicates a defect nature of this component. But
interestingly, it is found that quadrupole frequencies for both pure hcp and Zr impurity
components decrease abruptly from the values at 373 K (Figure 5.2). This indicates
that a microstructural change has occurred at 473 K. PAC measurements at 573 and 673
K have also been performed. It is found that above 473 K, the quadrupole frequencies
for these two components decrease slowly and almost linearly with temperature (Figure
5.2). The asymmetry parameter for the impurity component, on the other hand, shows
an increasing tendency with temperature. The site fractions for the pure and Zr impurity
component do not change appreciably (Figure 5.2) in the temperature range 473-673 K.
After measurement at 673 K, a re measurement at 298 K has been performed to find
the reversibility of the results. This time we have found four components. The first
two components give values of wg which are almost identical to those found in the
pristine sample. Interestingly, in this case, both the pure and Zr impurity components
produce n=0, 6=0 while before heating the sample it produced n=0.20 for the impurity

component. A re measurement at 373 K also produces n=0 for the impurity component.
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Figure 5.3: TDPAC spectrum in Hf metal re-measured at room temperature and then up
to 973 K after the sample is measured at 298% K. The Fourier cosine transform is shown
in the right panel.

These results indicate that a Zr impurity atom in the Hf lattice does not break the axial
symmetry, in general, and the axial asymmetry in case of 1 NN Zr impurity depends on
the thermal history of the sample and also on temperature. At higher temperature, it
always produces an asymmetry of the EFG. When the sample is re measured at 298 K,
the component with wg=>57 Mrad/s re appears but, the component with wg=35 Mrad/s
is not found any more. This indicates that this is also probably a defect component.
However, the component fractions for the impurity and pure hcp fractions are found to

be completely reversible.
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Figure 5.4: Variations of wg, n and site fractions (f) with temperature for re measure-
ments (298 to 673 K) and new measurements up to 973 K.

Table 5.1: Calculated probabilities (p) of pure component fraction for finding no dissim-

ilar atom in the nearest neighbor to the probe

At% Zr p(%)
1.1 88
1.5 85
2.0 81
3.0 75
4.0 70
6.0 65
8.0 63

At 77 K, the PAC spectrum (Figure 5.1) gives two frequency components only. These
can be identified as the probe-impurity fraction (~93%) and pure hep fraction (~7%).
But, in this case, the impurity fraction produces a large damping (§ ~10%). Three
other components which do not appear at 77 K can indeed be attributed to defects.
The frequency distribution width for the impurity fraction, probably, increases as a
manifestation of the irregular defect components not observed at 77 K but, were found

at 298 K.

After initial measurements, re measurements up to 673 K and new measurements up
to 973 K in the same sample have been performed at an interval of 100 K (Figure 5.3).
By comparing with the results of initial measurements, most of the results are found
to be repeated, particularly, for the pure hcp and the Zr impurity component. Here
also, it is found that at 473 K, the sample produces an abrupt change in microstructural

configuration. At this temperature, the impurity fraction increases abruptly to ~51%
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and the pure hep fraction is reduced to ~14%. The fractional behaviors of these two
components up to 973 K are shown in Figure 5.4. It is found that the pure fraction
increases with temperature and reaches its maximum value (51%) at 973 K where the
Zr impurity fraction reduces to ~23%. The asymmetry parameter for the impurity
component clearly increases with temperature (Figure 5.4). The values of quadrupole
frequencies for the pure and Zr impurity components again show abrupt discontinuities
at 473 K and then vary slowly with temperature. The component with wg=57 Mrad/s
(component 4) is not found at 673 K and above. For component 5, the quadrupole
frequency is found to change its value suddenly at 473 K from the value found at 373 K
and this component does not appear at 873 and 973 K. Detailed results of temperature

dependent PAC measurements in this sample can be found in the reference [21].

Electric field gradient (V,,) or the electric quadrupole frequency (wg) in non-cubic
metals generally decreases with temperature following 7" or T%/? temperature dependent
relationship [1,107,108]. The thermal expansion can not be solely accounted for this
temperature dependence. Although the reason behind the temperature dependence is not
very well established in literature, it can be qualitatively said that the major contribution

of the EFG or wq originates from lattice vibration:

Voo (T) = Vaa (0)[1 — A (). (5.1)

Here, (u?) is the means square atomic displacement. In the Debye model, the lattice
vibration is measured in terms of means square atomic displacement (u?) which has 7"
temperature dependence for T < Tp (Tp: Debye temperature) and linear temperature
dependence for T > Tp [1]. This approximately leads to T7%?2 temperature dependence
of means square atomic displacement. Thus, 72 temperature dependence of EFG stems
out from the T%/? temperature dependence of the lattice vibration. In the present study,
the quadrupole frequency for both pure Hf and Hf+-1 NN Zr components showed a drastic

change at 473 K. So, only wg in the temperature range 473-973 K has been fitted for
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both pure and impure components by

(,UQ(T) = WQ(O)(l — OéT). (52)

where wg(0) is the extrapolated value of wg(7) at 0 K. The results for wg(0) and o
are found to be 47.8(8) Mrad/s and 0.8(4)x107*/K respectively for the Zr impurity
component and for the pure component, these are found to be wg(0)=40.2(5) Mrad/s
and @=0.3(2)x10~*/K. In the lower temperature region (77-473 K), the values of wq(T)
(Figure 5.2) will give different results for wg(0) and in this region, probably, the temper-
ature dependent behaviors of wg will be different. Data in this low temperature region

are not fitted due to insufficient data points.

5.1.4 Discussion

In our Hf metal sample, the Zr impurity was quoted to be nominal 3%. For a partic-
ular Zr impurity concentration, the probability that the probe has twelve nearest Hf
neighbor can be calculated from Poisson statistical consideration. This probability will
be increased with lowering of impurity concentration. For different impurity concentra-
tions, the probability of pure hep fraction is shown in Table 5.1. For the present sample
of nominal 3 wt% (6 at%) Zr impurity concentration, the probability that the probe
has all the twelve nearest neighbor Hf is ~65% and the probability of the probe atom
being surrounded by 11 NN Hf + INN Zr atom (probe impurity component) is ~35%.
From two independent measurements, we have obtained a fraction of 33% at room tem-
perature as the pure component fraction where the probe atom has no dissimilar atoms
in its nearest neighbor and a site fraction of ~33% for the probe impurity (1NN Zr)
component. Thus, the probe-impurity fraction (~33%) at room temperature agrees well
with Poisson’s statistical calculation (~35%). Above 373 K, the pure fraction increases
with temperature ~50% at 973 K. This site percentage is very close to the value found

from statistical consideration (~65%). However, the pure site percentage fraction shows
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an increasing trend with temperature (Figure 5.4).

For a particular impurity concentration, the probe-impurity fraction in thermal equi-
librium can be described following the thermodynamical consideration described by
Hrynkiewicz et al. [105]. It was found that in thermal equilibrium at a temperature
T, the ratio f'/fPc' follows the Arrhenius behavior and is given by

fi
fr

= (- exp(—B'/kT), (5.3)

where f*is the no. of probe-impurity fraction, f? is the fraction where probe nuclei have
no impurity at the nearest neighbor sites and ¢ is the atomic impurity concentration.

Here, (3 is the entropy factor and is given by

p = z-exp(AS/k); (5.4)

z being the coordination number of the lattice (for the fcc and hep lattices, z=12) and
AS is the difference in the vibrational entropies for the impurity pair and for the isolated
impurity atoms. Thus, the ratio f*/fPc' is the ratio of the concentration of the Ta probe
bound with one Zr impurity to the concentration of Ta atoms surrounded by the host
Hf atoms multiplied by the impurity concentration. The binding energy for the probe-
impurity pair B is given by B=-B’. From present measurements in the temperature
range 298-973 K, the ratio f?/f? is determined as described in reference [105]. It is
found that the Arrhenius behavior for f*/fPc' is valid in the intermediate temperature
region (473-773 K). In the temperature range 773-973 K, this ratio gives a change in slope
and the same exponential behavior is not valid in this region. In the low temperature
region (below 473 K) also, the results show deviation from the Arrhenius relation. The
deviation at low temperature is expected considering the fact that the sample must
be kept at a minimum temperature to allow the diffusing impurity atoms be trapped

into pairs. This imposes a lower limit of the Arrhenius behavior. For Hf metal, this
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Figure 5.5: Logarithmic plot of the ratio of the probe-impurity fraction (f?) to the
product of pure hep fraction (f?) and impurity concentration (c!) with temperature.

temperature is 473 K. There is a high temperature limit also which is set by the lifetime
of the intermediate state of the probe nucleus. The lifetime of the pairs created can not
be shorter than that lifetime. In Hf metal, the upper temperature limit for Arrhenius

behavior is found to be 773 K.

Employing the Arrhenius relation, values of entropy formation factor and binding
energy for the probe-impurity pair are determined and values of $=9.6(7) and B’'=-
0.075(4) eV are obtained from the results in the temperature range 473-777 K. The
binding energy for the probe-impurity pair is thus found to be B=0.075(4) eV. These
values of B and 3 in dilute Hf alloy with Zr impurity are comparable to the values found

in other dilute alloys of Cu, Ag and Au with Pt impurity [105].

5.1.5 Conclusion

As shown in this work, Hf metal with a few at% Zr, produces five frequency components
and a two component model found earlier [100] can be used to describe the microstruc-
tural configuration of this metal. It is found that Hf metal (~ 3 wt% Zr) produces both

11 NN Hf plus 1 NN Zr atom and pure 12 NN Hf with distinct values of quadrupole

frequencies. The site fractions for these two types of configurations depend strongly on
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temperature. At 77 K, the impurity fraction is found to be maximum (~93%) but, it
reduces to 33% at room temperature, increases to ~53% at 573 K and then decreases
again steadily with temperature. On the other hand, the pure 12 NN Hf fraction exhibits
its minimum site fraction (~7%) at 77 K. It increases to ~33% at room temperature
and then decreases to ~14% at 473 K. But, above this temperature, the pure fraction in-
creases steadily with temperature. In fact, the temperature dependent variations for both
these site fractions show somewhat irregular behavior (Figure 5.4). A drastic change in
microstructural configuration has been found at 473 K where the quadrupole frequencies
for both these fractions show abrupt changes along with abrupt changes of site fractions.
This interesting behavior of Hf metal at a particular temperature is observed in this
report only. For the first time, to the best of our knowledge, the temperature dependent
behaviors of quadrupole frequencies in a metal show clear discontinuities at a particular
temperature and it is found that the values of wg at different temperatures in the range
77-973 K can not be fitted by a linear 7" or T°/? relationship in this whole temperature
range. From 473 K and above, however, the results show linear 7" dependence. It is
found that the ratio f*/fPc" does not show the same Arrhenius behavior in the whole
temperature region 77-973 K. There is a deviation above 773 K and it is found that Ar-
rhenius behavior is not valid in the low temperature region (below 473 K). It is observed
also that above 773 K, the pure 12 NN Hf fraction increases with temperature instead
of showing a limiting value. It seems that at high enough temperature (above 973 K),
the entire site fraction will be the pure hep and is just opposite to what is found at very
low temperature (77 K) where the major sites (~93%) are found to be the Zr impurity.
It is shown that asymmetry parameter for both Zr impurity and pure fraction can show
the highest symmetry (n=0). While the pure fraction always exhibits a value of n=0,
the asymmetry parameter for the impurity component depends on temperature. Our
results and analysis indicate that the parameter ), particularly for the impurity fraction,
depends on thermal history of the sample and it is not generally true that Zr impu-

rity atom breaks the crystal symmetry. The three defect components found at different
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temperatures are characterized also by PAC.

From present measurements at different temperature, entropy of formation and bind-
ing energy for the probe-impurity pair have been determined following the Arrhenius
behavior described by Hrynkiewicz et al. [105]. These are found to be quite reasonable

by comparing with earlier reported values in some other dilute alloys.
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5.2 Crystal structure properties of hafnium and zir-

conium tetrafluoride trihydrates

5.2.1 Introduction

The compounds of hafnium and zirconium with identical chemical compositions are ex-
pected to produce the same crystal structure due to very similar chemical properties of
Hf and Zr and their identical crystal structures. It was found also that all compounds of
hafnium and zirconium with same chemical compositions produce the same crystal struc-
tures. The only exception was in the case of hafnium tetrafluoride trihydrate and its ana-
logue zirconium tetrafluoride trihydrate. In all other hafnium and zirconium compounds,
similar values of quadrupole frequencies and asymmetry parameters were reported [109]
from time-differential perturbed angular correlation (TDPAC) measurements which in-
dicated their isostructural crystalline properties. Considering the compounds of hafnium
and zirconium tetrafluoride trihydrates, a monoclinic polymeric structure was found for
HfF,-3H,0 [110]. On the other hand, the crystal structure of ZrF,-3H,O [111] was
found to be triclinic and is formed from discrete dimeric ZroFg(H20)g groups in which
the Zr atoms share the F---F common edge. In the polymeric structure of HfF4-3H5O,
one of the HoO molecules is not directly linked to the central Hf atom but is located
between the chains [3]. The different crystal structure properties of these two trihy-
drate compounds of Hf and Zr are not understood and, therefore, it is of high interest
to resolve the structure of these compounds. Considering this fact, further studies in
the two trihydrate compounds of hafnium and zirconium are worth spending. In this
respect, TDPAC studies are useful where the electric field gradient (EFG) at the 'S'Hf
probe nuclear site can be determined with sufficient accuracies. The crystal structure
environment surrounding the probe atom generates an EFG at the probe nuclear site if

the crystal structure has a non-cubic symmetry. For a cubic symmetry, it produces zero
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EFG. Now, for the compounds of Hf and Zr, if nearly same values of EFG are produced
at the probe site it indicates that these have same crystal structure environment. Thus,
by comparing the TDPAC results, the iso-structurality of the two compounds of Hf and
Zr can be checked easily. Also, TDPAC is a sensitive technique to find any small EFG
and very much helpful to determine the crystal structure with sufficient accuracy. Study
of temperature dependence of EFG in a material is an excellent tool to determine the

electron density that depends on chemical composition of materials.

The X-ray diffraction (XRD) method can also be employed for the crystal structure in-
formation quite accurately. XRD measurements in the hafnium tetrafluoride compounds
were done earlier by Rickard and Waters [112]. From their measurements it was found
that neither HfF4-3H>O nor HfF,-HyO are isostructural with the analogous zirconium
compounds. But, from recent XRD studies [3], a monoclinic modification of ZrF,-3H,0
(B-ZrF 4-3H50) is reported and it is shown that this monoclinic form of ZrF4-3H,O gives

identical crystal structure parameters to that found in monoclinic HfF4-3H5O.

Previous TDPAC measurements [113-115] in these two Zr and Hf compounds re-
ported widely different values of quadrupole frequency and asymmetry parameter. The
compound HfF4-3H,0 produced values of wg=203 Mrad/s, =0.35 [113] and these corre-
spond to the monoclinic crystal structure (5-HfF,-3H,0). The compound ZrF,-3H50, on
the other hand, produced values of quadrupole frequency wg ~183 Mrad/s and asym-
metry parameter n ~0.83 [114, 115] and these were attributed to the triclinic crystal
structure (a-ZrF4-3H50). Therefore, previous results from TDPAC clearly indicate that
ZrF4-3H,O and HfF4-3H,O have different crystal structures. In ZrF4-3H50, no sig-
nal corresponding to its monoclinic structure was observed from earlier PAC measure-
ments [114,115]. The XRD results by Davidovich et al. [3], however, indicate that both
ZrF4-3H,0 and HfF4-3H;O can have monoclinic structures and they really do not have
different crystal structures as reported earlier. But, to the best of our knowledge, there

is no report of triclinic structure in HfF4-3H,O (a-HfF4-3H50). Since, finding the tri-
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clinic structure of HfF4-3H5O, if any, is of great importance to resolve the structures
of HfF4-3H,O and ZrF,-3H,0O, we have performed detailed TDPAC measurements in
both these compounds. If the triclinic modification of HfF4-3H>O is also found, the iso-
structurality of these two tetrafluoride trihydrates like other Hf and Zr compounds will

be confirmed.

Apart from structural importance of HfF4-3H5O and ZrF4-3H50, the anhydrous HfF,
and ZrF, are shown to be optical coating materials [4] with excellent and stable trans-
mission properties over the infrared region. It is, therefore, interesting to study the
dehydration properties of these trihydrate materials with temperature and to check the
stability of HfF4 and ZrF4 at room temperature. The temperature dependent PAC mea-
surements are useful to find any structural phase transition or any chemical change in

the sample with temperature.

5.2.2 Sample preparation

The samples ZrF4-3H,O and HfF4-3H,O have been synthesized chemically. For the
preparation of tetrafluoride zirconium compound, few milligrams of Zr (with ~5% Hf)
procured from Alfa Aesar is dissolved in hydrofluoric acid, HF (40%) to form a clear
solution. A tiny drop of active Hf metal (*®'Hf) in HF is added to this solution and it
is slowly dried at room temperature (~25°C). Similarly, for the preparation of hafnium
tetrafluoride trihydrate compound, a small piece of wire (~5 mg) of natural Hf metal
(with 3-5% Zr) is dissolved in concentrated HF. A very small quantity of active solution of
I81Hf in HF is added to it. This solution is dried slowly at room temperature till the solid
crystal is formed. The Hf metal was activated in a similar manner as described in section
5.1.2. For measurements at different temperatures in the range 308-333 K, a close cycle
refrigerating unit made of Julabo, Germany has been used in flowing mode. This system
produces a temperature stability of better than £1°C. The sample taken in a plastic vial

was put in close contact with the flowing liquid, through a copper tube segment. Water
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was used as circulating liquid for measurements above room temperature.

5.2.3 Results and discussion

5.2.3.1 HfF,4-3H>0

The TDPAC measurement in the dried sample of Hf metal in concentrated hydroflu-
oric acid, HF at room temperature is carried out to look into the crystallized com-
ponents. The PAC spectrum at room temperature (Figure 5.6) shows an almost un-
damped periodic structure up to 50 ns which indicates a good crystalline nature of
the sample. A fitting to the spectrum gives two quadrupole interaction frequency
components. The dominant component (~80%) produces values of quadrupole fre-
quency wo=183.2(2) Mrad/s, asymmetry parameter n=0.843(2) with a frequency distri-
bution width §=0.9(1)%. For the minor component (~20%), the values are found to be
w=203.7(8) Mrad/s, n=0.377(8) and §=1.0(4)%. The values found for the minor com-
ponent can be compared with the previously reported values in HfF;-3H,O [113]. Similar
values found for the minor component in the present sample and those in HfF4-3H,O
reported earlier [113] (wg=203 Mrad/s, n=0.37) indicates that the present sample is
hafnium tetrafluoride trihydrate. In the earlier work [113], only monoclinic component
of HfF4-3H,O was observed. In our measurements, we have found two frequency com-
ponents. One component gives similar PAC parameters to those reported earlier for
the monoclinic component. The appearance of the predominant component in present
sample is interesting and this provides an important information. The values of wg and
7 for this component fraction in HfF;-3H,0 are found to be similar to the values found
in ZrF,-3H,O which has a triclinic structure. For the compound ZrF4-3H50, values of
wo=183 Mrad/s, n=0.83 were reported [114] and these were supported from our recent
measurement [115] also. The predominant component of HfF;-3H,O in present sample,

therefore, corresponds to the triclinic structure and the minor component corresponds
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Figure 5.6: Time differential perturbed angular correlation spectra in HfF4-3H2O at dif-
ferent temperatures. Left panel shows the time spectra and the right panel shows the
corresponding Fourier cosine transforms. The PAC spectrum at room temperature desig-
nated by 298" K is taken after the measurement at 333 K.

to the monoclinic structure.

This also gives the information that the hafnium tetrafluoride trihydrate can have
both the monoclinic and triclinic structures. In the present sample of HfF,-3H,O, the
population fraction for the triclinic structure is found to be more at room temperature
compared to the monoclinic fraction and was quite unexpected where only the monoclinic
structure of it was found from previous investigations. It seems quite strange also that

the triclinic structure which is predominant in present sample was not observed from
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Figure 5.7: Variations of site percentages with temperature for different components
produced in HfF4-3H5O.

previous PAC measurements and this structure was unknown for this compound. The
site fractions for the two structures remain almost unchanged at room temperature. To
investigate the stability of the triclinic fraction and the changes in population fractions

with temperature, PAC measurements have been performed at higher temperatures.

At 308 K, apart from the triclinic and monoclinic fractions, a new component appears
with a site fraction ~45%. The PAC spectrum at 308 K is shown in Figure 5.6. The val-
ues for the new component are found to be wg=124(2) Mrad/s, n=0.91(3) and §=2(1)%.
This component appears at the expense of the triclinic fraction which is reduced to 34%
while the monoclinic fraction remains almost unchanged. The new component frac-
tion can be assigned to HF adducted hafnium tetrafluride (HfF,-HF-2H5,0) by compar-
ing the values obtained from previous PAC measurements [116,117] in HfF,-HF-2H,O.
In this compound, results at room temperature from two different measurements were
reported to be wg=126.7(4) Mrad/s, n=0.9243(4) [116] and wy=126.86(31) Mrad/s,
n=0.927(1) [117]. A close agreement of the present results with the results reported

earlier indicates that, the sample is partially transformed to HfF4-HF-2H;0 at 308 K.

Results at 318 K also show these three components but with different site frac-
tions compared to that found at 308 K. It is found that the component fraction for
HfF,-HF-2H50 increases to 58% while the triclinic HfF4-3H5O fraction is reduced more

but its monoclinic fraction is slightly enhanced at this temperature (Figure 5.6).
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Present results at 328 K show that the site fraction corresponding to the monoclinic
HfF,-3H;0 reduces slightly (triclinic fraction remaining same) while the fraction for
HfF,-HF-2H,0 increases to 63%. The site fractions for these three fractions at different
temperatures are shown in Figure 5.7. It seems there is a competition between these
three site fractions and these components vary almost smoothly with temperature. Mea-
surement at 333 K shows that component fraction for HfF,-HF-2H,O decreases again
compared to the fraction found at 328 K and the HfF4-3H5O starts to dehydrate. At this
temperature, both the monoclinic and triclinic structures of HfF4-3H,O disappear. Here,
apart from HfF,-HF-2H50O, three other new components are observed. These components
can be assigned to HfF,-HyO (wg=212(2) Mrad/s, n=0.48(2)), Hf,OFs-HyO (wo=156(1)
Mrad/s, n=0.74(2)) and anhydrous HfF, (wg=106(7) Mrad/s, n=0.43(9)) by comparing
the present measured values of wg and 7 with the earlier reported results [113,115-117]
for these components. Site fraction for HfF4-H,O, HfsOFg-Ho,O and anhydrous HfFy
were found to be ~14%, ~16% and ~19%, respectively. The monohydrate HfF4-H5O
gives values of wg and 7 closer to those found in monoclinic HfF4-3H0O. It was found ear-
lier [112] that crystal structures of the trihydrate HfF,-3H,O and monohydrate HfF,-H,O
are same. Present results indicate that HfF4-H,O is isostructural with the monoclinic
[-HfF4-3H50. The fitting of PAC spectrum with four components in HfF,-H,O at 333
K was done by floating all the values of wg, n and ¢ initially. We fixed the value of delta

to zero when the fitting produced § <0.5% for any of the components.

Measurement at room temperature is now repeated after the measurement at 333 K.
The corresponding spectrum is shown in Figure 5.6. The component HfF,-HF-2H,O is
not found now and instead of this, the triclinic HfF4-3H5O reappears. But, interest-
ingly, no fraction for the monoclinic HfF;-3H5O is observed here. This means, when the
temperature is reduced back to 298 K, the sample is partially hydrated to HfF,-3H,O
(563%) but it exhibits its triclinic structure only. On the other hand, the monoclinic
structure which was known to be the crystal structure of HfF4-3H20O is not observed any

more. The other components are found to be anhydrous HfF, (~24%), Hf,OF4-HyO
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(15%) and HfF,-H,O (8%). The presence of monoclinic and triclinic structures in this
trihydrate compound is probably sample dependent. In present sample, the co-existence
of two phases are possibly due to incomplete crystallization induced by the local de-
fects or thermal history while in samples of previous measurements only one crystalline
phase (8-HfF;-3H,0) was produced. Detailed results of temperature dependent PAC

measurements in this sample can be found in the reference [38].

The PAC spectrum in the crystallized sample of ZrF,-3H,O (sample 1) at room temper-
ature is shown in Figure 5.8. At room temperature, an almost undamped periodic time
spectrum up to 50 ns is observed. This spectrum gives a predominant frequency com-
ponent (83%) with values of wg=183.2(4) Mrad/s, n=0.839(3), §=0.9(2)% along with
two other minor components. This component corresponds to the triclinic structure of
ZrF4-3H,0 as reported earlier for this compound. Appearance of the second minor com-
ponent, however, is significant. It gives values of wg=203(2) Mrad/s, n=0.35(2) with a
value of §=0. The site fraction for this component is found to be ~10%. Comparing
these values of wg and n with those found in HfF4-3H5O reported in reference [113] and
also in present report, this minor component can be identified as [-ZrF4-3H;O. The
monoclinic structure of ZrF4-3H50 is found at room temperature from repeated mea-
surements and is always produced as a minor component (7-10%). However, no such
component was [114, 115] found from PAC measurements done earlier. Probably, this
was not crystallized in earlier samples or not identified because of its small site fraction.
But, the presence of this component in present sample indicates that ZrF4-3H,O also
has both triclinic and monoclinic crystal structures. Although the monoclinic structure
was not found from previous PAC measurements, this structure is reported from a recent
X-ray diffraction measurement [3]. Present PAC measurements in ZrF,-3H20, therefore,

support the XRD results about the existence of its monoclinic structure. The third minor
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Figure 5.8: Time differential perturbed angular correlation spectra in ZrF4-3HO at dif-
ferent temperatures. Left panel shows the time spectra and the right panel shows the
corresponding Fourier cosine transforms. Here, the PAC spectrum at room temperature
designated by 298% K is for the recrystallized sample. Spectra shown at higher temper-
atures are taken in this recrystallized sample. The PAC spectrum at room temperature
designated by 298* K is taken after the measurement at 318 K.

component (7%) with values of wg=164(3) Mrad/s, n=0.76(3) and =0 can be attributed
to ZroOFg-HoO by comparing with earlier reported values in HfyOFg-HoO [116, 117].
From our previous measurement [115], similar values of wq and 7 for ZroyOFg-HoO have
been reported. To reproduce the monoclinic ZrF4-3H,0, we have recrystallized the sam-
ple by adding concentrated HF. The solution is divided into two parts and allowed

to dry slowly at room temperature. One of the crystallized samples show pure triclinic

94



CHAPTER 5. PAC RESULTS AND AB-INITIO CALCULATIONS

100

80+

60} - 0-ZrF,-3H,0
-+ B-ZrF,-3H,0

407 - ZIF -HF -2H,0

f (%)

20+

295 300 305 310 315 320
Temperature (K)

Figure 5.9: Variations of site percentages with temperature for different components
produced in ZrF4-3H50.

ZrF,-3H50 (results not shown) while the second sample (sample 2) again gives a mixture
of both triclinic and monoclinic structures. The monoclinic fraction in sample 2 at room
temperature is also found to be relatively small (~10%) compared to the triclinic frac-
tion. In the recrystallized sample, however, no fraction corresponding to ZroOFg-HyO
appears. To investigate the temperature dependent behavior of the two structures of

ZrF4-3H,0, measurements have been performed at higher temperatures in sample 2.

At 308 K, both the triclinic and monoclinic structures are observed with site percent-
ages of 72 and 15, respectively. Beside this trihydrated component of ZrF, with its two
different structures, a new component (wg=120(2) Mrad/s, n=0.93(2)) appears at this
temperature with site fraction ~13%. The values of wg and 7 for this new component are
found to be wp=120(2) Mrad/s, n=0.93(2) and it can be attributed to ZrF,-HF-2H,0O
by comparing with earlier reported results [115]. At this temperature, the fraction for
monoclinic ZrF4-3H50 enhances while the triclinic fraction is found to be reduced. The
triclinic fraction is found to be reduced drastically at 318 K (11%) and at the expense
of this, the HF adducted component is enhanced much (77%). The monoclinic fraction,
on the other hand, does not change appreciably. Here, site percentages for both triclinic
and monoclinic structures are found to be almost same. A variation of site fractions
for different components is shown in Figure 5.9. When the temperature is brought back

to room temperature, the triclinic fraction again goes up (43%) and the component
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due to ZrF4-HF-2H50 reduces (46%) while the component corresponding to monoclinic
ZrF4-3H50 is reversibly back to the original site fraction (10%). This indicates that the
monoclinic ZrF4-3H50 is also a stable configuration like its other structural configura-
tion. It is found that ZrF4-3H,O is more reversible with temperature than HfF,-3H50.
This is duo to the fact that ZrF4-3H50 is heated up to a temperature of 318 K while
HfF4-3H>0O was heated up to a more higher temperature of 333 K. At 333 K, the sample
HfF4-3H50 loses H,O molecules and irreversibly dehydrates to HfF, and HfF,-H,O. De-
tailed results of temperature dependent PAC measurements in this sample can be found

in the reference [38].

5.2.4 Conclusion

From PAC measurements in tetrafluoride trihydrate compounds of Hf and Zr, we find
that both these have monoclinic and triclinic structural configurations and it is not true
that their crystal structures are different viz., HfF4-3H5O has monoclinic and ZrF4-3H,O
has triclinic structure. In HfF4-3H5O, strong PAC signals for both clearly indicate pres-
ence of these structures while in ZrF4-3H50O, the triclinic signal is more pronounced at
room temperature compared to the monoclinic signal. From temperature dependent
PAC measurements, it is found that the triclinic fraction of HfF-3H,O decreases while
the monoclinic fraction increases with temperature from room temperature up to 328 K
but, the the sample composition changes at 333 K where both these structures disap-
pear. A re-measurement at room temperature produces the triclinic structure only and
the monoclinic configuration of HfF;-3HsO does not re-appear. This shows that, the
triclinic structure of HfF4-3H50 is also a stable configuration as the monoclinic struc-
ture although the monoclinic form of this trihydrate compound was known only from
previous X-ray diffraction and PAC measurements. Also, the monohydrate HfF4-H5O is
found to be isostructural with g-HfF4-3H50O. In ZrF4-3H50, results from present mea-

surements give a stable monoclinic structure and support the results obtained from a
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recent X-ray diffraction study in this compound where the crystal structure parameters

for the monoclinic modification of zirconium trihydrate tetra fluoride were reported.
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5.3 Crystalline properties of RbyZrF; and Cs,HfF

5.3.1 Introduction

The previous temperature dependent perturbed angular correlation studies in RboHfFg,
RbyZrFg and CsyHfFg [5,65-67] produced interesting results. In the crystalline com-
pound RbyHfFg, a phase transition near 740 K was reported by Martinez et al. [67] and
a fluctuating electric field gradient at temperatures above 413 K was found by Vasquez
et al. [65]. In RboyHfFg and CsyHfFg, time-dependent relaxation effects due to the ionic
motion in the crystal in presence of vacancies or other type of lattice imperfections sur-
rounding the probe atom were observed at T > 513 K [65,66]. From measurements in
RbyHfFg and RbyZrFg, on the other hand, no time-dependent relaxation effects were
found by Martinez et al. [67] but, structural phase transitions in both these compounds
around 740 K were reported. It was found [67] that RbyZrFg produced two electric field
gradients (EFG) corresponding to two different crystal structures. These were found
to be V,,=7.8x10'" V/m? (wo=74 Mrad/s, n ~ 0) and V,,=2.9x10"" V/m? (wg=28
Mrad/s, n ~ 0) at room temperature with population fractions ~94% and 6%, respec-
tively. Similar values of EFG were found for the analogous compound RboHfFg. These
authors [67] have shown that two structures of these materials change abruptly at around
740 K where the predominant structure corresponding to wg ~ 74 Mrad/s, n ~ 0 trans-
forms to the second structure with wg ~ 28 Mrad/s, n ~ 0. From our recent measurement
in RbyHfFg [5], in addition to above two components, a new structure corresponding to
the frequency component with values of wg ~ 25 Mrad/s, n ~ 0.55 was found which was
not observed from previous investigations. This new structure was found to be produced
instantaneously at a particular temperature (room temperature or slightly above) or de-
veloped gradually with temperature due to rotation of the HfFg?~octahedral ionic group
about the principal axis. It is known [118] that materials of type RoMXg and RMX;

(R=K*, Rb™ and Cs*; X=halide) with cubic antifluorite and perovskite structures re-
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spectively, undergo phase transitions of tilting variety at lower temperatures. Our earlier
report in RboHfF¢ [5] demonstrates this phase transition from detailed measurements in
its different samples and with varying temperatures. Present investigations in RbyZrFg
and CsyHfFg have been carried out to find out any such structural phase transitions in
these materials also, particularly, when there is no report of any low temperature phase
transitions in these materials from previous measurements. Measurements in these ma-
terials are aimed also to find any spin relaxation effects at high temperature duo to
atomic or ionic fluctuation near the probe atom in presence of vacancies or any other

lattice imperfections.

5.3.2 Sample preparation

5.3.2.1 RbQZI'F6

Four different samples of RbyZrFg have been prepared by chemical synthesis. A tiny
piece (~2 mg) of Hf metal was activated in a similar manner as described in section
5.1.2. The active Hf metal piece was dissolved in concentrated HF. A very small quantity
of this solution was added to each sample of RbyZrFg and CsyHfFg in solution. For the
preparation of sample 1, a small piece (4.4 mg) of natural Zr metal (~5% Hf) procured
also from Alfa Aesar was first dissolved in concentrated HF (40%). Approximately 16
mg RbF (purity 99%) was dissolved in it and then activated with B'Hf. The active
solution was allowed to dry slowly at room temperature till the solid crystalline powder
is formed. A sample 2 of RbyZrFg was synthesized in a similar manner as in sample 1.
The quantities of Zr metal and RbF in sample 2 were approximately 6.8 and 20.4 mg,
respectively. A different sample (sample 3) of RbyZrFg was prepared in a similar way as in
previous samples. In this sample, the quantities of Zr metal and RbF were approximately
14 and 40 mg, respectively and it was dried at a slightly elevated temperature using the

infrared radiation. Similarly, a fourth sample of RbyZrFg was also produced where larger
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quantities of Zr metal (28.4 mg) and RbF (77.7 mg) were taken and a clear solution
was produced by dissolving in concentrated HF. A part (~3/4 th) of this solution was
taken separately in a plastic container before it was activated and was dried slowly
at room temperature. This inactive solid part was used for XRD measurement. The
rest part of the solution was activated with 8'Hf which was also dried slowly at room
temperature and was used for TDPAC measurements. Preparation conditions for all the
samples of RbyZrFg have been summarized in a Table 5.2. For measurements at different
temperatures in the range 313-363 K, the procedure described in section 5.2.2 has been

utilized.

5.3.2.2 CSQHfFG

For the preparation of CsyHfFg, a small piece (~ 3.8 mg) of natural Hf metal (~5%
Zr) procured from Alfa Aesar was dissolved in concentrated HF taken in a plastic vial.
Approximately 10 mg of CsF was added to this solution. The active solution was allowed

to dry slowly at room temperature till the solid crystalline sample was produced.
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Table 5.2: Sample preparation for RbaZrFg

Sample | Zr (mg) | RbF (mg) | preparation condition

1 4.4 16 dried slowly at room temperature
2 6.8 20.4 dried slowly at room temperature
3 14 40 dried under infrared radiation

4 28.4 7.7 dried slowly at room temperature

(~25% of the sample was used for PAC
measurements while ~75%
of the sample was used for XRD measurement)

5.3.3 Results and discussion

5.3.3.1 RbQZrFG

The PAC spectrum at room temperature for sample 1 (Figure 5.10) gives two interaction
frequencies. A best fitting to the spectrum is obtained by considering two frequency
components. The predominant component (71%) gives a value of quadrupole frequency
wo="74.59(6) Mrad/s, n=0 (component 1) and a value of frequency distribution width
0=0.4(1)%. By comparing these values of wg and 7 with those found earlier [67], the
crystallized sample can be identified as RbsZrFg. But, the minor component (component
2: wp=26.1(3) Mrad/s, n=0.55(2)) found in present sample with site fraction ~29% was

not observed from previous measurements [67].

Interestingly, the PAC spectrum is found to change spontaneously at room tempera-
ture. After one day, the spectrum looks significantly different (Figure 5.10). It gives the
same two components but with site fractions entirely different. Here, the second compo-
nent appears as predominant (70%) and the original predominant component appears as
a minor fraction (30%). Values of wg and n for the two components remain unchanged
as expected. After the initial transformation at 298 K, site fractions for these two com-
ponents are found to change very little with temperature up to 353 K (Figure 5.11).
The results indicate that the second component is a different structural modification of
RbyZrFg and it was not found from previous measurements [67]. For this component,

values of wg and 7 have been found to be similar to those found in RboHfFg from our

101



CHAPTER 5. PAC RESULTS AND AB-INITIO CALCULATIONS

0.1 6
Wil 298 K

0.0 . 4

-0.1 { )

= .

298* K
4 W

}

i
o ]

\ & 323K
3 0.0 S 4 i I l
o 01 £
o~ 2
) 5 J\U\‘J\/\M\n’\w
0.2 e 7

00 ’ ST 343K

Ly
w 353K
0.0 3 4
* ’
-0.1 2(\
JJL\J\-W-—‘—W
-0.2 0
0 10 20 30 40 50 o 1 2 3 4
t (ns) o (Grad/s)

Figure 5.10: Time differential perturbed angular correlation spectra at different tem-
peratures in RbeZrFg (sample 1). Left panel shows the time spectra and the right panel
shows the corresponding Fourier cosine transforms. The PAC spectrum designated by 298*
K is taken after one day of preparation of the sample. Measurements at 298 K have been
performed using the LaBrs(Ce)-BaF3 set up but for higher temperatures, the BaF,-BaFa
set up is used.

earlier investigations [5], which confirms that RbyZrF¢ also has a structural modifica-
tion that arises from rotation of the ZrFg?~ octahedron and the phase transition to this
rotated structural configuration occurs spontaneously at room temperature. This new
structural configuration corresponding to wgp=26.1 Mrad/s, n=0.55 can be assigned as

component 2.

The sample 1 is recrystallized by adding a drop of concentrated HF and then slowly
drying the solution at room temperature. In the TDPAC spectrum (Figure 5.12) of
the recrystallized sample at room temperature, we find three frequency components of

which two (component 1: wg=74.53(9) Mrad/s, n=0; component 2: wo=27.0(3) Mrad/s,
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Figure 5.11: Variations of electric quadrupole frequencies and site fractions with tem-
perature for different components in RboZrFg. Figures in top correspond to the original
sample 1 and those in bottom correspond to its recrystallized sample. Fractions for room
temperature data in sample 1 are plotted corresponding to values found after one day.

n=0.56(2)) are found to be the same as in the original sample. The site fraction for
component 1 and 2 were found to be ~66% and 24%, respectively. In the recrystal-
lized sample, there appears an additional third minor component (~10%) with values of
wo=21.1(7) Mrad/s, n=0 at room temperature. This is not a defect but is shown to be a
different structural modification of RbyZrFg and we designate this as component 3. This
structure of RbyZrFg was found from previous measurements also [67]. Interestingly,
no spontaneous structural change at room temperature was found in the recrystallized
sample. The structural variations for the three structures with temperature are shown
in Figure 5.11. It is found that component fraction for component 1 changes slowly with
temperature while for the components 2 and 3, there is a competition to evolve at higher
temperatures. The component 2 at first increases with temperature up to 333 K where
it is found to be maximum (39%). The component 3 shows its maximum site fraction

(19%) at 353 K and lowest percentage (4%) at 333 K.

Sample 2 at room temperature produces three interaction frequencies (Figure 5.13).
For the predominant component (component 1), the results are found to be wg="74.28(7)

Mrad/s and n=0 (6=0.9%) with site occupation f(%)=79% . Apart from this, two other
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Figure 5.12: Time differential perturbed angular correlation spectra at different temper-
atures in the recrystallized sample of RboZrFg. Left panel shows the time spectra and the
right panel shows the corresponding Fourier cosine transforms. The PAC spectrum desig-
nated by 298" K is taken after one day of preparation of the sample. Measurements at 298
K have been performed using the LaBrs(Ce)-BaF3 set up but for higher temperatures, the
BaFy-BaF, set up is used.

minor components have been found where the component 2 (wg=25.3(6) Mrad/s and
n=0.52(4)) with site fraction ~11% is the same as found in sample 1. The third compo-
nent (component 3: wo=21.1(9) Mrad/s, n=0) with site fraction ~10%, corresponding
to a different structural modification of RbyZrFg, was not observed in the original sample
1, but was present in the recrystallized sample. In this sample also, the third component
is not found at room temperature when heated through 353 K but reappears at higher
temperatures (393 K and above). This was also not present at 323 K and 353 K. To
find the changes in relative fractions of these three components with temperature, we

have performed temperature dependent PAC measurements in sample 2 in the range
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Figure 5.13: Time differential perturbed angular correlation spectra in RboZrFg (sample
2). Left panel shows the time spectra and the right panel shows the corresponding Fourier
cosine transforms. The PAC spectrum designated by 298* K is taken after measurement
at 353 K. This sample shows prominent temperature dependent texture effects. The two
PAC spectra at 298 K which looks different are due to the presence of of texture effects.

298-733 K. For these measurements, the BaF,-BaF, set up was used. It is found that
the component 2 corresponding to the rotated fractions of ZrF¢2~ disappears at 393 K
and above. Up to a temperature of 393 K, it seems there is a competition between
the two minor components. At 393 K, it shows the third minor component only and,
probably, the component 2 transforms to component 3 at this temperature. This struc-
ture corresponding to wg ~ 20 Mrad/s, n ~ 0 was found from previous measurements
also [67]. In the temperature range 493-733 K, the site percentage for component 3
increases (Figure 5.14) slowly with temperature at the expense of component 1. The

quadrupole frequency for component 3 varies with temperature in a somewhat irregular
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Figure 5.14: Variations of quadrupole frequencies and site fractions with temperature
for different components in RbyZrFg (sample 2) and CsyHfFg. Figures in top correspond
to RboZrFg and those in bottom correspond to CsoHfFg.

manner. But, an overall increase of this component fraction at higher temperatures in-
dicates that it is not a defect. From previous measurements [67] also, a smooth variation

of quadrupole frequency with temperature was not observed.

The quadrupole frequency for component 1, on the other hand, decreases slowly with
temperature almost following a linear behavior. At 733 K, we have found the component
1 as still a dominating site (78%). This means no major structural modification has
occurred at high temperature and it is in disagreement with the earlier observation [67].
But the crystal structure modification in RbyZrFg due to reorientation of ZrFg?~ which
is accompanied by a small distortion of the lattice is observed. In sample 2, this structure
is found at low temperatures only but is not found at 393 K and above. Therefore, the

2= octahedron rotated

temperature induced phase transition from normal to the ZrFg
structure is not clearly observed here. In RbyHfFg, on the other hand, this type of
structural phase transition was found [5] instantaneously at a particular temperature.
This was also found to take place gradually with temperature. The exact nature of this

phase transition is, therefore, not very clear and it remains as an unusual structural

phase transition. Our measurements up to 733 K do not exhibit any time dependent
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Figure 5.15: Time differential perturbed angular correlation spectra at different temper-
atures of RboZrFg (sample 3). Left panel shows the time spectra and the right panel shows
the corresponding Fourier cosine transforms. The PAC spectrum designated by 298* K is
taken after three weeks of measurement at 298 K. The PAC spectrum designated by 2987
K is taken after measurement at 353 K.

relaxation components due to fluctuation of atoms or ions in the vicinity of the probe

atom as reported in RbyHfFg [65] from previous investigations.

The TDPAC measurement in sample 3 at room temperature gives interesting results.
The PAC spectrum (Figure 5.15) at room temperature shows clearly different compared
to the spectra in samples 1 and 2. Here, a new high frequency component is observed as
a predominant fraction (64%) with values of wg = 148(2) Mrad/s, n = 0.540(3) and § =
1.2(2)% (component 4) along with the frequency component usually found in RbyZrFg
which appears as a minor fraction (36%). For the minor component, the results are
found to be wg = 74.8(3) Mrad/s, n = 0, 0 = 3.7(7)% (component 1). The measurement

at room temperature was repeated after three weeks to find any change in results. It is
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Figure 5.16: Time differential perturbed angular correlation spectra at different temper-
atures of RboZrFg (sample 4). Left panel shows the time spectra and the right panel shows
the corresponding Fourier cosine transforms. The PAC spectrum designated by 298* K is
taken after measurement at 773 K.

found that the site fraction for the minor component increases slowly with time at the
expense of the major fraction. After approximately three weeks, the site fraction for the
principal component decrease to 55% while the second component becomes relatively
stronger (45%). The PAC measurement in this sample is then performed at a slightly

higher temperature of 323 K. At this temperature, the higher frequency component
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Figure 5.17: Top figure in the panel shows background subtracted X-ray diffraction
pattern of RboZrFg which has been compared with ICDD database for trigonal crystal
system RboZrFg (middle) and cubic RbF (bottom).

appears as a minor fraction (21%) and the lower frequency component becomes stronger
(79%). Interestingly, the spectrum is found to be changed completely at 353 K where a
single frequency component is observed (Figure 5.15). The results at this temperature
are found to be wg = 74.43(8) Mrad/s, n = 0, § = 0. The higher frequency component
is found to be completely absent at 353 K. The measurement is then repeated at room
temperature to find any reversibility of the results. It is found that a significant fraction
of the higher frequency component reappears reversibly at room temperature as a minor

fraction (30%). Initially, this component was found to be predominant.

The results in sample 3 indicate that the high frequency component is indeed a new
structural modification of RbyZrFg which was not observed earlier and also in any other
sample in present measurements. A structural change at low temperature, probably,
occurs in this sample. At 353 K, the structure that was found at room temperature
changes to the normal structure of RbyZrFg (component 1). Since, this structural change
occurs at low temperature, probably, this can also be attributed to the rotation of the

HfF2~ octahedron.
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The TDPAC measurement in sample 4 gives a pure single frequency component at
room temperature (Figure 5.16) with values of wg = 74.60(4) Mrad/s, n = 0, 0 =
0.86(9)% (component 1). The results for this frequency component indicate that the
crystallized sample 4 is pure RbyZrFg. Inactive part of this sample is characterized by
powder X-ray diffraction at room temperature with Cu K, radiation using PHILIPS
PW 1830 X-Ray Generator. The XRD spectrum is shown in Figure 5.17. The peaks
in the spectrum were identified using ICDD database. The XRD spectrum of sample 4
shows the X-ray lines corresponding to RbyZrFg which belongs to trigonal crystal sys-
tem having a space group P3m1(164) [PDF Card No. : 01-074-0172]. In addition, it
shows the lines due to RbF (PDF Card No. : 01-078-0661) which arise, probably, due
to excess RbF since the quantities of Zr and RbF taken are not exactly in the stoichio-
metric ratio. However, temperature dependent PAC measurements in sample 4 are also
carried out up to 773 K. At 323 K, no major structural change is observed in the sample.
But, a minor frequency component (wg = 24.2(8) Mrad/s, n = 00 with site occupation
~8% arises at these temperature. This weak frequency component is, probably, a dif-
ferent structural modification of RbeZrFg (component 3) and it increases slowly with
temperature. It is found that the minor frequency component enhances to ~16% at 673
K. A similar frequency component has been observed in sample 2 also. At 723 K, the
spectrum changes drastically where the static frequency component (wg=68(2) Mrad/s,
n=0) becomes weak (~30%) and it shows mainly (~70%) a time dependent component
(Figure 5.16). The probe atom, therefore, experiences a very rapid fluctuating EFG and
results in a time dependent PAC spectrum which can be described by the Abragam and
Pound model [119] in the fast fluctuation limit. The data can be fitted by considering
the perturbation function Gy(t) = G5 + exp(-Aot). At this temperature, probably,
the fluorine anion vacancy in the ZrFz~ octahedral cage is created thermally and the
fluorine atom jumps vigorously from one site to the other. An exponential fitting gives
the relaxation constant Ay = 110(21)/usec at 723 K. The site fraction of the dynamic

component (Ag = 116(20)/usec) increases to ~83% and static component decreases to
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Figure 5.18: Time differential perturbed angular correlation spectra in CsoHfFg. Left
panel shows the time spectra and the right panel shows the corresponding Fourier cosine
transforms. The PAC spectrum designated by 298* K is taken in the next day after the
first measurement.

~17% at 773 K. The value of relaxation component was found to be 116(20)/usec at 773
K. The measurement is now repeated at room temperature where a strong (~70%) time
dependent relaxation with a higher value of Ay (170(15)/usec) is observed. The static
perturbation is found to be present with site fraction ~30% at room temperature. At
room temperature, a higher value of relaxation constant indicates lower fluctuation rate
of fluorine atoms. The value of quadrupole frequency at room temperature (wg = 70.8
Mrad/s) has been found to be slightly smaller to that found when there was no fluctua-

tion. Detailed results of temperature dependent PAC measurements in this sample can

be found in the reference [37].
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5.3.3.2 CSszFG

The PAC measurements in CsyHfFg have been performed in the temperature range
298-753 K. The spectra at different temperatures are shown in Figure 5.18. The time
spectrum found at room temperature is almost periodic and undamped up to 50 ns. It
produces a predominant frequency component (86%) with values of wg=60.17(9) Mrad/s,
n=0 and =0 (component 1) and a minor frequency component (component 3: wg =
22.8(7) Mrad/s, n = 0) with site fraction ~13% at room temperature. Comparing values
of wg and n for the predominant component with the results found in RboHfF¢ and
RbyZrFg [5,66,67], phase of the present sample can be ascertained as CsoHfFg (compo-
nent 1). For the minor component (~13%), results are found to be wg=22.8(7) Mrad/s,
1n=0 at room temperature. From temperature dependent measurements up to 753 K this
component can be attributed to a different structural configuration of CsoHfFg (compo-
nent 3). This is because, this component fraction increases slowly with temperature. In
CsoHfFg, we have found these two components only. The other two components corre-
sponding to components 2 and 4, as found in RbyZrFg are not found in the analogous
compound Cs,HfFg at any temperature. In this compound, the quadrupole frequencies
for the two components are found to decrease slowly with temperature (Figure 5.14).
The absence of components 2 and 4 indicate that the new structural modification with
non-zero values of 7 arising due to rotation of HfF s>~ does not appear in Cs,HfFg. These
structures, on the other hand, were found in the analogous compounds with Rb atom as
one constituent. The component wg=60 Mrad/s, n=0 corresponding to component 1, is

always found here as a predominant component up to 753 K.

Temperature dependent PAC measurements in CsoHfFg (Figure 5.18) show no time
dependent relaxation effects. The present results, therefore, are not in agreement with
the results reported earlier [66]. Also, no abrupt structural phase transition in this
material has been observed up to 753 K and thus is found to be again in disagreement

with the results found in RboHfFg and RboZrFg by Martinez et al. [67]. On the other
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hand, it is found that a phase transition from component 1 to component 3 takes place
slowly with temperature (Figure 5.14). Detailed results of temperature dependent PAC

measurements in this sample can be found in the reference [37].
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5.3.4 Summary and Conclusion

From present measurements in RbyZrFg and CsoHfFg, it is found that RbyZrFg has
four different structural modifications at room temperature. These are characterized by
wo="74.28(7) Mrad/s, n=0 (component 1), wg=25.3(6) Mrad/s, n=0.52(4) (component
2) wo=21.1(9) Mrad/s, n=0 (component 3) and wy=148.7(2) Mrad/s, n=0.538(5) (com-
ponent 4). The site fractions for these four structures differ from one sample to the other.
In our first sample of RbyZrFg, the component 1 was found to be predominant initially
(71%) and a minor fraction of 29% was observed for the component 2 while component
3 was absent in this sample. Interestingly, the site populations for these two structures
reverse spontaneously at room temperature and after one day the site percentage for
component 1 changes to 30% and the component 2 becomes predominant (70%). This
spontaneous change in population remains almost stable and changes very little with
temperature (up to 353 K). In the recrystallized sample, three structures are found to be
present unlike the initially crystallized sample. In sample 2 of RbyZrFg also, the three
structures have been found at room temperature after crystallizing the sample at room
temperature. In this sample, the component 1 has been found to be predominant and
its site percentage remains almost unchanged in the whole temperature range of 298-733
K. The component 2 is present up to 353 K. At 393 K and above, only two components
(1 and 3) are found. The quadrupole frequency and site percentage for component 3,
however, vary in a peculiar manner and not smoothly. But in RbsZrFg, no drastic struc-
tural phase transition from component 1 to component 3 is found here. In sample 3,
a new structural modification with wy=148.7(3) Mrad/s, n=0.538(5) (component 4) is
observed which is associated with component 1. The component 4 is found to be stable
at room temperature but it transforms rapidly to component 1 with a slight increase in
temperature. Sample 4 produces a pure static frequency component at room temper-
ature corresponding to component 1 along with a small component duo to component

3. At 723 K, however, a strong time dependent relaxation component appears due to
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fluctuation of fluorine atom in the ZrFi  octahedral cage.

In the analogous compound CsyHfFg, measurements have been performed in several
samples. But, for any of these samples, the components 2 and 4 are not observed. In the
present sample of CsoHfFg, the component 1 is found to be the predominant component
(75-90%) in the whole temperature range (298-753 K) and the component 3 appears as
a minor component. In CsyHfFg also, no drastic phase transition from component 1 to
component 3 has been observed in this temperature range. The component 1 remains

as a predominant component in the whole temperature range.
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5.4 Electric field gradients, probe site occupancy and
phase components in Zr-Ni and Hf-Ni intermetal-
lic compounds: Temperature dependent PAC

measurements and DFT calculations

5.4.1 Introduction

The alloys based on Zr-Ni system have numerous technological applications. These
are used as an integral part to form high temperature eutectics [120], bulk glassy al-
loys [121, 122], corrosion resistant material [122, 123], shape memory alloys [124], su-
peralloys [125,126], superconductors [127]. Magnetic properties in the transition metal
based ZrgNij; alloy was found earlier [128]. Some of the Zr-Ni binary alloys, viz. ZrgNiy,
Zr7Niyg, ZroNiy, ZrNi, ZrgNij; and ZrNig have received considerable attention due to their
ability to absorb large amount of gaseous hydrogen and reversibility in hydrogen disso-
ciation process. These alloys absorb gaseous hydrogen in their interstitial sites to form
nickel metal hydrides (NiMH). These metal hydrides are used as negative electrode in
NiMH rechargeable batteries. The electrochemical properties of these compounds were
extensively studied earlier [68-75]. The Ni-MH batteries have been widely used in hybrid
electric vehicles (HEV) due to their high energy density and environmentally friendly
characteristics. Electrochemical capacity is found to be maximum for Zr;Ni;; among
Zr-Ni binary alloys by Young et al [71]. Ruiz et al [73] found that ZrgNis; alloy had a
better charge/discharge performance than Zr;Nijy and ZrgNij;. The gaseous hydrogen
storage characteristics of four intermetallic compounds in the Zr-Ni system viz. ZrgNijy,
Zr7Niyg, ZrgNig; and ZroNi; were compared by Joubert et al. [75]. It was found that
hydrogen storage capacities in hydrogen atoms per metal atom (H/M) for these four

compounds are 0.93 (10 bar), 1.01 (10 bar), 0.34 (25 bar) and 0.29 (25 bar), respectively,
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at room temperature and the storage capacities for ZrgNis;, ZroNi; are completely re-
versible. The hydrogen reversible capacities for ZrgNiy; and Zr;Nijg, are 50% and 77%,
respectively. In ZrNis, catalytic hydrogen activity was reported by Wright et al. [129]. It
was found that the hydrogen absorption/desorption properties of many Laves phase and
quaternary/ternary hydriding alloys are improved due to the presence of non-Laves Zr-
Ni binary alloys [71,72,74,130-132]. Recently, it has been found that the hydrogenation
property of TiFe alloy is improved due to the addition of small fraction of Zr;Nijg [133].
Another recent study [134] reported improvement in hydrogenation kinetics and capac-
ity of Ti-V-Cr body centered cubic (BCC) solid solutions when Zr;Nijy was used as an
additive. Recently, hydrogen absorption/desorption properties in ZrNi alloy were inves-
tigated [132] by partial substitution of Zr with Ti for different Ti concentration. The
Hf-Ni alloys also have many technological applications. Intermetallic compounds of Hf
and transition metals (Fe, Co, Pd, Pt) have also hydrogen storage properties [135], with
high H/M ratio at room temperature. The hafnium alloyed with nickel, niobium, and
tantalum are also useful and can withstand high temperature and pressure. Hafnium
alloys are useful in medical implants and devices due to their bio-compatibility and

corrosion resistance [136].

The phase diagram (Figure 5.19) of Zr-Ni system [11,137-140] shows at least eight
binary compounds. From a recent study [141], all these phases were found through the
interdiffusion process by annealing the Zr-Ni interface zone at different temperatures.
It is found that the phases ZryNi;, ZroNi, and ZrNi melt congruently while ZrgNigq,
ZrgNiyy, Zr7Niyg, and ZrNis phases form peritectically. The phase ZrNis is formed by
peritectoid reaction. From previous studies [6], a pure single phase ZrgNiy was not
found to be produced by arc melting preparation. It was found [6] that ZrgNiy; was not
formed congruently from the liquid. The ZryNi; was first solidified from the liquid and
then reacted with the remaining liquid to form ZrgNis; alloy peritectically. The ZrgNig;
envelopes the ZrsNi; dendrite hindering further reaction of liquid with ZryNi;. During the

cooling process, the remaining liquid eutectically solidifies to Zr;Nijg and ZrgNiy; phases.
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Figure 5.19: Zr-Ni phase diagram. Filled circles correspond to the onset and crosses

represent the peak temperatures of differential thermal analysis (DTA) curves on heating

[11].
The two other phases viz. ZryNi; and Zr;Ni;y were produced along with ZrgNiy; and were
confirmed by scanning electron microscopy (SEM)/X-ray energy dispersive spectroscopy
(EDS) compositional mapping and transmission electron microscopy (TEM) [6]. The
ZrNi phase reacts peritectically with liquid melt to form ZrgNiy; phase at 1170°C. The
phase Zr;Nijq is formed by the peritectic reaction of liquid melt with ZrgNi;; phase at
1120°C [11]. The phase ZrgNij; was found to decompose eutectoidally to Zr;Nijp and
ZrNi phases at ~975°C [138]. Stalick et al. [76] found that the ZroNij; sample, prepared
by argon arc melting, contained 10% of ZrNi and at 700 °C, it transformed to ZrNi (37%),
Zr7Niyg (57%) and ZrgNiy; (7%). At 1000 °C, this sample reformed again to produce
90% ZrgNiy; and 10% ZrNi. According to Becle et al. [142], the ZrNiz was formed from
Zr5Nis and ZrsNiy at 940°C or below by a peritectoid reaction. The stable phase of ZrNij
was obtained at room temperature by annealing the sample at ~860°C. They found that
the phase ZrNiz was not stable and decayed at 940°C following 4ZrNig —ZrsNi;+ZrsNis.
The phase ZrNis, however, was not found by other workers [137,143,144]. J.H.N. Van

Vucht [145] also failed to produce ZrNig by replacing Ti with Zr in TiNiz. However, a
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Figure 5.20: Hf-Ni phase diagram [12,147].

different peritectoid reaction (ZrgNig+ZroNi; S ZrNiz) was also suggested [11,140] for
the formation of ZrNiz phase at 988°C [11]. From theoretical calculations by density
functional theory (DFT), the compounds ZrNiz and HfNiz were found to be highly
stable alloys. Values of enthalpies of formation of these compounds were reported to
be -0.36 eV/atom (ZrNiz) and -0.44 eV/atom (HfNis) [146]. The formation of these
Zr-Ni phases at room temperature are due to nucleation by rapid quenching from the

liquid alloy [132,139].

From the phase diagram (Figure 5.20) of Hf-Ni binary system, nine stable intermedi-
ate crystalline phases, viz., HfyNi, HfNi, HfsNi, Hf3Ni;, HfNi3, HfNi5, HfsNis;, HfgNiyy
and Hf;Nijy were found [12,140,147,148]. The phases Hf;Ni; and HfNi were reported
to be congruently melting phases. All other phases are formed by peritectic reactions:
L+HfNi—HfgNi;; at 1613 K, L+HfgNi;; —Hf;Nijy at 1563 K, L+Hf;Ni; —HfNi3 at
1623+20 K, L+HfNiz — Hf3Ni; at 1523 K, L+ HfNi—Hf;Ni at 1473 K. The HfNi; phase
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has two polymorphs, one high temperature a-HfNiz phase which is stable above 1200°C
and another is low temperature S-HfNis phase which is stable below 1200°C. The phase
HfgNig; is stable in the temperature range 1300+20 to 1175+10°C, where it decom-
poses eutectoidally to Hf3Ni; and HfNiz. The stability of the phase Hf3Ni; is limited in
the temperature range of 1250420 to 10164+3°C, where it decomposes eutectoidally to
Hf;Ni;o and HfNiz. Three eutectic reactions are present in the phase diagram, where in
one reaction liquid solidified into HfsNi; and Hf;Ni;y at 1473 K. All these reactions are

reversible in nature.

The crystal structure of ZrgNiy; is known to be triclinic (space group P1) [149] and
is isotropic to that of HfgNiy; [150]. The lattice parameters of ZrgNiy; are a=6.476
A, b=8.064 A, ¢=8.594 A, a=75.15°, $=68.07° and v=75.23° as determined by X-ray
diffraction analysis. The ZrNij is known to be a hexagonal close-packed compound of
the SnNi3 type with space group P63/mmc. The lattice parameters were reported to
be a=5.309 A and ¢=4.303 A [142]. Crystal structure of HfNis was also reported by L.
Bsenko [151]. The crystal parameters for a and  phases of HfNiz were reported to be
a=5.27 A, ¢=19.2324 A and a=5.2822 A, ¢=21.3916 A, respectively. The space group
for v and 3 phases of HfNiz are R3m and P63/mmc, respectively. The crystal structure
of ZrgNiy; is known to be body-centered tetragonal with space group I4/m [11,75,132,
137,138, 152-154] which is reported to be isostructural to ZroPtyy [153,155,156]. The
lattice parameters of ZrgNij; were found to be a = 9.88(1) A and ¢ = 6.61(1) A [152].
The HfgNiy; was found to be isostructural to ZrgNij;, with the lattice parameters a
= 9.79 A and ¢ = 6.53 A [12,137,157]. The crystal structure of Zr;Nijy was first
reported to be a non-centrosymmetric orthorhombic structure with space group Aba?2
by Kirkpatrick et al. [158]. Later on, Joubert et al. [159] corrected the crystal structure
to be centrosymmetric orthorhombic structure with space group C'mca. The compound

Hf;Nij is reported to be isostructural with Zr;Nijg [12,158,159].

The compounds with Zr or Hf as a constituent element are very suitable for per-
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turbed angular correlation (PAC) measurements using the probe 8'Hf. Due to chemical
similarity, the probe ®'Hf occupies the Zr sites in the compounds with Zr. Using this
technique, several studies in Hf /Zr-Ni systems were carried out earlier to investigate their
EFGs and magnetic properties [160-167]. The hydrogen diffusion in the hydride alloys of
Z15Ni were also studied earlier [56,168-170] by PAC technique. The intermetallic com-
pound ZrNi5 was reported to have strong ferromagnetic properties by Drulis et al. [171].
A. Amamou [172] reported the electronic structure of various compounds in the Zr-Ni
system, namely, ZroNi, ZrNi, ZrgNiy; and ZrNis. From the studies in ZrNis system by
PAC technique [160, 173], however, no magnetic interaction was found, in contradiction
with the result from previous measurements by Drulis et al. [171]. In order to help
identifying the different phases produced in the investigated samples, the electric field
gradients are calculated by density functional theory (DFT) and compared with the mea-
sured EFGs. The combination of PAC measurements and ab-initio calculations proved
to be an excellent method to study the structural phase stabilities and the localization
of the impurities in the host lattice [174,175]. The temperature dependent PAC mea-
surements enable us to find any structural phase transition/compositional phase changes
in the material and give information on the structural stability of the compound. The
secondary phases of small fractions that are produced along with the main phase can
be determined quite accurately by this technique. As the EFG depends on the charge
distribution of the probe-nucleus environment, the temperature evolution of the lattice
properties such as crystallographic structure, imperfections or defects, can be monitored
by applying PAC technique over a wide temperature range. To the best of our knowl-
edge, there is no PAC measurement on ZrgNiy; /HfgNiyy, ZrNig/HfNis, ZrgNiy; /HfgNiq,
Zr7Nijo/Hf;Nijo binary alloys. These alloys are not generally produced in a pure sin-
gle phase and multiple secondary phases were found to be produced along with the
stoichiometric alloy [6,69, 70,75, 76]. Therefore, it is very important to study multiple
phase components that are produced at high temperatures in these alloys which will help

in the future development of MH with better electrochemical properties. Considering
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their technological importances, these binary alloys have been studied by temperature
dependent PAC measurements i) to determine the component phases in the samples
from PAC, X-ray diffraction (XRD) and transmission electron microscopy /selected area
electron diffraction (TEM/SAED) measurements ii) to determine the EFG for different
phase components and compare the results with those obtained from theoretical calcu-
lations by density functional theory (DFT) considering the known crystal structure of
the crystalline compound and iii) to determine the structural stability of the compounds
with temperature from temperature dependent PAC studies. The compounds HfgNiq,
Hf;Nijo, HfgNi;; and HfNi3z have been studied also by PAC technique to determine the
isostructurality of isoformulae Zr-Ni and Hf-Ni compounds and to compare their tem-
perature dependent properties. In Hf;Nijg, however, PAC measurements were carried
out by Gil et al. [176]. These authors found five electric quadrupole frequencies from
PAC measurements. But, the components were not assigned by comparing with DFT

calculations.

5.4.2 Sample preparation

The intermetallic compounds ZrgNiy; /HfgNiay, ZrNiz /HfNig, ZrgNiy; /HfgNiy1, Zr7Nijo/Hf;Nij
were prepared by arc melting in an argon atmosphere. Stoichiometric amounts of high
purity metals procured from Alfa Aesar were used to prepare the samples. The purity of
Zr (excluding Hf), Hf (excluding Zr) and Ni metals used were 99.2%, 99.95% and 99.98%
respectively. For the preparation of ZrgNig /HfsNisy, ZrNiz/HfNiz, ZreNiy; /HfgNij; and
Hf;Ni;y compounds, the constituent metals were alloyed homogeneously by repeated
melting and then activated by remelting with a tiny piece (<1 at%) of 1 Hf metal wire.
It can be considered that addition of this very small impurity concentration will not
affect stoichiometry of the samples and the sample properties. The Hf metal was acti-
vated in a similar manner as described in section 5.1.2. Barring in HfgNi;; PAC sample,

no appreciable mass loss of other samples were found during arc melting. In all cases,
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shiny globule samples were formed and these were then sealed in evacuated quartz tubes
for high temperature measurements. For the preparation of Zr;Ni;q PAC sample, the
shiny globule of Zr;Nijy was remelted with a tiny piece (<1 at%) of natural Hf metal
wire. The sample was then activated to ®'Hf by following the similar procedure as de-
scribed in section 5.1.2. Four detector LaBrs(Ce)-BaFy PAC spectrometer were used for
the PAC measurements in these alloys. For temperature dependent PAC measurements
(up to 1073 K), a locally made resistive furnace was used. For measurement at 77 K,
the sample is immersed in a liquid nitrogen dewar and placed at the center of the PAC
table. Separate inactive stoichiometric samples of ZrNiz/HfNiz, ZroNij;/HfgNij; and
Zr7Niyo/Hf;Nijo were prepared in similar manners for X-ray diffraction and TEM/SAED
measurements. For ZrgNiy /HfsNiy, different inactive samples were prepared only for
XRD measurements. The X-ray powder diffraction measurements have been carried out
using the Rigaku X-ray diffractometer TTRAX-III and Cu K, radiation. Transmission
electron microscopy (TEM) measurements were carried out using FEI, Tecnai G2 F30,
S-Twin microscope equipped with a high angle annular dark-field (HAADF) detector,
a scanning unit and a energy dispersive X-ray spectroscopy (EDX) unit to perform the

scanning transmission electron microscopy (STEM-HAADF-EDX).

5.4.3 ZI‘gNin and Hngin

5.4.3.1 PAC results
ZI‘gNin

The XRD powder pattern of ZrgNiy; sample is shown in Figure 5.21. The X-ray analysis
has been carried out using the known crystallographic data of ZrgNig; [149]. Major peaks
in the XRD spectrum are found due to the ZrgNiy; phase. If any small contaminating
phases like Zr;Nijg or ZryNi; are produced, it is not observed from from the present XRD

powder pattern with high background noise.
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Figure 5.21: The XRD spectra in ZrgNis; in as prepared sample. The line represents the
fit to the measured data, the vertical bars denote the Bragg angles and the bottom line
shows the difference between the observed and the fitted pattern.

The TDPAC spectra of 181Ta in the as prepared sample of ZrgNiy; are shown in Figure
5.22. From PAC measurements, three frequency components at room temperature have
been obtained. Two components (ngNigll): wo="75.8(2) Mrad/s, n=0.77(1) and ngNig):
100.6(8) Mrad/s, n=0.72(3)) have been attributed to ZrgNiy; by comparing with our
PAC results in HfgNiy; and results from ab-initio calculations by density functional

theory (discussed later). The component ngNigll)

was predominantly produced (~57%)
and a minor fraction (~15%) was observed due to ZrsNil) component. A secondary
component (~27%) has been attributed to Zr;Nijy (wg=54.4(4) Mrad/s, n=0.69(1)).
This follows from the previous X-ray EDS and SEM/TEM results reported by Shen et
al. [6]. The characteristic frequency and 7 for this component are distinctly different than
those found in ZryNi; [166]. Moreover, assignment of this component can be supported
from our PAC measurements in Zr;Nijg [177] where, a component similar to this was
found. It is found that three frequency components are required to fit the spectra in

the temperature range 77-373 K with no appreciable change in parameters. Variations

of wg, n and site fraction (f) with temperature for the two components of ZrgNiy;, are
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Figure 5.22: TDPAC spectra in ZrgNig; at different temperatures. Left panel shows the
time spectra and the right panel shows the corresponding Fourier transforms. The PAC
spectrum designated by 298" K is taken after the measurement at 1073 K. The two sets
of arrows in each Fourier spectrum (up to 373 K) correspond to two non-equivalent 81 Ta
sites in ZrgNis;. Arrows shown in the Fourier spectra at 1073 and 298" K correspond to
Hf.

shown in Figure 5.23.

At 473 K, however, the PAC spectrum gives two components. The component ngNig)
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Figure 5.23: Variations of quadrupole frequency (wg), asymmetry parameter () and site

fraction f(%) with temperature for the two non-equivalent 8! Ta sites in ZrgNia;. Variation
1)

of ¢ is shown for the component Z]rgNig1 .
does not exist at this temperature. In the temperature range 473-973 K, no appreciable
changes in results are observed. But at 1073 K, a drastic change in PAC spectrum
is found. At this temperature, the predominant component (~68%) produces a sharp
decrease in quadrupole frequency and asymmetry parameter shows a value equal to zero.
This possibly indicates a change in local environment of the probe. The component due

to Zr;Nijg, on the other hand, remains almost unchanged.

To understand the change in PAC spectrum at 1073 K, we have repeated the PAC
measurement at room temperature. In the re-measured spectrum at 298 K, the predom-
inant component (~70%) produces values of wg ~57 Mrad/s, n ~0. At the remeasured
room temperature, it is found that the major component of ZrgNiy, (ngNiéll)) found
initially at room temperature reappears with a much smaller fraction (23%). One ad-
ditional new component is observed with a very small fraction (~7%) which can be
assigned to ZroNiy (wo=74(2) Mrad/s, n=0.21(10)) by comparing with the previous re-

sult in ZryNi; [166]. From SEM/X-ray EDS measurement [6] also, ZroNi; was found in a
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Figure 5.24: The XRD spectrum in ZrgNis; annealed at 1073 K for two days. The line
represents the fit to the measured data, the vertical bars denote the Bragg angles and the
bottom line shows the difference between the observed and the fitted pattern.

sample of ZrgNiy; annealed at 1233 K. Detailed results of temperature dependent PAC

measurements in ZrgNis; can be found in the reference [22].

We have performed XRD measurement in a sample of ZrgNis; annealed at 1073 K for
two days. The XRD spectrum (Figure 5.24) shows peaks mainly due to ZrgNiy;. This
indicates that no major structural or compositional phase transformation occurs at 1073

K.

Possible explanation for the predominant component observed at 1073 K and subse-
quently at room temperature is the following. Probably, the probe ¥'Hf was not settled
well at the position of ZrgNiy; and at 1073 K, these probe atoms got enough energy to
go out from the position. The major component is, therefore, observed due to the Hf

probe itself.

The electric field gradients in metal and intermetallic compound are found to vary

with temperature following T or T%/? relationship [107]. In ZrgNiyy, it is found that
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Figure 5.25: The background subtracted XRD powder pattern in HfgNio;. The line
represents the fit to the measured data, the vertical bars denote the Bragg angles and the
bottom line shows the difference between the observed and the fitted pattern.

quadrupole frequencies vary with 7%/ for both components. For the predominant site

7ZrsNilt) (present up to 973 K), the results are fitted by
wo(T) = wq(0)[1 — BT, (5.5)

A least squares fitting gives results wq(0)=78.2(1) Mrad/s and =5.9(1)x 1076 K=%/2,

HfNiy,

The powder XRD pattern of HfgNig; is shown in Figure 5.25. The spectrum is fitted
using the known crystallographic data of HfsNig; [150]. The X-ray analysis shows that
there are no other peaks except for HfgNiy; and this sample is also found to be produced
in an almost pure single component phase. No contaminating phase is obtained from

the XRD powder pattern.

The TDPAC spectra of ® Ta in HfgNiy; are shown in Figure 5.26. The spectrum at

room temperature produces four interaction frequencies. The first two components at
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Figure 5.26: TDPAC spectra in HfsNis; at different temperatures. Left panel shows the
time spectra and the right panel shows the corresponding Fourier transforms. The PAC
spectrum designated by 298* K is taken after the measurement at 1073 K. The two sets of
arrows in each Fourier spectrum (up to 773 K) correspond to two different ¥ Ta sites in
HfgNig;. Two sets of arrows in the Fourier spectrum at 298* K correspond to HfNiz and
Hf.

room temperature with site fractions 63% (HngiéQI): we=97.3(3) Mrad/s, n=0.63(1))

and 21% (Hngigll): wo="79.1(7) Mrad/s, n=0.75(2)) are found to be quite similar to
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Figure 5.27: Variations of quadrupole frequency (wg), asymmetry parameter () and

site fraction f(%) with temperature for the two non-equivalent '®1Ta sites in HfgNio.

Variations of § is shown for the site HngngI).

the components ngNig) and ngNigll) found in ZrgNiy, respectively. A weak component
(~10%) can possibly be attributed to HfNiz (wg=31(1) Mrad/s, n=0) produced along
with HfsNiy; by comparing with the results obtained from our PAC measurements in
HfNi; [23]. In HfNi3, two non-equivalent EFG components were found and present values
of wg and 7 for the HfNi3 phase match with one of its EFG components (HfNiél)). L.
Bsenko [140] reported the decomposition of HfsNiy; to HfNis eutectoidally at 1175+10°C.
This component has been found in the whole temperature range. The assignment of
HfNi3 in HfgNiy; can be supported also from our PAC measurements in HfNi3 [23] where
a similar component to this was found. A very weak component (~5%) found at room
temperature can be attributed to Hf probe (wg=50(2) Mrad/s, n=0) which is not settled
in the compound. From our temperature dependent PAC measurements, it is found that
all four components exist in the temperature range 77-673 K. The component due to Hf
probe is not observed at 773 K and the minor site of HfsNiy, (Hngiéll)) disappears at

873 K. A drastic change in PAC spectrum is observed at 1073 K where the tentatively
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assigned HfNi; component suddenly increases to ~70% at the expense of HfgNiy;. The
component due to HfgNiy; reduces to only 15%. Probably, the phase HfgNiy; decomposed
eutectoidally to HfNiz at 1073 K which is suggested from the Hf-Ni phase diagram [12].
At this temperature, a new frequency component is observed which probably can be
attributed to HfsNiz (wg=63.3(9) Mrad/s, n=0.23(8)) by comparing its values with the

results reported in the analogous compound ZryNi; [166].

After measurement at 1073 K, a re-measurement at 298 K is carried out. In the
re-measurement, HfNiz is found to be predominant (~62%) which appeared as a minor
fraction (~10%) initially at room temperature. Here, no component due to HfsNiy; is
observed. A small component fraction of HfgNiy; found at 1073 K and absence of this
fraction at remeasured room temperature indicates that HfgNiy; is not a stable phase
approximately above 1000 K. It is found also that, the component due to Hf probe
atom re-appears at this temperature with a higher component fraction (~25%). The
quadrupole frequency and asymmetry parameter for this component (wg=>50.8 Mrad/s,
n=0) are very much similar to the values in a Hf metal [21]. Detailed results of temper-

ature dependent PAC measurements in HfgNiy; can be found in the reference [22].

Variations of wg, 7, § and site fraction (f) for different components observed in HfgNiy;
in the temperature range 77-1073 K are shown in Figure 5.27. In HfgNiy; also, the
quadrupole frequencies for the two sites show 7°%/? temperature dependent behaviors. A
least squares fitting (equation 5.5) for the predominant site ( present up to 1073 K) gives
values of wq(0)=100.1(5) Mrad/s, $=6.0(3)x 10~ K=3/2. For the minor site (present up
to 773 K), the fitted results are found to be wg(0)=81.2(4) Mrad/s, 5=5.4(3)x107°
K~3/2. Similar values of /3 for both components indicate similar temperature dependent
behaviors for the two sites. Also, the values of 3 are quite similar to the value of 3 in

ZrgNis for the site ZrSNi(zll).
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Figure 5.28: Models of four types of cells used in this study

5.4.3.2 DFT calculations

The first-principles density functional theory (DFT) calculations were performed to com-
pare with the experimental results and to dispel the doubts existing in the interpreta-
tion of the experimental data. All the calculations were done with WIEN2k simulation
package [7], based on the full potential (linearized) augmented plane waves method (FP-
(L)APW). Electronic exchange-correlation energy was treated with generalized gradient
approximation (GGA) parametrized by Perdew-Burke-Ernzerhof (PBE) [95]. In our
calculations the muffin-tin radii for Zr, Ni and Ta (Hf) were 2.3, 2.2 and 2.4 a. u., re-
spectively. The cut-off parameter R,,; K., for limiting the number of plane waves was
set to 7.0, where R,,; is the smallest value of all atomic sphere radii and K,,,, is the

largest reciprocal lattice vector used in the plane wave expansion.

The Brillouin zone integrations within the self-consistency cycles were performed via
a tetrahedron method [178], using 18 k points in the irreducible wedge of the Brillouin

zone (4x3x3 mesh). The atomic positions were relaxed according to Hellmann-Feynman
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Table 5.3: Calculated EFG values in units of 102! V/m? and asymmetry parameters

Probe Lattice Site EFG g Measured EFG
extrapolated to 0 K Measured n at 77 K

no probe (pure compound) Zr(1) 2i 0.0691(4) 0.9052(3) 0.3147(3) -3.5  0.82
ZrgNi: Zr(2) 2i 0.2460(4) 0.4364(3) 0.0344(3) -4.1  0.85
Zr(3) 21 0.2462(4) 0.5604(3) 0.6070(3) -5.0  0.88
Zr(4) 2i 0.5685(4) 0.0374(3) 0.2475(3) -4.7  0.74
181 in ZrgNi, Zr(1) 21 0.0691(4) 0.9052(3) 0.3147(3) 8.8 091 8.7(2) 0.80(1)
7r(2) 2i 0.2460(4) 0.4364(3) 0.0344(3) -11.4 0.55
7r(3) 2i 0.2462(4) 0.5604(3) 0.6070(3) -12.5 0.78 11.4(1) 0.73(3)
Zr(4) 2i 0.5685(4) 0.0374(3) 0.2475(3) -12.3 0.56
no probe (pure compound) Hf(1) 2i 0.2487(3) 0.0620(3) 0.1072(3) -11.5 0.75
HfNia, HE(2) 21 0.0688(3) 0.4040(2) 0.8150(2) -8.1  0.91
HE(3) 21 0.4312(3) 0.4633(3) 0.2543(3) -10.8 0.69
HE(4) 21 0.2452(3) 0.9375(3) 0.5340(2) -10.2 0.64
180Ty in HfgNig, Hf(1) 2i 0.2487(3) 0.0620(3) 0.1072(3) -13.3 0.71
HE(2) 21 0.0688(3) 0.4040(2) 0.8150(2) 9.6  0.88 9.1(1) 0.73(3)
HE(3) 2i 0.4312(3) 0.4633(3) 0.2543(3) -12.5 0.60
HI(4) 2i 0.2452(3) 0.9375(3) 0.5340(2) -11.8 051 11.2(2) 0.62(1)

forces calculated at the end of each self-consistent cycle, with the force minimization
criterion 2 mRy/a.u.. In our calculations the self-consistency was achieved by demanding
the convergence of the integrated charge difference between last two iterations to be
smaller than 1075, Both ZrgNiy; and HfgNiy; crystallize in the triclinic P1 type structure,
which possesses 15 non-equivalent crystallographic positions [149, 150], 4 for Zr (Hf)
atoms and 11 for Ni atoms. All Zr (Hf) non-equivalent positions have the same point
group symmetry 2¢ and 3 Zr and 12 Ni atoms as nearest neighbors, except Zr(3), which
has 2 Hf and 13 Ni. Each of the four non-equivalent Zr (Hf) atoms in the unit cell, stated
in references [149, 150] was replaced by Ta subsequently (Figure 5.28, [179]) preserving
the point group symmetry around original atom and then electric field gradients at
thus created Ta positions were calculated using the method developed in reference [97].
The energy convergence for HfgNiy; was between 0.00000035 and 0.00000065 Ry and for
ZrgNisy, the value was between 0.00003 and 0.00005 Ry.

The usual convention is to designate the largest component of the EFG tensor as

V... From the DFT calculations, sign as well as magnitude of the EFG is determined
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whereas from PAC measurement, only magnitude of EFG is determined. The asymme-
try parameter 7 is then given by n = (Vop — V) /Vzz, where V.| > |Vyy| > |Via|. The
calculated EFGs in the pure compounds as well as at Ta probe positions in the inves-
tigated compounds are given in Table 5.3. It can be observed that there is not much
difference in the EFG values for four non-equivalent Zr positions in the pure ZrgNis;
compound. EFG is the smallest at Zrl and the largest at Zr3. This trend is preserved
also for the electric field gradients calculated at the corresponding Ta positions, but the
EFGs are now about 2.5 times larger. In the pure HfgNiy; compound, EFG values are
about doubled, as compared to the corresponding ones for ZrgNiy;, but the n values are
similar. Here, also, introduction of Ta atom at one of the non-equivalent Hf sites, leads

to increased EFG values.

5.4.3.3 Discussion

In the temperature range 77-373 K, ZrgNiy; PAC spectra consist of three frequency
components. A uniform conversion from the measured quadrupole frequencies to the
EFGs is achieved using the value of 2.36x107% m? [180] for the quadrupole moment
of 18'Hf. By comparing the measured results for the EFGs and asymmetry parameters
with the calculated ones (Table 5.3), two measured components are attributed to the
two non-equivalent Zr sites in ZrgNig;. The measured values of EFGs ( 8.7x10* V/m?
and 11.3x10?" V/m?) and 7 (0.80 and 0.73) at 77 K are in excellent agreement with the
calculated values for the two Zr sites in ZrgNis;. However, as Ta doped ZrgNis; has four
non-equivalent crystallographic positions with similar EFG and asymmetry parameter
(Table 5.3), in order to explain preferential site occupation, we performed ab initio total
energy calculations for Ta doped ZrgNiy; and found that the configuration obtained when
Ta replaces Zr(3) position has the lowest formation energy, about 0.013 eV lower than
the structure when Ta is at Zr(1) postion. The formation energies of the remaining two

configurations are about 0.1 eV higher.
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At 1073 K, there is a drastic change of PAC spectrum in ZrgNiy;. At this temperature,
EFG for the predominant component produces a zero value of 7. A similar change in
181Ty, PAC spectra with increasing temperature above 650 K was observed in TiPd,
compound [181] and was explained with the shift of Ta atom from Ti to Pd lattice site
[181,182], but in our case, DFT calculations excluded that possibility, as all of the non-
equivalent Ni sites in ZrgNiy; has n which differs from zero. We find a resemblance of EFG
and 7 for the major component (~70%) in ZrgNiy; at re-measured room temperature and
a weak component (~5%) in HfgNiy; at room temperature with the calculated values for

Ta in pure Hf metal (6.7x10* V/m? and n = 0).

The PAC spectrum for HfgNiy; at room temperature consists of four components. The
first two components with the EFG values 11.1x10?! V/m? and 9.0x10?! V/m? and the
corresponding asymmetry parameters 0.62 and 0.73 (at 77 K) obviously correspond to
the two different Hf positions in HfsNiy; (Table 5.3). The measured results show that
quadrupole frequencies for the two corresponding sites in ZrgNiy; and HfgNiy; vary in

similar manner with temperature.

5.4.3.4 Conclusion

We have presented the time differential perturbed angular correlations measurements
and DFT calculations to determine the electric field gradients in ZrgNiy; and HfgNig,
intermetallic compounds. Our results indicate that during the preparation of ZrgNig; by
arc melting, other phases like Zr;Nijg can also be formed. The same goes for HfgNiyq,
in which HfNi3 compound was detected. In both ZrgNiy; and HfgNiy, EFGs for two
non-equivalent sites of Zr/Hf, vary following 7%/ relationship with temperature. Tem-
perature dependent PAC measurement show that HfgNis; is probably not a stable phase
above 1000 K.
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Figure 5.29: The background subtracted XRD powder pattern in the stoichiometric
sample of ZrNig. The line represents the fit to the measured data. The vertical bars A,
B, C and D denote the Bragg angles corresponding to ZroNi7, ZrNig, ZrgNio; and Zr7Niq,
respectively. The bottom line shows the difference between the observed and the fitted
pattern.
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Figure 5.30: (a) Selected area electron diffraction pattern from ZrNis particle shown in
the inset. (b) Energy dispersive X-ray spectrum from the same particle.

5.4.4 ZrNi; and HfNi;

5.4.4.1 PAC Results

Stoichiometric ZrNi; sample

The X-ray powder diffraction pattern found in the stoichiometric sample of ZrNij is

shown in Figure 5.29. The peaks in the spectrum were identified using ICDD database,
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2009. Presence of ZryNi; [PDF Card No.: 01-071-0543], ZrNiz [PDF Card No.: 01-029-
0946], ZrgNis; [PDF Card No.: 01-071-2622] and Zr;Nijo [PDF Card No.: 03-066-0045]
phases have been found in the XRD spectrum. Analysis of the X-ray powder pattern
was carried out by FullProf software package [183] using the known crystallographic
parameters of ZryNiy [184], ZrNiy [142], ZrgNig; [149] and Zr;Niyy [159]. From present
XRD analysis, refined values of lattice parameters obtained are shown in Table 5.5. The
presence of ZrNiz phase in this stoichiometric sample of ZrNis; has been observed from
TEM/EDX measurement (Figure 5.30) also. The atomic percentages for Zr and Ni at
the indicated spot have been found to be 24.4(3) and 75.6(2), respectively. Selected area
electron diffraction (SAED) pattern obtained from a region marked by a dotted circle
for the same particle in the stoichiometric sample of ZrNij is shown in Figure 5.30. Some
of the measured interplaner spacings (d-spacing) from the SAED pattern are 2.07(4) A,
2.86(4) A and 3.60(4) A. These measured d-spacings are very close to the (201), (110)
and (101) inter-planer spacing of hexagonal ZrNiz (JCPDS # 29-0946), respectively.

This further confirms the presence of ZrNiz phase in the sample.

The PAC spectrum in the stoichiometric sample of ZrNiz at room temperature is
shown in Figure 5.31. The spectrum was best fitted by considering four electric quadrupole
interactions. The sample produced was found to have non-random orientation of micro-
crystals and the spectrum was fitted by considering free S, coefficients. The results of
different components found are shown in Figure 5.32. The main frequency component
(~48%) produces values of wy=70.9(2) Mrad/s, n=0.25(2). This component can be as-
signed to Zr,Niz; by comparing the values of wg and n with the earlier reported results in
ZrsNi7 [161,166]. From previous PAC measurements in ZrNi; also, a similar component
to this was obtained and attributed to ZroNi; [160,173]. The ZrNi; has a cubic crystal
structure and no EFG at the probe site is expected due to ZrNis. The component 2
(we=T74.5(9) Mrad/s, n=0) with site percentage ~13% can be attributed to ZrNiz by
comparing with our calculated results from density functional theory (discussed later).

The crystal structure of ZrNij is hexagonal close-packed and, therefore, a value of n=0
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Figure 5.31: TDPAC spectra in the stoichiometric sample of ZrNisz at different temper-
ature. Left panel shows the time spectra and the right panel shows the corresponding
Fourier cosine transforms. The PAC spectrum at room temperature designated by 298*
K is taken after the measurement at 1073 K. A set of three arrows indicates the three
transition frequencies of a particular component.

is expected for this compound. However, this is found to be a minor phase compared to
other phases produced in this sample. The results of component 3 (wg=95.2(3) Mrad/s,
n=0.603(8)) can be compared with our recent results in ZrgNiy; [22]. This component
is found to be similar to one component of ZrgNig; (ergNig1

ous measurements [22] and can, therefore, be attributed to ZrgNis;. The component 4
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Figure 5.32: Variations of quadrupole frequency (wg), asymmetry parameter (1) and
site fraction f(%) with temperature for the components of ZraNi7, ZrNis, ZrgNis; and
Zr7Nijg.

(we=59.9(5) Mrad/s, n=0.62(2)) can be attributed to Zr;Ni;y by comparing with the
results found in Zr;Nijg [177]. A similar component to this was found in ZrgNiy; also

where it was attributed to Zr;Nijo [22].

The results of temperature dependent PAC measurements in the stoichiometric ZrNij
are shown in the Figure 5.32. The corresponding TDPAC spectra are shown in Figure
5.31. It is found that the component fraction due to ZrNis is present in the temperature
range (77-973 K). At 77 K, the site fraction of ZrNiz was found to be maximum (~30%).
In the temperature range 77-873 K, four component fractions are found to be present with
no appreciable change in parameters. The fractional variations of different components
are shown in Figure 5.32. At 973 K, a distinct change in PAC spectrum has been

observed. At this temperature, the component due to Zr;Nijy disappears. On the other
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Table 5.4: Results of temperature dependent variations of wg for different components
in the stoichiometric samples of ZrNig and HfNis.

Component phases wq(0) V.2(0) a Ié]
(Mrad/s) (x10%') V/m? (x107%) K=' (x1076) K=3/2

Zr,Niy 72.9(4)  8.2(1) 6.2(4)
ZrNig 76(1) 8.5(1) 4.3(6)
ZrsNiy 98.2(5)  11.0(2) 6.5(3)
Zr-Nijg 64(2) 7.3(1) 2.3(3)
HNi{Y 32.9(4)  3.7(1) 1.6(2)
HN{? 65.7(4)  7.3(1) 7.0(4)
HE,Ni; 722(4)  8.1(1) 5.7(2)
HEsNiy 99.3(6)  11.1(2) 6.6(4)
Hf 53.3(6)  6.0(1) 0.8(2)

hand, a new frequency component with values of wg=53.0(4) Mrad/s, =0 appears. This
component is similar to that found in ZrgNiy; at 1073 K [22]. The site percentage of
this new component is found to be ~39% at this temperature and it enhances abruptly
at 1073 K (~90%). At 1073 K, only two components are found to be present. The
minor component found at this temperature is due to Zr,Ni;. At this temperature,
ZrNiz and ZrgNiy; phases completely disappear. We have repeated the measurement at
room temperature after the measurement at 1073 K. The remeasured spectrum at room
temperature produces a strong electric quadrupole interaction (~81%) with values of
wg=>56.5(1) Mrad/s, n=0. This component can be recognized as the same component
that appeared at 973 and 1073 K. Besides this, two other minor components are found
here. The component due to ZrgNiy reappears with a small fraction (~8%) and the
component due to ZryNiy is also found to be present (~10%). No component of ZrNis at
room temperature after heating the sample to 1073 K has been observed. This indicates
a decomposition of ZrNiz at 1073 K. Detailed results of temperature dependent PAC

measurements in ZrNiz can be found in the reference [185].

From previous XRD measurements [186], ZrNiz was found to be produced after heating
ZrCrNi-Hy system to 1024 K and a decomposition of ZrNiz to ZryNi; was observed
[186] after heating the sample to 1083 K. The results of present PAC measurements,

therefore, support the results of previous XRD measurements [186]. On the other hand,
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decomposition of ZrNiz at 1213 K as reported by Becle et al. [142] is not supported.

In the present Zr-Ni sample, the predominant component found at 1073 K and sub-
sequently at room temperature can probably be assigned to Hf. At temperatures below
973 K, the probe atoms which were settled at various lattice sites come out from the
lattice positions after gaining sufficient energy at high temperature. It seems that at 973
K, probe atoms have detached partially (~39%) from the Zr-Ni compounds and at 1073
K, only a small fraction of the probe nucleus (~10%) is attached with the compounds.

A similar phenomenon was observed from our recent PAC investigation in ZrgNig; [22].

The evolution of quadrupole frequency, asymmetry parameter and site fraction with
temperature for different components observed are shown in Figure 5.32. It is found that
quadrupole frequencies for the components Zr,Ni;, ZrNiz and ZrgNis; vary with temper-
ature following 7°/2 relationship. For the ZrgNiy; component, a similar temperature
dependent behavior was observed from our previous PAC investigation in ZrgNig; [22].
For these three components, values of wg have been fitted using a T3/ temperature
dependent relationship (equation 5.5). The results of n and site fraction for different
components are also plotted (Figure 5.32). These results do not show large variations
except the site fraction of ZryNi; which decreases drastically at 1073 K (~10%) com-
pared to the fraction found at 973 K (~41%). The fitted results are listed in Table 5.4.
Contrary to these, wg for the component Zr;Nij is found to obey a linear temperature
dependent behavior. In this case, we have fitted the results of wg(T") using a linear

temperature dependent relationship

wo(T) = we(0)[1 — aT]. (5.6)

Both 7?2 and T variations of EFG (proportional to wg) for metallic and intermetallic

systems are found in literature [107,108,187].
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Figure 5.33: The background subtracted XRD powder pattern in HfNis. The line
represents the fit to the measured data. The vertical bars A, B, C and D denote the Bragg
angles corresponding to S-HfNis, a-HfNis, HfoNi; and HfgNio;, respectively. The bottom
line shows the difference between the observed and the fitted pattern.
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Figure 5.34:
in the inset. (b) Energy dispersive X-ray spectrum from the same particle.

(a) Selected area electron diffraction pattern from [-HfNis particle shown

Stoichiometric HfNi3; sample

The XRD measurement in the stoichiometric sample of HfNis has been carried out
at room temperature (Figure 5.33). The peaks in the spectrum were identified using
ICDD database, 2009. Presence of -HfNiz [PDF Card No.: 01-071-0476], a-HfNiz [PDF

Card No.: 01-071-0474], Hf;Ni; [PDF Card No.: 01-074-6880] and HfsNiy; [PDF Card

No.: 01-074-0476] phases have been found in the XRD spectrum. Analysis of the X-

ray powder pattern was carried out by FullProf software package [183] using the known
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Figure 5.35: TDPAC spectra in the stoichiometric sample of HfNi3 at different temper-
ature. Left panel shows the time spectra and the right panel shows the corresponding
Fourier cosine transforms. The PAC spectrum at room temperature designated by 298*
K is taken after the measurement at 1073 K. A set of three arrows indicates the three
transition frequencies of a particular component.

crystallographic data of S-HfNis [151], a-HfNiz [151], Hf;Ni; [188] and HfgNiy; [150].
From present XRD analysis, refined values of lattice parameters found are shown in
Table 5.5. It was reported [140] that high temperature phase of HfNiz was formed from
the melt and Hf;Ni; by peritectic reaction. Apart from HfNis, there are phases due to

Hf;Ni; and HfgNiy;. But, no prominent peak due to Hf;Nijy was found in the XRD
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Figure 5.36: Variations of quadrupole frequency (wg), asymmetry parameter (1) and site
fraction f(%) with temperature for HfNigl), HfNii(f), Hf;Ni;, HfgNip; and Hf.

spectrum. The phase HfNi3 has been observed from our TEM/EDX measurement also
(Figure 5.34). The atomic percentages for Hf and Ni at the indicated spot have been
found to be 24.4(2) and 74.3(2), respectively. The SAED pattern obtained from a region
marked by a dotted circle for the same particle in the stoichiometric sample of HfNij
is shown in Figure 5.34. Some of the measured interplaner spacings (d-spacing) from
the SAED pattern are 2.06(4) A, 2.31(4) A and 3.41(4) A. These measured d-spacings
are very close to the (205), (201) and (104) inter-planer spacing of hexagonal 5-HfNi;
(JCPDS # 71-0475), respectively. This further confirms the presence of -HfNiz phase

in the sample.

The PAC spectrum observed in HfNiz at room temperature after preparing the sample
in argon arc furnace is shown in Figure 5.35. It is found that five electric quadrupole fre-

quencies are required to fit the time spectrum. Analysis was done by considering free Sy,
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coefficients. The major component (~32%) found with values of wg=32.0(3) Mrad/s,
n=0 can be attributed to HfNiz (HfN iél)) by comparing with our calculated results from
DFT (discussed later). From our previous studies in HfgNiy; [22] and Hf;Niyo [177], a
component similar to this was observed and tentatively assigned to HfNiz. Component
2 (w=64.3(8) Mrad/s, n=0) with site fraction ~16% can also be attributed to HfNis
(HfNigz)) because the values of EFG and asymmetry parameter for this component are
found to be in good agreement with the calculated results from DFT (discussed later).
The component 3 (wg=70.6(6), n=0.38(3)) with site fraction ~15% has been attributed
to Hf;Niz by comparing with the earlier reported results in HfsNi; [160, 161]. From
previous PAC measurement in HfNi5, a similar component to this was also found and
attributed to HfsNiz [160]. The component 4 (~14%) with values of wg=94.8(6) Mrad/s
and 7=0.67(2) can be assigned to HfgNis;. From our recent investigation in HfgNiy; [22],
similar values of quadrupole frequency and asymmetry parameter were found. In HfgNis,
however, two non-equivalent Hf sites were found. But, in this stoichiometric HfNiz sam-
ple, we have found only one site of HfgNiy; (Hngigl)). The other non-equivalent site of
HfgNiy, (Hngigl)) is not observed here. Besides these, a component with symmetric EFG
(wg=52.6(4) Mrad/s, n=0) was found with site fraction ~23% which can be attributed
to pure hep Hf by comparing the values of wg and n with earlier reported results [21].
Probably, this component arises due to unreacted Hf with Ni. Decrease of this compo-
nent at 973 and 1073 K indicates that more Hf reacts with Ni to form compounds at

high temperatures.

Temperature dependent PAC results are shown in Figure 5.36. The corresponding
PAC spectra are shown in Figure 5.35. In the temperature range 77-873 K, there are no
appreciable changes in the PAC spectra. At 973 K, the component HfgNi,y; disappears.
The component due to HfsNis; does not appear at 1073 K also. But other four compo-
nents are found to exist at 1073 K. However, unlike stoichiometric ZrNi3, no additional
component is observed at 1073 K. The PAC measurement was then repeated at room

temperature. At this temperature, two components of HfNi3 reappear which indicates
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that HfNis is a stable phase. The component HfgNiy; does not appear when remea-
sured at room temperature. The components of Hf;Ni; and Hf are found to be present
when remeasured at room temperature. Detailed results of temperature dependent PAC

measurements in HfNiz can be found in the reference [185].

The evolution of the quadrupole frequency, n and site fraction with temperature for
the different components observed in stoichiometric HfNi3 are shown in Figure 5.36.
The components HfgNiy; and Hf,Ni; follow the same T%/2 temperature dependence as
found for ZrgNip; and ZryNi; in ZrNizg. The EFG for the two components of HfNig
are found to vary different manner. The quadrupole frequency of HfN i:(f) varies with
temperature following 7%/? relationship (equation 5.5). On the other hand, a linear
temperature dependent behavior (equation 5.6) was found for the HfNigl) component.
Variation of the quadrupole frequency for the hexagonal Hf was also found to be linear.
The fitted results are shown in Table 5.4. The variations of n and site fractions for

different components do not show large changes (Figure 5.36).

5.4.4.2 DFT calculations

The first-principles density functional theory (DFT) calculations were performed with the
WIEN2k simulation package [7] based on the full potential (linearized) augmented plane
waves method (FP-(L)APW). Electronic exchange-correlation energy was treated with
generalized gradient approximation (GGA) parametrized by Perdew-Burke-Ernzerhof
(PBE) [95]. In our calculations the muffin-tin radii for Hf, Ni, Zr and Ta were 2.3, 2.1,
2.3 and 2.3 a. u., respectively. The cut-off parameter R,,; K4, for limiting the number
of plane waves was set to 7.0, where R,,; is the smallest value of all atomic sphere radii

and K., is the largest reciprocal lattice vector used in the plane wave expansion.

The Brillouin zone integrations within the self-consistency cycles were performed via
a tetrahedron method [178], using 6-50 k points in the irreducible wedge of the Brillouin

zone (4x4x2 and 8x8x8 meshes for Ta doped HfNiz and ZrNis, respectively) for the su-
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Table 5.5: The parameters of the S-HfNis and ZrNiz structure, given in A.

Our calculated results
(WIEN 2k) [7,189]

Previous experimental

results (X-ray diffraction) [142,151]

Earlier calculated
results [190]

Present experimental
results (X-ray diffraction)

B-HiNig

a 5.285 5.2822(2) 5.267 5.282(1)
c 21.419 21.3916(18) 21.411 21.392(2)
B [GPa] 186

HE2b  001/4 001/4 001/4

Hf2 4f 1/32/3 0.3488 1/3 2/3 0.3488 1/32/3 0.3489

HIf3 4f 1/3 2/3 0.5458 1/3 2/3 0.5458 1/32/3 0.5461

Ni 6h 0.5110 0.022 1/4 0.5117 0.0234 1/4 0.5107 0.0213 1/4

Ni2 12k 0.156 0.312 0.0514 0.156 0.312 0.0514 0.1563 0.3126 0.0512

Ni3 12k  0.8320 0.6640 0.1495  0.8316 0.6632 0.1495 0.8322 0.6645 0.1496

ZrNig

a 5.319 5.3090(8) 5.267 5.308(2)
c 4.305 4.3034(12) 21.411 4.303(1)
B [GPa] 177

Zr 2c 1/32/31/4 1/32/31/4 1/32/31/4

Ni 6h 0.8435 0.687 1/4 0.829 0.658 1/4 0.844291 0.688581 1/4

Table 5.6:

parameters

Calculated EFG values for HfNiz in units of 102! V/m? and asymmetry

Probe Lattice Site EFG asymmetry
parameter (1)
no probe Hf1 2b 00 1/4 -13 0
(pure compound) Hf2 4f 1/3 2/3 0.3488(2) -5.0 0
Hf3 4f 1/3 2/3 0.5458(1) -2.2 0
1817y HfL 2b 00 1/4 170
Hf2 4f 1/3 2/3 0.3488(2) 7.1 0
HE3 4f 1/3 2/3 0.5458(1) 3.5 0

percell calculations. The atomic positions were relaxed according to Hellmann-Feynman
forces calculated at the end of each self-consistent cycle, with the force minimization
criterion 2 mRy/a.u.. In our calculations the self-consistency was achieved by demand-
ing the convergence of the integrated charge difference between last two iterations to be

smaller than 107° e. All the calculations refer to zero temperature.
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Figure 5.37: Models of cells used in the study of HfNig

HfNi;

HfNi; at the temperatures below 1200°C, has the v-Ta(Pd,Rh);-type structure, with a
stacking of ten ABj layers in the sequence ABCBCACBCB. The space group is P63/mmc
and the unit cell dimensions are a=5.2822(2) A, ¢=21.3916(18) A at room temperature
[151]. This structure contains 40 atoms in the unit cell, distributed at 6 non-equivalent

crystallographic positions, 3 for Hf atoms and 3 for Ni atoms (Table 5.5).

After obtaining the optimized structural parameters, we constructed 2x2x1 supercell
from periodically repeating unit cells of the host crystals. To simulate PAC measure-
ments at Hfl position, we replaced one Hf atom in the supercell at the position (0 0
1/4) with Ta (Figure 5.37a [179]). In the case of Ta at the Hf2 and Hf3 positions due to
the complexity of the calculations, we had to replace two Hf atoms at the corresponding
position with Ta, thus obtaining the cell with 50 non-equivalent atoms (Figure 5.37b
and ¢). We checked that the two Ta atoms are sufficiently far from each other (11.1 A)
to avoid significant impurity-impurity interactions. After determing the self-consistent
charge density we obtain the electric field gradient (EFG) tensor V;; using the method
developed in reference [97]. The usual convention is to designate the largest component
of the EFG tensor as V,. The asymmetry parameter 7 is then given by n= (V,.-V,y)/ V-,

where |V,.| > |V,y| > |Vi|. All the calculations refer to zero temperature.
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Figure 5.38: Model of cell used in the study of ZrNij

The theoretically determined cell and structure parameters for the investigated struc-
ture, along with the experimental values obtained from X-ray diffraction measurements
are given in Table 5.5. The theoretical volume slightly overestimates the experimental
one. The bulk modulus By, obtained by fitting the data to the Murnaghan’s equation of
state [189] is also given in Table 5.5. The calculated formation enthalpy, -0.50 eV /atom,
is in good agreement with the earlier measured (-0.52 eV /atom [191]) and calculated

(-0.44 eV /atom [146], -0.54 eV /atom [192]) values.

The calculated EFGs in the pure compound as well as at Ta probe position in the
[-HiNiz are given in Table 5.6. It can be observed that EFG is smallest at Hfl position
and the largest at Hf2 position. This trend preserves also for the electric field gradients
calculated at corresponding Ta positions, but the EFGs are now larger from 30% to
60%. We see that the calculated result for EFG at the Ta probe site replacing Hf3 atom
(3.5x10%! V/m?) is in excellent agreement with the measured value of EFG=3.7(1)x10*
V/m? (wg(0)=32.9(4) Mrad/s) for the component HfNiél), thus confirming that the
mentioned component of the measuered PAC spectra originates from HfNis. Similarly,
the calculated results at the Ta probe site replacing Hf2 atom (V,,=7.1x10* V/m?
and 1n=0) are in excellent aggrement with our measured values of HfNiz(f) component
(V..(0)=7.3(1)x10?! V/m? and n=0) which confirms that this component also originates
from HfNis.
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ZI‘Nig

ZrNisz crystallizes in the hexagonal NisSn type structure, which possesses two non-
equivalent crystallographic positions, Zr 2¢ and Ni 6h [142]. The optimized lattice con-
stants, which slightly overestimate the experimental values, are given in Table 5.5. The
calculated formation enthalpy, -0.41 eV/atom, agrees well with the earlier calculated
(-0.36 eV /atom [146], -0.46 eV /atom [193]) values. The calculated EFG at Zr position
is -3.0x10*' V/m?, with zero asymmetry parameter. In order to simulate PAC measure-
ment, we constructed 2x2x2 supercell from periodically repeating unit cell and then
replaced one of the Zr atoms by Ta (Figure 5.38 [179]). The point group symmetry
around the impurity Ta atom remained the same as around the original Zr atom, but
the number of non-equivalent positions increased. The calculated EFG at the Ta probe
atom -8.4x10?! V/m? is in excellent agreement with two mutually similar EFG values
from measured PAC spectra (8.2 and 8.48x10?" V/m?, corresponding to wg(0)= 72.9
and 76 Mrad/s, respectively). The fact that the corresponding calculated asymmetry
parameter is zero, enables us to assign the 76 Mrad/s component to ZrNiz and thus

definitely confirm the presence of this phase in our stoichiometric sample.

5.4.4.3 Conclusion

From TDPAC and XRD measurements, multiple phases have been found in the sto-
ichiometric samples of ZrNiz and HfNiz. The presence of ZrNiz and HfNiz in these
stoichiometric samples have been confirmed from TDPAC, XRD and TEM/EDX mea-
surements. From PAC studies, it is found that ZrNis is produced as a minor phase while
the phase HfNi3 is found to be largely produced. Also, our temperature dependent PAC
studies show that HfNij is a very stable phase. In the stoichiometric samples of ZrNiz and
HfNi3, secondary phases due to (Zr/Hf)sNig; and (Zr/Hf)sNi; are found to be produced.
In ZrNi3, the phase due to Zr;Niyq is observed while no phase due to Hf;Nijq is found

in HfNiz sample. Only one and the same crystallographic site of (Zr/Hf)sNiy; is found
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in present stoichiometric samples of ZrNiz and HfNij although two non-equivalent sites
were found in (Zr/Hf)gNig; [22]. The experimental values of EFG and 7 for ZrNiz and
HfNij are found to be in excellent agreement with the theoretically calculated values of
EFG and 7 at ¥ Ta impurity sites by the first-principles density functional theory based
on the FP-(L)APW. From our calculation, three non-equivalent Hf sites in HfNi3 have
been found whereas two of these have been observed from PAC measurements. In ZrNis,
on the other hand, the present DFT calculation produces one EFG corresponding to a
single Zr site. From our PAC measurements in ZrNis also, a single frequency component

has been found.

The solubility of Hf in Ni is found to be less compared to Zr in Ni. The Hf solubility
in Ni is found to increase with temperature and it decreases again when the temperature
is lowered. In Zr-Ni compounds, the binding energy of Hf probe to the lattice sites is not
strong enough at high temperature and, probably, the probe atoms are detached from

the compound at 1073 K.

5.4.5 ZI‘gNin and Hngi11

5.4.5.1 PAC results
ZI‘gNill

The XRD powder pattern in ZrgNiy; is shown in Figure 5.39. The peaks were identified
using ICDD database, 2009. Presence of tetragonal ZrgNi;; [PDF Card No.: 00-033-
0963] and orthorhombic Zr;Nijy [PDF Card No.: 01-072-3501] phases have been found
in the XRD spectrum. Analysis of the X-ray powder pattern was carried out by FullProf
software package [183] using the known crystallographic data of ZrgNij; with space group
I4/m [152] and Zr7Nijg [194]. The presence of a minor phase Zr;Niq in the stoichiometric
sample of ZrgNij; was also observed from X-ray diffraction measurements by Joubert et

al. [75].
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Figure 5.39: The background subtracted XRD powder pattern in the stoichiometric
sample of ZrgNij;. The line represents the fit to the measured data. The vertical bars
A, B denote the Bragg angles corresponding to ZrgNij; and ZryNijg, respectively. The
bottom line shows the difference between the observed and the fitted pattern.

Figure 5.40: Selected area electron diffraction pattern from the stoichiometric ZrgNiig
particle shown in the inset.

The presence of ZrgNiji, ZrgNis; and Zr;Nijg phases in this stoichiometric sample of

Z19Nij; have been observed from TEM/SAED measurement (Figure 5.40). The SAED
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pattern obtained from a region marked by a dotted circle in the stoichiometric sample of
ZroNiy; is shown in Figure 5.40. The interplanar spacing (dpy;) is obtained by measuring
the distance (Aq) of a particular spot from the central bright spot using the formula
dpiw = 1/Aq. Some of the measured dpy, from the SAED pattern are 1.39 A, 1.30 A,
1.21 A, 3.45 A, 0.99 A and 1.84 A. These measured interplanar spacings are very close to
the (710), (613), (741), (220), (680) and (422) interplanar spacings of tetragonal ZrgNij;
(JCPDS # 33-0963), respectively. This further confirms the presence of ZrgNij; phase
in the sample. Few of the measured djj; from the SAED pattern are 2.29 A and 4.34
A which are very close to the (231) and (-110) interplanar spacings of triclinic ZrgNig,
(ICDD PDF Card No.: 01-071-2622), respectively. The presence of ZrgNiy; phase in the
sample is thus confirmed. Some of the measured interplanar spacings from the SAED
pattern, 2.32 A and 1.55 A, are found to be very close to the (511) and (800) interplanar
spacings of orthorhombic Zr;Nijy (ICDD PDF card No.:01-072-3501), respectively, which

confirms the presence of Zr;Nijy phase in the stoichiometric sample of ZrgNiy;.

The PAC spectrum found at room temperature in the stoichiometric sample of ZrgNi;;
is shown in Figure 5.41. The predominant component (89%) produces values of wg =
39.2(5) Mrad/s (V.. = 4.4(1)x10*' V/m?), n = 0.64(3) with a large frequency distribution
width (6 = 15%). Apart from this, a minor component (wo=77.5(7) Mrad/s, n=0.52(2))
is also observed with site fraction ~11%. The predominant component has been assigned
to ZrgNiy; by comparing the results with DFT calculations (discussed later). The minor
component found can be attributed to ZrgNiy; by comparing the values of wg and 7
with the results from our recent investigation [22] for a particular crystallographic site
in ZrgNiy; (ngNigll)). It was found [138] that the phases ZroNiy, ZroNi and ZrNi melt
congruently. The phase ZrgNiy; was formed at ~1453 K from the liquid by peritectic
reaction L+ZryNi; —ZrgNiy; [138]. Kirkpatrick and Larson [137] reported that the
phase ZrgNi;; was produced peritectically by the reaction L+ZrNi—ZrgNij; at 1443
K [138] and this phase was found to decompose eutectoidally ZrgNij; — ZrNi+Zr;Nijg

at ~1248 K [138]. In the process of arc-melting, the production of ZrgNi;; phase at room
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Figure 5.41: PAC spectra in the stoichiometric sample of ZrgNij; at different temper-
ature. Left panel shows the time spectra and the right panel shows the corresponding
Fourier cosine transforms. The PAC spectrum at room temperature designated by 298¢ K
is taken after the measurement at 973 K.

temperature is due to rapid solidification from the liquid melt. To find any structural
change in this compound or its phase stability with temperature, PAC measurements
have been performed in the sample at high temperatures also (up to 973 K). The results
show that up to 673 K, the phase due to ZrgNi;; remains stable and the component
fractions do not change appreciably. At 773 K, however, the sample compositions change.

At this temperature, a new component (~27%) appears at the expense of ZrgNi;;. This
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Figure 5.42: Variations of quadrupole frequency (wq), asymmetry parameter (), fre-
quency distribution width (J) and site fraction f(%) with temperature for the components
of ngNill, Zl"gNizl and ZI"7N110.

has been attributed to Zr;Nijy by comparing with the previous PAC results in Zr;Nij
[177]. Kosorukova et al. [11] reported that the phase Zr;Nijg was produced by peritectic
reaction L+ZrgNij; — Zr;Nijg at 1393 K. The component fraction due to ZrgNiy; at
773 K, however, does not change. Another new component (wo=99(2) Mrad/s, n=0)
with a small fraction (~7%) also appears which could not be assigned. At 873 K, the

phase due to ZrgNiy; slightly increases to 54% at the cost of Zr;Nijy component. At a
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temperature of 973 K, the sample composition changes drastically. At this temperature,
the predominant component (~55%) is found to have wg = 17.9(6) Mrad/s, n = 0.36(4),
0 = 0 and this can be attributed to ZrNi by comparing the results found in ZrNi from
previous PAC measurements [167]. At this temperature, the ZrgNiy; phase vanishes and
the ZrgNi;; phase reduces to 32%. It was reported [137,138] that the the phase ZrNi was
formed by the decomposition of ZrgNi;; phase eutectoidally at ~1248 K. We have carried
out a re-measurement in the sample at room temperature after the measurement at 973
K to find the change in sample composition before and after heating the sample. In the
re-measurement, a new component (~17%) with wg = 74.2(4) Mrad/s, n = 0 is found.
This new component can be attributed to ZrNiz by comparing the results reported from
our recent PAC investigations in ZrNiz [23]. It is known that ZrNiz was formed by
the peritectoid reaction (ZraNiz+ZrgNiy; —ZrNiz) at 1193 K [138] and at 1261 K [11].
The predominant phase due to ZrNi (63%) is found to be produced here which was
first observed at 973 K in the sample. Appearance of ZrNi as a secondary phase in the
synthesized ZroNij; alloy was also found earlier [75, 76,130, 154]. The remaining phases
in the sample can be identified as ZrgNig; (~11%) and Zr;Nijg (~9%). Interestingly, no
phase due to ZrgNij; is found here and the sample is transformed completely. Detailed
results of temperature dependent PAC measurements in ZrgNi;; can be found in the

reference [195].

The ZrgNij; compound was studied by Stalick et al. [76] earlier using transmission
electron microscopy and powder neutron diffraction in the temperature range 4-1273 K.
At room temperature, these authors reported a mass fraction of 90% ZrgNij; and 10%
ZrNi in ZrgNij;. From present PAC measurements, however, no ZrNi phase is found at
lower temperatures (below 873 K). The ZrNi phase is found only at 973 K. Stalick et
al. [76] reported a sharp enhancement of this phase at 973 K and the production of a
new phase of Zr;Nijg. The phase fractions were reported to be 37% ZrNi, 57% Zr;Nijq
and 7% ZrgNiy; at 973 K [76]. We have also found phase components of ZrNi, Zr;Nijg

and ZrgNij; at 973 K with site fractions ~55%, ~13% and ~32%, respectively. Although
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the phase fractions found from this present study does not agree completely with the
results obtained by Stalick et al. [76], the appearance of similar phase components due
to decomposition of ZrgNiy; at high temperature are observed. Stalick et al. [76] found
also a phase reformation at 1273 K where the sample was again 90% ZrgNi;; and 10%
ZrNi. Production of Zr;Nijqg and ZrNi can also be explained from the Zr-Ni phase
diagram due to their proximity to ZrgNi;; phase and very small homogeneity range of

this phase [75,137,138,152].

The variations of wg, 1, 0 and phase fraction (f) with temperature for the ZrgNij,
ZrgNig; and Zr;Nijy phases are shown in Figure 5.42. A very weak temperature depen-
dence of quadrupole frequency for the ZrgNij; phase is found in this compound. Values
of wg for the ZrgNi;; phase shows a linear variation with temperature and it is fitted
using the following a linear relation with temperature (equation 5.6). The fitted results
are found to be wg(0) = 40.5(5) Mrad/s (V,, = 4.5(1)x10*" V/m?) and o = 0.7(2)x10~*
K~!. The quadrupole frequency for the ZrgNiy; phase follows 7°/2 temperature depen-
dence (equation 5.5). The fitting produces values of wg(0) = 77.1(8) Mrad/s (V.. =
8.6(2)x10%! V/m?) and 8 = 1.2(6) x107% K32, In our recent PAC investigation in

ZrgNigy [22], similar temperature dependence was found.

Temperature evolution of electric quadrupole frequency in metals and intermetallic
compounds following a T and T%/? relation are generally found in literature [1,107]. In
most cases, the EFG decreases with temperature. The coefficient o depends on crystal
structure and the lattice parameters. A very weak temperature dependence of EFG in
Zr9Niyq, probably, indicates that lattice parameters or lattice volume does not change

much with temperature.

To closely examine the phase transitions, a remeasurement of X-ray powder diffraction
pattern (Figure 5.43) has been carried out after heating the sample for two days at 1073
K. Peaks in the XRD spectrum were identified using ICDD database, 2009. It is found

that the sample after heating gives the phase components ZrgNiy; ( [76], PDF Card No.:
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Figure 5.43: The background subtracted XRD powder pattern in the stoichiometric
sample of ZrgNij; after the sample is annealed at 800°C for two days. The line represents
the fit to the measured data. The vertical bars A, B, C and D denote the Bragg angles
corresponding to ZrgNiyy, ZrNi, ZrgNis; and Zr;Nijg, respectively. The bottom line shows
the difference between the observed and the fitted pattern.

Figure 5.44: Selected area electron diffraction pattern from stoichiometric ZrgNij; par-
ticle (after annealing at 1073 K for 2 days) shown in the inset.

00-033-0963), ZrNi ( [196], PDF Card No.: 01-072-6477), ZrsNis, ( [149], PDF Card
No.: 01-071-2622) and Zr;Nij ( [194], PDF Card No.: 01-072-3501) as the constituent
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phase fractions. The phase transformation of ZrgNij; found at 973 K to ZrNi, therefore,
can be supported from XRD measurements also. However, from PAC measurement, no
phase due to ZrgNij; has been found at remeasured room temperature. Possibly, in this
case, the phase ZrgNiy; is completely transformed to ZrNi due to prolonged heating at

successive higher temperatures upto 973 K.

The presence of ZrgNiyq, ZrNi, ZrgNisq, ZrNiz and Zr;Ni;¢ phases in this stoichiometric
sample of ZrgNiy; after annealing the sample at 1073 K for 2 days have been observed
from TEM/SAED measurement (Figure 5.44). The SAED pattern obtained from a
region marked by a dotted circle in the stoichiometric sample of ZrgNij; is shown in
Figure 5.44. Some of the measured interplanar spacings (dpy;) from the SAED pattern
are 3.32 A and 2.27 A. These measured dyy are very close to the (002) and (132)
interplanar spacings of tetragonal ZrgNiy; (JCPDS # 33-0963), respectively. This further
confirms the presence of ZrgNi;; phase in the sample. Few of the measured dj,; from the
SAED pattern are found to be 2.33 A and 1.70 A which are very close to the (130) and
(150) interplanar spacings of orthorhombic ZrNi (JCPDS # 65-7465), respectively. The
presence of ZrNi phase in the sample is thus confirmed. Some of the measured interplanar
spacings from the SAED pattern, 2.75 A and 1.70 A, are found to be very close to the
(103) and (-203) interplanar spacings of triclinic ZrgNiy; (ICDD PDF Card No.: 01-071-
2622), respectively. This confirms the presence of ZrgNiy; phase in the sample. Few of
the measured interplanar spacings (d-spacing) from the SAED pattern are 2.32 A and
1.67 A. These measured dpy are very close to the (200) and (112) interplanar spacings of
hexagonal ZrNiz (JCPDS # 65-1968), respectively. Hence, the presence ZrNiz phase in
the sample is confirmed. Measured values of some of the interplanar spacings (d-spacing)
are 1.77 A, 2.30 A and 2.26 A which are found to be very close to the (151), (004) and
(023) interplanar spacings of Zr;Nijy (ICDD PDF Card No.:01-072-3501), respectively.

Therefore, the presence of Zr;Nijy phase in this sample is confirmed.
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Hngi11

The powder X-ray diffraction pattern in HfgNij; is shown in Figure 5.45. Presence
of HfgNi;; and HfNi phases have been found in the XRD spectrum. Analysis of the X-
ray powder pattern was carried out by FullProf software package [183] using the known
crystallographic data of body-centered tetragonal HfgNiy; [12,137,157] and base-centered
orthorhombic HfNi ( [12,137,196], JCPDS # 47-1414) phases. The presence of HfNi
phase in this stoichiometric sample of HfgNi;; has been observed from TEM/SAED
measurement (Figure 5.46). Selected area electron diffraction (SAED) pattern obtained
from a region marked by a dotted circle in the stoichiometric sample of HfgNi;; is shown
in Figure 5.46. One of the measured interplanar spacing from the SAED pattern is 2.03
A which is found to be very close to the (002) interplanar spacing of orthorhombic HfNi
(JCPDS # 47-1414). This further confirms the presence of HfNi phase in the sample. The
phase HfgNij; could not be identified from SAED pattern in the stoichiometric sample
of HfgNij; due to non-availability of X-ray diffraction data of interplanar spacings (dpx;)

and corresponding crystallographic planes (hkl) for HfgNiy;.

The PAC spectrum at room temperature in HfgNi;; is shown in Figure 5.47. An
analysis of the spectrum produces one predominant component (~81%) with values of
wg = 25.7(3) Mrad/s, n = 0.37(3) and ¢ = 12(1)% and a minor component (~19%) with
values of wg = 39.5(5) Mrad/s, n = 0.64(4), § = 0. Comparing these values with the
PAC results in ZrgNiy; at room temperature, the minor component can be assigned to
HfgNiq;. Since the crystal structures of ZrgNiy; and HfgNij; are the same, similar values
of wg and 7 in the two compounds are expected. The predominant component, however,
can be attributed to HfNi by comparing these results with the previous reported results
in HENi [197]. In the Hf-Ni phase diagram [12], nine intermediate phases have been found
where the phases Hf;Ni; and HfNi melt congruently, and seven other phases of Hf-Ni
binary system, namely, HfgNijq, o/5-HfNi3, HfgNigy, Hf3Ni;, Hf;Nijo, Hf;Ni, HfNi; are

formed peritectically [12]. The HfgNij; phase is formed by peritectic reaction from the
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Figure 5.45: The background subtracted XRD powder pattern in the stoichiometric
sample of HfgNij;. The line represents the fit to the measured data. The vertical bars A,
B denote the Bragg angles corresponding to HfgNij; and HfNi, respectively. The bottom
line shows the difference between the observed and the fitted pattern.

Figure 5.46: Selected area electron diffraction pattern from HfgNij; particle shown in
the inset.
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Figure 5.47: PAC spectra in the stoichiometric sample of HfgNij; at different temper-
ature. Left panel shows the time spectra and the right panel shows the corresponding
Fourier cosine transforms. The PAC spectrum at room temperature designated by 298% K
is taken after the measurement at 873 K.

liquid melt and HfNi at 1613 K [198,199]. Kirkpatrick and Larson [137] reported that the
Hf-Ni system is analogous to Zr-Ni system. Unlike ZrgNij;, a predominant component
due to HfNi is observed in HfgNij;. This is, probably, due to the fact that in HfgNiy; PAC
sample, a significant mass loss (~5.5%) of the sample was observed during its preparation
in argon arc furnace. This mass loss can be considered as due to loss of Ni which has
a much lower melting and boiling point compared to the other constituent Hf. So, the
stoichiometry of the arc melted sample was changed and a Ni deficient compound was
produced by melting. Since, the stoichiometry of HfgNi;; (Hf/Ni ratio 1:1.22) and HfNi
are not very different, the production of HfNi phase in the sample is expected. In this
case, the mass loss of the sample was such that its stoichiometry comes closer to HfNi.
The PAC measurements at higher temperatures have also been performed in HfgNiy;.

It is found that at 373 K, the fraction due to HfgNi;; enhances to 45% at the expense
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Figure 5.48: Variations of quadrupole frequency (wg), asymmetry parameter (1)) and site
fraction f(%) with temperature for the components of HfgNi;; and HfNi.

of HfNi which reduces to ~55%. In the temperature range (373-873 K), the component

fractions do not change much (Figure 5.48).

After heating the sample gradually up to 873 K, a re-measurement at room temper-
ature was carried out. The results are found to be almost the same as found before
heating. The frequency distribution width for the predominant component, however,
decreases to zero as expected due to annealing of the sample. In this case, the values of
quadrupole frequencies for the two components are found to change slightly. In the two
cases, there are large changes in frequency distribution widths which probably affect the
results. But unlike ZrgNij;, no change in phases due to heating is observed in HfyNij;

and the phases are found to be stable up to 873 K. Detailed results of temperature
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dependent PAC measurements in HfgNij; can be found in the reference [195].

The variations of quadrupole frequency and asymmetry parameters of two phases
found in the stoichiometric sample of HfgNij; with temperature are shown in Figure 5.48.
It is found that the temperature dependence of quadrupole frequency for the HfgNiq;
phase is very weak which is similar to the temperature dependence of quadrupole fre-
quency in ZrgNij;. But, unlike ZrgNi;q, wg for HfgNiy; is found to increase with temper-
ature. Although, the wg for this phase is found to evolve with temperature following a
linear temperature dependent relation (equation 5.6). A fitting to the equation 5.6 pro-
duces values of wg(0) = 36.9(9) Mrad/s (V,,=4.1(1)x10*! V/m?) and o = -1.9(3)x10~*
K~!. Similar unusual temperature dependence of quadrupole frequency was also found
in the literature [200]. Here also, a weak temperature dependence of EFG indicates that
crystal parameters do not change much with temperature. The wg for the predominant
HfNi component is also found to vary linearly with temperature following equation 5.6.
The fitted results are found to be wg(0) = 27(2) Mrad/s (V.. = 3.0(2)x10?! V/m?) and
a=4(1)x107* K3/2.

5.4.5.2 Ab initio calculations

The ab initio density functional theory (DFT) calculations were performed to compare
with the experimental results by all-electron full potential (linearized) augmented plane
waves plus local orbitals [FP-(L)APW+lo| method, as implemented in WIEN2k [7]. The
exchange-correlation potential was calculated using the generalized gradient approxi-
mation (GGA) with the parameterization of Perdew-Burke-Ernzerhof (PBE) [95]. The
cut-off parameter R,,; K., for limiting the number of plane waves, where R,,; is the
smallest value of all atomic sphere radii and K,,,, is the largest reciprocal lattice vector
used in the plane wave expansion, was set to 7.0. The Brillouin zone integration was
achieved via a tetrahedron method [178]. Taking into consideration both the accuracy

and the efficiency of the calculations, we have selected a 10 x 10 x 10 point mesh to
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Table 5.7: The parameters of the ZrgNij; and HfgNij; structure. The lattice constants
are given in A.

Our calculated results Previous experimental Present experimental
(WIEN 2k) [7] results (XRD) [11,132,137,152,157] results (XRD)

ZI"9N111

a 9.88 9.88(1) [152], 9.9778 [11] 9.881(2)

c 6.48 6.61(1) [152], 6.5809 [11] 6.613(1)
B [GPa] 144
HngiH

a 9.89 9.79 [137] 9.801(2)

c 6.44 6.53 [137] 6.532(2)
B [GPa] 161

Table 5.8: The calculated and experimental values of EFG (in units of 102! V/m?) and
asymmetry parameter (1) for ZrgNij; and HfgNiyy.

Compound Lattice site Calculated EFG  Calculated n Measured EFG  Measured 7
ZrgNiy; (*¥1Ta probe) 7rl 2a 25.9 0
Zr2 8h -8.4 0.30
Zr3 8h -5.6 0.92 4.6(1) 0.80(10)
HfgNiy; (¥¥'Ta probe) Hf1 2a 20.7 0
Hf2 8h -8.1 0.39
Hf3 8h 5.0 0.72 4.7(1) 0.68(3)

sample the entire Brillouin-zone (BZ), yielding 143 points in the irreducible Brillouin-
zone. The structure was relaxed according to Hellmann-Feynman forces calculated at
the end of each self-consistent cycle, until the forces acting on all atoms were less than
0.03 eV/A (2 mRy/a.u.). During this relaxation, the cell volume was kept fixed to its ex-
perimental value. Then the theoretical equilibrium volume was determined by fixing the
atomic positions to their optimized values and further keeping ¢/a ratio fixed. A series of
calculations was carried out, changing the volume within + 5% of its experimental value
and calculating the total energy as its function. Finally, the ¢/a ratio was optimized by
changing it within 4+ 2% of its experimental value while keeping the optimized volume
fixed. The convergence criterion for achieving self-consistency was that the integrated

charge difference between last two iterations to be smaller than 5 x 1075 electron.

We used the optimal structural parameters to construct 1 x 1 x 2 supercell and

then replaced each of the Zr (Hf) nonequivalent host sites by a Ta atom successively
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Figure 5.49: Models of cells used in DFT study.

(Figure 5.49, [179]). The point group symmetry around the Ta atom remained the same
as around the original atom, but the number of non-equivalent positions enlarged to
18-50, which increased the complexity of the calculations. We used 36-64 k points in the

irreducible wedge of the Brillouin zone for these calculations.

Both ZrgNij; and HfgNij; have tetragonal I4/m type crystal structure (space group
number 87). For ZrgNij;, P4/m structure (space group no 83) was reported by Stalick
et al. [76] only, but other authors found I4/m structure [11,132,152] including two re-
cent results by Matsuyama et al. [132] and Kosorukova et al. [11]. We have found I4/m
crystal structure from XRD (Table 5.7, Figure 5.39, 5.43, 5.45) and TEM/SAED (Figure
5.40, 5.44) studies in our samples. So, for DFT calculations, we have considered I4/m
crystal structure for both ZrgNiy; and HfgNij;. This structure contains 20 atoms in the
primitive cell and three nonequivalent Hf (Zr) crystallographic positions. The theoret-
ically optimized structure parameters together with the experimental values obtained
from earlier [11,152] and present X-ray diffraction measurements are shown in Table 5.7.
We can see that a lattice constants overestimate the experimental ones for about 1%,
while the ¢ lattice constants underestimate the measured ones for about 2%. The bulk
moduli B, obtained by fitting the data to the Murnaghan’s equation of state [189] are

also given in Table 5.7.
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The electric field gradient (EFG) tensor V;; was calculated from the obtained charge
density using the method developed in reference [97]. The usual convention is to des-
ignate the largest component of the EFG tensor as V,,. The asymmetry parameter 7
is then given by n = (Vou — Vy)/Vss, where |V,,| > |V,y| > |[Viu|. The calculated and
experimental EFGs at the Ta probe positions in the HfgNi;; and ZrgNi;; compounds,
along with the corresponding asymmetry parameter values, are given in Table 5.8. It can
be observed that the EFG values for Ta at 2a position are not very different in HfgNiy;
and ZrgNij;. This is the position with largest EFG. The EFGs for Ta at the other two
nonequivalent Hf(Zr) positions, 8h, are also similar in both compounds. We see that the
calculated result for EFG and 7 at the Ta probe replacing Zr3 atom (-5.6 x 10*' V/m?
and 0.92) is in agreement with the corresponding values measured at 77 K (4.6 x 10*!
V/m? and 0.80), thus confirming that the mentioned component of the measured PAC
spectra originates from ZrgNiy;. The sign of V., can not be determined by PAC measure-
ments. Therefore, absolute values of V. have been compared. In the case of HfgNijq,
the calculated results of EFG (5.0 x 10*! V/m?) and n (0.72) are in better agreement
with the measured values of EFG (4.4 x 10*! V/m?) and n (0.64) at room temperature.
It is interesting to notice that remeasured values at room temperature after heating (4.7
x 102! V/m? and 0.68) exhibit even better agreement with the calculated ones. Possible
explanation is that the heating resulted in the better structure arrangement, which is

now closer to the ideal one.

5.4.5.3 Conclusion

We have performed PAC measurements and DFT calculations to address the phase
components, and phase stability in ZrgNi;; and HfgNi;;. In both these compounds, mul-
tiphase components have been found which are assigned by comparing with the results
from DFT calculations. Three non-equivalent Zr/Hf sites are found from calculations

while only one site occupation (Zr3/Hf3) by the probe is obtained experimentally. In
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ZrgNiq; stoichiometric sample, up to 673 K, the phase due to the ZrgNiy; is found to
be predominant, with the minor phase belonging to ZrgNis;. Above 673 K, the ZrgNiq;
phase becomes unstable and Zr;Nijy appears. At 973 K, the phase due to ZrNi is pro-
duced as a dominating phase. This phase has also been found to be predominant when

remeasured at room temperature after measurement at 973 K.

In the stoichiometric HfgNi;; sample, the phase due to HfgNij; is produced as a
minority phase and the HfNi phase is found to be predominantly produced. From our
PAC measurements, isostructurality of ZroNi;; and HfgNiy; has been found. The phases

produced in HfgNi;; are found to be stable up to 873 K.

In both ZrgNi;; and HfgNij, very weak temperature dependence of electric field gra-
dients (EFG) have been observed which indicates that the lattice parameters do not
change much with temperature. The calculated results of EFG and asymmetry parame-
ter (1) at the Ta impurity atom positions, Zr3 8h in ZreNij; and Hf3 8h in HfgNij;, are
found to be in good agreement with our experimental results, thus confirming the origin

of the components of our interest in the PAC spectra.

5.4.6 ZI‘7Ni10 and Hf7Ni10

5.4.6.1 PAC results
ZI'7N110

The XRD powder pattern obtained in stoichiometric Zr;Ni;q sample is shown in Figure
5.50. Peaks were first identified using ICDD database. The presence of orthorhombic
Zr7Niyq ( [159], PDF Card No.: 01-072-3501), triclinic ZrgNiy; ( [149], PDF Card No.: 01-
071-2622) and monoclinic ZryNi; ( [184], PDF Card No.: 01-071-0543) phases have been
found from XRD analysis. The X-ray intensity profile has been fitted using FullProf
software package [183]. The presence of Zr;Nijy, ZrsNi; and ZrgNip; phases in this

stoichiometric sample of Zr;Nijy have been observed from TEM/SAED measurement
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Figure 5.50: The background subtracted XRD powder pattern in the stoichiometric
sample of ZryNijg. The vertical bars A, B and C denote the Bragg angles corresponding
to Zr7Niyg, ZroNi7 and ZrgNio; phases, respectively.

10 1/nm

Figure 5.51: Selected area electron diffraction pattern from stoichiometric Zr7Nijg par-
ticle shown in the inset.

also (Figure 5.51). The SAED pattern obtained from a region marked by a dotted circle
in the stoichiometric sample of Zr;Niyg is shown in Figure 5.51. The interplaner spacing

(dpni) is obtained by measuring the distance (Agq) of a particular spot from the central
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bright spot using the formula dp = 1/Aq. Few of the measured dpy; from the SAED
pattern are 1.47(4) A, 2.26(4) A and 1.81(4) A. These measured interplaner spacings are
very close to the (8 02), (42 2) and (4 4 1) inter-planer spacings of orthorhombic Zr;Ni;g
(ICDD PDF Card No.:01-072-3501), respectively. This further confirms the presence of
Zr7;Nijg phase in the sample. Some of the measured dp;; from the SAED pattern are
1.39(4) A, 1.49(4) A, 2.73(4) A, 3.39(4) A, 1.83(4) A and 1.36(4) A which are very
close to the (-1 52), (152), (113),(022), (04 3)and (1 3 7) inter-planer spacings
of monoclinic ZryNi; (JCPDS # 65-2321), respectively. The presence of ZrsNi; phase
in the sample is thus confirmed. Few of the measured interplaner spacings from the
SAED pattern, 2.34(4) A and 3.38(4) A, are found to be very close to the (-1 2 2) and
(1 2 1) inter-planer spacing of triclinic ZrgNiy; (ICDD PDF Card No.: 01-071-2622),
respectively, which confirms the presence of ZrgNiy; phase in the stoichiometric sample

of ZI‘7N110 .

The PAC spectrum in the stoichiometric Zr;Ni;o sample at room temperature is shown
in Figure 5.52. The spectrum is found to be best fitted by considering five quadrupole
frequencies. Texture effects are observed in the sample which indicates that the EFGs
produced at the probe sites are not randomly oriented and it is not a perfect polycrys-
talline sample. Therefore, the spectrum is analyzed using free Sy, (n=0,1,2,3) parame-
ters. At room temperature, a major component (~ 38%) is found with values of wg =
72.7(3) Mrad/s, n = 0.12(4) and § = 1.1(7)%. This component can be assigned to ZryNi;
by comparing with the results found in ZryNi; [166]. In the stoichiometric ZrNiz [23]

and ZrNis [173] alloys also, the phase ZryNi; was produced as a major component.

The second major component (~25%) with values of wg = 58.9(3) Mrad/s, n =
0.71(1) is attributed to Zr;Nijo phase by comparing the result with our DFT calculation
(discussed later). A minor component (~11%) was found to be present with values
of wg = 77.1(9) Mrad/s, n = 0.81(2). This component has been identified as ZrgNiy;

by comparing the result with our recent PAC investigation in ZrgNiy; [22] for Zr(1)
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Figure 5.52: Perturbed angular correlation spectra in ZryNijg at different temperatures.
Left panel shows the time spectra and the right panel shows the corresponding Fourier
cosine transforms. The PAC spectrum designated by 298* K is taken at room temperature
after the measurement at 1073 K.

crystallographic site (ngNigll) ). Apart from these components, two other minor frequency
components (component 4: wg==8.0(7) Mrad/s, n=0; component 5: wg=33(1) Mrad/s,
n=0) have been found. These two components are attributed to defects. Since the
activation of the sample was done after preparing the sample, crystalline defects can
be produced by neutron irradiation [201]. From the Zr-Ni phase diagram, it is found
that the phase ZryNi; melts congruently and ZrgNig; phase is formed peritectically from
ZrsNi; and liquid melt (L+ZrsNi; — ZrgNigy) at 1453 K [138]. The phases Zr;Nijg and

ZrgNig; are formed from liquid alloy by an eutectic reaction (L—ZrgNig;+Zr7Nijg) [138]
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Figure 5.53: Variations of quadrupole frequency (wg), asymmetry parameter (1)) and site
fraction f(%) with temperature for the components of Zr;Nijg and ZrsNiz.

at 1333 K. The phase Zr;Niyq is also formed by peritectic reaction from ZrgNiy; and
liquid melt (L + ZrgNij; — ZrzNijg) at 1393 K [11]. At 77 K, the ZryNi; and Zr;Nijg
phases were found only with site fractions ~34% and ~38%), respectively. All the three
Zr-Ni phases, viz. ZryNiz, ZrgNig; and Zr;Nijg are present in the temperature range 298-
773 K. At 873 K and above, the component due to ZrgNiy; does not appear. The phases
Zr5Ni; and Zr;Nijg, however, remain stable up to 1073 K. The phase Zr,Niy is found to
be predominant in the whole temperature range (77-1073 K) among the Zr-Ni binary
phases that are produced in the stoichiometric sample of Zr;Nijg. The frequency values
for the component 4 and 5 show anomalous temperature dependence and do not vary
smoothly with temperature. This further indicates that these components are irregular
defect components. A re-measurement is carried at room temperature after measurement
at 1073 K. Here, all the three Zr-Ni phases, viz. ZryNi;, Zr;Nijg and ZrgNiy; produced

with almost same fractions reversibly. Detailed results of temperature dependent PAC
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Figure 5.54: The background subtracted XRD powder pattern in the stoichiometric
sample of Hf7Nijg. The vertical bars A, B and C denote the Bragg angles corresponding
to Hf7Niyg, S-HfNiz and HfgNisq, respectively.

measurements in Zr;Nijp can be found in the reference [177].

Temperature evolution of quadrupole frequency, asymmetry parameter and site frac-
tion for two Zr-Ni phases, viz. ZrsNi; and Zr;Niy present in the stoichiometric sample
of Zr;Nijg are shown in Figure 5.53. The asymmetry parameter of Zr;Nij, phase is
found to increase with temperature. The quadrupole frequencies for both the compo-
nents decrease linearly with temperature. The values of quadrupole frequencies obtained
for ZryNi; and Zr;Niyg phases in the temperature range 77-1073 K have been fitted with
the following a linear relationship with temperature (equation 5.6). The fitted results
give wg(0) = 65(1) Mrad/s (V,, = 7.3(2)x10?! V/m?), o = 3.1(3)x10~* K~! for Zr7Niy
component. For the ZryNi; component, the results are wg(0) = 77(1) Mrad/s (V..
= 8.6(2)x10% V/m?), a = 2.1(2)x10~* K=!. The linear temperature dependence of

quadrupole frequency was observed in many intermetallic compounds [162,202-207].
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10 1/nm

Figure 5.55: Selected area electron diffraction pattern from stoichiometric Hf7Nijg par-
ticle shown in the inset.

Hf;Ni

The XRD powder pattern in the Hf;Nijy sample is shown in Figure 5.54. The peaks
were identified using ICDD database, 2009. Presence of the hexagonal -HfNis ( [151],
PDF Card No.: 01-071-0475), orthorhombic Hf;Nijo [158], and triclinic HfgNiy; ( [150],
PDF Card No.: 01-071-0476) phases are found in the stoichiometric Hf;Ni;q sample.
Fitting of the XRD intensity profile has been carried out using FullProf software package
[183]. The space group for Hf;Niyy has been considered C'mca due to its isostructurality
with Zr;Nijg [12,158]. Selected area electron diffraction (SAED) pattern obtained from
a region marked by a dotted circle in the stoichiometric sample of Hf;Nijy is shown
in Figure 5.55. Some of the measured interplaner spacing from the SAED pattern are
1.41(4) A, 2.27(4) A and 2.01(4) A which are found to be very close to the (2 012), (20 1)
and (2 0 5) inter-planer spacings of hexagonal 5-HfNiz (JCPDS #71-0475). This further
confirms the presence of HfNi3 phase in the sample. Few of the interplaner spacing from
the SAED pattern are 1.70(4) A and 1.82(4) A. These are found to be very close to the
(0 3 4) and (-2 -2 2) interplaner spacings of triclinic HfgNiy; (JCPDS #71-0476). The
phase Hf;Nijy could not be identified from SAED pattern in the stoichiometric sample

of Hf;Nijg due to non-availability of X-ray diffraction data of interplaner spacings (dpx;)
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Figure 5.56: Time differential perturbed angular correlation spectra in Hf7Nijg at dif-
ferent temperatures. Left panel shows the time spectra and the right panel shows the
corresponding Fourier cosine transforms. The PAC spectrum designated by 298* K is
taken at room temperature after the measurement at 1073 K.

and corresponding crystallographic planes (h k [) for Hf;Nij.

The PAC spectrum at room temperature in the stoichiometric Hf7Ni;¢ sample is shown
in Figure 5.56. Fitting of the spectrum shows the presence of three quadrupole frequency
components. Analysis of the spectrum has been carried out using free Sy, (n=0,1,2,3)
parameters as the sample is found to have texture effects. The predominant component
(~ 62%) produces values of wg = 71.4(9) Mrad/s, n =0, § = 11(2)%. This component has
been assigned to S-HfNiz by comparing the values with the results from our recent PAC

investigation in HfNis sample [23] for Hf(3) crystallographic site. The second component

175



CHAPTER 5. PAC RESULTS AND AB-INITIO CALCULATIONS

—a— B-HINi, |
r —e—HINi,, f

+/+\+/*/+

= os | / +\+\+

80 - ‘\
I =
—~ 60} N .
Sl N
Y— 40 r \/ /:XK -
L — i

o
_— ]
P p— ‘/¢ \.

O " 1 " 1 " 1 " 1 " 1 "
0 200 400 600 800 1000 1200
Temperature (K)

Figure 5.57: Variations of quadrupole frequency (wg), asymmetry parameter (1)) and site
fraction f(%) with temperature for the components of Hf7Nijg and S-HfNis.

produces values of wg = 53(1) Mrad/s, n = 0.82(4) with site fraction ~ 22%. This
component has been assigned to Hf;Ni;g by comparing the values with the results found
in the analogous Zr;Nijg phase and with the results from DFT calculations (discussed
later). A minor component (~16%) with values of wg = 32(1) Mrad/s, n = 0 was
also found to be present. The value of quadrupole frequency for this component varies
with temperature in an irregular manner and suggests that this is a crystalline defect
produced during sample preparation. In the PAC sample, however, no component due
to HfsNiy; was observed. In the Hf-Ni phase diagram, it is found that Hf;Ni; and HfNi
are congruently melting phases. The HfNis has two polymorphs, one is high temperature
phase (a-HfNi3) which is stable above 1473 K and the other is low temperature phase
(B-HfNi3) which is stable below 1473 K [140]. The phase HfNij is produced by peritectic
reaction of liquid melt with Hf;Ni; (L+Hf;Ni; —HfNis) at 1573 K. It was reported [199]
that the phase Hf;Nijq is produced by peritectic reaction L + HfgNi;; — Hf7Niyg [199]

at ~1563 K. At 77 K, the phase fraction of S-HfNiz component enhances to ~ 81%. The
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site fraction of Hf;Nijq increases while the site percentage of 5-HfNiz phase decreases up
to 673 K (Figure 5.57) with the increase of temperature. However, the phase S-HfNiz was
found to be predominant up to 573 K. The Hf;Ni;, phase becomes predominant (~57%)
and the phase fraction of S-HfNiz decrease to 23% at 673 K. In the temperature range
773-873 K, the phase fraction of Hf;Ni;y decreases and [-HfNi3 increases to 37%. Major
contribution (~55%) in the PAC spectrum at 973 K and 1073 K was found due to the
Hf;Ni;o phase and S-HfNi3 phase fraction reduces to ~30%. The PAC measurement was
carried out at room temperature after measurement at 1073 K where the site percentages
for Hf;Niq and 8-HfNis phases were found to be ~25% and ~58%, respectively. Similar
results of phase fractions of S-HfNiz and Hf;Nijy at initial room temperature and after
1073 K show phase reversibility of the two phases. Detailed results of temperature

dependent PAC measurements in Hf7Nijy can be found in the reference [177].

Variation of quadrupole frequency (wg), asymmetry parameter (n) and phase frac-
tion with temperature for S-HfNi3 and Hf;Ni;y phases are shown in Figure 5.57. The
quadrupole frequency for S-HfNiz and Hf;Ni;y phases decrease linearly with temperature
following the equation 5.6. Similar temperature dependence of wg was found in Zr7Nij
which shows isostructurality of Zr;Nijg and Hf;Nijo. The fitted results are wg(0) =
55.9(9) Mrad/s (V,,=6.2(2)x10?! V/m?), a = 2.0(2)x10~* K~! for the Hf;Ni;o phase.
For 3-HfNiz phase, the fitted results are wg(0) = 73.5(9) Mrad/s (V,,=8.2(2)x10*
V/m?), a = 1.5(1)x10~4 K.

5.4.6.2 DFT calculations and results

Zr7Nijg and Hf;Niq crystallize in the orthorhombic base-centered centrosymmetric C'mca
type structure (space group number 64) with lattice parameters a=12.381 A, b=9.185
A and ¢=9.221 A for Zr;Niy, [159] and a=12.275 A, b=9.078 A, ¢=9.126 A for Hf;Niy,
[12]. This structure contains 34 atoms in the unit cell and possesses 7 non-equivalent

crystallographic positions; 4 non-equivalent positions for Zr (or Hf) and 3 non-equivalent
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Figure 5.58: Models of cells used in DFT study. The Zr, Ni and Ta atoms are denoted
by green, blue and red spheres, respectively

positions for Ni.

First we have optimized these structural parameters. The first-principles density
functional theory (DFT) calculations were performed to compare with the experimental
results. All the calculations were done using the full potential (linearized) augmented
plane waves method [FP-(L)APW], as implemented in WIEN2k [7]. The energy conver-
gence has been achieved by expanding the basis function up to Ry Kpner=7, where Ry
is the smallest atomic sphere radius in the unit cell and K,,,, gives the magnitude of the
largest k vector in the plane wave expansion. In our calculations the muffin-tin radii for
Zr, Ni and Hf(Ta) were 2.2, 2.1 and 2.15 a. u., respectively. The valence wave functions
inside the spheres are expanded up to [,,,,=10 while the charge density is Fourier ex-
panded up to G,,..=16. The energy to separate core and valence states was set to -7 Ry.

Electronic exchange-correlation energy was treated with generalized gradient approxima-
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Table 5.9: The lattice constants a, b and ¢ (given in A) of the Zr;Nijp and Hf;Nijq
C'mca crystal structure and the fractional coordinates of 7 crystallographic non-equivalent

positions.

Present calculated results Experimental results [159], [12]

Present experimental

(WIEN2kK) (XRD) results (XRD)
ZI7N110
a 12.365 12.381 12.374
b 9.172 9.185 9.173
c 9.197 9.221 9.213
Zrl 0 0.31359 0.18707 0 0.31219 0.18847
Zr2 1/4 0.25466 1/4 1/4 0.25466 1/4
Zr3 0.30754 0 0 0.30634 0 0
Zr4 000 000
Nil 0.14438 0.01115 0.20822 0.14438 0.01115 0.20822
Ni2 0.35507 0.29157 0.00833 0.35507 0.29157 0.00833
Ni3 0 0.10655 0.39553 0 0.10755 0.39423
Hf7Ni10
a 12.281 12.275 12.279
b 9.062 9.078 9.071
c 9.151 9.126 9.120
Hf1 0 0.31439 0.1867 0 0.31219 0.18847
Hf2 1/4 0.25504 1/4 1/4 0.25466 1/4
Hf3 0.30645 0 0 0.30634 0 0
Hf4 000 000
Nil 0.14391 0.00998 0.20874 0.14438 0.01115 0.20822
Ni2 0.35507 0.29111 0.00665 0.35507 0.29157 0.00833
Ni3 0 0.10699 0.39569 0 0.10755 0.39423

tion (GGA) parametrized by Perdew-Burke-Ernzerhof (PBE) [95,208,209]. Taking into
consideration both the accuracy and the efficiency of the calculations, we have selected a
8x8x%8 k point mesh to sample the entire Brillouin-zone (BZ), yielding 143 points in the
irreducible Brillouin-zone. The structure was relaxed according to Hellmann-Feynman
forces calculated at the end of each self-consistent cycle, until the forces acting on all
atoms were less than 0.068 ¢V/A (5 mRy/a.u.). The relaxation method is described in
reference [164]. In our calculations the self-consistency was achieved by demanding the
convergence of the integrated charge difference between last two iterations to be smaller

than 107 %e. All the calculations refer to zero temperature.

The theoretically optimized lattice parameters a, b and ¢, and fractional coordinates of
atoms together with the present and previous experimental values [12,159] are presented
in Table 5.9. From Table 5.9 it can be seen that our calculated parameters are in very

good agreement with the experimental results. After obtaining the optimized structural
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Table 5.10: The calculated and experimental EFG values in units of 10*! V/m? and
asymmetry parameter (1) values for Zr7Nijg and Hf7Nijg Cmeca crystal structure.

Probe Lattice Site calculated calculated Measured Measured
site EFG 7 EFG n (77 K)
ZT7N110
no probe Zrl 1.11 0.63
(pure compound) Zr2 4.05 0.10
Zr3 -3.02 0.37
7Zrd -3.38 0.41
181y, Zrl-Ta 1.33 0.77
Zr2-Ta 10.11 0.10
Zr3-Ta -6.99 0.54 7.3(2) 0.52(1)
Zr4-Ta -10.75 0.25
Hf7Ni]0
no probe Hf1 -1.15 0.33
(pure compound) Hf2 9.48 0.18
Hf3 -4.96 0.82
Hf4 -8.94 0.32
181 g, Hf1-Ta 1.87 0.25
Hf2-Ta 9.75 0.10
Hf3-Ta -6.37 0.77 6.2(2) 0.78(6)
Hf4-Ta -10.68 0.22

parameters, we replaced one of the host sites; i.e. one of the 4 non-equivalent positions of
Zr (or Hf) by a Ta atom (preserving the point group symmetry around original atom), in
order to simulate a dopant in the crystal lattice. This substitutional structures have been
marked as X1-Ta, X2-Ta, X3-Ta and X4-Ta; X=Zr, Hf (Figure 5.58). For each case of
the substitutional structure, we have repeated calculations again, keeping all parameters
and charge convergence criteria same as in the case of the pure compounds. For example,
to simulate PAC measurements at Zrl position, we replaced one atom at position (0,
0.31359, 0.18707) with Ta atom. We checked that the two Ta atoms are sufficiently
far from each other (~8 A) to avoid significant impurity-impurity interactions. The
calculated electric field gradients (EFGs) in the pure compounds as well as at Ta probe
positions in the Zr;Nijq and Hf;Nijy structures along with the values of asymmetry
parameter 7, are given in Table 5.10. The sign of EFG (V) can not be determined from

PAC measurement. Thus, absolute values of measured EFG (extrapolated to 0 K) and
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asymmetry parameter (at 77 K) for Zr;Nijq and Hf;Nijy have been compared with the
theoretical results in the Table 5.10. The calculation of EFG were performed by using
the method developed in reference [97]; which is implemented in WIEN2k code. All the

calculations refer to zero temperature.

We see that the calculated result for EFG at the Ta probe site replacing Zr3 atom
(6.99x10?" V/m?) with asymmetry parameter 0.54 is in excellent agreement with the
measured value of EFG extrapolated to 0 K (7.3(2)x10*' V/m?) and n (77 K)=0.52(1)
for the component Zr;Niyg, thus confirming that the mentioned component of the mea-
sured PAC spectra originates from Zr;Nig. Similarly, the calculated result for EFG at
the Ta probe site replacing Hf3 atom (6.37x10%! V/m? ) with asymmetry parameter
0.77 is in excellent agreement with the measured value of EFG extrapolated to 0 K
(6.2(2)x10%* V/m?) and n (77 K)=0.78(6) for the component Hf;Nij,, thus confirming

that the mentioned component of the measured PAC spectra originates from Hf;Niy.

5.4.6.3 Conclusion

In stoichiometric Zr;Ni;y sample, the phases Zr,Ni;, Zr;Nijg and ZrgNis; are produced
where ZryNi; is found as a major phase and a minor phase due to ZrgNiy; is found
at room temperature. In the stoichiometric Hf;Ni;y sample, the phases S-HfNis and
Hf;Ni;o are produced where the phase S-HfNis is predominant at room temperature.
The phase fraction of Hf;Ni;( increases with temperature at the expense of S-HfNiz. At
temperatures > 400°C, the phase Hf;Ni;o becomes predominant which indicates that it is
a high temperature phase. However, these phase fractions are found to be reversible with
temperature. Similar values of quadrupole frequency and asymmetry parameter indicate
isostructurality of Zr;Nijq and Hf;Ni;g phases. In both Zr;Ni;q and Hf;Ni;o, four non-
equivalent crystallographic sites of Zr/Hf have been found. Our experimental results of
EFG and 7 are in excellent agreement with the values of EFG at '®1Ta sites corresponding

to Zr3/Hf3 positions calculated by the first-principles density functional theory based on
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the full potential (linearized) augmented plane waves method [FP-(L)APW]. The origin

of observed EFG in these materials can thus be explained.
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CHAPTER 6

Nuclear electromagnetic moments as

building block of nuclei: An example

6.1 Introduction

Important role played by the electromagnetic moments in building up of nuclear struc-
ture and many observed co-operative phenomena, directly or indirectly associated with
the nuclear electromagnetic moments, are important topics of research in nuclear physics.
In the previous chapters, detailed studies of the role played by the nuclear electromag-
netic moments as non-interfering probe of the atomic environment in solids have been
illustrated and the results obtained from such studies are elucidated. As indicated in the
Chapter 1 of the thesis, the role of electromagnetic moments in the nuclear environment
are to be treated in a completely different way. In this case, the dual role played by
the electromagnetic moments, both as the building block as well as the nuclear probe
makes the investigations complicated but challenging at the same time. Specifically, the
role played by the magnetic moments of neutrons and protons belonging to different
single particle states in forming the high spin states of trans-lead nuclei are investigated
through in-beam experiments in nuclear spectroscopy. A few details of experimental
investigation on the high spin states of proton rich astatine nucleus (?***At) by way of an

example, are described in this chapter.
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Nuclear spectroscopic experiments are carried out to explore the nuclear structure at
high angular momentum and excitation energy to determine the spin-parity, excitation
energy, lifetime, electromagnetic moments of nuclear energy levels and shape, deforma-
tion of nucleus by observing the emitted radiation from an unstable nucleus. The tran-
sition probability of y-rays emitted from high spin states are related with the nuclear
moments, viz. the transition probability for electric quadrupole transition are connected
with the intrinsic quadrupole moment and the magnetic dipole transition probability
is associated with the nuclear g-factors or the nuclear magnetic dipole moment. In a
stretched 7-ray transition, the photon carries angular momentum equal to the algebraic
spin difference between the initial and final state (i.e. |J; — J;| = L). The lowest pos-
sible multipole transition is favored as the total transition probability decreases with

increasing L according to the relation:

where o is either electric (E) or magnetic (M) transition, L is the multipolarity, E., is
energy of the emitted photon, and B(cL : J; — Jy) is the reduced transition proba-
bility. The multipolarity of a transition is not always pure, rather there is a mixture
of transitions of different multipolarities which can connect the two nuclear energy lev-
els. The transition probability for a mixed multipolarity transition (generally restricted
to M1/E2 decays) can be calculated by measuring multipole mixing ratio, ¢, which is
related to transition probability 7' by the expression:

o _T(B2:J 1)
B2ML= (M1 — J—1)

(6.2)

The single particle transition rates assume that the transition is due to a single nucleon
changing from one shell model state to another and the most common prescription for
calculation is the Weisskopf Estimates [210]. These are proportional to EgL“ and predict

that higher order multipoles have lower transition rates. Reduced matrix element of the
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magnetic dipole moment operator leads to the following expression of the reduced M1
transition rate (in units of u%):

3
BMLI —1-1) = —(gx — gr)? K1+ (=1)M20) [ (IK10[T — 1 K) |, (6.3)

where gx and gr are the single particle and collective g-factors respectively. The
(IK10|I — 1 K) is the Clebsch-Gordon vector addition coefficient, b is the magnetic
decoupling parameter which is non-zero for bands with K = 1/2. These particle and
core g-factors gx and gg, relate to the magnetic dipole moment, u, of a state of spin [
with projection K by the expression [211]:

K2
I+1

1= grl + (9x — gr) (6.4)

The reduced matrix element of the electric quadrupole operator leads to the following

expression for the reduced E2 transition rate (in the units of e?b?):
5
B(E2 T —1-2)= K%’ (IK20|1 —2 K) |2, (6.5)
T

where (I K20|I — 2 K) is the Clebsch-Gordan vector addition coefficient. Intrinsic quadrupole
moment Qg is defined in the nuclear frame of reference and spectroscopic quadrupole

moment is defined in the laboratory frame:
Qs = (I, M = I|Q(F)|1, M = I, (6.6)

where the state |I, M = I) defines (s as the maximum observable quadrupole moment.

These are related by
3K? —I(I+1)

@s = QO(I+1)(2]+3)'

(6.7)

Doénau and Frauendorf [212] developed a simplified geometrical model to estimate the

B(M1) values for a multi-quasi-particle band. For bands with no signature splitting, the
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B(M?1) value can be estimated (in units of ;%) by

3 K?
BM1) = =—-[(9" = g) (VI = K7 =i} = (¢ = )i, (68)
™
where the ¢ with different indices are the g-factors for specific particles and 7, is the
contribution to the aligned angular momentum from that particle. The deformation

aligned and rotation aligned particles are represented by the superscripts (1) and (2),

respectively. In the rotational model, the B(E2: [ — I — 2) is given by

(I-K)I—-K-1)(I+EK)I+K-1)
(27 —2)(27 — DJ(2J + 1) :

5 3
B(F2) = —Q} (6.9)

where ()g is the intrinsic quadrupole moment. For an unstretched E2 transitions, the
B(E2:1 —1I—1) is given by

3K?*(J — K)(J + K)
(J=1DJR2J+1)(J+1)

B(E2) = 1§7ng (6.10)

for a transition between states of spin I and I — 1, and K is the projection of the angular

momentum along the symmetry axis. The value of K is usually taken as being equal

B(M1)

to the spin of the lowest energy state in the band, known as the bandhead. The B(52)

2
branching ratios (in units of %) can be obtained by measuring the energies of the ~-ray

transitions and their corresponding intensities from the expression:

B(M1) E} 1 L(AI=1)
= 0.697—=2 .
B(E2) E31+ 82 1(AI =2)

(6.11)

Here, Ey and I,(AI = 1) are the energy and intensity of the dipole transition, respec-

tively. The E, and I,(AI = 2) are the energy and intensity of the quadrupole transition.

Gamma ray spectroscopic studies in the trans-lead region (Z > 82, N < 126) have
gained considerable interest due to observation of many exotic nuclear phenomena at

high spin and excitation energies. Some of these features are: 1) abundance of isomeric
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levels [213,214]; 2) magnetic rotational (MR) bands or shears bands, i.e. groups of levels
that display rotational-like character connected by enhanced magnetic dipole transitions
in near-spherical nuclei [215]; 3) super deformation, i.e. large deformation in the shape of
the nuclei from a sphere to an ellipsoid with axes having ratio = 2:1:1 [216] and 4) shape
coexistence, i.e. the coexistence of different intrinsic shapes which are very common to
collective models of nuclei. In the macroscopic limit, these shapes, belonging to differ-
ent configurations, mix with each other through the residual interactions between the
nucleons [217]. It is generally found that the nucleus with even number of protons and
neutrons is most stable and a nucleus having odd-odd nucleons is the least stable. The
nucleus with proton or neutron number 2, 8, 20, 28, 50, 82, 126 show the high stability
when compared with a nucleus containing another extra proton or neutron. The doubly
magic nuclei where both the number of proton and neutron are magic numbers, show
highest stability. These doubly magic nuclei are generally spherical in shape such as,
205Pb. An addition of a single proton in the 23°Pb results in deformation in the shape of
the nucleus. The major difficulties in populating high spin states and detection of these
nuclei are: 1) low cross-section (~10 mb or less) of evaporation residue (ER) formation,
2) dominant fission channel which prevents the compound nucleus to sustain large angu-
lar momenta, 3) presence of long lived isomers, 4) presence of low energy transitions with
high internal conversion coefficients, etc. Gamma-rays emitted from the fission products
make the gamma-ray spectroscopic studies of these ERs more difficult, particularly for
short-lived high-spin states. More asymmetric target-projectile combination is gener-
ally chosen to produce these nuclei as the competing fission cross section is higher for
symmetric combinations. In this trans-lead region, high spin states of neutron deficient
astatine nuclei (Z=85) are less explored except 2*>At [9], and in most of the cases, there
are ambiguities in level energies, assignment of spins and parities. Partial level scheme

based on systematics of the neighboring nuclei was established in 2°6At [218].

A spectroscopic study [8] on doubly odd proton rich 2**At using Gammasphere and

HERCULES II have been rather incomplete in establishing its level scheme extending to
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high spin states. An isolated AI=1 band was observed, but the cross-over E2 transitions
and yrast sequence of transitions were not observed. The linking transitions between the
ATI=1 band and the ground state transitions were not established. Assignment of spin-
parity was not firmly established due to less statistics and due to the contamination
from the neighboring nuclei. However, use of X-ray gating and clean up by tight gating
on the time window can be effective in constructing the level scheme. Attempts for a
complete study of the high spin states and isomer decays in 2**At have been undertaken

in the present investigation.

This nucleus, with neutron number N=119 and proton number Z=85, is close to the
neutron sub-shell closure at N=120 and proton shell closure at Z=82. Consequently,
the nucleus is expected to exhibit small deformation in shape. Therefore, 24 At nucleus
should have vibrational structure and level sequence for the excited states. Because of
small deformation, the unpaired neutron and proton particles (or holes) will behave like
single particles, and manifest a co-operative phenomenon known as magnetic rotation.
This is due to precession of the unpaired valence neutrons and protons, as magnetic
dipoles, around the principal axis. At low excitation energy and angular momenta, the
projection of the dipoles is small along the principal axis. At increasing excitation energy
and angular momenta, the dipoles close in, resulting in increase in projection along the
principal axis. The characteristic of magnetic rotation is the existence of enhanced M1
transitions along the sequence of levels, known as the magnetic dipole band. because
of near-spherical structure, the corresponding E?2 transitions within the band are very
weak or non-existent. Because of similarity of the mechanism of closing of two dipole
magnets almost perpendicularly apart in orientation with that of two blades of a scissor,
this is also termed as the shears mechanism and the resulting dipole band is called the

shears band.

In the trans-lead region, shears band has been observed [215,219]. The configuration

is associated to the high-j valence nucleons in a weekly deformed system. The tilted-axis
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cranking (TAC) model of Frauendorf [219] is one of the successful model for explanation
of the origin of these bands. According to this model, as applied to the case of trans-lead
nuclei in general, the high-j hg/» and i3/, protons prefer the deformation aligned cou-
pling which leads to the minimum energy configuration with alignment along the axis,
and the quasi neutrons in 4,35 prefer the rotation aligned coupling with energy minimum
alignment perpendicular to the axis. In the lowest configuration of this magnetic rota-
tional band, the angular momentum vectors of high-j protons and neutrons are nearly
perpendicular to each other. They couple and create a total angular momentum vector
that does not lie on any of the principal axes [8,215]. With the increase of excitation
energy, the proton and neutron vectors close on the total angular momentum vector
(similar to the closing of a pair of shears) that increases the angular momentum of the
system. Now, as the closing mechanism is quantized, the spectra appears similar to that

of collective rotation.

6.2 Experimental details

The gamma-ray spectroscopic measurement was done at the Indian National Gamma Ar-
ray (INGA), stationed at Pelletron-LINAC facility in Tata Institute of Nuclear Physics
(TIFR), Mumbai. The excited neutron deficient astatine nuclei were produced by bom-
barding self-supporting gold (99.99% purity) target having thickness or surface density
5.0 mg/cm? with '2C beam at 65 and 75 MeV beam energies. Estimation of cross sec-
tions of evaporation residues (ER) and fission yield were done using Projected Angular
momentum Coupled Evaporation (PACE) code [220] (Figure 6.1). Based on this statis-
tical model code, ~10-20% of the fusion products are estimated to undergo fission. The
beam current was ~4-5 nA. Fifteen Compton suppressed clover detectors were arranged
in spherical geometry where the detector positions are as follows: 3 at 157°, 2 at 140°,
2 at 115°, 4 at 90°, 2 at 3 at 65° and 2 at 40° with respect to the beam direction. Two

fold coincidence data with time stamps were collected using fast digital data acquisition
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Figure 6.1: Cross-section of evaporation residue (ER) as a function of beam energy using

PACE calculation for the target-projectile combination of the present experiment.
system based on Pixie-16 modules of XIA LLC [221]. The details of the array, data
acquisition system and associated electronics can be found in the reference [222]. The
data sorting routine Multi pARameter time-stamped based COincidence Search program
(MARCOS) developed at TTFR has been used to generate -7 coincidence matrix and +-
~-v cube in Radware compatible format. Assignment of spin and parity of excited states
were done by constructing angle dependent asymmetric -y matrices and crystal ori-
entation dependent polarization matrices, respectively using MARCOS. The coincident

data were analyzed by INGASORT [223] and RADWARE [224] softwares.

6.3 Results and discussion

The ground state spin-parity of 2*4At is known to be I™=7" and the configuration is
m(1hg/2)@u(2f5/2) outside the ?°*Po core. An isomeric excited state (77 2,=108 ms) of 587
keV with spin parity 10~ was known previously for this nucleus with 7(1hg/2) ® v(1i13/2)
configuration due to the spin gap arising from the intruder neutron orbital [225]. The

main sequence of transitions including 601, 491, 717 and 537 keV gamma rays and the AT
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Figure 6.2: Part of the level scheme involving AI=1 magnetic dipole transitions. Tran-
sitions marked with red color were reported by previous workers [8].
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Figure 6.3: Level scheme of 20*At involving yrast sequence of transitions. Transitions
marked with red color were reported by previous workers [8].

= 1 possible shears band-like structure consisting of transitions involving 131, 285, 299,
296 and 246 keV gamma rays were identified from angular distribution measurements
by the previous workers [8]. It was reported that the A/=1 band is highly probable to
be magnetic dipole in nature as large intensity of astatine X-rays was observed which is

not possible for a E1 transition due to its lower internal conversion coefficient.
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Figure 6.5: Gamma-ray coincidence spec-
trum in 2°4At by gating on cross-over 584
keV 7-ray transition along AI=1 band.

From the on-line data taken at 65 and 75 MeV beam energies, 7-y matrices, as-
tatine X-ray gated ~-v matrices, prompt and delayed y-y matrices and gamma gated
v-AT matrices were constructed to build the level scheme of 2°4At. Identification of
204 At was done by astatine X-ray coincidence and by gating on the known transitions of
204At [8]. A huge contamination due to **At was observed in the projection spectrum.
The multipolarities of the coincident v-ray transitions have been determined through
the measurement of ratio of directional correlation of oriented nuclei (RDCO) by the
data taken from the Clover detectors [226-228] placed at 157° and 90° angles using the

following equation

L,, observed at 157°, gated by v, at 90°
I, observed at 90°, gated by v, at 157°’

Rpco = (6.12)

where [ is the intensity of a particular peak. Linear polarization of the coincident ~-rays
was determined by using Clover detectors as Compton polarimeters [229-231] where
all the four crystals of the Clover detector act as scatterer and two adjacent crystals
behave as absorbers. Due to the orientation of electric and magnetic field vectors of

the multipole radiation at 90° with respect to the beam axis, electric multipole radia-
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Figure 6.8: DCO plot with respect to 491
keV dipole transition of the Al = 1 band
in 204At.

Figure 6.9: DCO plot with respect to 299
keV dipole transition of the Al = 1 band
in 204At.

tion prefers perpendicular scattering and magnetic multipole radiation prefers parallel
Compton scattering. Asymmetry of the Compton scattered photons or the polarization
directional correlation of oriented nuclei (PDCO) can be determined by the following
equation:

CL(E,Y)NJ_ — NH

PDCO = :
a(Ey)Ny + N

(6.13)

where IV and IV, are the intensities of a particular gamma-ray transition scattered into
parallel and perpendicular segments of the Colver detectors with respect to the beam

direction. The factor a is the correctional factor due to geometrical asymmetry of the
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Clover crystals and it is obtained from the following formula:

_ Nj(unpolarized)

a(E,) (6.14)

N, (unpolarized)

This factor a is obtained using calibration sources viz. %2Eu and '**Ba.

Two sequences of transitions in the level scheme of 2°4At, built from the present
experiment are shown in Figures 6.2 and 6.3. Relevant gated coincidence spectra are
shown in the Figures 6.4, 6.5, 6.6 and 6.7. Gamma ray spectra, obtained by gating on the
known transitions of the Al = 1 band, reveal four new cross-over transitions (Figure 6.5)
from the present experiment. Multipolarity of the transitions, observed for the coincident
gamma-rays in 2%*At, are estimated by putting gate on 299 keV dipole transition and
491 keV quadrupole transition. These are shown in the Figures 6.8 and 6.9, respectively.
The PDCO plot shown in the Figure 6.10 reveals electric/magnetic nature of transitions
observed for ?°At. By putting gates on the 601 and 491 keV gamma rays (Figure 6.6),
and also on the astatine X-rays, a significant number of new transitions were found.
The 538 keV transition, which was put in coincidence with 717, 491 and 601 keV ~-
rays by the previous workers [8], was not found to have any coincidence relationship
with the 718 keV gamma ray (Figure 6.7). A sequence of new transitions were found
above the 1630 keV level involving 167, 192, 475, 743 keV ~-ray transitions, which are
in coincidence with 538 keV ~-ray decaying to 1092 keV level (Figure 6.3). Ordering
of these transitions has been cross-checked by intensity correlations and also by reverse
gating. The two v-rays 443 keV and 497 keV were found to be in coincidence with the
AT =1 band but due to lack of sufficient information for constructing the level scheme,
these ~y-rays were not placed in the level sequence by the earlier workers [8] and it was
predicted that, probably, these v-rays are from the low spin states of 2*At and above
10~ isomer. However, we have fitted these two levels decaying from the levels below the
AI=1 band from the total intensity balance of these transitions (Figure 6.4). Reverse

gating on these transitions produces astatine X-rays and the known 2**At yrast gamma
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Figure 6.10: PDCO plot of several transitions observed in 204At

rays. The sequence of transitions involving 601, 491, 717, 537 keV ~-rays were previously
reported not to have any coincidence relationship with the transitions in the AI =1
band. However, from the present experiment, we have found that y-rays in the Al =
1 band decay into the sequence of transitions involving 718, 491 and 601 keV ~-rays
(Figure 6.4 and 6.6). Further investigations into the cross correlation of the transitions
reveal the main yrast sequence and new transitions belonging to the Al = 1 band. The
601 keV ~-ray was tentatively assigned to be dipole in nature to be consistent with the
E2 assignment of the neighboring nucleus °"Fr [8]. The 717 and 491 keV ~-rays were
assigned quadrupole character from angular distribution measurements [8]. But, from
the present DCO ratio measurement by gating on 491 keV FE2 transition, the 601 keV
has been assigned quadrupole character (see Figure 6.8). The linear polarization of the
transitions in the Al = 1, including cross-over transitions, are shown in Figure 6.10
which establishes electric character of the cross-over transitions and magnetic character
of the dipole transitions belonging to the AI=1 band. Multipolarities of these transitions
obtained by putting gate on 299 keV (see Figure 6.9) and 285 keV transitions in the A7=1
sequence confirm dipole character of these transitions and quadrupole character of the

cross-over transitions.
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band in 204At. sition in 204At.

A sequence of magnetic dipole transitions with very little deformation creates a
rotation-like character where the angular momentum is generated by shears mecha-
nism [215]. General characteristics of the shears band is that the band consists of strong

M1 transition with very weak cross-over E2 transition [215] which produces large values

of B(( 72 =20 (B )2. The value of ]Z((A]g)) generally decreases with the increase of spin
or angular momentum. Similar sequence of shears band was found in lead and bismuth
nuclei [215,232,233]. In the previous work, no crossover E2 transition was observed

but by estimating the intensity of the smallest observable peak of the unidentified E2

) which promoted them to assign this sequence

M1) .
E2)
M1)
B(E2)

transition, they found large value of £ B( E2

of levels to be a shears band. The values of is comparable to the neighboring Pb

or Bi nuclei. We have calculated the ratio of 2 using the equation 6.11 and a smooth
decreasing trend (Figure 6.11) with the increase of angular momentum or spin is found.
This observation supports the previous assignment of the AI=1 band to be a shears

band. The value of B(Ml) ratio at the band head is ~ 22 ’é]bvg which is comparable with

the values found for the shears bands in the lead region [215]. Although these struc-

M1)
E2)

tures are close to the known shears bands in terms of 2 ratio, they show somewhat
different character. The %%199Pb [234] nuclei manifest very smooth monotonic increase

of gamma ray energy with angular momentum in the magnetic rotational band. These
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bands are described as “regular” bands. However, not all bands follow this behavior. In
some bands, v-ray energies stagger as function of the angular momentum. These bands
are called irregular shears band. Level repulsion due to the crossings with other bands
may give rise to such behavior [215]. It can be noted that similar irregular sequence of

low-energy transitions was also suggested to be shears band in 2°°Rn, which is an isotone

of 204At and 2%Fr.

A systematic search of isomeric transition has been carried out for 2**At by construct-
ing gamma gated E.,-AT matrices which has revealed the presence of new isomer along
the linking pathway. The time difference spectrum using 2994295 keV ~-rays (in the
AI=1 band) as start and 442 keV as stop shows delayed nature of the 442 keV transition
in the form of asymmetric tail of a Gaussian distribution. A half-life of 51+4 ns (Figure
6.12) is obtained for 4018 keV level through the exponential fitting of the decay tail
of the spectrum. The 43/, intruder neutron hole may be responsible for this isomeric

transition.

6.4 Conclusion

The level scheme of 2°*At, known so far from the Gammasphere experiment [8], has been
extended in this thesis work by adding new transitions obtained in our experiment using
the Clover array of INGA. Measurement of DCO and PDCO ratios for many transitions
enabled us to assign spin-parity of the levels and multipolarities of the transitions. A
systematic study for search of the isomeric transition has been made using the tagged
~v-v time difference technique, which has revealed a new isomeric transition of half-life

= 5144 ns. The observation of four weak crossover F2 transitions along the proposed

ratio at the band head and the smooth decrease of

AI= 1 band, large value of %((%21))

B(M1)
B(E2)

band in 2°4At at high spin.

ratio with the increase of spin support the existence of the magnetic rotational
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CHAPTER 7

Summary and conclusion

Important roles played by the electromagnetic multipole moments inside the atomic and
the nuclear environments, their applications in the studies of the structural aspects of
some of the solid materials and nuclear ensembles have been explored in this thesis. The
PAC technique which can probe material at atomic length scale, has been used to study

the structural properties of some chemical and intermetallic compounds.

Exploiting the electric quadrupole moment of the probe nucleus '8! Ta, a comprehen-
sive study of the binary alloys of Zr-Ni and Hf-Ni systems has been performed using this
technique. The experimental results of PAC along with the calculated results by density
functional theory (DFT) give valuable information on the phase components, phase sta-
bility and probe site occupancies in these compounds. It is found that the probe atoms
can occupy more than one crystallographic site in a material (viz. ZrgNig; /HfgNig;, (-
HfNiz). The phase ZrgNi;; was found to decompose to ZrNi and Zr;Nijy phases, and
HfgNiy; decomposed to S-HfNiz eutectoidally at high temperature. The decompositions
of these phases were found to be irreversible. The Hf metal was found to be less soluble in
some of the Ni rich Zr-Ni samples viz. ZrgNis;, ZrNis, where the probe atom comes out of
the crystallographic Zr sites at high temperature. In the Ni rich Hf samples (viz. HfgNiy,
B-HfNi3), the solubility of Hf is found to be less than other Hf-Ni samples (viz. HfgNij,
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Hf7Nijo) as quadrupole interaction due to unreacted Hf was found in these Ni rich Hf-Ni
alloys. In the Zr-Ni system, however, no quadrupole interaction due to unreacted Zr was
found in any of the Zr-Ni samples. Similar electric field gradients (EFG) were found for
isoformulae Zr-Ni and Hf-Ni compounds which supported the isostructurality of these
compounds. In all these binary alloys of Zr-Ni and Hf-Ni systems, multiple phases have
been found to be produced. Quadrupole frequencies for different component phases were
found to decrease with temperature following linear or 7%/? temperature dependent re-
lationship in these binary alloys. However, an anomalous temperature dependence of
EFG was observed in HfgNi;; sample where the quadrupole frequency was found to in-
crease linearly with temperature. The other structural measurements by complementary
techniques, viz. X-ray diffraction (XRD) and transmission electron microscopy /selected
area electron diffraction (TEM/SAED) techniques have also been performed in Zr-Ni
and Hf-Ni binary alloys to determine the phase components in these alloys. The PAC
results in these Zr-Ni and Hf-Ni binary alloys have been reconciled with the phase dia-
gram and it is found that production of multiple phases is governed by the presence of
congruently melting phases, peritectic reaction, peritectoid reaction, eutectic and eutec-
toid reactions. Calculations of electric field gradients by density functional theory using
WIEN2k simulation package have been carried out and the results are found to be useful
to assign the different component phases. Moreover, ab-initio total energy calculations
have very successfully predicted the preferred sites of the impurity atoms in the host

lattice [viz. Zr(1) and Zr(3) sites in ZrgNig |.

The PAC was found to be a powerful technique for determining subtle microstructural
changes in a sample. In RbyZrFg, four different structural modifications have been found
and two of these EFGs have been reported for the first time. A displacive phase transition
was found to occur spontaneously at room temperature due to the rotation of ZrFz~
octahedral ionic group about the principal axis in this compound. In another sample of
RbyZrFg, nuclear spin-relaxation has been observed at high temperature due to hopping

of fluorine atom in the octahedral cage of ZrF?f. However, no such phase transitions
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or nuclear spin-relaxation phenomena have been observed in the isostructural CsoHfFg

sample.

From present PAC studies in ZrF4-3H,O and HfF4-3H>O, both monoclinic and tri-
clinic structures have been found in these trihydrated compounds, which support the
isostructurality of isoformulae compounds of Zr and Hf. From previous measurement,
both monoclinic and triclinic crystal structures for ZrF,-3H,O and only monoclinic crys-
tal structure for HfF4-3H,O were reported. The dehydration processes of these samples

have also been studied by temperature dependent PAC measurements.

The effects of nominal Zr impurity (~6 at%) in Hf metal have been studied from PAC
measurements at different temperature. The entropy of formation and binding energy
for the probe-impurity pair have been determined following the Arrhenius behavior. The
present measured values are found to be comparable with earlier reported values in some
other dilute alloys. The Arrhenius behavior is found to be valid in the temperature range
473-773 K. The EFGs for pure Hf and probe-impurity component have been found to

decrease linearly with temperature.

From the v-ray spectroscopic investigation in 2°*At nucleus, several new ~-ray tran-
sitions have been identified for the first time in this thesis. Spin and parity of nuclear
energy levels have been assigned by DCO and polarization measurements. A magnetic

rotational band is found at high spin states in this nucleus. Several crossover E2 tran-

B(M1)
B(E2)

sitions have been found along the magnetic rotational band. The ratio, which is

related to the electric quadrupole moment and magnetic dipole moment of the nucleus,
is found to decrease with spin and at the band head. The value of % ratio is found to
be comparable with those for the magnetic rotational bands in lead nuclei, which support
the presence of magnetic rotational band in 2**At nucleus. An isomeric transition has

been found along the linking pathway between the magnetic rotational band and the

yrast sequence of transitions.
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