SAINT-PETERSBURG UNIVERSITY

Manuscript copyright

Nefedov Denis Yurievich

NMR of Ca-In and Ga-In-Sn alloys under nanoconfinement

Scientific specialty

1.3.8. Condensed matter physics

Dissertation for the degree of

Candidate of Physical and Mathematical Sciences

Translation from Russian

Scientific advisor:

Doctor of Physico-mathematical Sciences, Professor

Charnaya Elena Vladimirovna

Saint Petersburg - 2024



2

Contents

8 oo [T 1 o] o S PS 4
CRAPLEr 1. REVIBW ..ottt sttt nae e sraenneennee s 14
L1 KNGt SNITE..ceecie e s 14
1.2 NMR line shape function, Lorentz and Gaussian dependencies ...................... 20
1.3 Nuclear spin-lattice relaxation, magnetic and quadrupole mechanisms of spin-
JattiCe rEIAXALION ....veeiiciic e 22
Chapter 2. Liquid-liquid phase transition in a Ga-In alloy introduced into an
0] 0 F= L 0 1= 1 G PSSSOPR 26
20 I 101 (o T [1 o4 £ o o I PP SSSSPR 26
2.2 Description of the sample and exXperiment.........cccocovvieeiievieesie e 28
2.3 Temperature dependence of Knight shift, intensity, and line shape.................. 31
2.4 Temperature dependence of spin-lattice relaxation time..........c.cccccoeveviiennnnnn 36
2.5 DISCUSSION OF FESUILS......vieiiieiii e 37
2.6 CONCIUSION ... .ccitiiitii ettt et e et e e eanteesreesraesneennne s 44
Chapter 3. NMR studies of a phase with the B-gallium structure in the Ga-In
alloy WIthin 0pal MATFIX.......ccviiiieecic e 45
K T80 A 10 o T [1 o4 £ o o PSP RSSOPR 45
3.2 Description of the sample and eXperiment...........ccovveieiie e 46
3.3 Temperature dependencies of isotropic shift and quadrupole constant............ 46
3.4 Temperature dependence of spin-lattice relaxation rate, correlation time and
activation energy of atomIC MOTION.........ccciiiiiiiiiiiiee e 51
TR @0 (o] 1111 [ ] o USSP 54
Chapter 4. Atomic mobility in a Ga-In-Sn ternary eutectic alloy...........ccccevvnne. 56
g I 1 1o [0 o4 o o SRS 56
4.2 Samples and eXPEriMENT .........ccoiiiriiieiieie e 57
4.3 Results of the study of atomic mobility in the Ga-In-Sn eutectic alloy............ 59
4.4 Discussion and interpretation of resultS..........coccoeiiiiiii e, 64
4.5, CONCIUSION......uviitiiii ittt ettt bbb e 68
Chapter 5. Dynamic shift of the NMR line in Ga-In-Sn alloy in porous glasses
with pore diameters of 7.and 25 NM ... 69

DL I OTUCTION ..t nnnnnn 69



5.2 Samples and eXPeriment .......c.cocveiieiie et 70
5.3 Results of the NMR study of the Ga-In-Sn alloy..........ccccooeviiiiniiiiciecee, 70

5.4 Discussion and interpretation of the results, comparison of the characteristics of
atomic motion calculated on the basis of the dynamic quadrupole shift model and

on the basis of spin relaxation MeasUreMENtS...........ccccvevveeiiiee e, 74
5.5, CONCIUSION ...ttt bbb sb bbb e e 79
(0] 0 [0] 11 ] o] o ISR PRSPPSO 80

RETEIENCES ..o 82



4

Introduction

The study of nanocomposite materials is one of the priority areas of research
in modern condensed matter physics. Interest in nanocomposites is due to the
growing use of these materials in microelectronics, biotechnology, engineering,
optics, electrochemistry, and many other areas of science and technology [1; 2].
Nanocomposite materials are characterized by a number of new properties and ad-
vantages compared to their macrocomposite counterparts [1], which is primarily
due to the occurrence of dimensional effects and the large surface area of the com-
ponents. Therefore, nanocomposites are becoming increasingly popular in the crea-
tion of mechanically reinforced lightweight structures, various sensors, nanocon-
tacts, multicomponent electronics and other functional materials. A special place is
occupied by nanostructured materials in the elements and devices of information
technology, the efficiency and speed of which is achieved, among other things, due
to a significant reduction in size. In view of the need to meet the growing demands
of modern applied science, the study of the physical properties of nanostructured
substances, as well as the study of nanocomposites themselves as a separate type of
materials, is an urgent and important task.

In particular, considerable attention is paid to nanocomposites based on po-
rous matrices, into which solids and liquids, such as ferroelectrics, semiconductors,
organic liquids, ferromagnets, metals and metal alloys, are introduced [3; 4; 5; 6;
7]. At the same time, the central issue of nanocomposite physics is the identifica-
tion of changes in the properties of substances under nanoconfinement conditions
compared to the bulk case. Recently, there has been a significant increase in the
number of studies of nanoporous matrices with various fillers [8].

The transition of the particle sizes of the substance under study to the na-
noscale can be manifested in the displacement and blurring of the temperatures of
the phase transitions, in the change in the sequence and types of phase transitions,
in the appearance of new phase transformations that are not present in the bulk
case, in the formation of new crystalline modifications of the substance under
study that are absent in the volume. Nanoconfinement also affects atomic mobility
in both the liquid and crystalline phases, which entails changes in the rate of diffu-
sion processes.

At the forefront of modern applied physics and technology is the develop-
ment and use of micro- and nanoelectronic devices, the element base of which in-
cludes nanostructured metal alloys in liquid and solid states. The ultra modern ap-
plication of metal nanostructures in this field includes the creation of flexible and
deformable electronic elements, wearable electronics, flexible displays, self-
healing electrical circuits, biocompatible robotics, etc. [9; 10]. Liquid gallium-
containing alloys are considered promising substances for creating flexible con-
tacts [11]. Liquid metal nanoparticles injected into the elastomer serve as triboelec-
tric nanogenerators for wearable electronics [12]. For use in microelectronics, in
communication systems, in devices for transmitting and storing information, a va-
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riety of metal-organic systems are being actively developed, which are nanocom-
posites based on metals and polymers. Metal nanoparticles are used to create non-
volatile memory [13; 14], which are also used for plasmon memory [15], and when
introduced into porous matrices — for the manufacture of sensors in biology and
medicine [16]. A technology for the production of metal nanodendritic systems is
being developed [17]. Recently, the use of surface plasmons in metallic structures
in optical coupling elements has been proposed [18; 19]. The use of metallic na-
noscale objects in medicine is part of a new field called nanomedicine, in which
metal-containing nanocomposites and nanoparticles are used in various fields,
from the production of new types of biosensors and methods of drug delivery to
the desired organ in cancer to accelerating tissue regeneration [2]. Despite the rapid
development of the technique of obtaining and using nanostructures with metal al-
loys, the features of the phase diagrams of eutectic metal alloys that arise during
nanostructuring, and the relationship between the morphology of nanosystems and
the atomic structure of metal alloys, remain practically unexplored. Changes in
low-dimensional systems involving metal alloys are of utmost importance to en-
sure the high quality and stability of conductive micro- and nanoelements and
compounds.

Metal-containing nanocomposites prepared by introducing pure metals and
metal alloys into the pores of nanoporous matrices have a number of advantages,
including the ability to provide a given size, shape and relative arrangement of
metal particles determined by the characteristic size and geometry of the pores, to
create ordered ensembles of particles through the use of matrices such as artificial
opal, molecular sieves or porous alumina, and disordered ensembles of particles
under the use of nanoporous glasses and polymer matrices, which are characterized
by irregular pore arrangement. In addition, in nanocomposites based on porous ma-
trices, the particles in the pores are protected from environmental influences. Such
nanocomposites attract a lot of attention as a separate class of nanostructures that
have great prospects for application in various fields of science and technology. On
the other hand, they are unique model systems for studying the physical properties
of substances under nanoconfinement conditions.

For metals and alloys introduced into nanoporous matrices, changes in struc-
tural and dynamic characteristics induced by nanoconfinement are observed. It
should be noted that when studying substances under nanoconfinement conditions,
it is possible to use the same experimental methods as for bulk samples. This fact
makes it possible to compare the measurement results for nano-sized particles and
bulk substances, being sure that the observed changes are not due to the difference
in experimental methods, but exclusively to the differences in the physical proper-
ties of the substance during the transition to the nanoscale.

One of the most informative experimental methods for studying nanocompo-
sites created by injecting metal particles into various nanoporous matrices is the
nuclear magnetic resonance (NMR) method. An important advantage of NMR is
its high sensitivity to local changes in matter [5; 20]. It should be emphasized that
the NMR method is sensitive to changes in atomic mobility in individual pores of
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nanocomposites, in contrast to the gradient NMR method, which tracks changes in
atomic mobility between pores.

Despite a large number of studies on the physical properties of nanocompo-
sites, many problems remain open. These include the effect of nanoconfinement on
structural changes in liquids, particularly in liquid metals and alloys. In works [21;
22; 23; 24, 25; 26; 27, 28; 29; 30; 31; 32] a phase transition between fluid struc-
tures of the same composition is described for such substances as water, phospho-
rus, carbon, SiO,, Al203-Y20a. It was expected that pure gallium, which compares
favorably with the liquids mentioned above in that it is capable of forming a large
number of polymorphic phases in its solid state [33; 34; 35] and is prone to hypo-
thermia [36; 37], will also demonstrate the presence of a liquid-liquid phase transi-
tion, but this phase transition has not been detected for bulk gallium. However, un-
der nanoconfinement conditions, a liquid-liquid phase transition is observed in lig-
uid gallium, which was demonstrated by NMR [37]. Later, in [38], the existence of
a first-order phase transition from high-density liquid gallium to low-density liquid
gallium was predicted using the molecular dynamics method. A review of studies
on liquid-liquid phase transition in various metal alloys is presented in the paper
[39]. Structural changes in the liquid eutectic alloy Ga-In at temperatures of 400-
550 K were detected experimentally and then confirmed theoretically using the ab
initio method of molecular dynamics in operation [40]. Investigations [41; 42]
showed that under conditions of increased pressure at room temperature and at
high temperatures up to 673 K, the liquid-liquid phase transition is not observed. It
is of considerable interest to find out whether a liquid-liquid phase transition is
possible in a eutectic Ga-In melt under conditions of nanoconfinement below room
temperature. It can be assumed that the answer to this question will be provided by
studies conducted by the NMR method.

Bulk gallium crystallizes on cooling into a stable phase of a-Ga [43], the
NMR signal from which in polycrystals and powders cannot be observed due to the
significant broadening of the resonance line. However, under certain conditions,
gallium can form metastable structural modifications, the most common of which
Is B-Ga [43]. Under nanoconfinement conditions, gallium can crystallize both in
the B phase and in modifications not observed in bulk metal [44]. At the same time,
it was found that the B phase stabilizes in gallium in the pores of the nanometer
range [44]. It is important to identify the formation of the B phase in the gallium
Ga-In alloy introduced into nanoporous matrices.

Recently, it has been discovered that liquid metals introduced into nanopo-
rous matrices undergo significant changes in electronic properties and atomic mo-
bility, manifested in a decrease in the Knight shift and an acceleration of nuclear
quadrupole relaxation [6; 45; 46; 47]. Later, similar changes were also observed
for a number of binary gallium metal alloys under nanoconfinement conditions
[48; 49]. For triple alloys, such studies have not been carried out before. Taking
into account the prospects of practical applications of liquid gallium-containing al-
loys, the study of the features of liquid gallium ternary alloys in a limited geometry
Is important both in applied and fundamental terms. This applies, in particular, to
the triple alloy of gallium, indium and tin. In industry, a Ga-In-Sn alloy with small
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impurities of eutectic composition called "Gallinstan" (The trademark belongs to a
German company Geratherm Medical AG.[50]). Due to its non-toxicity and low
vapor pressure, gallinstan in liquid state is widely used and is beginning to replace
mercury in such applications as thermometers, electromechanical relays, coolants,
etc. [51; 52; 53; 54]. In addition to being used as a substitute for mercury, galinstan
IS used in micromechanical systems [55; 56; 57; 58]. The prospects for the use of
gallium ternary alloy in nanocomposites require the study of the influence of nano-
confinement conditions on the physical properties of this alloy, in particular, on the
change in atomic diffusion. It should be noted that methods of measuring spin echo
attenuation under an applied magnetic field gradient [59], which is used to study
the velocity of fluids flowing through porous media, is not applicable to liquid al-
loys that have a short spin-lattice relaxation time. A technique using measurements
of the spin-lattice relaxation rate for nuclei with spin 1>1/2 [60; 61], is an alterna-
tive and consists in the extraction of a quadrupole contribution to relaxation, which
Is due to the interaction of the nuclear quadrupole moment with the dynamic gradi-
ents of electric fields that arise during movement in a liquid. In addition, atomic
mobility can affect NMR spectra. A change in the displacement of the resonance
line due to dynamic effects in the substance under study is called a dynamic shift
[62; 63; 64; 65; 66; 67]. Dynamic shift is observed in the NMR spectra of viscous
liquids with a long correlation time of atomic motion [68; 69; 70; 71; 72] and sol-
ids with high atomic mobility [73]. The use of data obtained from line position and
shape measurements, in addition to information obtained from spin-lattice relaxa-
tion measurements, should allow for a more accurate determination of atomic mo-
bility in the substance under study.

The purpose of this dissertation is to study the features of the physical
properties of gallium-containing alloys under conditions of nanoconfinement by
the NMR method: liquid-liquid phase transition in a binary Ga-In alloy introduced
into the pores of an opal matrix, deceleration of atomic mobility in a liquid ternary
alloy Ga-In-Sn in nanoporous matrices and the effect of nanoconfinement on the
magnitude of displacement of NMR resonance lines, the formation of an opal ma-
trix in a hard eutectic alloy in the pores of the opal matrix crystalline phase with -
Ga structure.

To achieve the goals of the dissertation, it is necessary to solve the follow-
ing tasks:

1. To investigate by NMR the possibility of the existence of a liquid-liquid

phase transition in a supercooled binary alloy Ga-In introduced into the

pores of artificial opal. If a transition is detected, study its main characteris-
tics and relationship with the phase diagram of the nanostructured alloy.

2. To investigate the deceleration of atomic mobility in a triple liquid alloy

Ga-In-Sn introduced into the pores of an opal matrix and porous glasses by

the change in the velocity of quadrupole spin-lattice relaxation of gallium

and indium isotope isotopes in various magnetic fields in comparison with a

bulk Ga-In-Sn melt.

3. To investigate the shape and displacement of NMR lines for two gallium

isotopes in a ternary liquid alloy Ga-In-Sn introduced into an opal matrix
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and porous glasses in various magnetic fields. Interpret the results using a
dynamic quadrupole shift model. To detect a decrease in the Knight shift of
resonant lines with a decrease in pore size.

4. To identify NMR signals of gallium isotopes from crystalline modifica-
tion of a binary Ga-In alloy with a B-gallium structure. Find the temperature
domain of this modification and determine the value of the quadrupole con-
stant as a function of temperature.

To solve these problems, it is necessary to conduct the following experiments:

1. Measurement of the shape and displacement of resonance lines for two iso-
topes of gallium ®°Ga and "‘Ga and the isotope *°In in the binary alloy Ga-In
introduced into the pores of artificial opal in magnetic fields of 9.4, 11.7 and
17.6 T in the temperature range of 155 — 294 K,

2. Measurement of spin-lattice relaxation time T1 for two gallium isotopes *°Ga
and "*Ga in a binary Ga-In alloy introduced into the pores of artificial opal in
the temperature range 155 — 294 K.

3. Measurement of spin-lattice relaxation time, shape and displacement of
NMR lines for two isotopes of gallium ®Ga and "'Ga and isotope *°In in
bulk triple melt Ga-In-Sn and melt injected into the pores of artificial opal
and porous glasses with pore diameters of 7, 18 and 25 nm, at room tem-
perature in magnetic fields of 9.4, 11.7and 17.6 T.

4. Detection of NMR signals of gallium isotopes %°Ga and "*Ga from the solid
phase with a B-Ga structure in a binary Ga-In alloy introduced into an opal
matrix in the temperature range from 100 to 294 K and study of the tempera-
ture dependence of the shape and position of resonance lines.

Scientific novelty

1. For the first time, the liquid-liquid phase transition in a binary Ga-In melt
injected into the pores of artificial opal was discovered and studied in
detail. A phase transition was found in a supercooled melt by anomalies in
the temperature dependence of the Knight shift of NMR lines for gallium
isotopes. For the first time, it was revealed that the phase diagram of the
Ga-In binary alloy under nanoconfinement conditions has significant
differences from the phase diagram of the Ga-In bulk alloy. A shift in the
concentration of the position of the eutectic point was observed.

2. For the first time, the change in the Knight shift of NMR lines of gallium
isotopes %°Ga and *Ga and indium isotope **In was investigated for a
triple liquid alloy Ga-In-Sn injected into the pores of artificial opal with a
diameter of amorphous silica balls equal to 210 nm and porous glasses
with a pore diameter of 7, 18 and 25 nm. compared to bulk melt. It is
shown that the decrease in the Knight shift correlates with the size of the
pores.

3. For the first time, for a triple Ga-In-Sn melt introduced into nanoporous
glasses with a pore size of 7 nm, a difference in the frequency shift of the
NMR resonant line for two gallium isotopes and the dependence of the
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frequency shift on the value of the constant magnetic field was observed.
For the first time, these features were interpreted within the framework of
the dynamic quadrupole shift model of the NMR line.

4. For the first time, the effect of nanoconfinement on atomic mobility in a
Ga-In-Sn melt introduced into nanoporous matrices with different pore
sizes and geometries was investigated. With the help of measurements of
the spin-lattice relaxation rate, it was found that for the Ga-In-Sn alloy
injected into the pores of artificial opal with a characteristic silicate ball
size of 210 nm and into porous glasses with a pore diameter of 7 and 18
nm, atomic diffusion is significantly slowed down and its deceleration
increases with a decrease in the characteristic pore size. The self-
consistency of the mobility data obtained from the study of spin relaxation
and resonance line shifts is demonstrated.

5. For the first time, direct evidence of the formation of a crystal phase with a
B-Ga structure in a hard binary alloy Ga-In introduced into an opal matrix
was obtained, and the stability of this phase under nanoconfinement
conditions was demonstrated. The temperature region of its existence in
the pores of the opal matrix has been revealed, and the values of the
quadrupole constant in this temperature region have been found.

Scientific and practical significance

From a practical point of view, the information obtained can be useful in the
design of new and improvement of existing technical devices in which Ga-In and
Ga-In-Sn alloys are used. In particular, in the improvement of simple non-toxic
thermometers, solar cells, the improvement of the qualities of liquid refrigerants
and heat transfer fluids, as well as in the development of flexible and deformable
electronic components in such state-of-the-art applications as the creation of artifi-
cial muscles and tactile sensors, in liquid robotics, in 3D printing, nanomedicine
and much more,

The results of this work expand knowledge about the effect of nanoconfine-
ment on the physical properties of liquid and solid metal eutectic alloys and can be
used in the educational process in the training of specialists in the field of nano-
physics.

Personal contribution

The author personally carried out the main part of the work. The author completely
obtained experimental data, carried out data processing and analysis, prepared ma-
terial for publications and wrote draft versions of articles and theses of reports.
E.V. Charnaya carried out the formulation of the thesis objectives and general su-
pervision of the work, as well as editing of publications. A.V. Uskov, D.Y.
Podorozhkin, and A.O. Antonenko assisted in the measurements and carried out
studies of the liquid-liquid phase transition in the ternary alloy, the results of which
were not included in the thesis. Y.A. Kumzerov, A.V. Fokin, and M.l. Samoilovich
provided samples for research. M.K. Lee, J.L. Chang, J. Haase, D. Michel, and
A.S. Bugaev participated in the discussion of the results and theoretical models.
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Structure and scope of the thesis

The dissertation consists of an introduction, five chapters, a conclusion and a list of
references consisting of 141 titles. The total volume of the work is 87 pages and
includes 37 figures and 5 tables.

The introduction describes the relevance of the topic of the dissertation
work and reviews the existing research results in this scientific topic at the mo-
ment, formulates the goal of the work and sets tasks to achieve the goal, describes
the experiments that were necessary to solve the problems, describes the scientific
novelty of the results presented in the dissertation work, the scientific and practical
significance of the results obtained, personal contribution and a summary of the
dissertation work with information about the volume and structure of the disserta-
tion are presented, the main scientific results are presented and the scientific provi-
sions submitted for defense are formulated.

In the first chapter a brief theoretical review of the basic concepts and
methods used for research and analysis of experimental results in this dissertation
Is carried out. Section 1.1 provides a brief theoretical description of the Knight
shift of the NMR resonance line in metals and alloys and its behavior under nano-
confinement conditions. Section 1.2 discusses the function of the NMR line shape.
In the third part, the basic concepts of nuclear spin-lattice relaxation are introduced
and the magnetic and quadrupole mechanisms of spin-lattice relaxation are de-
scribed. Section 1.4 provides a brief description of the dynamic quadrupole shift
model of NMR lines.

Chapter two is devoted to the study of the phenomenon of liquid-liquid
phase transition found in a supercooled eutectic Ga-In melt injected into the pores
of artificial opal with an average diameter of amorphous silica balls of 260 nm, as
well as to the features of the phase diagram under nanoconfinement conditions.
This chapter presents the temperature evolution of the shape and position of the
NMR line and the temperature dependencies of the NMR signal intensity for the
gallium isotope "*Ga and the isotope of indium *°In, indicating the stratification of
the melt in the temperature range of 165 — 175 K into almost pure gallium with a
very small admixture of indium and the Ga-In melt with a higher concentration of
indium. In the indium-depleted part of the melt, a liquid-liquid phase transition oc-
curs. The temperature dependencies of the Knight shift and the spin-lattice relaxa-
tion time T1 are given for isotope "*Ga. The NMR line was also decomposed for
"1Ga by two lorentzian lines in the temperature range where a complex line struc-
ture was observed. The decomposition was used to find the Knight shifts of both
phases of the fluid and to calculate the spin-lattice relaxation times. The tempera-
ture dependencies of the Knight shift and the spin-lattice relaxation time T1 are
provided for both components of the decomposition of NMR signal of isotope
"1Ga. The temperature dependence of the nuclear spin-lattice relaxation rate for the
"1Ga isotope showed that in the temperature range from 215 to 240 K the relaxa-
tion is due to two main mechanisms: quadrupole and magnetic. Also in this chap-
ter, the dependence of the correlation time of atomic motion on temperature was
obtained and the activation energy was calculated.
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In chapter three the results of observation of resonance lines due to the
formation of a crystal phase with a p-Ga structure during the solidification of a bi-
nary Ga-In alloy in the pores of an opal matrix are considered. Stabilization of this
phase under nanoconfinement conditions was demonstrated, in contrast to bulk al-
loy, where it is metastable. A single-stage melting-crystallization hysteresis loop
was obtained, which made it possible to conclude that there was no phase with the
a-Ga structure and only a phase with the B-Ga structure was formed. The depend-
encies of the isotropic shift of the NMR line were measured diso and quadrupole
constants Cq for isotopes *Ga and %°Ga on the temperature. It was found that the
melting point of the eutectic Ga-In alloy in the pores of artificial opal was close to
the solidus temperature in the bulk alloy for segregated -Ga. Temperature meas-
urements of the spin-lattice relaxation time in the Ga—In solid alloy with the B-Ga
structure were also carried out, as a result of which it was found that in the temper-
ature range from 215 K to 240 K, two main mechanisms contribute to spin-lattice
relaxation: the mechanism of interaction of quadrupole moments with dynamic
gradients of electric fields and the mechanism of interaction of magnetic moments
with conduction electrons. It was found that the correlation time of atomic motion
decreased from 7.9 to 0.27 us. The activation energy of atomic motion was also
calculated Ea = 7200 K = 0.62 eV.

In chapter four a study of atomic mobility in a triple Ga-In-Sn melt intro-
duced into the pores of artificial opal with an average diameter of amorphous silica
spheres of 210 nm and porous glasses with a characteristic pore size of 7 and 18
nm in various magnetic fields is described. The experimental results obtained were
compared with the results for the bulk case. Broadening of the NMR resonance
line of gallium isotopes was demonstrated *Ga and *°Ga and the isotope of indium
1151n, which grows as the pore size decreases. Experimental results of measure-
ments of the NMR line shape and spin-lattice relaxation rate are presented. Quad-
rupole and magnetic contributions to spin-lattice relaxation for gallium isotopes
were evaluated "*Ga and ®Ga and the isotope of indium *°In. At the same time, for
gallium isotopes, the quadrupole and magnetic contributions to relaxation were
taken into account in the spin-lattice relaxation analysis, taking into account the
fact that these isotopes have different gyromagnetic ratios and quadrupole mo-
ments. It was assumed that the quadrupole constant and the magnetic spin-lattice
relaxation time remained unchanged when the melt was introduced into different
pores. The results obtained revealed that as the pores decrease, the dominance of
the magnetic mechanism in spin-lattice relaxation decreases, and the main contri-
bution to spin-lattice relaxation is made by the quadrupole mechanism. The corre-
lation time of atomic motion was also estimated, and based on the results of this
assessment, it was concluded that in the triple Ga-In-Sn melt under nanoconfine-
ment conditions, there is a significant decrease in the atomic diffusion rate com-
pared to the bulk case, and as the pore diameter decreases, the diffusion slowdown
progresses.

In chapter five a description of NMR studies of a bulk triple melt of Ga-In-
Sn, as well as a melt of the same composition injected into the pores of an opal ma-
trix and nanoporous glasses in various magnetic fields, is given. The results of the
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Knight shift measurement for gallium isotopes for porous matrices with different
pore sizes are presented. It is shown that for a melt in porous glass with a pore size
of 7 nm, the shifts of the resonance lines of the two gallium isotopes differ and a
change in the shifts in various quantizing magnetic fields is observed. Such anoma-
lous behavior of frequency shifts of NMR lines was absent in porous matrices with
large pore sizes. Later in this chapter, an interpretation of the results obtained
based on the model of dynamic quadrupole shift of the NMR line is given. With
the help of this model, the correlation time of atomic motion 1. was obtained. In
the final part of the chapter, it is shown that the results of the calculation . using a
dynamic quadrupole shift model, the NMR lines and the spin-lattice relaxation
time method are consistent.

In the final part of the work the main results are formulated. This is fol-
lowed by a list of references.

Main scientific results.

1. NMR studies of temperature evolution of the line shape, temperature
dependence of spin-lattice relaxation time, size dependence of the Knight
shift, dependence of the Knight shift on the strength of a constant magnetic
field for Ga-In and Ga-In-Sn alloys introduced into the pores of various
nanoporous matrices have been carried out. The results and interpretation of
the results of these studies are presented in works: [74] (pp. 169 — 173), [75]
(pp. 255101-1 - 255101-7), [76] (pp. 1675 — 1679), [77] (pp. 1721 - 1727),
[61] (pp. 351 -356), [78] (pp. 2452 — 2456).

2. Asignificant difference between phase diagrams of binary Ga-In alloy under
nanoconfinement and in the bulk case, consisting in the shift of the eutectic
point in the direction of decreasing indium concentration, has been found.
The data indicating that a liquid-liquid phase transition occurs in a part of
Gagalns binary melt introduced into opal pores have been obtained. (see [74]
pp. 169 - 173, [75] pp. 255101-1 - 255101-7).

3. In the process of crystallization, the formation of a solid phase of Gagalne
alloy with the B-Ga structure was found. It was found that in this phase with
B-Ga structure in the temperature range 215-240 K spin-lattice relaxation is
due to two main mechanisms: quadrupole, consisting in the interaction of
nuclear quadrupole moments with dynamic gradients of electric fields
produced by the motion of atoms, and magnetic, consisting in the interaction
of magnetic moments of nuclei with conduction electrons. The activation
energy of atomic motion E. = 7200 K = 0.62 eV was also calculated. (see [76]
pp. 1675 - 1679, [77] pp. 1721 - 1727).

4. A decrease of the Knight shift for ®Ga, 'Ga, and °In isotopes in Ga-In-Sn
melt in the pores of various nanoporous matrices as the characteristic pore
size decreases is revealed. Also, for this melt the correlation times of atomic
motion are calculated and the slowing down of atomic diffusion, which
correlates with the decrease of characteristic pore size, is revealed. (see [61]
pp. 351 -356).

5. Using the dynamic quadrupole shift model, the difference of the Knight shift
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for %Ga and "‘Ga isotopes in the same magnetic field and dependence of the
Knight shift on the magnetic field strength for each of the gallium isotopes
observed for the Ga-In-Sn liquid alloy introduced into the pores of
nanoporous glass with an average pore diameter of 7 nm have been
interpreted. The atomic motion correlation time calculated in the framework
of this model agrees with the data obtained by measuring the spin-lattice
relaxation time. (see [78] pp. 2452 — 2456).

Provisions to be defended.

. The phase diagram of the Ga-In binary alloy introduced into the opal matrix
changes compared to the bulk Ga-In alloy. In the pores of the opal matrix,
during the crystallization of the Ga-In alloy, a phase with a 3-Ga structure is
formed and stabilized. The eutectic point shifts towards a lower concentra-
tion of indium.

. In the Ga-In binary alloy injected into the pores of the opal matrix, a liquid-
liquid phase transition is observed. The phase transition takes place in a
supercooled melt below the crystallization temperature of the main part of
indium. The difference in Knight shifts of NMR signals for the two gallium
isotopes in different melt phases reaches 20 ppm. The spin-lattice relaxation
times of gallium also differ for the two phases of the liquid alloy.

. The Knight shift of the resonant NMR lines of the isotopes "*Ga, *°*Ga and
181n in the liquid ternary alloy Ga-In-Sn injected into the pores of artificial
opal and nanoporous glasses with an average pore diameter of 7, 18 and 25
nm is reduced compared to the bulk alloy. The decrease of Knight shift
correlates with pore size.

. The spin-lattice relaxation rate for the isotopes "‘Ga, ®Ga and *°In in the
liquid triple alloy Ga-In-Sn of eutectic composition injected into the pores of
opal and nanoporous glasses is significantly increased compared to the bulk
alloy Ga-In-Sn. The increase in the rate of spin-lattice relaxation is due to an
increase in the efficiency of the quadrupole relaxation mechanism and
correlates with a decrease in the characteristic pore size. In the Ga-In-Sn
melt under nanoconfinement atomic diffusion is significantly slowed down.

. The NMR lines of gallium isotopes "*Ga and ®°Ga in the liquid ternary alloy
Ga-In-Sn introduced into porous glass with a pore size of 7 nm have
different frequency shifts that depend on the magnitude of the constant
magnetic field. The difference in the shifts of the resonance lines is due to
the dynamic quadrupole shift associated with the slowing down of atomic
mobility.
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Chapter 1. Review

In this work, the research was carried out by the method of nuclear magnetic
resonance. In addition to being a non-destructive method of quantitative and struc-
tural analysis of matter, NMR is also sensitive to local changes and allows you to
study the mobility of atoms in the sample under study. The disadvantages of the
method include lower sensitivity compared to other experimental methods (elec-
tron paramagnetic resonance (EPR), fluorescence, optical spectroscopy), but this is
solved by a large number of NMR signal accumulations. The year 1945 is consid-
ered to be the year of the discovery of NMR. This year, Felix Bloch of Stanford
and Harvard's Edward Purcell and Robert Pound discovered the NMR signal on
protons in liquids and solids for the first time. (Bloch and Purcell were awarded the
Nobel Prize in Physics in 1952 for this discovery.) At that time, the NMR phenom-
enon itself had already been predicted and several attempts had been made to de-
tect it experimentally. In addition, a year earlier in Kazan, Evgeny Zavoisky dis-
covered the phenomenon of EPR. He also observed the NMR signal in 1941, but
he had a magnet with poor field uniformity and so these results were poorly repro-
duced and not published. Also, before the "official" discovery, the NMR phenom-
enon was observed by the American scientist Isidore Rabi in 1938. He detected the
NMR signal in molecular beams and was awarded the Nobel Prize in Physics in
1944,

1.1 Knight Shift

The Knight shift is named after Professor W.D. Knight, who first observed it
in 1949 [79]. Knight discovered that the resonant frequency of the core %3Cu in me-
tallic copper is 0.23% higher than in the diamagnetic salt CuCl in the same mag-
netic field. This shift is one of the important characteristics of metals and it is an
order of magnitude higher than chemical shifts in various diamagnetic substances
[80]. The Knight shift occurs as a result of the interaction of the magnetic moments
of the nuclei with the resulting magnetization of the ensemble of conduction elec-
trons, the direction of the spins of which is ordered in a constant magnetic field.
Let's denote wmand wq resonant frequencies in the same nucleus in metals and di-
amagnets in the same constant magnetic field, and for Aw the difference in reso-
nant frequencies. Then the resonant frequency of the nucleus in metals will be de-
termined by the following equation: om = w4 + Aw®. The main properties of the
Knight shift include:

1) The value of Aw is positive except in a few cases.
2) When the constant magnetic field changes, the relative shift Aw/mq does not
change.
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3) The relative shift is weakly dependent on temperature and generally increases with
the charge of the Z nucleus.
As reported in the [80], to explain the Knight shifts, we consider the magnetic
fields on the nuclei due to the ultrafine interaction of the nuclei with conduction
electrons in the S-state. With an external magnetic field of zero, the spins of the
electrons are directed chaotically and the magnetic field on the nucleus is zero.
When magnetic field Bo is applied the spins of the electrons are oriented, and the
nucleus, in addition to the magnetic field Bo, is affected by the magnetic field re-
sulting from the ultrafine interaction. Since the field resulting from the ultrafine
interaction is parallel to the electron magnetic moment, and the total magnetic
moment of the metal's electrons is oriented parallel to the external magnetic field
Bo, the resulting magnetic field acting on the nucleus will actually be greater than
Bo. The frequency shift is proportional to the degree of polarization of the electron
spins, which in turn is proportional to Bo. As a result, this means that the frequency
shift is proportional to the resonant frequency of the nucleus in diamagnetic sub-
stances wd. Since the spin paramagnetism of a highly pronounced electron gas is
weakly dependent on temperature, the Knight shift proportional to the degree of
polarization of the electron spins is also weakly dependent on temperature. The in-
crease in shift with an increase of the charge of the nucleus Z is due to the fact that
the density of the wave function on the nucleus increases with an increase in the
value of Z due to the attraction of electrons by the nucleus. The superfine interac-
tion has all the properties necessary to explain the properties of the Knight shift.
According to conventional approximations [81], the Knight shift for metals with
filled inner electron shells is defined by the following expression:

8
Ks = St Q| We (0)[2),

where x, IS the electron susceptibility, Q is the volume associated with one atom,
(|Wr(0)|?) is the density of the wave function averaged over the ensemble of elec-
trons at the Fermi surface, at the location of the nucleus. In view of the dependence
of the magnitude of the Knight shift on the electron susceptibility, it is possible to
study how the nanoconfinement affects the electronic properties of the substance
from the changes in the Knight shift for a substance introduced into the pores of
different nanoporous matrices with different characteristic pore sizes, compared to
the bulk case.

Work [82] is devoted to one of the first studies of the Knight shift in metals
injected into the pores of nanoporous matrices. Most of the NMR studies of the
electronic properties of metals in the form of small isolated particles or thin films,
which have been carried out before, have been carried out for the solid phase [83;
84; 85; 86; 87; 88; 89; 90; 91; 92; 93], with dimensional effects creating an inho-
mogeneous broadening of the NMR line, which complicates the shape of the line
and deflects the center of mass of the line from the amplitude maximum. It is
known that the Knight shift is anisotropic for solid metals with a non-cubic crystal
lattice and depends on the orientation of the external magnetic field Bo relative to
the crystallographic axes [80]. For isolated particles, powdered samples, or solid
metals in the pores, the orientation of the crystallographic axes of the particles is
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disordered, resulting in the anisotropy of the Knight shift also resulting in a broad-
ening of the NMR line. The broadening described above greatly complicates the
study of the dimensional dependence of the Knight shift in solid metals. In work
[82] for the first time, the Knight shift was investigated for liquid pure gallium in-
jected into the pores of nanoporous glasses with different pore sizes and opal
pores. A decrease in Knight shift with a decrease in pore size was found, as
demonstrated in Table 1.1.

Table 1.1 - Change of Knight shift AK relative to a bulk sample for gal-
lium introduced into porous glasses with pore sizes of 3.5, 4, 5, 8 nm, porous
glass with two pore sizes of 8 and 200 nm, Vycor glass with a pore size of 6 nm
and opals with silica sphere sizes of 100 and 250 nm (size marked with the let-
ter a).

Sample Bulk Porous glasses Vycor glass Opals

Pore size (nm) 35 4 5 8 200 200 i 1002 250
(8 nm) (200 nm)

AK (ppm) 0 192 137 74 54 74 17 143 71 14

Later, the Knight shift was investigated in other liquid metals, and alloys in-
troduced into nanoporous matrices [6; 46; 48; 49; 94; 95]. In [94] liquid indium in-
jected into the pores of opals with silica ball diameters of 210 and 240 nm and po-
rous glass with a pore diameter of 7 nm were studied. Figure 1.1 shows the reso-
nant lines *°In in bulk specimen and specimens injected into opals described above
at room temperature. The inset to figure 1.1 shows the resonance line correspond-
ing to the liquid *°In in porous glass with a pore diameter of 7nm. As can be seen
from Figure 1.1 and its insert, the position of the resonant line for indium in opal
matrices does not differ from the position corresponding to indium in a bulk sam-
ple within the margin of error, and the position corresponding to the sample in po-
rous glass is 100 ppm smaller than for the bulk case, which is equal to about 1% of
the shift in the bulk sample.
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Figure 1.1 - NMR isotope lines *°In in liquid indium injected into the pores of
opals with a ball size of 210 nm (1) and 240 nm (2), in a bulk sample (3) and
on the surface of opal with a ball size of 240 nm (4). The insert to the figure
shows the NMR line of isotope °In in liquid indium injected into the pores of
nanoporous glass with an average pore diameter of 7 nm. Solid lines denote
experimental data, dashed lines are calculated theoretically taking into ac-
count the equality of T, = T1 [94].

In [46] isotopes *°Sn and ***Hg were studied in liquid tin and mercury injected in-
to the pores of artificial opal with an average silica ball diameter of 210 nm and an
average radius of tetrahedral and octahedral pores of 18 and 30 nm, respectively.
Porous glasses with an average pore radius of 4 and 3 nm were also used as na-
noporous matrices. Figures 1.2 and 1.3 show that relative to bulk samples for both
mercury and tin, the resonant line shifts towards lower frequencies with a decrease
in pore size, and the line itself is widened.
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Figure 1.2 - NMR isotope lines *°Sn in liquid tin in bulk sample (1) injected
into the pores of nanoporous glass with an average pore radius of 4 nm (2) in-
jected into the pores of artificial opal with an average silica sphere diameter of
210 nm and a filling factor of 85% (3) and 40% (4) [46].

[ | ' | ' | '
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Figure 1.3 - NMR isotope lines **Hg in liquid mercury in a bulk sample (1)
injected into the pores of artificial opal with an average diameter of silica
spheres of 210 nm (2), injected into the pores of nanoporous glass with an av-
erage pore radius of 3 nm (3) [46].
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In work [49] the results of the Knight shift study for isotopes are presented
1Ga, ®Ga and *°In in a binary Ga-In melt in a bulk sample, thin film and pores of
nanoporous glass with an average pore diameter of 5 nm. Figures 1.4 and 1.5 show
the NMR lines for isotopes "*Ga and *°In respectively in the Ga-In melt in the
samples described above.

/!

y

0 -100 -200 -300 -400
frequency (ppm)

Figure 1.4 - NMR isotope line “*Ga in a Ga-In melt in a bulk sample (1), a thin
film (2) and a Ga-In melt injected into the pores of nanoporous glass with an
average pore diameter of 5 nm (3) [49].

| ! | ' I
0 -200 -400
frequency (ppm)
Figure 1.5 - NMR isotope lines *°In in a Ga-In melt in a bulk sample (1), a

thin film (2) and a Ga-In melt injected into the pores of nanoporous glass with
an average pore diameter of 5 nm (3) [49].
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Figure 1.6 shows the NMR lines for the isotope "*Ga in the Ga-Sn binary
melt in various samples that were studied in the work [48]. Bulk Ga-Sn alloy and
an alloy injected into the pores of opal with a diameter of borosilicate spheres of
about 210 nm and into the pores of nanoporous glasses with a pore diameter of 18
and 7 nm were used as samples.

4400 4200 4000 3800
frequency (ppm)

Figure 1.6 - NMR isotope lines "*Ga in the Ga-Sn melt in various samples [48].

As can be seen from figures 1.4 — 1.6, the Knight shift shifts towards lower fre-
quencies with a decrease in the characteristic sample size, and the NMR line itself
is broadened, similar to what happens in the pure metals studied earlier.

1.2 NMR line shape function, Lorentz and Gaussian dependencies

From the description of the phenomenon of nuclear magnetic resonance [81]
It is known that when a constant magnetic field Bo is applied to a nuclear spin sys-
tem, as a result of Zeeman splitting, 21+1 energy levels are formed, determined by
the value of the magnetic quantum number m. When an alternating magnetic field
with an amplitude perpendicular to Bo is applied to a nuclear spin system B, there
are transitions of nuclei between Zeeman levels. In this case, only transitions be-
tween energy levels with magnetic quantum numbers that differ by 1 are possible.
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The probability of the transition between the energy levels m' and m, where m' =
m+1, is described by the following expression (1.1):

Winms1 = ghyZ(BQ)Z(I —m)(I +m+ 1)8(hw, — Aw) (1.1)

where the delta function denotes the resonant nature of the excitation when the in-
duced transitions occur only when the frequency of the alternating magnetic field
Is equal to the frequency of Larmor precession: w = wy. In view of the fact that as
a result of the interaction of the nuclear spin with the magnetic fields created by the
environment of the nucleus, the width of the energy levels is finite, the delta func-
tion is replaced by the function of the line shape g(w): h6(hw, — Aw) = g(w).
The lineshape function is used to describe the resonant NMR curve, always having
a non-zero width. There can be a large number of reasons for the broadening of the
NMR resonance line, for example, the spread of local fields and frequencies of
magnetic resonance, the inhomogeneity of chemical, Knight, and paramagnetic
shifts for the corresponding types of substances, the scattering of local gradients of
electric intracrystalline fields for nuclei with a quadrupole moment, a decrease in
the lifetime of nuclear spin at the energy level as a result of flip-flop transitions,
imperfect uniformity of constant magnetic induction field Bo in the sample volume.
There are two generally accepted functions for approximating experimentally ob-
served line shapes: the Lorentz and Gaussian functions. The Lorentz function has
the following expression:

1) 1
6% + (w— wy)?

g(w) = (1.2)

where the parameter § is equal to the half-width of the resonant line at half of its
height. A Gaussian function is described by an expression

_ 1 (w— wo)z
g(w) = Wor exp [— T‘ (1.3)

where the parameter A is related to the half-width of the resonant line at half-height
by the ratio 6 = 1.18A. Figure 1.7 shows the Lorentz and Gaussian curves, the in-
tegral of which is normalized by one.
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Figure 1.7 - Lorentz (blue line) and Gaussian (red line) curves.

The Gaussian curve decreases much faster with increasing value |w — w,| and has
a wider upper part than the Lorentz curve. The Lorentz curve is often the most
convenient way to approximate NMR signals from liquids, while the Gaussian line
shape is typical for signals from some solids and powders. In this dissertation, the
approximation of an experimental NMR signal of a complex shape was applied us-
ing the sum of two Lorentz functions with the use of baseline correction.

1.3 Nuclear spin-lattice relaxation, magnetic and quadrupole mechanisms of
spin-lattice relaxation

The system of nuclear spins in a constant homogeneous magnetic field has
an equilibrium population of Zeeman levels, which is distributed in such a way that
the total magnetization of the nuclear spin system is not equal to zero and is di-
rected along the constant magnetic field in the case of a positive gyromagnetic ra-
tio of the nuclei and is opposite in the case of a negative one. When the equilibrium
population of energy levels is disturbed by an electromagnetic pulse, the system
returns to the equilibrium state after some time. The process of restoring the equi-
librium state occurs due to the interaction of nuclear spins with oscillations of the
crystal lattice for solids or molecular motion (translation, reorientation) for solids
and liquids and is called spin-lattice relaxation. In most cases, the main characteris-
tic of this process is the spin-lattice relaxation time Ti. Spin-lattice relaxation time
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Is the most important radiospectroscopic characteristic of materials. It contains
valuable information about the magnitudes of intracrystalline fields, the nature of
the chemical bond, the presence of structural defects, molecular motion, and much
more. The term lattice in this case refers to a heat reservoir with a much larger heat
capacity than that of the nuclear spin system, which includes thermal vibrations of
atoms or molecules in solids, as well as molecular motion in both solids and lig-
uids. Due to its significant superiority over the spin system in terms of heat capaci-
ty, the temperature of the grating remains constant throughout the relaxation pro-
cess. The interaction of nuclear spins with crystal lattice vibrations or molecular
motion refers to the interaction with alternating magnetic and electric fields result-
ing from oscillations of the crystal lattice and molecular motion, dipole magnetic
and quadrupole moments of nuclei, resulting in induced transitions between energy
spin levels.

In this dissertation, atomic mobility in metals and metal alloys was investi-

gated by measuring the spin-lattice relaxation time. In addition to its informative
value, this measurement method was the only available method for studying atom-
ic mobility for our samples, since the gradient NMR method for diffusion meas-
urement [96; 97] is not suitable for our studies because of the short relaxation
times in the alloys we study, and also because it provides information on diffusion
on the scale of several pores, rather than diffusion within a single pore. The impos-
sibility of using the neutron scattering technique for nanostructured gallium was
shown in the paper [98]. Spin-lattice relaxation in liquid metals occurs due to two
main interaction mechanisms: magnetic dipole and electric quadrupole. The mag-
netic dipole mechanism consists in the interaction of the magnetic dipole moments
of nuclei with the spin magnetic dipole moments of conduction electrons. The elec-
tric quadrupole mechanism consists in the interaction of the electric quadrupole
moments of the nuclei with the gradients of electric fields created by charged
neighboring atoms, which are changed as a result of the movement of atoms.
One of the most common methods for measuring the spin-lattice relaxation time T1
is called saturation recovery and consists in observing the restoration of the com-
plete magnetization of the nuclear spin system after full saturation, a state when the
projection of total magnetization on the z-axis (the axis parallel to the homogene-
ous magnetic field) is zero. Ideally, this state of the nuclear spin system is reached
by a single 90° pulse, but in a real experiment several 90° pulses have to be used.
After resetting M; after some time t, a 90° pulse is applied and a nuclear induction
signal is registered, the amplitude of which is proportional to the instantaneous
value of magnetization along the z-axis. Further, by changing t, the dependence of
the precession amplitude A on the time passed since the saturation moment is plot-
ted. Theoretical dependence A(t) according to [81] has the form

A MO

t
=1-— (— —) 1.4
A MO exp\ =1, (1.4)
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where Ao is the amplitude of the electromagnetic induction signal in the absence of
saturation. It is convenient to calculate the time T; as the cotangent of the angle of
slope of the line —In(1 — A/A,) to the t-axis.

The second common method of measuring Ti is called inversion recovery,
which differs from saturation recovery in that the projection of the total magnetiza-
tion of the nuclear spin system on the z-axis is not made equal to zero by a series
of 90° pulses, but inverted by a single 180° pulse. Theoretically, in the ideal case, a
180° pulse inverts the total magnetization, while the dependence of the amplitude
of the precession signal after 90° pulse on the time between the inversion and the
90° pulse is described by the formula

A M,
Ay MY

=1—2exp (— Til) (1.5)

In this method, it is also convenient to calculate the time T1 from the angle of slope
of the line —In(1 — A/A,) to the t-axis.

To measure the spin-lattice relaxation time Ty in this dissertation, the inver-
sion recovery method was used, and to interpret the experimental results, the calcu-
lations made by Paul Hubbard in his paper were used [99], which describes spin-
lattice relaxation taking into account the quadrupole interaction. According to [99]
for nuclei with spin 1=3/2, the longitudinal quadrupole relaxation as a function of
the time after influence of 0 - degree pulse is the sum of two exponents

M) = (M,)T = (M) (cos0 — 1) [gexp(-ay0) + gexp(-a0|  (16)

where
o = Z(eQ/h)Zl—zz(Z(Do)
oy = _Z(QQ/h)ZI—n(U)o)

(M,)T is the thermally equilibrium value of magnetization (M,), Q is the electric
quadrupole moment of the nucleus, e is the charge of the electron, wo is the fre-
quency of Larmor precession in a constant homogeneous magnetic field Bo,

and Ji(w) is the spectral density

(00]

1
@) = 5 [ Ci® explon) de (1.7)

— 00

of correlation function of gradients of electric fields on the nucleus Cik(t). To sim-
plify the expression describing the longitudinal quadrupole relaxation of time for
nuclei with spin 3/2, a simplified form of the atomic motion correlation function
exp(—t /t¢) is used [99], as a result of which the exponent indicators in the expres-
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Ctct
(1+k%2w3t?2
of atomic motion. For substances with high atomic mobility, for which the approx-
imation of rapid motion is applicable wotc << 1, the exponent indicators in expres-
sion 1.6 are reduced to - Ct.t[100], where C is the quadrupole constant, which
depends on the structure of the substance under study and is proportional to the
square of the quadrupole moment of the nucleus. Under conditions where the ap-
proximation of fast motion is applicable, the recovery of the total magnetization of
the spin system is described by a single exponent, and in this case Ctc means a
quadrupole contribution to spin-lattice relaxation rate R, 4:

sion 1.6 take the form — . where k = 1, 2, and tc - is the correlation time

1
CTC = T_ = qu (18)
1q

In addition to the quadrupole contribution for the gallium-containing alloys we
study, it is necessary to take into account the magnetic contribution to spin-lattice
relaxation. According to [101] magnetic relaxation is described by a single expo-
nent, and the main parameter that characterizes it is the magnetic relaxation time
Tim. Taking into account the magnetic contribution, the equation describing spin-
lattice relaxation is [47] takes the following form:

M(t) 1—b 4 Ct.t N 1 Ctct ( t ) (1.9)
Mg 5P\ 71+ 4wit2) 5 P\ w2 *P\"T1,)

where M(t) is the time-dependent magnetization, Mo is the equilibrium magnetiza-
tion, wois the Larmor precession frequency, C is the quadrupole constant, t.. is the
correlation time of atomic motion, and b is the adjustment coefficient that takes in-
to account the incomplete inversion of the magnetization as a result of a 180-
degree pulse. From this equation it can be seen that at the zero moment of time, the

magnetization of the sample is completely inverted.

In this dissertation, equation 1.9 was used to process the experimentally ob-
tained data for spin-lattice relaxation of gallium in Ga-In and Ga-In-Sn alloys.
Also, it should be noted that Paul Hubbard's description of spin-lattice relaxation
when atomic motion is slowed down works approximately. More precisely, spin-
lattice relaxation, which takes into account the dependence of the shift of the NMR
resonant line on the magnetic field, is described by the theory of dynamic shift,
discussed in Chapter 5.
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Chapter 2. Liquid-liquid phase transition in a Ga-In alloy introduced into an
opal matrix

2.1 Introduction

In recent decades, there has been considerable interest in the study of struc-
tural changes in fluids. In particular, the number of studies of structural transfor-
mations in liquid metals and alloys has increased significantly. It is known that
some liquids, such as water [21; 22; 23; 24], phosphorus [25; 26], carbon [27; 28],
Si02[29; 30], Al.Os-Y203[31; 32] have a phase transition between different fluid
structures of the same composition (liquid-liquid phase transition). Experimental
evidence for the presence of a liquid-liquid phase transition for most fluids, where
it is expected, is associated with certain difficulties, due to the fact that such transi-
tions often occur in a deeply supercooled regime and the phenomena of crystalliza-
tion and glass transition make it difficult to directly observe this transition [38].
Gallium is capable of forming a large number of phases [33; 34; 35], has a low
melting point and can remain in a supercooled liquid state for a long time [36; 37],
all these properties could make it possible to observe a liquid-liquid phase transi-
tion in a given substance, but it has not been detected in bulk gallium. Figure 2.1

[102] the temperature dependence of the Knight shift for the isotope %°Ga in a bulk

sample is depicted. Reducing the derivative (g—IT()p just below the melting point was

considered by some researchers as a phase transition between two phases of liquid
gallium, but in the end these assumptions were not confirmed.
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Figure 2.1 - Knight shift temperature dependence ®Ga in liquid gallium [102]

On the other hand, under nanoconfinement conditions, a liquid-liquid phase
transition is observed in pure gallium. In work [37] NMR measurements of super-
cooled liquid gallium in the opal matrix are represented and the simultaneous ap-
pearance of two peaks of the NMR line during cooling was explained as the pre-
sumed coexistence of two different liquid gallium structures in a temperature range
of 220 to 260 K. Later, D.A.C. Jara et al. predicted the existence of a phase transi-
tion of the first kind from high-density liquid gallium to low-density liquid galli-
um, using the Molecular Dynamics Method [38]. It was found that the predicted
liquid-liquid phase transition should occur at a temperature about 60 degrees below
the melting point of gallium computed by the MEAM (Modified Embedded Atom-
ic Model) method [103], and this is consistent with the degree of gallium super-
cooling observed in the experimental work of Tien et al. [37].

Recently, a large number of works have begun to appear on the liquid-liquid
structural transition caused by temperature changes in various metal alloys [39]. In
works devoted to the liquid-liquid phase transition in metals and alloys Ce [104],
Zr412Ti138CU125Ni10Be225 [105], ZrsgsCuissNi2.gAlio3sNb2g [106] and LasoAlssNiis
[107] it raises fundamental questions about metallic fluids, such as what atomic
configurations they have and how those atomic configurations change with tem-
perature changes. In work [40] reversible structural changes in the eutectic Ga-In
alloy at temperatures from 400 to 550 K, manifested in changes in the X-ray scat-
tering spectrum, were experimentally detected, as shown in figure 2.2.
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Figure 2.2 - Temperature evolution of a structural factor obtained by X-ray
scattering. [40]

Also, these changes were modeled using the method of molecular dynamics
and it was shown that the behavior of the temperature dependencies of heat capaci-
ty, free energy and atomic diffusion coefficient above and below the temperature
range of the liquid-liquid structural transition is different. Experimental Results in
[40] were confirmed by theoretical calculations using the AIMD (AB initio molec-
ular dynamics) method.

In the present work, measurements of the Knight shift and spin-lattice relax-
ation time were made for two isotopes of gallium - "Ga and %°Ga and Knight shift
for **Inin a liquid binary alloy Gagslng introduced into an opal matrix in different
magnetic fields. As a result of the studies, the features of the phase diagram associ-
ated with structural changes in the melt (liquid-liquid phase transition), polymor-
phism and changes in melting points were observed [74].

2.2 Description of the sample and experiment

The sample for the study was a nanocomposite based on a gallium-indium
alloy introduced into a nanoporous matrix. As a nanoporous matrix, artificial opal
was used, obtained by sintering silicate spheres (spheres of the first order) into a
dense face-centered cubic package. First-order spheres consist of second-order



29

spheres of smaller diameter, about 300-400 angstroms [108]. In this structure, we
consider only first-order pores, because higher-order pores are very small and often
closed as a result of sintering. In our case, the average diameter of the spheres of
the first order was determined using an atomic force microscope (fig. 2.3) and is
equal to 260 nm. According to Works [108; 109; 110]The porosity of the tight
packing of ideal balls is ~26% and according to this packing method, there are
octahedral and tetrahedral pores between the balls.

87 nm

80

Figure 2.3 - Image of the surface of an opal matrix obtained with an atomic
force microscope.

The dimensions of spheres, octahedral and tetrahedral voids in a dense pack
are as follows: 1.000:0.441:0.225. As a result, according to theoretical estimates,
the characteristic pore size (the diameter of the sphere inscribed in the pore) in an
ideal opal with the size of the spheres of the opal we studied is 114.7 nm for
octahedral pores and 58.5 nm for tetrahedral pores. But as a result of sintering, the
pore size is slightly smaller than in the ideal case.

Liquid Ga-In alloy of the composition Ga - 94 at.%, In - 6 at.% was injected
under pressure up to 10 kbar into the pores of the opal matrix. The pore filling
factor was about 80% and was determined by weighing the empty and filled opal
matrix. Crystallization of the bulk Ga-In alloy produces a stable modification o
—Ga and the almost pure phase of indium, as shown in the phase diagram [111],
shown in figure 2.4.
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Figure 2.4 - Phase diagram of a Ga-In alloy [111]. Hereafter, we will
refer to the p modification of gallium as the y modification indicated in this
phase diagram.

Also, under special cooling modes, a metastable B-phase, which is also
shown in figure 2.4. Temperature of liquidus for gallium-indium alloy composition
Ga - 94 at.%, In - 6 at.% when forming o — Ga is approximately 22.5 °C.
Temperature of solidus is equal to 15.3 °C for oo — Ga and -28.8 °C for 3 — Ga [111].
According to the NMR studies in this paper and the experimental data for melting
and crystallization in the work [112] (and references in it), the Ga-In alloy in the
pores is completely liquid even at a temperature significantly below room
temperature. A decrease in the temperatures of the solidus and liquidus lines is
observed for pure gallium and for other alloys and metals introduced into
nanopores, and is presented in the results of acoustic and NMR studies carried out
in the [82; 113; 114; 115]. Measurements were taken on Bruker Avance 400
spectrometers with a magnetic field of 9.4 T and resonant frequencies of 122.026
MHz for "*Ga and 96.037 MHz for ®Ga, a Bruker Avance 500 with a magnetic
field of 11.7 T and resonant frequencies of 152.523 MHz for "*Ga and 120.038
MHz for %°Ga and a Bruker Avance 750 with a magnetic field of 17.6 T and
resonant frequencies of 228.765 MHz and 180.041 MHz for "‘Ga and %°Ga
respectively. Line shapes for different temperatures were obtained using the
Fourier transform of the free induction decay signal after a 90-degree pulse with
phase cycling. The recovery of longitudinal magnetization after an inverting pulse
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for different temperatures was also measured. To increase the signal-to-noise ratio,
two thousand scans were used to obtain the shape of the line, and one thousand for
the relaxation time. Measurements were carried out in the temperature range of 155
- 294 K using cryostats from Oxford and Janis. The rate of temperature change was
less than 0.5 degrees per minute to prevent hypothermia or overheating. The
position of the line was measured relative to the position of the signal from gallium
in a Ga(NOs3)s salt solution and at room temperature for *Ga was 4454.2 ppm, and
for °Ga - 4452.4 ppm and 4241.8 ppm for "*Ga and 4239.7 ppm for °Ga relative
to the signal from gallium in gallium arsenide GaAs. Subsequently, all provisions
were recalculated for GaAs due to the fact that in all previous works in this
direction GaAs was used as a reference.

2.3 Temperature dependence of Knight shift, intensity, and line shape

For both gallium isotopes at room temperature, a single line is observed in
the NMR spectrum (line width 27.6 ppm for “Ga and 41.3 ppm for %°Ga)
corresponding to the melt. The Knight shift of the NMR line was indicated in the
previous paragraph and is the same in the magnetic fields of 9.4, 11.7 and 17.4 T.
The Knight shift was defined as the position of the maximum. As the temperature
drops, the position of the line first changes towards high frequencies, and then it
shifts towards the lower frequencies and a second component appears, which is at
higher frequencies in relation to the first. As the temperature drops further, the
original component disappears. Figure 2.5 illustrates the evolution of the "*Ga
signal as the temperature decreases.
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Figure 2.5 - Temperature evolution of the “Ga NMR signal for the Avance

500 spectrometer. Cooling.

In the temperature range from 165 to 177 K, where a complex line structure was
observed, the signal was decomposed from "*Ga into 2 components using baseline

correction (fig. 2.6).
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Figure 2.6 - Decomposition of a line into 2 components. The black dots are the
experimental spectrum, the red dotted line is the adjustment curve, the green
line is the low-frequency component, and the blue line is the high-frequency
component.

In figure 2.6, the same scale is used for all plots to demonstrate the increase in the
intensity of the high-frequency peak in the region of the NMR signal splitting
temperatures. According to this observation, we can talk about the transfer of
intensity from a low-frequency peak to a high-frequency peak. This conclusion is
confirmed by the graph in figure 2.7, which shows the temperature dependence of
the intensity of the NMR signal obtained on the Avance 500 spectrometer for "‘Ga
and the temperature dependencies of the signal intensities on the components in the
temperature range from 151 to 180 K obtained after the decomposition of the line.
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The figure shows that in the temperature range of 165 - 175 K, the intensity of the
high-frequency signal increases. Figure 2.7 also shows temperature dependency of
the NMR signal intensity for 1°In.
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Figure 2.7 - The intensity of the NMR signal depends on the temperature. The
black squares are the "*Ga low-frequency component, the red circles are the
""Ga high-frequency component. The blue triangles are *°In. The insert shows
the NMR intensity dependencies of *Ga and *°In in the temperature range
151 - 185 K. Errors are indicated for the most indicative data.
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Figure 2.8 shows the temperature dependence of the NMR line position for
decomposed components.
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Figure 2.8 - Knight shift dependencies of the "GaNMR line in the Ga-In alloy
in opal as a function of temperature. The black squares are the low-frequency
component, the red circles are the high-frequency component. The insert
depicts the temperature dependencies of the Knight shift of the “Ga NMR
signal for the low-frequency (black squares) and high-frequency (red circles)
components in the temperature range of 151 - 185 K. Errors are indicated for
the most indicative data.
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2.4 Temperature dependence of spin-lattice relaxation time

For both gallium isotopes, a spin-lattice relaxation study was carried out and the
temperature dependencies of the spin-lattice relaxation times were obtained. For
the T1 measurements, the signal was decomposed into 2 components in the
temperature region of the signal splitting. Figure 2.9 shows the recovery of
magnetization for the two components at a temperature of 171 K.
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Figure 2.9 - Magnetization recovery for the high-frequency (153.198 MHz —
red squares) and low-frequency (153.195 MHz — black squares) components of
the "*Gasignal in Ga-In alloy in opal at a temperature of 171 K.

As can be seen from the figure, the low-frequency component recovers faster
at the same temperature than high-frequency. Figure 2.10 shows the temperature
dependence of the spin-lattice relaxation time for the gallium isotope "‘Ga.
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opal. The black squares are the low-frequency component, the red circles are
the high-frequency component. Errors are indicated for the most indicative
data.

2.5 Discussion of results

As the Gawlns alloy introduced into the pores of artificial opal cools from room
temperature, a single line corresponding to the liquid alloy is observed for the "‘Ga
isotope in the NMR spectrum. Lower in temperature, at about 175 K, a second
component of the NMR signal appears, also corresponding to the liquid alloy. In
the temperature range of 165 -175 K, the two components of the NMR signal
coexist, below 165 K the signal from the initial melt becomes indistinguishable due
to low intensity. According to graphs 2.6 and 2.7, we can talk about the intensity
pumping from low-frequency to high-frequency peak. This process takes place
against the background of freezing of the eutectic alloy (the total integral intensity
of both components falls). At the same time, an interesting fact is that the signal
from %5 In significantly decreases in intensity in the upper part of the temperature
splitting region and becomes indistinguishable at the moment of complete
disappearance of the low-frequency component of the gallium signal, while the
high-frequency component continues to exist when the temperature drops by about
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10 degrees.

Thus, the formation of segregates with an indium structure takes place in the
temperature range of about 175-165 K and ends at a temperature of 165 K, at
which the intensity of the signal from gallium in the melt decreases only by half.
Crystallization of gallium-rich segregates ends at about 155 K.

In order to interpret the peculiarities of the alloy crystallization process in
the pores in the samples we examined, we assume that the observed behavior is
due, firstly, to a significant shift of the eutectic point towards a lower concentration
of indium and, secondly, to the blurring of the alloy crystallization process. The
first assumption makes it possible to explain the fact that the signal from indium in
the melt becomes indistinguishable at the noise level at a temperature significantly
higher than the temperature at the end of crystallization of gallium-rich segregates
(about 155 K). The second assumption explains the fact that the decrease in the
intensity of the signal from gallium in the melt begins (as well as the crystallization
of indium segregates) at about 175 K. Such blurring of phase transitions may be
associated with the spread of pore sizes and nanoparticles in the pores, leading to
different degrees of ultimate supercooling of the alloy in the pores. In a similar way,
it is possible to explain the widening of the temperature area of the formation of
gallium segregates below 165 K. In other words, in the process of freezing of the
Ga-In alloy in the pores of opal in the temperature range of 175-165 K, a melt with
a very low concentration of indium and a melt with a higher concentration of
indium coexist. At temperatures below 165 K, the melt with a higher concentration
of indium does not remain due to the crystallization of indium segregates, and a
melt with a low concentration of indium completely freezes at a temperature well
below about 155 K. When heated, judging by the signal intensity and the position
of the resonant lines of indium and gallium, the properties of the melt completely
coincide with the properties of the melt observed in the process of cooling from
room temperature. Thus, due to the reproducibility of the results, we can speak of a
reversible process of segregation formation.

It should be noted that the eutectic point shift for nanostructured alloys was

previously observed for Ag-Pb and Au-Sb alloys in the works [116; 117]. These
papers describe significant changes in the phase diagrams of eutectic binary alloys
in the case of nanoscale particles. In particular, in these works, a decrease in the
eutectic temperature and a shift in the eutectic point in concentration with a
decrease in the diameter of the alloy particles were found.
As shown in Figure 2.7, there is a significant decrease in the crystallization
temperatures of the Ga-In alloy in opal for both phases with different
concentrations of indium compared to the bulk alloy. Also, in Figure 2.11 it is
shown that the melting point of a nanostructured alloy is significantly lower than
the melting point of a eutectic Ga-In alloy in the bulk case of a-gallium melting
(phase diagram of Fig. 2.4).
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Figure 2.11 - Temperature dependence of the intensity of the *Ga NMR signall
in the Ga-In alloy in opal. The black squares represent the low-frequency
component (cooling), the red squares represent the high-frequency component
(cooling), and the purple squares represent heating. Errors are indicated for
the most indicative data.

Hereinafter, we will designate the phase of a solid alloy consisting of
practically pure gallium by the structures of pure gallium in accordance with the
phase diagram in Fig. 2.4. Judging by the melting point of the nanostructured Ga-
In alloy, it should be assumed that the hysteresis loop "crystallization-melting"
observed for the melt corresponds to the formation of 3-modification of gallium in
the pores.

In the bulk case, the eutectic point for p-gallium corresponds to a
concentration of 6.2 at. % indium and the temperature of solidus is equal to 244.2
K. According to our estimates, under nanoconfinement conditions, the eutectic
point for crystallization of gallium-rich segregates with a f-Ga structure has shifted
to at least 1 at. % indium. At the same time, however, the melting of the alloy in
the pores begins at temperatures close to the corresponding temperature of the
solidus of the bulk alloy.

Thus, the results obtained indicate a significant change in the phase diagram
of Ga-In in opal compared to the phase diagram for bulk alloy. Namely, the melt
crystallizes with the formation of stable segregates with only the B-gallium
structure. In this case, there is a significant shift in the eutectic point.

An important result obtained in the study of the Ga-In alloy in the pores of
opal is the peculiarities of the temperature dependence of the Knight shift for
gallium shown in Figure 2.8. There are two possible interpretations of the splitting
of the NMR signal into two components under conditions of partial crystallization.
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One interpretation is that when indium crystallizes in a Ga-In melt, the
Knight shift for gallium should approach the position of the signal from pure
gallium in opal. The fact that the Knight shift jump occurs in the crystallization
region of almost the entire amount of indium supports this assumption.

The second interpretation is that during the crystallization of indium in the
Ga-In alloy, a liquid-liquid phase transition occurs in uncrystallized, almost
indium-free gallium. The basis for this assumption is the results obtained in the
work [37], which describes a phase transition in supercooled pure gallium
introduced into opal. In addition, the liquid-liquid phase transition in gallium has
been predicted in theoretical work [38].

We have conducted additional experiments in favor of the liquid-liquid
phase transition and against the assumption that the cleavage of the line is due
exclusively to the different concentration of indium in the two stratified parts of the
melt. The results of these experiments are shown in Fig. 2.12.
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Figure 2.12 - Knight shift temperature dependence for *Ga in Ga-In alloy in
opal. Red circles, blue triangles for cooling, black squares for heating. Errors
are indicated for the most indicative data.

If the splitting of the NMR line for "*Ga into two different Knight shift
components were due to different concentrations of indium, then in the case of a
measurement cycle where we freeze the low-frequency component and indium and,
leaving the unfrozen high-frequency component, heat the sample, we would see a
jump in the Knight shift towards the low-frequency one during the melting of
indium and the frozen part of the gallium (it has been experimentally found that
they melt at the same time) Components. But according to graph 2.12, we can see
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that according to the Knight shift, the high-frequency component begins to
coincide with the points of the low-frequency component, taken during cooling,
almost 20 degrees earlier than the melting of indium and the frozen part of the
gallium about 244 K. At the same time, no noticeable changes in the Knight shift
of the signal from the gallium at the moment of melting of the indium and the
crystallized part of the gallium were observed.

In addition, a low-temperature NMR experiment was carried out, in which
the signals from Ga and In in the GarslnizSng alloy injected into the pores of the
opal were measured [75]. Similar to the fission in the liquid Ga-In alloy in the opal
in the Ga-In-Sn melt, the signal from Ga was split against the background of the
total freezing of indium in a temperature range of 225 to 248 K, while at the
moment of freezing the indium low-frequency component of the gallium signal
also disappeared. But the difference from the behavior of the Ga-In alloy was that
Ga-In-Sn had a two-stage decrease in the intensity of the Ga signal and the In
signal (Fig. 2.13), and if again the splitting of the gallium line would have been an
artifact of the decrease in the concentration of indium, then along with the splitting
of the signal from gallium in the temperature range from 225 to 248 K, the splitting
would also have occurred at the first drop in the intensity of indium in the
temperature range from 260 to 270 K.
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Figure 2.13 - Temperature dependence of NMR signal intensity for *Ga and
BIn in Ga-In-Sn alloy in opal (cooling). Black squares - "*Ga (total line
without decomposition into components), blue triangles — **In. [75]. Errors
are indicated for the most indicative data.
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Graphs 2.9 and 2.10 show that after an inverting pulse, the high-frequency
component recovers more slowly than the low-frequency component. The
relaxation rate of the high-frequency component can be slower compared to the
low-frequency component, both by increasing the mobility in the melt and by
decreasing the quadrupole constant Cg.

The restoration of longitudinal magnetization after an inverting pulse is
described by formula 1.9 from Chapter 1:

M(D) 4 _—Cti q _—Cuy ot
M, =1—b- (g el+4-w?t? 4 5614‘(02"52) - eTim (21)

where M(t) is the time-dependent magnetization, M, is the equilibrium
magnetization, (1-b) is the relative magnetization immediately after the inverting
pulse, o is the frequency of Larmor precession, C is the constant, which depends
on the structure of the substance under study and is proportional to the square of
the quadrupole moment of the nucleus
C = 2m*C3(1+n?/3)/5,Cq - quadrupole constant, n - anisotropy, t© is the
correlation time of atomic motion.

Using the extreme atomic constriction condition wt<<1, the formula for
magnetization recovery is simplified:

M(t —t
(t) —1—p-eCTt.oTim (2.2)

where the product Ct has the meaning of the velocity of quadrupole spin-lattice
relaxation:

Riq = Ct (2.3)
For room temperature, the spin-lattice relaxation rates for both gallium isotopes at

different temperatures were decomposed into quadrupole and magnetic
components. For this purpose, the system of equations 2.4 was solved:

(R69 69 2
3= (Q—> ~ 2,51

R_ﬁ Q71

69 69\ 2
{Rim _ (Y} L 062 (2.4)
R~ ) 70

R$® = RSy + Rom
| RE = RY; +RE,

Where R$? is the spin-lattice relaxation rate of ¥Ga,
R7! — spin-lattice relaxation rate of "'Ga,
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R?‘a — quadrupole contribution to spin-lattice relaxation rate of ®°Ga,

R7§ — quadrupole contribution to the
R&?. — magnetic contribution to spin

spin-lattice relaxation rate of "'Ga,
lattice relaxation rate of ®Ga,

R7} — magnetic contribution to the spin-lattice relaxation rate of *Ga.

Further, taking into account that the rate of magnetic relaxation should be linearly
dependent on temperature, a line was constructed through the point (0,0) and the
value R7L, for the room temperature on the graph R7% (T), from the slope of which

the values R7}, for the remaining temperatures were calculated.

On the basis of the obtained magnetization recovery curves for different
temperatures, using the values R71 calculated for each temperature, the product of
the quadrupole interaction constant and the time of correlation of atomic motion
were adjusted and estimated, using the formula 2.2. Figure 2.14 shows the

temperature dependence of the fitted

values of the product Cr.
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Figure 2.14 - Temperature dependence of the product of the constant C and
the time of correlation of atomic motion t for *Ga in a Ga-In alloy in opal.
The black squares are the low-frequency component, the red circles are the

high-frequency component. Errors are indicated for the most indicative data.

The above values of the product Cr, taking into account the formula 2.2, satisfy the

expression 2.5 for each temperature.
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Rl == qu + le (2.5)

The difference in the values of Ct for the low-frequency and high-frequency
components at the same temperatures can indicate both different mobility in the
components of the stratified alloy Ga-In (difference in the correlation times of
atomic motion) and the difference in their structures (difference in the constants of
the quadrupole interaction).

2.6 Conclusion

Thus, low-temperature NMR studies of the isotopes "*Ga and ®*Gain a liquid
gallium-indium alloy introduced into the pores of artificial opal revealed
significant differences in the phase diagram of a binary alloy in nanoconfinement
from the bulk case. In particular, a shift in the temperature of the eutectic point
towards a lower concentration of indium was detected. The results obtained for the
melting process of the melt in the pores showed that the segregates, enriched with
gallium, they have the structure of B-gallium. In a part of the supercooled melt with
a low concentration of indium, a structural liquid-liquid phase transition was
detected, similar to the transition in pure supercooled gallium in the pores of opal.
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Chapter 3. NMR studies of a phase with the B-gallium structure in the Ga-In
alloy within opal matrix

3.1 Introduction

Recently, there has been a renewed interest in the study of the Ga-In eutectic
alloy due to the possibilities of its potential application in modern microelectronics,
medical diagnostics and soft robotics [9; 10; 11; 118]. Many of the advanced
technologies developed in recent decades are based on the application of ultra-thin
flexible electronics. Alloy Ga—In, along with gallinstan, is widely used in the
creation of elastic electronic elements due to their stable electrical properties (high
electrical conductivity and low viscosity) under conditions of mechanical
deformations. Also, these alloys are low-toxic and at room temperature they are in
a liquid state of aggregation. New ways of using gallium-containing alloys include,
among other things, the creation of electronic elements based on thin films and
nanowires, as well as on the basis of dendritic nanostructures. The constant desire
to reduce the size of electronic elements contributes to the development of the
study of the effect of downsizing on the physical properties of gallium-containing
alloys. Among the effects observed at the nanoscale for metals and alloys is the
reduction of atomic mobility in metal melts [45; 48; 49; 60], liquid-liquid
structural phase transition in liquid metals and alloys [37; 74; 75], changes in the
position of the solidus and liquidus lines [75; 119], changes in the ultrafine
electron-nuclear interaction [46; 78].

For pure gallium, which is predisposed to polymorphism in volume, under
conditions of limited geometry, the formation of additional structural modifications
that do not form in the bulk case, and stabilization of crystalline phases unstable in
volume is observed [44; 120; 121]. Also, for the Ga-In alloy under
nanoconfinement conditions, a complex pattern of melting and crystallization was
observed with the formation of several segregated phases with a structure different
from that of a-Ga [49; 75; 112].

In this work, temperature NMR studies of isotopes "'Ga and %°Ga in the
nanostructured alloy eutectic alloy Ga-In injected into the pores of artificial opal,
the appearance of a gallium-rich crystalline phase with a B-Ga structure stable in
the pores of opal and metastable in the bulk alloy was shown. A simple hysteresis
loop of melting-crystallization along with a melting point well below 303 K
(melting point of o-Ga) suggested that the Ga-In alloy under nanoconfinement
conditions lacks a phase with a structure a-Ga and only the phase with the p-Ga
structure occurs (the melting point of B-Ga is approximately 256.5 K in volume
[121]). Temperature dependencies of the isotropic shift of the NMR line and
quadrupole constants for both gallium isotopes were obtained. It was found that the
Ga-In alloy in the pores melted close to the solidus temperature in the bulk alloy
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for segregated B-Ga [77]. The temperature dependence of the nuclear spin-lattice
relaxation rate for the isotope was also obtained "*Ga, which showed that in the
temperature range from 215 to 240 K, relaxation is due to two main mechanisms:
quadrupole and magnetic. The temperature dependence of the correlation time of
atomic motion was obtained, as well as the activation energy [76].

3.2 Description of the sample and experiment

The investigated sample is described in Chapter 2. Temperature
measurements of NMR lines and spin-lattice relaxation times of gallium isotopes
"Gaand %Ga in the eutectic alloy Ga-In introduced into the pores of artificial opal
in the temperature range from 11 K to 293 K were carried out. The studies were
carried out on Bruker pulsed NMR spectrometers Avance 400 and Avance 500 with
magnetic fields of 9.4 T and 11.7 T, respectively. For measurements on both
spectrometers, a low-temperature HPBBLT sensor with Janis cryostat. The Bruker
Avance 400 spectrometer also used the HPBBHT wide-line sensor. To avoid
temperature overlaps, the rate of temperature change did not exceed 0.5 K/min.
Once the temperature had been reached, the specimen was additionally held at this
temperature for 20 min before the measurement began. A GaAs crystal was used as
a reference sample. To obtain NMR signals from the liquid alloy, a single-pulse
sequence with a 90-degree pulse was used. A solid-echo sequence consisting of
two 90-degree pulses was used to observe the signals from the solid phase. To
measure the spin-lattice relaxation time, a magnetization recovery curve after a
180-degree inverting pulse (inversion recovery method) was obtained.

3.3 Temperature dependencies of isotropic shift and quadrupole constant

In contrast to the crystallization of a gallium-rich phase with a a-Ga struc-
ture in a bulk Ga-In alloy with 6 at.% In, for which the liquidus temperature is
clearly different from the solidus temperature and is approximately equal to 295.5
K, the liquidus and solidus temperatures in the formation of a gallium-rich phase
with a B-Ga structure are approximately the same [111]. Under conditions of lim-
ited geometry, the solidus and liquidus temperature lines for the Ga-In alloy are re-
duced [75; 112], which implies that at room temperature in the test sample, the Ga-
In alloy is completely melted. This assumption is supported by the absence of a
change in the intensity of the NMR signal of gallium isotopes from the liquid
phase when heated from room temperature to 330 K.
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For data accuracy, the crystallization of the alloy in pores was studied on the
basis of measurements of the intensity of the NMR line of the isotope "‘Ga in a
liquid alloy, due to the fact that this isotope has a smaller nuclear quadrupole mo-
ment and a greater gyromagnetic ratio compared to the isotope *°Ga and whose
signal hasthe best signal-to-noise ratio. The study of the change in the intensity of
the NMR line from the liquid Ga-In alloy at a decrease in temperature demonstrat-
ed the beginning of the crystallization process at about 175 K and its completion at
a temperature of 155 K [75], as evidenced by a drop in the integral intensity of the
NMR signal for the isotope "‘Ga in a liquid Ga-In alloy to zero. In the cooling pro-
cess, when about 50% of the melt crystallized, at a temperature of about 160 K,
wide NMR lines corresponding to the solid alloy were recorded, having the form
of powder spectra for the central transition. The appearance of the lines from the
solid phase is consistent with the multidirectionality of the crystallographic axes in
the nanocrystals in the pores. The integral intensity of the NMR signal from the
solid phase increased rapidly when cooled to 155 K and then gradually increased
with further cooling according to Curie law. Upon heating, the NMR signal from
the solid phase was observed up to 240 K. This temperature corresponds to the be-
ginning of the rapid stepwise melting of the nanostructured alloy. Figure 3.1 shows
an example of an NMR powder line for an isotope "*Ga at a temperature of 180 K.

4400 4000 3600 3200

frequency, ppm

Figure 3.1 - "Ga NMR line in Ga-In solid alloy at 180 K (solid line) and
fitting (dashed line).

The resulting lines were fitted using Avance spectrometers quadrupole
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broadening software, since both gallium isotopes, "*Gaand *°Ga, have spin 3/2 and
fairly large quadrupole moments of 0.107 and 0.171 b, respectively. An example of
fitting is shown in Figure 3.1 as a red dashed line. By means of fitting, the values
of the isotropic shift of the NMR line diso and the quadrupole constant Cq were
obtained. The main contributor to the isotropic shift diso is the Knight shift, which
Is caused by the interaction of the quadrupole moment of the nuclei with
conduction electrons. The quadrupole constant is obtained by the formula Cq =
eQVzz/h, where e is the charge of the electron, Q is the quadrupole moment, Vzz -
Is ZZ component of the gradient tensor of electric fields in its system of principal
axes, and h is Planck constant. Isotropic shift temperature dependencies diso and
quadrupole constants Cq for the isotopes "*Ga and %°Ga are shown in figures 3.2
and 3.3.
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Figure 3.2 - Temperature dependence of the isotropic shift dis, of the NMR line
of the "*Ga isotope in the Ga-In solid alloy. Circles and rhombuses are
measurements on the Avance 500 and Avance 400 spectrometers, respectively.
The insert is the temperature dependence of the isotropic shift of the NMR
line of the ®Ga isotope.
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Figure 3.3 - Temperature dependence of the quadrupole constant Cq of the
isotope *Ga in the solid Ga-In alloy. Circles and rhombuses are
measurements on the Avance 500 and Avance 400 spectrometers, respectively.
The insert is the temperature dependence of the quadrupole constant of the
isotope *°Ga.

The isotropic shifts for both isotopes coincided within the error range. The
isotropic shift found at the melting point is close to the Knight shift for a liquid Ga-
In alloy at a temperature just above the melting point (= 4250 ppm) [75]. Though
diso has never been obtained experimentally for a bulk hard Ga—In alloy, it is known
that the structure of an ordinary stable orthorhombic o-Ga differs significantly
from the short-range structure of liquid gallium, which in particular explains the
decrease in the volume of gallium during melting [122; 123]. This results in a huge
difference between the Knight shift for liquid gallium and the isotropic shift for a-
Ga [124]. On the other hand, the B-Ga unit cell is monoclinic (space group C2/c)
and the near-order p-Ga and liquid gallium are similar [122; 123]. Therefore, the
isotropic shift for B-Ga should be close to the Knight shift in a liquid alloy. It can
be concluded that the NMR lines from the solid Ga—In alloy correspond to the
crystalline phase with the B-Ga structure. In turn, quadrupole frequencies vq
directly related to the quadrupole constants Cq have been found for B-Ga in
ordinary gallium by nuclear quadrupole resonance (NQR) in operation [125].

For cores with spin 3/2 Cq = 2vq. Quadrupole constant for isotope "'Ga at a
temperature of 77 K, computed from the corresponding quadrupole frequency
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found in the paper [125], was equal 7.82 MHz. The data around this temperature in
the current paper (figure 3.3) correlate well with the data computed from the [125],
although the C4 values we obtained slightly different to the lesser side. In work
[125] the temperature dependence of the quadrupole frequency for the isotope *°Ga
was obtained over a temperature range of 77 K to a melting point of p-Ga (256.8
K). As the temperature increased, the quadrupole frequency decreased and
corresponded to the quadrupole constant Cq around 235 K approximately equal to
10.8 MHz, which is very close to the value in the current work. Comparison of our
data for quadrupole constants with those computed from the work [125] confirm
the assumption that the NMR line from the Ga-In solid alloy under
nanoconfinement conditions belongs to the segregated phase with the p-Ga
structure. It should be noted that the quadrupole frequencies in B-Ga turned out to
be significantly lower than in the stable a-Ga [126]. According to our
measurements, the alloy in the nanopores completely melted at a temperature of
245 K, which is consistent with [75]. This temperature is close to the solidus
temperature (244.4 K) in the bulk Ga-In alloy, which corresponds to the emergence
of the B-Ga structure [111]. This fact demonstrates that the dimensional effects of
alloy melting are small against the background of experimental error. NMR signals
from other solid gallium structures were not observed, due to the fact that for a-Ga
quadrupole coupling is much stronger and NMR lines are significantly wider. Also,
the melting in the Ga-In alloy injected into the pores of the opal is quite abrupt and
occurs in a single step, which is also reported in the paper [75], suggesting that a
single gallium-rich crystalline modification is present in the opal matrix. Therefore,
it can be concluded that there is no segregated phase with a a-Ga structure in the
pores of artificial opal. The formation in small droplets and nanoparticles of
various crystalline modifications other than bulk has been repeatedly reported
([120; 127] and links therein). In [112] acoustic and NMR measurements of Ga-In
alloys of various concentrations were carried out, where complex melting-
crystallization hysteresis loops were also demonstrated, indicating the formation of
several gallium-rich crystalline modifications. In the current study, the formation
of only the B-Ga structure in the Ga-In alloy under opal nanoconfinement
conditions is presented for the first time. The results shown in figures 3.1-3.3 were
fully reproduced in different cooling-heating temperature cycles and did not
change over time over a period of two years. This confirms that opal
nanoconfinement stabilizes the gallium-rich phase with a g-Ga structure in the Ga—
In alloy. The effect of size reduction on crystalline phases has been observed for
various substances such as water, sodium, silver, and some oxides [128; 129; 130;
131; 132]. However, there is little evidence of size-induced polymorphism. The
present studies provided new information regarding the appearance of stable
polymorphic phases for the Ga-In alloy under nanoconfinement conditions.
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3.4 Temperature dependence of spin-lattice relaxation rate, correlation time
and activation energy of atomic motion

Similar to the isotope "*Ga -based alloy crystallization study, due to the
higher signal-to-noise ratio compared to the ®°Ga isotope, spin relaxation was also
investigated for the "*Gaisotope. In the temperature range of 125-240 K, the mag-
netization recovery curves within the error range are described by a single expo-
nent. Figure 3.4 shows examples of magnetization recovery curves for tempera-
tures of 150 and 235 K.
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Figure 3.4 - Recovery of the "Ga NMR line after exposure to an inverting
pulse at temperatures of 150 K (circles) and 235 K (squares). Solid lines are
exponential fits.



52

Figure 3.5 shows the temperature dependence of the calculated values of the
spin-lattice relaxation rate 1/T1.
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Figure 3.5 - Inverse time of spin-lattice relaxation 1/T: of the gallium isotope
""Ga as a function of temperature. The top insert is the temperature
dependence of the C/z. ratio. The bottom insert is the Arrhenius graph for ..
Errors are indicated for the most indicative data.

At temperatures below 215 K, the spin-lattice relaxation rate demonstrates a
linear dependence on temperature. Above 215 K, there is a significant deviation
from the linear dependence in the direction of increasing values. For nuclei with a
non-zero electric quadrupole moment in conductors, nuclear spin-lattice relaxation
occurs due to two main mechanisms: the interaction of nuclear magnetic moments
with conduction electrons and the interaction of quadrupole moments of nuclei
with dynamic gradients of electric fields resulting from the motion of atoms [60;
133]. At low temperatures, as a result of the slowing down of the motion of atoms,
the quadrupole contribution to spin-lattice relaxation becomes negligible. The rate
of magnetic dipole relaxation is directly proportional to temperature [133].
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Figure 3.5 shows the dominance of the magnetic dipole mechanism of spin-
lattice relaxation for a phase with a f-Ga structure below 215K. The dependence of
spin-lattice relaxation time on temperature is described by the equation

1 J—
Tlm (T) a

where A = 21 s'K™. Above a temperature of 215 K, the quadrupole contribution
to spin-lattice relaxation increases significantly. The use of the concept of relaxa-
tion time to present experimental data over the entire temperature range of the
study is due to the proximity of the NMR line restoration to the exponential de-
pendence in this work, as well as in the [134], despite the fact that, in general,
quadrupole relaxation for spin 3/2 is not exponential [99].

AT (3.1)

The magnetization recovery curve with time t due to the mechanisms of
magnetic dipole and electric quadrupole relaxation is described by the expression
(1.9) from Chapter 1 [60]

I(=1—b ( t>08 Ctet ), o2 Cret V(32
B “*P Tim/ | exp 1+ 4wit? 4EXP 1+ wit? '

where I(t) is the intensity, C is a constant proportional to the square of the quadru-
pole moment and is equal to C = 2m*CZ(1 + n®/3)/5, 1 is the correlation time of
atomic motion, o is the Larmor frequency, b is the numerical coefficient that takes
into account the partial inversion of magnetization. For the solid alloy, it is as-
sumed that the condition wotc > 1 is satisfied. Given the approximation of slow
atomic motion, expression (3.2) is converted to the form

t C t Ct
I(t) =1—Dbexp <_E> 0.8exp _T_C4_u)(2) + 0.2exp _T_CE (3.3)

0

Approximation by means of expression (3.3) of the experimental curves of mag-
netization recovery after inversion in the temperature range of 215-240 K was ob-
tained the temperature dependence of the ratio C/zc. It was taken into account that
wo/2n = 122MHz, and the magnetic relaxation time T,,,, was obtained from equa-
tion (3.1). Temperature dependence of the C/tc ratio is shown in the top insert in
figure 3.5. To obtain the temperature dependence of the correlation time of atomic
motion 1, the values of C were used, which in turn were calculated from the values
of Cq obtained in Section 3.3. The temperature dependence tc(T) is shown in the
lower insert of figure 3.5. The value of the quadrupole constant is weakly depend-
ent on the temperature in the temperature range of 215-240 K. However, this de-
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pendence was taken into account when obtaining the values tc. Atomic motion has
a thermoactivation character, and the correlation time of atomic motion is de-
scribed by the expression

Tc = ToeXp (ki—aT) (3.4)

where E, is the activation energy, ks is the Boltzmann constant, and 1o is the corre-
lation time of atomic motion in the high-temperature limit. Dependency In tc from
the reverse temperature of 1/T according to expression (4) linear (lower insert in
Figure 3.5). Slope coefficient of the graph In t(1/T) gives the activation energy
value Ea = 7200 K = 0.62 eV. Due to the fact that data on diffusion in solid bulk
gallium or a Ga-In alloy with a B-Ga structure have not been previously obtained,
the results in the current work can only be compared with data for other hard met-
als. Obtained value of atomic motion correlation time t. = 0.27 us at 240K belongs
to the range of values observed for bulk metals and alloys below melting point
[135]. Correlation Time Derived from Diffusion Coefficient [136], at a tempera-
ture close to the melting point, differs upwards from t. at a temperature of 240 K in
the present work by more than two orders of magnitude. On the other hand, for a
single sodium crystal near the melting point, the correlation time of atomic motion
Is two orders of magnitude shorter than the t. value obtained in the current work
for the phase with the B-Ga structure under nanoconfinement conditions at a tem-
perature of 240 K. Hence, it can be assumed that the introduction of the alloy into
the pores does not lead to significant anomalies of atomic mobility in the solid
phase of segregates with the B-Ga structure.

3.5 Conclusion

NMR studies of the isotopes "*Ga and %°Ga in the nanostructured eutectic al-
loy Ga—In injected into the pores of the opal matrix demonstrated the emergence of
a gallium-rich crystalline phase with a p-Ga structure. This phase was found to be
stable under nanoconfinement conditions, while it is metastable in volume. It
should be noted that the NMR line from the aggregate of particles with the a-Ga
structure cannot be observed due to the large the value of the quadrupole constant
and, accordingly, a strong broadening of the resonance line, even if such a struc-
ture is formed in the pores. However, the single-step view of the crystallization-
melting hysteresis loop suggests that only the phase with the 3-Ga structure is pre-
sent in the Ga-In solid alloy in the opal nanoconfinement. The temperature de-
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pendencies of the isotropic shift of the NMR line diso and the quadrupole constants
Cq for both isotopes of gallium in solid alloy were obtained. It was found that the
nanostructured alloy completely melted at a temperature of 245 K, close to the sol-
idus of the bulk Ga—In alloy for B-Ga segregation.

NMR measurements of the nuclear spin-lattice relaxation rate in the solid
segregated phase of a nanostructured Ga—In alloy with a B-Ga structure have
shown that in the temperature range of 215-240 K, relaxation is due to two main
mechanisms: the interaction of nuclear quadrupole moments with dynamic gradi-
ents of electric fields arising during the movement of atoms and the interaction of
magnetic moments of nuclei with conduction electrons. In a given temperature
range, the correlation time decreased from 7.9 to 0.27 us. The activation energy of
atomic motion E, = 7200 K = 0.62 eV was calculated.
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Chapter 4. Atomic mobility in a Ga-In-Sn ternary eutectic alloy

4.1 Introduction

In recent years, there has been a significant increase in the number of studies
on gallium-containing binary alloys and a triple alloy based on gallium, indium and
tin (Ga-In-Sn). This is due to the active implementation of these alloys in various
practical areas of application. Much less work is devoted to the study of the Ga-In-
Sn triple alloy, as well as to other triple alloys, than to the study of binary alloys.
According to the phase diagram of the Ga-In-Sn alloy (figure 4.1) [137], which is a
phase diagram of the eutectic type, the concentration of the alloy corresponding to
the eutectic point is 75 at.% Ga, 17 at.% In and 8 at.% Sn.
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Figure 4.1 - Phase diagram of a ternary Ga-In-Sn alloy. [137]

The melting point of the alloy at the eutectic point is about 285 K [137]. In
industry, Ga-In-Sn alloy is usually used, with an unknown exact concentration of
components and the name "Galinstan™ (The trademark belongs to a German com-
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pany Geratherm Medical AG.[50]). An interesting fact is that the declared melting
point of galinstane is much lower than the melting point of an alloy of eutectic
composition and is equal to 254.15 K. It is assumed that such an effect of a signifi-
cant reduction of the melting point can be achieved by adding a small amount of
such metals as Bi to increase flow and Sb to improve oxidation stability [138]. It
has also become customary to call any eutectic alloy of similar composition ga-
linstan. Galinstan, due to its non-toxicity and very low vapour pressure (10° at
773.15 K) has a great advantage over mercury in the application in the various ap-
plications where it is used, and is gradually beginning to replace it primarily in
household thermometers [51]. Galinstan is also a substitute for mercury in many
applications where liquid metals are used, such as biotechnology [51], in electro-
mechanical relays [52], as a coolant [53] and in ionic sources [54]. In addition, ga-
linstan is beginning to be used in micromechanical systems [55; 56; 57; 58], but
due to rapid oxidation, the introduction of galinstan into this application is slow
[139]. In connection with the prospects for the use of Ga-In-Sn alloy in nanocom-
posites, the study of the effect of nanoconfinement on such alloy properties as
atomic diffusion and viscosity is becoming more and more relevant. In works [48;
49; 60] studies of liquid Ga and binary liquid alloys Ga—Sn and Ga-In, introduced
into nanoporous matrices, were carried out by the method of nuclear magnetic res-
onance, and a significant increase in the correlation time of atomic motion com-
pared to the bulk case was found. The effect of size constraints on the Ga-In-Sn
triple alloy has not been investigated until now.

In the present study, the effect of nanoconfinement on the atomic mobility of
a Ga-In-Sn melt introduced into three nanoporous matrices with different pore
shapes and sizes was studied using the NMR method [61].

4.2 Samples and experiment

The samples for this study were nanocomposites based on a triple Ga-In-Sn
alloy of eutectic composition introduced into an opal matrix with an average diam-
eter of amorphous silica balls of 210 nm and into porous glasses of two types: with
an average pore diameter of 7 and 18 nm. Artificial opal is described in Chapter 2.
It is worth noting that for the opal used in this study, with a ball diameter of 210
nm, the octahedral and tetrahedral cavities should be about 87 and 47 nm respec-
tively, according to the mathematical model, but as mentioned in Chapter 2, the
pores become slightly smaller when sintered. As with the opal matrix described in
Chapter 2, the sizes of the opal balls in this study were obtained using atomic force
microscopy.

The porous glasses used as hanoporous matrices in this study were a scaffold
of amorphous silica with a connected network of cylindrical-like pores. The pro-
cess of creating nanoporous glasses consists in the preparation of a sodium-
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borosilicate mixture at high temperatures, liquation and further leaching of sodium
and boron from the cooled workpiece.

After leaching, the pore diameter was measured and then a liquid Ga-In-Sn
alloy was injected into the pores at a pressure of approximately 10 kbar. For the
accuracy of the measurement, the pore size was determined using two types of
porometry: nitrogen and mercury. Pieces of approximately 0.2 cm?® were cut from
the filled porous glasses. The surface of the cut pieces was carefully cleaned of al-
loy droplets to exclude the signal from the bulky substance. The pore fill factor for
all samples was approximately 80% and was measured by weighing nanoporous
matrices before and after the alloy was injected into the pores. Also, for compari-
son, a bulk Ga-In-Sn alloy of the same composition that was introduced into na-
noporous matrices was measured. Nuclear magnetic resonance was used to meas-
ure spin-lattice relaxation and Knight shift times for gallium isotopes "‘Ga and
%9Ga, as well as the indium isotope *°In. The studies were carried out at room tem-
perature in three different magnetic fields of 9.4, 11.75 and 17.6 T to construct de-
pendencies on the quantizing magnetic field. The NMR spectrum was obtained by
means of the Fourier transform of the free induction decay signal after 90° pulse.
To measure the spin-lattice relaxation time, a pulse sequence called "inversion re-
covery" was used, in which a 180° pulse inverts the nuclear magnetization and be-
comes counterdirected to a constant magnetic field. Then, at certain intervals spec-
ified in a special list in the pulse sequence program, a 90° pulse is applied to re-
move the free induction decay and a Fourier transform is applied to the received
signals. Based on the obtained spectra, the NMR signal intensity is plotted from
the time between the applied 180° and 90° pulses, and the spin-lattice relaxation
time T is calculated from the adjustment of the resulting longitudinal magnetiza-
tion recovery curve. To improve the signal-to-noise ratio, from 2,000 to 16,000
scans were used in one experiment. A single GaAs crystal was used as a reference
for gallium isotopes, and an In(NOs) 3 molar salt solution was used for indium. Al-
so, based on the data obtained, the correlation time of atomic motion 1. was calcu-
lated.

As mentioned in the review, the gradient technique of NMR, which is widely
used for the analysis of diffusion processes in non-metallic liquids, is widely used
[96] It is not applicable to molten metals due to the short times of nuclear spin re-
laxation, and due to the decrease in the diffusion rate as a result of nanostructuring,
the neutron scattering method also becomes uninformative [98]. It should also be
emphasized that the method we use provides information about the change in mo-
bility within individual pores, whereas the gradient NMR technique provides in-
formation about the movement of atoms between pores.



59

4.3 Results of the study of atomic mobility in the Ga-In-Sn eutectic alloy

For all the studied alloy nuclei, a broadening of the NMR line with a de-
crease in pore size was observed. For example, in a magnetic field of 9.4 T, the in-
dium resonant line was widened from 23 ppm for a bulk sample to 280 ppm for an
alloy in porous glass with a pore diameter of 18 nm.

Another effect that occurs with an increase in the degree of nanoconfinement
Is a downward displacement of the NMR lines for all isotopes. As an example, fig-
ure 4.2 shows the NMR lines of the "*Ga isotope in the 9.4 T field for all samples
examined.

4400 4300 4200 4100 4000 3900
Frequency, ppm

Figure 4.2 - NMR spectra of the isotope Gain bulk alloy Ga-In-Sn and alloy
introduced in opal and porous glasses with pore sizes of 7 and 18 nm meas-
uredinafield of 9.4 T.

According to the figure, the smallest Knight shift has an alloy line in porous
glass of 7 nm, which is equal to 4163 + 5 ppm, which is about 80 ppm less, than
the largest Knight shift for the available specimens corresponding to the bulk alloy.
Tables 4.1 to 4.3 show all Knight shift measurements. Due to the significant
broadening of the signal, indium measurements were made only for samples in po-
rous glass with a pore diameter of 18 nm and in opal in magnetic fields of 9.4 and
11.75T.



Table 4.1 - Knight shift K, longitudinal relaxation time T1 and quadrupole re-
laxation time Tio for the isotope "*Gain Ga-In-Sn alloy in bulk sample, opal,
nanoporous glasses with pore diameters of 18 and 7 nm in various magnetic
fields with induction B.

Sample | Bulk | Opal Glass 18 nm Glass 7 nm
B, T 9.4 176 |11.75 |94 17.6 |11.75 |94 176 |11.75|9.4
K, ppm | 4238 + | 4235 4231 4163
Ty, us |1 + 1 286+ 290+ |£3 265+ 266+ |£5 120+ | 110+
Tig, us 437+ [290+ |10 20 259+ |10 10 130+ | 20 20
5 20 560+ | 570+ | 10 480+ [490+ | 20 150+ | 140 +
2500+ | 570+ | 40 80 470 + | 40 40 170 £ | 30 30
300 80 30 30

Table 4.2 - Knight shift K, longitudinal relaxation time T1 and quadrupole re-
laxation time Tio for the isotope **Gain Ga-In-Sn alloy in bulk sample, opal,
nanoporous glasses with pore diameter of 18 and 7 nm in different magnetic
fields with induction B.

Sample | Bulk Opal Glass 18 nm Glass 7 nm
B, T 9.4 176 |11.75 | 9.4 176 |11.75 |94 176 |11.75]9.4
K, ppm | 4239 + | 4233 4229 4159
Ty,us |1 + 1 174+ | 164+ | £5 180+ | 170+ |+ 8 50+ |50+
Tig, us | 483+ | 180+ |15 15 180+ | 20 20 70+ |20 20
5 20 210+ | 220+ | 20 220+ [ 210+ |20 60+ |50+
1000 £ | 220+ | 20 20 220+ |20 30 80+ |20 20
100 30 30 20

Table 4.3 - Knight shift K, longitudinal relaxation time T1 and quadrupole re-
laxation time T1iq for isotope *°In in Ga-In-Sn alloy in bulk sample, opal, na-
noporous glass with pore diameter of 18nm in different magnetic fields with

induction B.

Sample | Bulk | Opal Glass 18 nm

B, T 9.4 11.75 9.4 11.75 9.4

K, ppm 8431+ 1 | 8409 £ 10 8401 + 10

T1, us 1705 [62+7 61 +7 57+7 53+7
T1g, Us 370 78 70

Like most bulk liquid metals and alloys [83], the recovery of longitudinal
magnetization for the nuclei studied in the bulk melt studied in the current work
was uniexponential and could be described by the spin-lattice relaxation time Ti.
For each sample, the spin-lattice relaxation times were the same in different mag-
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netic fields within the error range. The fact that the restoration of longitudinal
magnetization after an inverting pulse can be described by a single exponent, and
that the value of the spinlattice relaxation time is the same in different magnetic
fields, suggests that an approximation of extreme constriction is being performed,
which is also evidenced by narrow NMR lines. As described in the works [48; 49;
60], for some liquid metals and binary alloys under nanoconfinement conditions,
there is a significant increase in the correlation time of atomic motion tc and at the
same time, the approach of extreme narrowing begins to be disrupted. According
to the estimate tc as shown in the section below, for specimens in opal and glass
with a pore diameter of 18 nm, the approximation of extreme constriction is still
performed. Similar to the bulk case, spin-lattice relaxation in alloys introduced into
these matrices can be described by the relaxation time T1. Tables 4.1 to 4.3 show
the average T values calculated from several measurements.

Despite the fact that for the melt in opal and in porous glass with a pore di-
ameter of 18 nm, the spin-lattice relaxation times are significantly shorter than for
the bulk case, for each of these samples the dependence of T1 on the magnetic field
IS not observed, which indicates that the approximate extreme constriction has
been performed.

Figures 4.3 and 4.4 show the longitudinal magnetization vs. time dependen-
cies for ®°Ga obtained on the 500 MHz NMR spectrometer and for *°In on the 400
and 500 MHz NMR spectrometers.
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Figure 4.3 - Recovery of relative longitudinal magnetization from time after
180° momentum for the isotope ®*Ga in a magnetic field of 11.75 T. (1) — opal,
(2) — porous glass 18 nm, (3) porous glass 7 nm. Solid lines are theoretical
curves. The insert shows the recovery of the relative longitudinal magnetiza-
tion for the isotope ®*Ga in a bulk liquid alloy.
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Figure 4.4 - Recovery of the relative longitudinal magnetization as a function
of time after 180° pulse for the isotope *°In in a magnetic field of 11.75 T -
rhombuses and in a field of 9.4 T - circles for a liquid alloy in opal. The filled
symbols are in opal, the hollow symbols are in 18 nm porous glass. Solid lines
are theoretical curves. The insert shows the recovery of the relative longitudi-
nal magnetization for the isotope *In in a bulk liquid alloy in a magnetic field
of 9.4T.

As can be seen from these figures, for an alloy in porous glass with a pore
diameter of 7 nm, spin-lattice relaxation occurs much faster than in the bulk case.
Also, for this sample, the dependence of the longitudinal magnetization recovery
rate on the value of the magnetic field strength is observed, which indicates the in-
applicability of the approach of extreme constriction.

Figure 4.5 shows the longitudinal magnetization recovery curves for "*Ga in
porous glass with a pore diameter of 7 nm in magnetic fields of 9.4, 11.75 and 17.6
T.
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Figure 4.5 - Recovery of the relative longitudinal magnetization from time af-
ter 180° pulse for the isotope "*Ga in different magnetic fields for a liquid alloy
in porous glass of 7 nm. Solid lines are theoretical curves.

The figure clearly shows the difference in the rate of longitudinal magnetiza-
tion recovery for different magnetic fields. If the approximation of the extreme
constriction is violated, then the recovery of longitudinal magnetization cannot be
described by a single exponent and therefore by time T1 [99]. Although for iso-
topes ®°Ga and "*Ga the process of spin-lattice relaxation is described by two expo-
nentials, it was concluded in the paper [134] that the recovery of magnetization in
this case remains approximately single exponential and can be characterized by
time T1 in the first approximation. This fact greatly facilitates the possibility of
comparison with the process of spin-lattice relaxation in the bulk case.
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4.4 Discussion and interpretation of results

The main mechanisms that provide relaxation in bulk melts and liquid metals are
the interaction of nuclear magnetic dipoles with conduction electrons and the inter-
action of electric quadrupole moments with dynamic gradients of electric fields
arising from the movement of atoms in a liquid [133].

In the bulk case, the magnetic relaxation mechanism is the main one. In this case,
the approximation of the extreme contraction is performed for both relaxation
mechanisms, and the relaxation curve is described by a single exponent. The
corresponding relaxation time satisfies the following expression

(T)™ = (Ty) ™+ (Tyq) ™ (4.1)

where T1q and Tim are the times corresponding to the quadrupole and magnetic re-
laxation mechanisms. The relationship between the times Tigand Tim for gallium
isotopes is described by expressions (4.2) and (4.3)

70Q51
T16Q9 LY (4.2)
71692
T/oY71
TS = —% (4.3)
Y69

where y and Q are the gyromagnetic ratio and the quadrupole moment. Solving the
system of equations (4.1)-(4.3), it is possible to calculate the contributions of mag-
netic and quadrupole relaxation of the isotopes ®*Ga and "*Ga in the bulk alloy Ga-
In-Sn.

The calculated magnetic relaxation times were T/1 =580 + 10 ps and T&2 = 937 +
17 ps, and the corresponding values of the quadrupole relaxation times are present-
ed in Tables 4.1 and 4.2. The following values of gyromagnetic ratios and quadru-

pole moments were used for calculations: y,; = 8.18:107 rad-T 157}, yeo =
6.44-107 rad- T *-s, Q71 = 0.107b and Qes = 0.171 b.

Knight shift values K obtained for Ga-In-Sn melt in pores of opal and porous
glass with pore size of 18 nm and magnetic relaxation time Tin calculated for bulk
alloy with good accuracy satisfy the Korringa relation TimTK? = const/ya [140] (T
Is the temperature, o is a coefficient of the order of one, which takes into account
the effects of electron exchange and correlation), therefore, it can be argued that
the magnetic relaxation time Tin for these three samples is almost the same. In
view of the fact that the Knight shift for nanoporous samples in opal matrix and
porous glass with a pore size of 18 nm changed insignificantly, taking into account
the Korringa relation, it can be stated that the effect of alloy nanostructuring on the
magnetic relaxation time Tim is small. Computed using the expression (4.1), taking
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into account the above fact, the quadrupole relaxation times Tig are presented in
Tables 4.1 and 4.2. According to the tables, during the transition from bulk to
nanostructured samples, the quadrupole relaxation time Tig decreases several
times. The same situation with a little-changing Knight shift occurs for a binary
liquid alloy Ga-In [95]. As was done for the bulk case, for nanostructured samples
in porous glass with a pore diameter of 18 nm and opal, the magnetic and quadru-
pole relaxation times can be computed using the system of equations (4.1)-(4.3). At
the same time, the obtained times T1m and T1g, within the margin of error, coincide
with the results obtained using the Korringa relation and expression (4.1) and pre-
sented in Tables 4.1 and 4.2. As mentioned above in the section describing the re-
sults of the study, for a melt in porous glass with a pore diameter of 7nm, a field
dependence of spin-lattice relaxation is observed, and this fact indicates that the
approximation of extreme constriction for this size of melt particles is no longer
performed. Since the Korringa relation for a 7 nm sample is valid and, consequent-
ly, the magnetic relaxation time Tim also changes only slightly compared to the
bulk case, the non-fulfillment of the extreme contraction approximation is due to
the quadrupole contribution to spin-lattice relaxation. Similar conclusions have
been made in previous studies of metals and binary alloys under nanoconfinement
conditions [48; 49; 60]. The general formula for restoring magnetization parallel to
a constant magnetic field is represented by expression (1.9) from Chapter 1:

M) L—b 4 Ct.t N 1 Ct.t ( t ) (4.4)
My 5P\ 71+ 432 5P\ 71+ WaT2 P\, '

where M(t) is the time-dependent magnetization t, Mo is the equilibrium magneti-
zation, 1—b is the relative magnetization immediately after the inverting pulse, is
the Larmor precession frequency, C is the quadrupole constant, which depends on
the structure of the substance under study and is proportional to the square of the
quadrupole moment of the nucleus, t,. is the correlation time of atomic motion.
Since quadrupole constants are proportional to the square of the quadrupole mo-

ment, Ceo and C1 for isotopes *°Gaand "*Ga are related by the following ratio:

Ceo/C71 = Qg9/Q%1 (4.5)

The expressions (4.4) describing the relaxation process for gallium isotopes con-
tain only two fitting parameters, C-1 and 7., and Ceo is computed from equation
(4.5). Table 4.4 shows the calculated fitting parameters C71 and for a sample in po-

rous glass with a pore diameter of 7nm.
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Table 4.4. - Quadrupole constant Cr;, atomic motion correlation time . and
ratio of atomic motion correlation time in a nanostructured alloy to atomic
motion correlation time in the bulk case T, /T2

Sample Bulk Opal Glass 18 nm Glass 7 nm
Cr1, pus 28+3 28+3 28+3 53+5
T¢, 10® us 14+£2 67+5 7545 230+20
7, /TEW* 1 4.8 5.4 16

In the case of the bulk alloy Ga-In-Sn and the samples in opal and porous glass
with a pore diameter of 18nm, an approximation of the extreme constriction
w(T. L1 is performed, and the expression (4.4) takes the form as follows:

M(t)
Mo

=1—Db*exp(—Ct.t) exp (— TL> (4.6)

1m

whence it follows that the inverse time of quadrupole relaxation is equal to the
product of the quadrupole constant and the time of correlation of atomic motion:
T;q = Cre.

The value for pure bulk gallium was taken as the atomic motion correlation
time tc of the bulk melt [60]. Based on known values of Tim, T1g, and tc for the
studied samples, the quadrupole constants C71 were estimated using equation (4.6).
In view of the fact that the structure of the melt introduced into the pores of a rela-
tively large size should not differ much from the structure of the bulk melt, it can
be assumed that the quadrupole constant C71 for the melt in the pores of opal and
nanoporous glass with a pore diameter of 18 nm does not differ from the quadru-
pole constant for the bulk melt Ga-In-Sn. Guided by this assumption, the correla-
tion time of atomic motion tc was calculated for specimens in opal and porous
glass with a pore size of 18 nm. Computed values tcand Cr1, as well as the value of
1c for bulk melt are presented in Table 4.4. According to the data in Table 4.4,
compared to the bulk case, the correlation time of atomic motion tc in Ga-In-Sn
melt in opal and porous glass with a pore diameter of 18 nm increased by about 5
times. The effect of nanoconfinement on the correlation time of atomic motion,
which also manifested itself in the form of a violation of the approach of extreme
constriction, was much more significant for the melt in porous glass with a pore
diameter of 7nm.

Isolation of magnetic and quadrupole spin-lattice relaxation times for an iso-
tope In looks a bit more complicated. Despite the fact that, similarly to gallium,
indium has two stable isotopes *°In and *3In, the method used for gallium to sepa-
rate relaxation into quadrupole and magnetic components cannot be applied, due to
the fact that the quadrupole moments and gyromagnetic ratios of indium isotopes
are very close [133]. In addition, the isotope **3In It has a very low natural propa-
gation and, as a result, the signal-to-noise ratio for this isotope is very small, which
is further complicated by the relatively large line width, which is difficult to distin-
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guish against the background of ringing that usually arises from a coil at low fre-
quencies. In the current study, the method proposed in the paper was used to dis-
tinguish quadrupole and magnetic relaxation times [49].

Taking into account the approximation of extreme constriction, the spin-
lattice relaxation time for a bulk melt, a sample in opal and porous glass with a
pore diameter of 18nm can be represented by the following ratios:

_ -1
(Thulky=1 = ¢, gouik 4 (lequ
l -1 l -1
(T1opa) = Cyys7,0 0 + (Tfmulk) (4.7)

_ -1
(TL8™) ™ = Cpystd®™ + (THn)

where 72tk °P% and 718nm are the atomic motion correlation times for bulk
melt, opal melt, and porous glass with a pore size of 18 nm, which were computed
from the spin relaxation times Ti1. As described above, the melt structure should
not change much when injected into nanopores of relatively large diameter, so it is
assumed that the quadrupole constant Ciis is considered to be the same for all sam-
ples in which an extreme constriction approximation is performed. Also, in view of
the slight difference between the Knight shift and the Korringa relation, it is as-
sumed that the magnetic relaxation time Tim for the melt in these matrices remains
unchanged with respect to the bulk case. The system of equations (4.7) has two
unknowns, Cus and T24% . Having solved this system, we obtained the following
values: C115= 190 ps2 and TE%* = 310 us. From the data presented in Table 4.3, it
can be seen that the quadrupole relaxation time Tio for *°In is significantly re-
duced for the melt under nanoconfinement conditions due to the increase in the
atomic motion correlation time and the quadrupole relaxation mechanism begins to
dominate compared to the bulk case, in which the magnetic relaxation mechanism
dominates.

The correlation time of atomic motion tcin a fluid is inversely proportional
to the diffusion coefficient D and is described by the expression:

.= d?/6D (4.8)

where d is the average magnitude of the atom's jump. Thus, the data obtained on
the increase in the correlation time of atomic motion in a triple melt Ga-In-Sn in-
troduced into nanoporous arrays indicates a slowdown in diffusion processes with-
in pores. Moreover, as the diameter of the pores decreased, the diffusion slowed
down.
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4.5. Conclusion

As a result of the study of nuclear spin-lattice relaxation and Knight shift of galli-
um and *°Inisotopes in a liquid triple alloy Ga-In-Sn of eutectic composition, in
the pores of artificial opal and porous glasses with a pore size of 18 and 7 nm, an
increase in the rate of spin-lattice relaxation and a decrease in the Knight shift with
a decrease in pore size were found. The correlation time of atomic motion for melt
under nanoconfinement conditions is calculated. that the correlation time increases
and, accordingly, the atomic mobility in the melt decreases with the decrease in
pore size. At the same time, the correlation time of atomic motion for a sample
with a pore size of 7 nm is 16 times longer than for a bulk melt.
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Chapter 5. Dynamic shift of the NMR line in Ga-In-Sn alloy in porous glasses
with pore diameters of 7 and 25 nm

5.1 Introduction

As mentioned above in the introduction to the dissertation, much attention has re-
cently been paid to the study of various substances, including various metals and
alloys introduced into nanoporous matrices, and the NMR method is widely used
as a method sensitive to local changes in matter. The size of the pores into which
the metal or alloy is introduced has a significant impact on various properties of
the substance under study, including electronic susceptibility, melting-
crystallization phase transition temperatures, and atomic mobility [45; 47; 141].
Atomic mobility is particularly interesting to study because it is directly related to
the diffusion coefficient and viscosity and is responsible for the rate at which a flu-
id flows through porous media. To study atomic mobility in a liquid under condi-
tions of nanoconfinement between pores, a technique is used to measure the atten-
uation of a spin echo with an applied magnetic field gradient [59]. However, this
method cannot be applied to liquid alloys due to the short spin-lattice relaxation
time. As an alternative, a technique was proposed in which the spin-lattice relaxa-

tion time of spin nuclei with spin is measured [ > 1/2[60; 61]. This technique

provides information about the change in atomic mobility within individual pores,
as well as neutron scattering. In this method, the contribution of the quadrupole re-
laxation mechanism is singled out from the general relaxation process, which is
due to the interaction of the nuclear quadrupole moment with the dynamic gradi-
ents of electric fields that arise during the movement of the liquid. In electron par-
amagnetic resonance, the change in the position of resonance lines due to internal
motion in the system is called dynamic displacement [62; 63; 64; 65; 66; 67]. Dy-
namic shifts can be observed when the condition is met w,t = 1[65], where wy, is
the resonant frequency, and t is the correlation time of atomic motion. Initially,
dynamic shifts were observed only in EPR spectra, but later, with the appearance
of strong quantizing fields in NMR spectrometers, it became possible on NMR
spectra of viscous liquids with a long atomic motion correlation time [68; 69; 70;
71; 72] and solids with high atomic mobility [73]. Combination of static measure-
ments (NMR line position and shape) and spin-lattice relaxation measurements
[60] It can improve the quality of determination of atomic mobility in melts under
nanoconfinement conditions.

In the present work, NMR measurements of the line shape and time of spin-
lattice relaxation T1 were carried out for two isotopes of gallium "*Ga and ®Ga in a
liquid alloy Ga-In-Sn introduced into nanoporous glasses with different pore diam-
eters in different magnetic fields.
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To interpret the results, the model of the dynamic shift of the NMR line was ap-
plied and it was found that the result of determining the correlation time of atomic
motion using the dynamic shift model of the NMR line is consistent with the result
of determining the correlation time of atomic motion based on measurements of
nuclear spin-lattice relaxation [78].

5.2 Samples and experiment

Porous glasses filled with Ga-In-Sn alloy were used as samples in this chapter. The
average pore diameter of porous glasses was 7 and 25 nanometers. Also, for com-
parison, a bulk sample of the Ga-In-Sn alloy was examined.

The preparation of borosilicate porous glasses and nanocomposite samples based
on them was described in the previous chapter. The only thing is that for this study,
samples with ribs of about 4 mm were cut out of the filled porous glass, which on-
ly affected the coil fill factor and the intensity of the NMR signal compared to the
study in Chapter 4. Melt droplets of about 0.5 mm in diameter, placed in glass cap-
sules, were used as a bulk sample.

NMR studies were carried out on Bruker pulsed NMR spectrometers Avance 400,
Avance 500 and Avance 750 with magnetic fields of 9.4, 11.6 and 17.6 T, respec-
tively. Measurements were made at room temperature for both gallium isotopes
"1Ga and %°Ga. The spin of both isotopes is 3/2, and the gyromagnetic ratios y and
quadrupole moments Q are equal t0 g9 = 6.44 - 107 rads* T, Qee = 17.1 fm?and
Y71 = 8.18-107 rad s* T, Qs = 10.7 fm2 "Ga and %°Ga have similar natural
abundances of 39.892% and 60.108% respectively.

To obtain the shape of the line, a signal of free precession of the magnetization of
the sample after a 90-degree pulse was recorded, followed by the application of the
Fourier transform. The position of the line was determined by the position of the
maximum intensity relative to the position of the maximum intensity of the signal
from the GaAs single crystal. Spin-lattice relaxation time was measured using a
sequence of inverting 180° and 90° pulses. Up to 16,000 scans were used to in-
crease the signal-to-noise ratio, which is proportional to v/n, where n is the number
of scans.

5.3 Results of the NMR study of the Ga-In-Sn alloy

In the case of a bulk sample, the position of the NMR lines for the isotopes
"1Ga and %°Ga was the same for all spectrometers. This is consistent with earlier
data for liquid metals [61; 141]. The position of the line relative to the reference
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(Knight shift) was 4247.3 ppm. For the alloy in porous glass with a pore diameter
of 25 nm, the difference in Knight shifts of gallium isotopes in different fields was
also less than the error, but the Knight shift was reduced compared to the shift in
the bulk alloy by 20 ppm. The shape of the line in the case of bulk alloy and porous
glass with a pore diameter of 25 nm was approximated by lorencean. In the 25-
nanometer pores, the lines were slightly wider than in the bulk case. For an alloy in
porous glass with a pore diameter of 7 nm, the dependence of the position of the
line on the isotope number and the magnetic field strength was traced. At the same
time, the shape of the line differed significantly from Lorenz line shape. The shape
of the lines was asymmetrical and significantly widened, with broadening for the
isotope %°Ga there was much more. As an example, figure 5.1 shows the NMR
lines for 'Ga in a bulk alloy and an alloy introduced into porous glass with a pore
diameter of 7 nm, in magnetic fields of 9.4 and 17.6 T.

4250 4200 4150 4100

frequency (ppm)

Figure 5.1 - NMR line shapes for "*Ga for bulk eutectic alloy Ga-In-Sn (1) and
Ga-In-Sn alloy in porous glass with pore size of 7 nm (2) in fields of 9.4 T (red
lines) and 17.6 T (black lines).
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Graph 5.2 shows the dependencies of the NMR line position for "*Ga as can
be seen from the figure, the Knight shift decreases almost linearly with increasing
inverse pore size.
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Figure 5.2 - Dependence of the position of the NMR line of the "*Ga isotope on
the inverse pore size for the fields 9.4 T (black squares), 11.7 T (red circles)
and 17.6 T (blue triangles). The straight line shows the linear relationship ob-
tained by the least squares method.

Figure 5.3 shows the positions of the NMR isotope lines "*Ga and ®Ga in the
case of porous glass with a pore size of 7 nm in different magnetic fields.
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Figure 5.3 - Positions of the maximum of the NMR line of the isotopes "*Ga
and %Ga in the case of glass with a pore diameter of 7 nm for fields of 9.4 T
(black squares), 11.7 T (red circles) and 17.6 T (blue triangles).

In the bulk melt for both gallium isotopes, the recovery of longitudinal mag-
netization after a 180-degree momentum occurred according to an exponential law,
and the spin-lattice relaxation time was equal to T2}, = 483 + 10 ps and T{ 5, =
437 + 10 ps. The obtained relaxation times did not depend on the magnetic field
strength and corresponded to the data from the work [61]. It was also independent
of the magnetic field and was exponential spin-lattice relaxation for a melt in po-
rous glass with a pore size of 25 nm. At the same time, the spin-lattice relaxation
time compared to the bulk case was shorter and equal to T?® = 143 + 10 ps and T/*?
=257 + 10 ps. In turn, in the case of the liquid alloy Ga-In-Sn introduced into po-
rous glass with a pore diameter of 7 nm, the recovery of longitudinal magnetization
could not be described by a single exponent and it occurred much faster than in the
bulk case and porous glass with a pore diameter of 25 nm. Also, for an alloy in po-
rous glass with a pore diameter of 7 nm, the spin-lattice relaxation time depended
on the magnetic field strength. Figure 5.4 shows the longitudinal magnetization re-
covery curves for both gallium isotopes in different melt fields in glass with a pore
diameter of 7 nm. The insert to figure 5.4 compares the magnetization recovery
curves for a 7 nm melt and for a bulk melt measured with a Bruker Avance 400
spectrometer.
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Figure 5.4 - Magnetization recovery for isotopes "‘Ga (filled symbols) and
%Ga (blank symbols) in Ga-In-Sn alloy in porous glass with pore diameter 7
nm in magnetic fields of 9.4 T (black squares), 11.7 T (red circles) and 17.6 T
(blue triangles). Solid lines depict theoretical dependencies. The inset presents
experimental curves of magnetization recovery in a melt introduced into po-
rous glass with pore diameter 7 nm, for the isotope "Ga (filled black squares)
and the isotope ®Ga. (empty red squares) and theoretical curves (solid lines)
compared to bulk alloy magnetization recovery curves for the isotope "“Ga
(black dashed line) and the isotope ®°Ga. (red dashed line) in a magnetic field
of 9.4 T.

5.4 Discussion and interpretation of the results, comparison of the
characteristics of atomic motion calculated on the basis of the dynamic
guadrupole shift model and on the basis of spin relaxation measurements

For the first time, a decrease in the spin-lattice relaxation time for the Ga-In-
Sn melt under conditions of limited geometry compared to the bulk case was ob-
served in the work [61]. This was interpreted as a consequence of the slowing
down of atomic motion, which leads to an increase in the role of the quadrupole
relaxation mechanism in a similar way to the results for other metals and alloys in
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nanoporous matrices [60]. The inability to describe the recovery of magnetization
in an alloy introduced into porous glass with a pore diameter of 7 nm by a single
exponent indicates that the approximate extreme constriction is not performed in
this sample [140]. Therefore, the obtained dependence of the position of the NMR
line on the magnetic field strength for the Ga-In-Sn alloy introduced into porous
glass with a pore diameter of 7 nm, and the different position of the resonance lines
of gallium isotopes can be explained on the basis of a theoretical model of dynamic
shift. The quadrupole interaction of nuclei with gradients of changing electric
fields caused by atomic motion is responsible for the dynamic shift. It should be
noted that the dependence of the position of the lines on the magnetic field strength
was experimentally discovered earlier for gallium isotopes in the Ga-In melt intro-
duced into porous glass with a pore size of 5 nm [141]. In order to interpret the
shapes and positions of NMR lines for gallium isotopes in different magnetic
fields, it is necessary to take into account that, in general, the resonant line of the
nucleus with spin | = 3/2 is the sum of two components having a Lorentz form
[99],

2T, 4 3T,,
14 (0 —wo = 81)%T7 1+ (0= wo — 812)*TH

g(w) = (5.1

where T21 and T2, are the spin-spin relaxation times for each of the components,
characterizing the line width, and &: and 6. are the shifts of the maxima of the
components from the resonant frequency. It should be noted that in (5.1) the
Knight shift is included in the resonant frequency. The times w, of T and the
shifts of the & components are defined by the expressions
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where C is the quadrupole constant proportional to the square of the nuclear quad-
rupole moment Q, which is entered in the same way [61]. Given the approach of
extreme constriction (w,7<«1) expressions (5.2) and (5.3) are simplified. At the
same time, dynamic shifts o; tend to zero, the widths of the components become
close to each other, and the broadening of the lines is small. That is, there is one
narrow resonant line at the frequency w,. In the case of slow atomic motion, i.e., a
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long correlation time (w,7>>1) expressions (5.2) and (5.3) are also simplified and
written as follows

8wit 2
T21 —_ ?'TZZ —_ a (54)
6, = ¢ 6, = ¢ 5.5
1= 4(00, 2 2(1)0 ( . )

According to (5.4), the second component is much wider and cannot be ob-
served experimentally. Only one component with shift ; remains. In the interme-
diate case, both components are observed shifted relative to each other, which
leads to an asymmetry of the total NMR line.

In addition to dynamic broadening, other broadening mechanisms that are
always present in the spin system must be taken into account to describe the exper-
imental NMR line. In the present study, quadrupole broadening caused by spatial
inhomogeneity of electric field gradients on nuclei, magnetic dipole broadening,
and broadening due to different pore sizes were taken into account. Related to the
latter is the dependence of the Knight shift on the size of the pores, shown in Fig.
5.2. Dipole and quadrupole broadening were taken into account by introducing a
Gaussian line shape with fitting parameters. The pore size distribution was ob-
tained by adsorption nitrogen porometry. Based on this distribution, the resonant
frequency distribution function was recalculated, taking into account the assumed
linear dependence of the Knight shift on the inverse pore size. The total shape of
the line, taking into account dynamic broadening, was in the form of a convolution

—(0)2—(1)1)2 —(0)3—0)2)2

Gw)=n ﬂ glw—wy)e 202 e 2(PQ?* X f(wy)dw,dw,dw; (5.6)

where is f(w) the function of the distribution of resonant frequencies due to the
inhomogeneity of the Knight shift, obtained from the size distribution of pores, D
and P are the fitting parameters characterizing the inhomogeneous dipole and
quadrupole broadening, respectively, n is the normalization coefficient. Fitting pa-
rameters can be obtained by fitting experimentally measured forms of the NMR
line for gallium isotopes in different fields. Recall that the Larmor frequencies and
quadrupole parameters of gallium isotopes are different, and the quadrupole con-
stants are related by the following ratio, Cgq = C,,Q2,/0Q%,[61]. Figs. 5.5 and 5.6
show a comparison of the obtained fitting curves of the NMR lines for two gallium
isotopes in different fields with the experimental lines. For the convenience of vis-
ualization, vertical lines are drawn through the positions of the maxima of the ex-
perimental NMR lines.
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Figure 5.5 - Shapes of ®Ga NMR lines (point-experiment, line-theoretical fit-
ting) in Ga —In—Sn alloy introduced into porous glass with pore diameter 7
nm, in fields 9.4 T (squares and dotted line), 11.7 T (circles and dashed line),
17.6 T (triangles and solid line). The vertical lines correspond to the positions
of the maximums of the NMR signals.
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Figure 5.6 - Shapes of "Ga NMR lines (dots-experiment, lines-theoretical fit-
ting) in Ga—In—Sn alloy introduced into porous glass with a pore diameter of
7 nm, in fields 9.4 T (squares and dotted line), 11.7 T (circles and dashed line),
17.6 T (triangles and solid line). The vertical lines correspond to the positions
of the NMR signal maxima.

The fitting parameters were equal D = 0.8 rad/us, P = 0.007 rad/ps-fm?, Ks = 4385
ppm, Ceo = 78 £ 2 us2, © = 6.6-10%s. Also, the fitting parameters Ceo and t, ac-
cording to [61] should be consistent with the spin-lattice relaxation measurements.
As is known, in conductor melts, the relaxation of quadrupole nuclei occurs due to
the dipole contribution due to the interaction of the nuclear magnetic dipole mo-
ment with conduction electrons, and the quadrupole contribution due to the interac-
tion of the nuclear quadrupole moment with dynamic gradients of electric fields
resulting from motion in the liquid.

The dependence of the longitudinal magnetization recovery for cores with
spin 3/2 on the time t is described by the expression (1.9) from Chapter 1:

—Ctt —-C-T't —
M) —1—p- (gel+4-w§-rz + %elﬂ)?ﬂz) . eﬁ (5.7)

where is b is a coefficient that takes into account the incomplete impulse inversion
of the specimen's magnetization, Tim — relaxation time due to the contribution of
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the magnetic mechanism to relaxation, M and My is the time-dependent and equi-
librium magnetization. Following the description in [61] method for dividing the
spin-lattice relaxation time into magnetic and quadrupole components in a bulk al-
loy obtained T/,X = (580 = 10) us and T, = (937 £ 17) us. Next, six experimental
dependencies of longitudinal magnetization recovery, shown in Fig. 5.4 were fitted
using formula (5.7). The adjustment curves are also shown in Fig. 5.4. By means of
fitting, the correlation time of atomic motion was obtained t and an independent
quadrupole constant Cese. Within the margin of error, the T and Ceg coincided with
the results of the fitting of the shape and position of the NMR lines. The results ob-
tained from relaxation measurements and measurements of the shape and position
of NMR lines are consistent with each other, which indicates the validity of the ap-
plication of these approaches.

5.5. Conclusion

In this work, for the first time, we discovered the difference in the frequency
shift of the NMR resonant line for gallium isotopes "*Ga and ®Ga in the Ga-In-Sn
ternary alloy introduced into porous glass with a pore size of 7 nm, at the same
temperatures and in the same magnetic fields, as well as the dependence of the
shift of the NMR resonant line on the strength of the constant magnetic field. For a
bulk melt and for a nanocomposite with a pore size of 25 nm, no such effects were
observed. The detected phenomena were interpreted using the dynamic quadru-
pole shift model of the NMR line. In addition, this model was used to determine
the parameters of atomic motion in nanostructured melts of conductors, for which,
due to a strong deceleration of atomic motion, the rapid motion approximation
ceases to be performed. It was shown that the results of determining the correlation
time of atomic motion, obtained on the basis of measurements of nuclear spin-
lattice relaxation and on the basis of the dynamic shift model, are consistent.
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Conclusion

The main results obtained in the dissertation:

1) Temperature measurements of the shape of the NMR line and spin-lattice
relaxation were carried out for the isotopes of gallium %°Ga and "*Ga and indium
1%1n in the liquid binary eutectic alloy Gasaslng injected into the pores of artificial
opal. Significant differences between the phase diagram of the Ga-In binary alloy
under conditions of limited geometry and the phase diagram of the bulk Ga-In al-
loy have been revealed. It was found that the crystallization of the alloy in pores
occurs with the formation of gallium-rich segregates with a p-Ga structure. A shift
of the eutectic point towards a lower concentration of indium was revealed.

2) It was revealed that in a part of the binary melt Gaoslne there is a liquid-
liquid phase transition similar to the phase transition in supercooled pure gallium
under nanoconfinement conditions. It was found that when cooled in the tempera-
ture range of 165-175 K, the difference in Knight shift for the two phases of the
Gagalnes alloy reached 20 ppm, and the difference in spin-lattice relaxation times
was in the range of 25-54 us.

3) For the eutectic alloy Gagains introduced into the pores of artificial opal, it
was shown that in the segregated phase with the f-Ga structure in the temperature
range of 215-240 K, spin-lattice relaxation is due to two main mechanisms: the in-
teraction of nuclear quadrupole moments with dynamic gradients of electric fields
arising during the motion of atoms, and the interaction of magnetic moments of
nuclei with conduction electrons. Based on the relaxation rate measurement, the
The activation energy of atomic motion E. = 7200 K = 0.62 eV was calculated.

4) A decrease in the Knight shift for the isotopes of gallium ®°Ga and "*Ga
and indium *In in the Ga-In-Sn melt introduced into various nanoporous matrices
at room temperature in different magnetic fields (9.4, 11.7 and 17.6 T) compared to
the bulk melt was revealed. It is shown that the decrease in Knight shift increases
with a decrease in the characteristic pore size.

5) Based on measurements of the rate of recovery of nuclear magnetization
of gallium and indium isotopes, the correlation times of atomic motion were calcu-
lated and a slowdown in atomic diffusion in a triple Ga-In-Sn melt introduced into
nanoporous matrices compared to a bulk melt was revealed. At the same time, the
slowing of diffusion correlates with the characteristic pore size.

6) The difference in the resonance shift of the NMR line for the gallium iso-
topes %°Ga and *Ga, as well as the dependence of the shift of the NMR resonant
line of gallium isotopes on the strength of the constant magnetic field for a triple
Ga-In-Sn melt introduced into the pores of nanoporous glass with a characteristic
pore size of 7nm, was revealed. This phenomenon was interpreted using a dynamic
quadrupole shift model. The correlation time of atomic motion within the model
was calculated dynamic quadrupole shift. It is shown that the obtained result is

consistent with the data obtained by measuring spin-lattice relaxation.
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NMR research was carried out using the equipment of the «Center for Diag-
nostics of Functional Materials for Medicine, Pharmacology and Nanoelectronics»
of Research park of St.Petersburg State University.
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