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Abstract

Multiferroic materials have gained a lot of attention in the past half century for their potential
application in the technology industry, as they can be used in data storage, spintronics, and
microelectronic devices.!] This group of materials often show a low Néel and Curie temper-
ature, usually below room temperature, leading to the loss of their multiferroic properties.
That is why bismuth ferrite (BiFeO3 or BFO) has gained a lot of attention within multiferroic
materials, as both of these temperatures are well above room temperature, and thus showing
multiferroic properties that can be exploited for the development of technologies.

This work presents the study of the temperature dependence of the nuclear quadrupole in-
teractions in bismuth ferrite with time-differential v — v perturbed angular correlation (TD-
PAC) spectroscopy using ''In(*''Cd) as a probe nuclei. The site assignment for the probe
is discussed and it is most probable that the lattice location for the presented measurement
conditions is the Fe-site. The x-ray powder diffraction (XRD) technique was employed to
investigate the macroscopic crystal structure before and after the TDPAC experiments and
thus investigate how the thermal treatment during the TDPAC measurements affected the
sample. XRD provided with the amount of secondary phase present in the samples, and this
varies according to the thermal treatment carried out.

This work further presents the data taken below the Néel temperature. However, the fitting
of combined hyperfine interactions is very complex and this analysis is foreseen as a future
step.

Moreover, a comparison was made using data obtained with the nuclear probe ''™Cd (' Cd)
to study the differences in the location of the probe within the BFO structure, as well as a
comparison with other studies in which BFO is doped with indium.

The results with BFO(!!!In) showed that a single electric field gradient was observed in all
temperatures during the TDPAC experiments. The observable frequency associated with the
« phase follows a parabolic trend with offset, throughout the values 128-98 [Mrad/s], with
very small values of asymmetry parameter (7 ~ 0) and damping (6 =~ 0). The change to
the [ phase was observed with the drop in the frequency values to ~ 20 [Mrad/s], as well as
with the increase of the asymmetry parameter towards 1 and the damping, reaching values
of 10-12%. This indicates a first order transition. By comparing the obtained results with ab
initio calculations of the electric field gradient and asymmetry parameter from the previous
BFO('1Cd) research, which is possible because both probe atoms share intermediate state,
it was possible to assign the ''In probe to the substitutional Fe-site.
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Chapter 1

Introduction and background

During the last century, multiferroic materials have gained a lot of attention mainly for
their potential application in the technology industry, as they can be used in data storage,
spintronics, and microelectronic devices.!! Within the group of materials that exhibit these
characteristics, there is a larger focus on the research of BiFeOgz (also known as BFO) as its
Néel temperature and Curie temperature are well above room temperature (T =~ 370°C and
To ~ 822°C).[2} As aresult, BFO shows antiferromagnetic and ferroelectric properties at room
temperature and thus it could be implemented for the development of future technologies such
as sensors, memory devices, spintronics, and photovoltonics.

1.1 Multiferroic materials

Multiferroics are defined as materials that exhibit more than one of the primary ferroic
properties in the same phase.[3] These forms refer to:

e Ferromagnetism: magnetisation that is switchable by using an applied magnetic field.
For this paper, this property includes every kind of magnetic appearance with a macro-
scopic magnetic moment M plus antiferromagnetism.

o Ferroelectricity: electric polarization that can be switched by an applied electric field.
o Ferroelasticity: deformation that is switchable by an applied stress.

There is a big focus on materials in which a combination of ferromagnetic and ferroelectric
properties can be shown, due to the fact that when these forms appear simultaneously[4],
and therefore new ways of exploiting material properties like electrically controlled magne-
tization, and vice versa, are possible. These materials are known as magnetoelectric (ME)
multiferroics. !



1.1. Multiferroic materials

Multiferroics

Ferromagnetic Ferroelectric
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Figure 1.1: Schematic figure showing the relationship between multiferroic materials and
the magnetoelectric effect.

1.1.1 Magnetoelectric (ME) multiferroics

When the properties of ferromagnetism and ferroelectricity are combined in a material such
that the magnetic properties can be controlled with an electric polarization and vice versa, it
is known as the magnetoelectric effect. When this coupling is found intrinsically in a material,
such material is known as magnetoelectric (ME)®!,

Single phase ME multiferroics show the ME effect intrinsically by the magnetoelectric sus-
ceptibility «, which describes the linear response of the electric polarization to a magnetic
field, and vice versa. From the free energy of a crystal this linear ME coupling constant can
be derived!®:

oo 1 1
F(E, H) = F() — PZSEz — MZSHZ — §€OEZ'J'E1'E]‘ — Q,U()/ﬁiniHj — OéijEiHj — ... (11)

where F' denotes the free energy, E , H the electric and magnetic field strength, respectively,
P?, M? the spontaneous electric polarization and magnetisation, respectively, and € and u are
the electric and magnetic susceptibility. To find the electric polarization, the first derivative
of E of equation 1.1 is calculated:

L. 6F
R(E,H) = _5E :Pf—l—éoEUEj—i-aZMHj—i- (12)
i

And for the magnetization, the same procedure is followed for M:

. OoF
Mi(EaH):_5H- :MZ-S—|—,LL0[L1']'H]'+O[£\J/'[EE¢+... (13)
i
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From these two equations, 1.2 and 1.3, it can be seen that the magnetoelectic susceptibility
affects the electric polarization by terms of the magnetic field strength H (term az-EjM Hj),

and the magnetisation by the electirc field strength E (term oY

i EE;). The magnetoelectric
susceptibility in both of these terms is symmetrical, and thus the effect has the same strength
in both properties. The following terms of equation 1.1 have not been further mentioned

because of their very small contribution to the effect.

The possibility of combining the magnetic and electric properties of materials this way opens
up many possibilities in for material design. Nowadays these materials are being studied in
depth for future applications in the spintronic industry, in sensoric devices, microwave devices
and ME memories!). For this implementation, an important quality is that the material show
the ME properties at room temperature, and there are very few that does, that is why the
study of bismuth ferrite (BiFeO3 or BFO) has such a great attention nowadays as BFO is
part of this small group of materials.

1.2 Perovskite structure

The perovskite structure is named after the calcium titanium oxide mineral perovskite CaTiOs.
Perovskites are a group of materials with general chemical formula ABXj3, where A and B
are two different cations, usually also of different sizes, and X is an anion (normally oxy-
gen) which bonds to the cations.l”l The cations A and B are coordinated by corner linked
octahedra of the X anions, and the B cation sits in the center of these octahedra, forming a
three dimensional network. The A cation is placed in the resulting cuboctahedral gaps, and
as a consequence, there is a 12-fold X coordination. However, this definition is only valid
for the ideal, not distorted perovskite structure, the aristotype with point group Pm3mlol,
Different cation sizes produce distortions and tilting of the octahedra, leading to changes in
coordination and morphology of the polyhedra. These changes are very important to describe
the electric and magnetic properties of the compounds.

The Goldschmidt tolerance factor describes the magnitude of the distortion, and it is defined
as:

= rA+TX (1.4)

V2(rg+rx)

Here, r4, rp and rx refer to ionic radii of the involved A and B cations, and the X anion.
The ideal perovskite structure mentioned above, of the space group Pm3m, shows a tolerance
factor of ¢ = 1. It is said that a perovskite is distorted when 0.8 < t < 0.89. From the
Pm3m space group symmetry, group-subgroup relationships are derived. The space group
of the BFO a-phase is defined as R3¢ and for the S-phase, Pbnm, which are not directly
related between group and subgroup, and this means that the phase transition from a-BFO
and B-BFO is of first order. Once the results are presented, this will be better understood.



1.2. Perovskite structure

Figure 1.2: (a) The Pm3m ideal structure viewed down [100]. (b) Distorted a-BFO R3c
perovskite structure hexagonal unit cell viewed down [421], (¢) Distorted 5-BFO Pbnm
perovskite structure orthorhombic unit cell viewed down [110]. Taken from literature. ("]



Chapter 2

Bismuth ferrite

As mentioned previously, bismuth ferrite, also referred to as BiFeOs or BFO, is a material that
drags a lot of attention in nowadays research due to its antiferromagnetic and ferroelectric
properties, which are shown at room temperature.

It is commonly synthesized through sintering stoichiometric mixtures of BisO3 and FesOs.

2.1 BFO crystal structure

Despite the extensive research around it, there is still not an agreement about its crystal
structure in the temperature range surrounding 7T, during the a — 8 phase transition. In
the following section, the oo and  phase of BFO are going to be analysed in greater detail.

2.1.1 a-phase

According to literature[!h 28 there is an agreement with respect to the crystal structure of
BFO in the a-phase, which shows a rhombohedral R3¢ structure with the cell parameters
a = 5.58A and ¢ = 13.87A in the hexagonal settings at room temperature. The stability of
this phase can be divided into two regions, separated by the Néel temperature (T =~ 370°C).
Below such, including at room temperature, BFO shows antiferromagnetic (AFM) properties.
Above Ty is there the paramagnetic (PM) region, shown until the Curie temperature (T ~
822°C). Around this point, a ferroelectric-paraelectric phase transition appears into the (-
phase which is followed by a sudden volume contraction. Before this ferroelectric transition,
BFO is characterized by a very large spontaneous polarization (P &~ 90 — 100pC cm~2)!9:10)
in the pseudocubic [111] direction. This direction is also the axis of rotation of the octahedral
tilting. The spontaneous polarization along the [111] axis modifies the Pm3m space group
(corresponding to an ideal cubic perovskite) to the rhombohedral R3m.



2.1. BFO crystal structure

2.1.2 [-phase

In spite of the numerous research around BFO, the symmetry of the crystal structure of the -
phase was still subject of discussion. Figure 2.1 shows an overview of the discussions around
the structure of this phase. Haumont et al.lll (2006) suggests a Pm3m symmetry after
performing Raman spectroscopy. Kornev et al.['2 (2007) suggest symmetry I4/mem after
ab initio calculations; while Palai et al.ll?l (2008), using Raman spectroscopy, Differential
Thermal Analysis (DTA) and XRD, presents a P2mm structure. Later on in 2008, again
Haumont et al.l'4 proposes P21m symmetry, supported by XRD measurements. Selbach et
al.%! in 2008 presented a symmetry of R3¢ for this phase in BFO. It was finally suggested that
the S-phase shows a orthorhombic Pbnm structure, based on the research by Arnold et al.l8l
in 2008 with Powder Neutron Diffraction (PND), by Wei et al.'0 in 2019 and Marschick et
al.[2 (2020), where TDPAC and XRD were performed. These groups suggest Pbnm symmetry
for the f-phase, with the cell parameters of a = 5.61A and ¢ = 7.97A. Moreover, there is
another phase transition occurring at even higher temperatures, in which the S-phase changes
into a cubic y-phasel!l. This is another argument that supports the disagreement with the
suggested cubic structure of the S-phasel!1].

a-phase B-phase
. N
RT Tn Te
Haumont et al. (2006), Raman | R3cAEM R3cPM Pm3m
Kornev et al. (2007), ab initio | __R3cAFM R3c PM 14/mem >
Palai et al. (2008), DTA, XRD, Raman R3c AFM R3c PM P2mm
Haumont et al. (2008), XRD R3c AFM R3c PM P21m
Selbach et al. (2008), XRD R3cAFM R3c PM R3c
Arnold et al. (2008), PND R3c AFM R3c PM Pbnm
Wei et al. (2019), XRD R3c AFM R3c PM Pbnm
Marschick et al. (2020), PAC, XRD R3c AFM R3c PM Pbnm

Figure 2.1: Figure summarizing the different research around the crystal structure of o and
5 phase of BFO. Based on literature G. Marschick et al. "Multiferroic bismuth ferrite:
Perturbed angular correlation studies on its ferroic « — 8 phase transition". In: Phys. Rev.
B 102, 224110 — Published 29 December 2020.

Figures 2.2a and 2.2b show stereoscopic images of the crystal structures of the a (R3c¢) and
the 8 (Pbnm) phase of BFO, respectively. The bismuth atoms shown in purple, the iron
atoms in golden and the oxygen atoms are shown in red.

One of the main reasons to the lack of standard agreement with respect to the crystal structure
of the B-phase is that BFO decomposes at high temperatures, meaning that secondary phases
occur. This makes it much harder to determine the structure at high temperatures. Arnold
et al.l8 performed crystallographic analysis of the PND data by using the Rietveld method,
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(a) R3¢, a-phase. (b) Pbnm, B-phase.

Figure 2.2: BFO structure in the a-phase (left) and 3-phase (right). Made with VESTA[7]

using file of structural parameters obtained from Crystallographic Open Database
(COD) 181,191,120} 21],[22][23], 24]

and the results agree that at a temperature of 810-815°, the secondary phase BisFe Og starts
appearing and it accounts for approximately 2.5% of the impurities observed. Suresh et al.[25)
performed XRD studies where this problem is eradicated by doping BFO with Lanthanum,
which stabilizes the material at higher temperatures avoiding the formation of unwanted sec-
ondary phases (such as BigFe Og or BigsFeOyp). Furthermore, it does not introduce changes
of the low temperature crystal symmetry, nor does it change the Curie point of BFO, as
opposed to doping with other rare earth materials or transition metals.

With respect to the magnetic properties of BFO, it seems that it shows a G-type antifer-
romagnet at room temperature, meaning that each magnetic moment is surrounded by six
inter- and intraplanary opposed magnetic momentsl©.

2.2 lon bonds

As previously described, the Goldschmidt tolerance factor (Eq. 1.4) is one way of describing
the distortion of a perovskite structure. When this ratio is smaller than one, as it occurs with
BFO (t = 0.88, with Bi*? in eightfold coordination and Fe™? in sixfold coordination and high
spin)[l], the oxygen octahedra must contort in order to fit into a cell that is too small. For
BFO, rotation angle of the oxygen octahedra is approximately 11-14° around the polar [111]
axis,9 with the directly related Fe-O-Fe angle, 6 ca. 154-156°. The distortion along the
[111] direction arises from the lone pair, where the s? electrons from the Bi hybridize with
the oxygen’s p electron to induce ferroelectricity. 97 Moreover, the Fe-O-Fe angle is important
because it controls both the magnetic exchange and orbital overlap between Fe and O, and
this determines the magnetic ordering temperature and the conductivity!!.

From Arnold et al.l®l it is proven that the bismuth site changes from a six-coordination site
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with respect to oxygen in the R3c phase to an eight coordination in the Pbnm phase, whereas
the iron-site does not change in coordination with oxygen. Nonetheless, the FeOg octahedra
change drastically at T¢. During the R3¢ phase, the Fe-O bonds are characterized by three
short degenerate and three long degenerate bond lengths. When the phase transition happens,
these bond lengths become more equal in size, up to the point where in the Pbnm phase the
octahedron is much more regular, with bond lengths much more equal but occurring as three
degenerate pairs, as Fe is on an inversion center®. This implicates that three of these bonds
become longer (from ~ 1.95A to ~ 2.03A), whereas the other three become shorter (from
~ 2.12A to ~ 2.03A). Refer to Figure 2.5 to see the evolution of the bond lengths. The
repercussion this might have will be discussed later on.

Bismuth

a-phase, R3¢ B-phase, Pbnm
c
a""‘l =b a-phase, R3¢ B-phase, Pbnm

Figure 2.3: Change in coordination and ion bond lengths of Bi-O (top) and change in bond
lengths of Fe-O (bottom) with phase transition from R3c to Pbnm symmetry. Made with
VESTANT.

These changes in coordination (Bi-O) and in bond lengths for Bi-O and Fe-O octahedra are
shown in Figure 2.3.

Figure 2.4.a shows the oxygen octahedral angle (denoted as w) dependency on temperature
across the phase transition from the « to the 8 phase in BFO. This confirms the changes in
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lattice parameters as well as in the unit cell volume, as it can be seen that the angle narrows
down with increasing temperaturel8.

124 068 0.265
1221 (@) (b) 02 (:)
12 . oe64{ @
e - " 0.255 4 | ] ]
i 0647 L — 025
T s [ ] < <
= r Q :;
@ < 0245
114] 0.624 ‘
12 024 ‘
“r |
0.6
1l 0.235 4 [ ]
Shift of Bi** Shift of Fe*
108 0.2

0 20 0 40 S0 &0 70 &0 . 1o 2o %o o s e 7o e W0 2% 30 W0 5% 60 700 800
T(°C) T(°C) T(°C)

Figure 2.4: Thermal evolution of the R3¢ a-phase (a) Oxygen octahedral rotation angle, w,
(b) polar shift of Bi*" ion from its ideal perovskite position, sc, and (c) polar shift of Fe3*
ion from its ideal perovskite position, tc. Error bars are smaller than the symbols.
Reprinted figure with permission from Donna C. Arnold et al. "Ferroelectric-paraelectric
transition in BiFeOjs: crystal structure of the orthorhombic 8 phase". In: Physical Review
Letters 102.2(2009), p. 027602. Copyright (2021) by the American Physical Society.

Figure 2.5.a shows the normalized unit cell volume per BiFeOs unit as a function of tem-
perature, which shows an abrupt decrease at the @ — § transition. Figures 2.5.b and 2.5.c
show the evolution of Fe-O bond lengths, reflecting the loss of the polar displacement of Fe3+
within its octahedron at T. Figures 2.5.d and 2.5.e show the evolution of the Bi-O environ-
ment showing the change from a six-coordinate site in the R3¢ phase (closed squares) to an
eight-coordinate site in the Pbnm phase (open squares). In all plots, error bars are smaller
than the symbols.

It is important to add that the crystal structure of BFO offers two different sites for the
implanted "'In probe, namely the A-site, substituting the bismuth atoms and the B-site,
substituting iron. Thus, it is important to understand how the ion bonds in BFO change
with the phase transition in order to understand the results obtained, which will depend on
the location of the probe within the BFO structure.
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Figure 2.5: Graphs showing the (a) Normalized unit cell volume per BFO unit, (b) and (c)
evolution of Fe-O bond lengths and (d) and (e) evolution of Bi-O bond lengths. Reprinted
figure with permission from Donna C. Arnold et al. "Ferroelectric-paraelectric transition in
BiFeOg: crystal structure of the orthorhombic 3 phase". In: Physical Review Letters
102.2(2009), p. 027602. Copyright (2021) by the American Physical Society.
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Chapter 3

1111 Probe

The TDPAC technique depends on the proper incorporation of a nuclear probe in a material,
so that the hyperfine interactions between this probe and the neighbour atoms can be studied.
In this case, the studied material is bulk BFO, and the chosen probe is the radioactive isotope
gy,

I=9/2+
t,p=2.83 /. OkeV 111

t,,=120 ps 416.63 keV
o

I.=11/2- ) 111m,

=485 m —i / N 396.16 keV cd
N &
5
I=5/2+ K3 245.35 keV
t,,=85ns
2
If = 1/2 + 0 keV
stable
111¢d

Figure 3.1: Decay scheme of ''In and "™ Cd.

Figure 3.1 shows the decay scheme of ''In and it was based on the figure available in the
software NUCLEI?6l. Here it can be seen that the chosen isotope ''In decays to 'Cd
through an excited state of Cd, reaching the later by electron capture (EC), whilst the probe

11



HImCqd decays to 11 Cd directly by an isomerical transition (IT). The fact that both probes
Uity (HICd) and H1™CdA(HMECA) present the same intermediate state allows us to compare the
results obtained in this research with a previous research made also by the team of ISOLDE
solid-state physics group at CERN, in which they study BFO after '"'Cd implantation.[?

117y, ‘ imcqg
Implantation
depth (SRIM) 216 A 116 A
Valence 3+ 2+
Intermediate state +5/2 +5/2
Half life (7 /2) 2.83 days 48.54 min

v = 171.28 keV 1 = 150.81 keV

-rays energy o = 245.35 keV  vo = 245.35 keV

Decay type EC IT

Theoretical Ay values20l -0.1782 0.1782
Probe isotope Hicq Hicq
Probe location B-site A-site

Table 3.1: Parameters to compare the different probe.2”

From Table 3.1 it can be seen the different factors taken into account to make a complete
comparison between the probe ''In and '™ Cd. The implantation depth was computed with
the software SRIM28], using the option of TRansport of Ions in Matter (TRIM) calculation.
For the probe 'In, the values to input are such as an accelerator voltage of 80keV and an
implantation angle of 10°; whereas for '''™(Cd, these parameters were set to 30keV and 0°,
respectively. Another parameter to input was the density of BFO, which was set to 8.4 g/cm?.
The ion implantation depth was then computed to 216A for ''In and 116A for '™ Cd.

Furthermore, the chemistry of both probes also varies as they come from different parents
isotopes, and this could make a big difference in the location of the probe within the BFO
structure. In the previous research, it has already been concluded that 1™Cd is located
in the A-site, corresponding to the substitution of Bi atoms in BFO. Later on, it will be
discussed which site occupies "In.

Something that plays in our favor, and that can also be seen from Table 3.1, is that the half
life of the probe 'In is of 2.83 days, making it possible to take many TDPAC temperature
measures using the sample, something that is not possible with the short half life of 48.54
min of the probe ™(Cd.

12
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CN Ton
Cd2+ Bi3+ Fe3+ In3+ Mn3+
v 0.84 - 0.49 - -
A% 0.87 0.99 - - 0.58
0.55 (LS) 0.58 (LS)
VI 095 102 oo (HS) 079 e (HS)
VII 1 - -
VIII 1.07 1.11 - 0.923 -
XII 1.31 - -

Table 3.2: Ionic radii of different elements relevant for this research.

This probe was chosen due to its similar ionic radius to iron in the VI coordination config-
uration. Different researches have studied the substitution of In in the A-site of BFO, and
thus replacing bismuth atoms. When doping BFO with In, the substitution in the A-site is
aimed due to the smaller ionic radius of the isotope, as it is believed to improve the mul-
tiferroic properties of BFO by the cation size effect/2?). Other research that co-dopes BFO
nanoparticles with In and Mn seems to assign In to the A-site and Mn to the B-site also due
to their ionic radii closer to Bi and Fe, respectively®, in order to improve the multiferroic
properties of the material. Nonetheless, that does not seem to be the case here. In™3 in the
VI coordination number presents an ionic radius much closer to the ionic radius of Fet? than
of Bit3, for what it is considered that In will be located in the B-site of BFO for this work.

However, to the best of our knowledge, there is just one research that take into account the
substitution of In in the B-site, the Fe-sitel*!] (more information later on, in section 8.3).
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Chapter 4

Time-Diflferential Perturbed
Angular Correlation (TDPAC)

The perturbed angular correlation (TDPAC) spectroscopy is used to study the local crystal
lattice environment. The technique involves studying the angular correlation between two
~-rays emitted in the decay cascade from a decaying radioactive probe, which is previously
incorporated in the material. When the first v-ray is emitted, the nuclear probe decays to the
intermediate state. The emission of a second ~-ray takes the probe to its final decay state,
also called ground state. It is based on the hyperfine interactions which occur when the
nuclear moments of the probe atoms interacts with its electromagnetic lattice environment
fields. This leads to an inhomogeneous population of the m-states in the intermediate state.
The following anisotropy of the v emission gives information on the local structure of the
probed sample. As TDPAC is a tracer technique, very few probe atoms are required and
therefore, the overall chemistry structure of the material is not affected.

Here, the basic principles of the TDPAC formalism are shown for static quadrupole inter-
actions. Additional information regarding the TDPAC technique and its formalism can be
found in the literaturel32-33),34]

4.1 The Electric Field Gradient (EFG)

An electric field gradient (EFG) is caused by charge distributions around the probe atom and
is associated to a nuclear quadrupole interaction. This parameter is defined as the second
spacial derivative of the electrostatic potential. By the diagonalization of the interaction
Hamiltonian, plus rotating the tensor into its principal component coordinate system and
the use of the Laplace equation (see Appendix B for detailed calculation), the EFG can be
described by its largest component V., and the asymmetry parameter, 7:
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(4.1)

The asymmetry parameter have values between 0 (axial symmetric) and 1 (asymmetric).

Moreover, V. is also used to describe the quadrupole interaction frequency, wg:

eQVZZ

T AI(2I - 1)K (42)

Wy

where e is the electron charge, () the quadrupole moment of the intermediate state of the probe
nucleus, [ its angular momentum and % the reduced Planck’s constant. With a symmetric
EFG (n = 0), the lowest detectable substate-transition frequency is defined as wy = kw,. The
parameter k equals to 6 for the half-integer values of spin momentum, as it happens with
the chosen probe ''In with I = 5/2. The transition frequencies can then be described as
w1 = bwg,ws = 12wg and w3 = wy 4w, following a ratio of 1 : 2 : 3. This ratio can be easily
observed in Figure 4.1. If n # 0, the sublevel energies depend on 7 and generally can not be
solved analytically.

The transition frequencies are defined as w,, = nwp, and they are function of w, and n when
the latter is non-equal to O:

w1 = 2v3aw, sin <;) arccos(ﬁ)) (4.3)
wa = 2v/3aw, sin <?1)(7T - arccos(ﬁ))) (4.4)
w3 = 2v/3aw, sin <?1)(7T + arccos(ﬁ))) (4.5)
with
oo BB+
3 (4.6)

These transition frequencies define the transitions between substates levels created by a hy-
perfine splitting of the intermediate state. This can be observed in Figure 4.1.
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4.2. TDPAC methodology
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Figure 4.1: Change of sublevel energies Eg(M) with increasing asymmetry parameter (1)
and resulting change of angular frequencies wy,. Reference value of wg = 10 Mrad/s, valid
only for I = 5/2. Taken from literature G. Marschick et al. "Multiferroic bismuth ferrite:
Perturbed angular correlation studies on its ferroic o — 8 phase transition". In: Phys. Rev.
B 102, 224110 — Published 29 December 2020.

4.2 TDPAC methodology

The TDPAC technique relies on the y-y cascade decay that occurs when the excited probe
nucleus decays to the ground state, through the intermediate state, as shown in Figure 4.2.
An angular correlation is then measured from the first y-ray to the second, which differ in
energy and detection time, and the hyperfine interactions between the probe nucleus and the
neighbour atoms can be detected. Since the spin of the probe nuclei are randomly oriented
in space, the v emissions from the sample are isotropic. To make the pattern anisotropic, a
preferential direction is chosen as the direction where 71 is detected. A certain spin orientation
is selected and all nuclei with this spin orientation contribute to the detected signal. This
way, by defining an axis in the direction =1, 2 is detected anisotropically with respect to the
former.

The probability to detect the second ~ ray with respect to the first is described by the angular
correlation function:

kmam

W(@) = Z Akkpk(COS 9) (4.7)

k=0
where k only has even values (due to the conservation of parity), 6 is the angle between the ~
rays and Ay, measures the deviation of the angular correlation from the isotropic distribution,
known as the anisotropy coefficient (more about this in section 4.4). The theoretical values
of this coefficient are taken from literaturel?6). The values of k obey: 0 < k£ < minimum
of (2I,L1 + LY, Ly + L)), and Py(cosf) refers to the Legendre polynomial. Equation 4.7
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(L, M;)

71
(I, M)

72
(Iy,My)

Figure 4.2: v — v decay scheme from excited state (I;, M;) to ground state (Iy, My) via
intermediate state (I, M).

assumes that there is no external electric and magnetic field interacting with the nucleus. In
the case of the presence of one of these fields, the angular correlation function is perturbed
and thus needs to be expressed differently:

kmaz
W(0,t) = Y AerGre(t)Pr(cos0) (4.8)
k=0

where ¢ is the time between emission of v, and 2, and G (t) are the perturbation functions,
which depend on the details of the nuclear interaction with the field.[?!
For most practical cases, the maximum value of & is 4, having A4 << Agi. For this work,

in which the spin used is I = 5/2, the interaction studied is between the nuclear quadrupole
moment and the EFG, so the perturbation function has the form:

ng(t) = 520(’/]) + 521(1’]) Ccos (wlt) + 522(77) Ccos (w2t) + 523(77) Ccos (wgt) (49)

The ratio wy/w; is a function of the asymmetry parameter. The frequencies satisfy the
equality ws = wi +ws. The amplitudes So; depend weakly on the asymmetry parameter.3%):36)

4.3 TDPAC spectroscopy

A TDPAC spectrometer is a device used to measure the angular correlation as a function of
time between the emissions of v; and ~s.
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4.3. TDPAC spectroscopy
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Figure 4.3: Schematic figures of simple TDPAC spectrometer setups. (Left) 4-detectors
setup (based on literaturel®) and (right) 6-detector setup.

The spectra ratio R(t) is a combination of the four coincidence spectra. By design, the
exponential decay term and the detector efficiencies cancel out. The probability of coincident
detection of v; in one detector and -5 in another detector is given by:

1
Peoin (t) = ——€xp _L 6162W(97t) (410)
T1/2 T1/2

where 715 is the intermediate state life time, e; and ey are the detector efficiencies, which
are very close so it can be assumed as being the same value.

Combining 12 coincidence spectra for four detectors, or 30 coincidence spectra for 6 detectors,
the ratio is obtained37:

W (180°, &) — W (90°, ¢)
W (180°,t) + 2W (90°, 1)

R(t) = = Ay9Goo (t) (4.11)

where Agg refers to the experimental anisotropy coefficient of the v; — 2 cascade and Gaa(t)
is the theoretical perturbation factor Gaa(t) folded with the time-resolution curve of the
spectrometer[38] .
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Figure 4.4: Schematic figure showing the TDPAC technique and data collection. Taken
from literature. 3!

4.4 Effective anisotropy coefficient (A.¢r)

It is defined as effective anisotropy coefficients (Aess) the product of a correction Q. factor
multiplied by the theoretical values of the Ay, factors?). The theoretical Ay, values depend
on the decay cascade characteristics, such as the spins and multipolarity mixing of the emitted
~ rays. The correction Qyy is defined as the product of Qg (1) X Qr(72)*!, and in the same
way, the theoretical Ay factors are the product of Ag(y1) X Ag (72)[42]. The @} attenuation
factors have values between 0 and 1 and can be analytically estimated by integrating a
normalized Legendre polinomial of order k within the acceptance geometrical solid angle of
the scintillator of the TDPAC spectrometer, considering the efficiency for the photo peak
creation that depends on the v energy and the type of scintillator.

Unfortunately, the Ag¢s calculation does not always give us an Ag¢s value close to the exper-
imental one. Source size effects, the centering of the sample and other aspects taking into
account the light yield of the scintillator and photomultiplier characteristics make a simple
analytic estimation of @Qj biased, easy increased by more than 30% of what it should be.
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4.4. Effective anisotropy coeflicient (Ayy)

Therefore, an accurate way to estimate the right value is to measure the Ag¢r value with a
reference solution. Figure 4.5 shows the R(t) functions and their maximal amplitude (effec-
tive Agg values). Three different measurements were carried out in the same experimental
conditions, which were performed for checking the reproducibility of the experiment.

Figure 4.5 shows that Assers is the maximal amplitude of the observed TDPAC signal for
a given probe, a given sample-detector geometry, and a given spectrometer. The effective
Ago can be estimated by calculations, but it can also be measured. For the measurement a
very small drop of ''InCls in dilute hydrochloric acid was used, placed in a small test tube
between the BaFy detectors of the K1 TDPAC spectrometer. Here the distance between the
sample and the detectors was 3.5 cm. Due to the phenomenon of motional narrowing, the
H1TnCls in the solution moves very fast, creating an almost undisturbed spectrum and thus,
Agoers can be determined effectively.

One should also take into account that not only the solid angle Qi influences the Agoess.
Scattering in the sample (such as intrasource scattering) can also affect the Aggers. However,
this is only important for "thick"” samples or for samples with a high Z. If more than one
fraction is observed in the spectrum, the individual amplitudes must add up to Asgess. In
this case, missing fractions that for example can be related to remaining implantation damage,
may be identified if Agoerr Was accurately estimated.
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Figure 4.5: R(t) spectra taken for determination of effective anisotropy value (Aefs) at the
K1 machinel3.
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Chapter 5

X-ray diffraction (XRD)

The technique of X-ray diffraction (XRD) is used for the study of the crystalline structure
of materials in the macroscopic scale, as opposite to the TDPAC technique. It also pro-
vides information about the composition and about the unit cell dimensions, i.e. the lattice
parameters.44l This is possible because the X-ray wavelengths, which are between 0.2 and 10
nm, are comparable to the interatomic spacing of crystalline solids. The technique measures

the average spacing between layers or rows of atoms. 4]

The atomic structure of crystalline materials, upon irradiation with X-rays, causes a con-
structive and destructive interference of the scattered X-ray beam. This generates a unique

diffraction pattern which presents many sharp spots, known as Bragg diffraction peaks.

A
Ry
A
N N ’
\\ 7

A
rd
rd
s I
N 7
N S, ’
Py N o h o Py o
* " Y . .
\\ y
d R P
9( N / sin®
* - *——e * *

&
-

Figure 5.1: Schematic figure of Bragg diffraction.
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When the scattered waves interfere constructively, they stay in phase since the difference
between the path lengths of the two waves is equal to an integer multiple of the wavelength.
This phenomenon is described by Bragg’s law!40:

2dpkr sin ) = nA
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where dpy; is the interplanar distance at the lattice plane hkl, 6 is the angle of incidence, n
is a positive integer and A is the wavelength of the incident wave. Figure 5.1 shows these
parameters with a schematic figure.

The Miller indexes (hkl) specify the orientation and spacing of the "reflecting" lattice plane,
and it helps to determine the lattice parameters. For example, for a cubic unit cell the relation
between the atomic layer spacing dpi; and the lattice parameter a is given through

a

dpy = ——— 5.2

X-Ray Diffraction measurements can be done in different ways, such as on single crystals,
polycristalline materials, through powder diffraction or on bulk material. Moreover, there
are different geometries of the source-sample-detector arrangement.
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Chapter 6

Experimental details

The BFO samples were prepared at the University of Duisburg-Essen, and the ion implan-
tation took place at the Bonn Radioisotope Separator and Implanter (BONIS) facility, in
Bonn, Germany®”. After the "''In implantation, the sample was shipped to the Ion Separa-
tor OnLine DEvice (ISOLDE) facility!*®], at the European Organization for Nuclear Research
(CERN), where the full TDPAC study took place within the department of ISOLDE solid-
state physics®9. The pellet of BFO was cut into different pieces, allowing experiments in
different TDPAC spectrometers for checking the reproductibility of the TDPAC measure-
ments.

The polycrystalline BiFeO3 samples were synthesized at the University of Duisburg-Essen
from a stoichiometric mixture of finely powdered bismuth oxide (Bi203, 99.9% Acros Organ-
ics) and iron oxide (Fe203, 99.99% Alfa Aesar). Following a calcination process for 3 hours
at 820°C, the powder was pressed to pellets and sintered for six hours under air atmosphere
again at 820°C.12

6.1 Ion implantation at BONIS, HISKP

The samples were implanted with the radioactive isotope ''In at the BONIS facility, located
at the Helmholtz-Institut fiir Strahlen-und Kernphysik (HISKP)#750. This facility stands
out for the wide range of energies available for the ion acceleration, from 0.5 to 160 keV,
allowing for the study of materials from the surface to depths of several nanometers. The
facility counts with a cycloton, that provides radioisotopes for implantation. The "1In isotope
was implanted with an energy of 80 keV and using a commercially available liquid solution of
1T Cly. Refer to the literaturel® for further details into the process of ionization of *1In.
Once this was achieved, the ionized elements are extracted to the ionization chamber and
focused and accelerated at an energy of 80 keV. A Faraday cup and a probe oscillator are
used to control the intensity of the ion fluxes implanted. Up to 5 samples can be mounted
in the implantation holder simultaneously, so there is no need to break the system vacuum
after each implantation.
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It was briefly mentioned in chapter 3, that simulations of the implantation depth were per-
formed using the SRIM softwarel?8) using these parameters, and it gave an ion implantation

depth of 221 A. For a technique as precise as TDPAC, this depth already
means that the surface of the sample is not accounted for in the measure- !rf"’-'_""”
ments. Furthermore, a beam sweep was done during the ion implantation.
This means that the probe was very homogeneously distributed along the
sample, and not concentrated in one small portion. By doing the beam k g £

sweeping, it was possible to divide the sample in pieces that were used M‘%*—“—. .
for measuring in different TDPAC spectrometers at the same time, and | &_——Iﬁ;‘_—
it can be well assumed that the concentration of ions implanted in all the b D RE A : -
pieces is the same. A picture of the sample pieces used for the TDPAC "

spectrometer KATAME can be seen in Figure 6.1.

e P

For more information about the implantation process and the BONIS .
facility, refer to literaturel47:[50:(51], Figure 6.1: Pieces
of BFO sample.

implantation

implantation implantation beam

2 F kel
@ 80 keV @ 30 keV " <' ].""kl\ surveil- mass separation |~.,m.“. 'r:,"l
160 keV 80 keV ‘:I I:::I:l lance ocus section
0 'O
| | | | | | |
| | | | | I 1
:lr; t‘ulpllv HV feedthrough Faraday cup
ollectors
retarding lens
mounting
. plate oscillating .
insulator {‘i probe carrier beam separator magnet
O O pre-magnet
M c-- | A deflection
L L C— @_,_,. S itintintiet . A Avtt capacitors
— Izl T
[ A\
AN / \
Nal detectors target aperture
BONIS retarding lens \ selected beam

beam stopper LYSO:Ce detector collector chamber

ion source

Figure 6.2: Sketch of the BONIS setup taken from literature®.
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6.2. TDPAC spectroscopy at ISOLDE, CERN

6.2 TDPAC spectroscopy at ISOLDE, CERN

6.2.1 Experimental TDPAC spectroscopy setup

The measurement facilities at ISOLDE consist of several digital and analogue experimental
TDPAC spectrometers with 4 or 6 gamma-detectors. A (4-/6-) detectors TDPAC spectrom-
eter produces 12/30 coincidence spectra, not all similar. There are a set of similar spectra
taken with detectors at 90 degrees and another set of spectra taken at 180 degrees. These
two sets of spectra are combined to build the R(t) anisotropy ratio function.

There are two TDPAC spectrometers used for this work. The first one is a digital setup
named KATAME (Fig. 6.3, left) and it consists of a 6-detectors with Lanthanum Bromide
(LaBr3:Ce) scintillators mounted on XP2020URQ photomultipliers in cube arrangement. It
is able to record the coincidence events of 30 independent detector combinations. The data
collected from KATAME is directly digitalized and fed to the PacSuit softwarel®, which
computes the energy spectra as well as the coincidence time histograms (more information
in subsection 6.2.3). Additional information about digital 6-detectors TDPAC spectrometers
can be found in the literaturel®?. This TDPAC device was operated personally by me for
the data treatment after the measurements had already taken place, whereas for the data
of the second setup, the first step of data treatment (i. e. the time zero and background
estimation) was previously performed and then sent to me to continue with the data analysis.
The latter setup is an analogue spectrometer named K1 (Fig. 6.3, right), and it is based on a
fast-slow delayed coincidence technique with four Barium Fluoride (BaF3) detectors coupled
on XP2020Q photomultiplier tubes, which are connected to a high voltage base.

Figure 6.3: KATAME (digital 6-detectors setup) on the left®? and K1 (analogue
4-detectors setup) on the right. 3]
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With the water cooled furnace placed in the center of the detectors, high temperature mea-
surements up to 840°C were performed. Furthermore, the pieces of the sample were placed
inside a quartz tube with walls of Imm thickness. The placement of this tube can be seen in
Figure 4.3.

To be able to measure at high temperatures, the furnace was supplied with two Delta Elek-
tronika SM7020 power supplies. The temperature was controlled manually through voltage
adjustments so that the temperature signal, given by a NiCr-Ni thermoelement placed di-
rectly inside the furnace, could be stabilized. All measurements were performed under air
atmosphere and without prior annealing.

6.2.2 TDPAC measurements

The same effective anisotropy coefficient were used for both TDPAC spectrometers:

A22 = —0.1222032
A24 = —0.0904066
A42 = —0.00051

A44 = —0.0003773

These parameters were simulated for K1, considering ''In as a probe and the detectors at
3 c¢m from the sample, with the assumption that the detectors are made of BaFy with 1.5”
(~ 3.8 cm) diameter and 1.5” length.¥ An mAkk Fortran program written by J. G. M.
Correia and J. G. Marques based on the literature[*142] was used for the computations.

The order and duration of each temperature measurement for both TDPAC spectrometers
is shown in Tables 6.1 and 6.2. They were performed by the team of ISOLDE solid-state
physics?), CERN, during October-November 2019. For KATAME, the first measurements,
after one at RT, were taken at high temperatures in ascending order until passed the Curie
temperature point (T¢ ~ 822 —829°C). It is important to mention, that at high temperatures
the TDPAC furnace counts with an uncertainty of £5°C. For K1, and after one measurement
at RT, the two main temperatures setting the limits of the phase transition study were made:
the lower limit, 800°C and upper one, thought to be enough to complete the phase transition,
840°C. At high temperatures, secondary phases such as BisFe Og are observed in BFOZ.
The first two measurements were performed at high temperature in order to investigate the
effect caused on the spectra by the BFO decomposition. After these main measurements, the
next ones were made in increasing steps from 649°C to 835°C.

Since the "In activity after the implantation was higher than expected, it was possible to
carry out additional measurements. Thus, at the beginning only the temperature range to
study the o — 8 phase transition was measured, and afterwards, more measurements took
place decreasing the temperature from 600°C to 340°C (KATAME), 360°C (K1) to study
the behaviour of the material below the Néel temperature (Ty =~ 370°C). After the last
measurements, "'In decayed to stable Cd. Therefore it was not possible to characterize the
Tn transition, as there were not enough data points below the Néel temperature. Future
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experiments below the T are foreseen as a part of the project "Local Probing of Ferroic and
Multiferroic Compounds, 19647"55].

KATAME
Order Temp. [C] Duration [h] Order Temp. [C] Duration [h]

1 RT 6 13 BREAK 4.66
2 650 4 14 600 7
3 700 4 15 550 15
4 750 4 16 500 16
5 800 6 17 450 12
6 807 6 18 400 17
7 810 4.66 19 380 14.66
8 814 7 20 370 20
9 818 7 21 360 17
10 822 7 22 350 49.5
11 829 8.5 23 340 117
12 835 8.66 23 RT n/a

START STOP

23-10-19 09-11-19

Table 6.1: KATAME order and duration of measurements.
K1
Order Temp. [C] Duration [h] Order Temp. [C] Duration [h]

1 RT 3 13 829 14.75
2 800 12 14 835 15
5 840 12 15 600 17.75
4 649 4.33 16 550 23.25
5 700 8.5 17 400 23.33
6 750 6 18 380 26
7 800 10 19 370 43
8 807 10 20 360 118
9 810 11 21 RT 56
10 814 10.5 sample has decayed
11 818 9.5
12 822 15

START STOP

23-10-19 11-11-19

Table 6.2: K1 order and duration of measurements.
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6.2.3 Data Collection and treatment

Both spectrometers are based on the same principles, although KATAME is a digital machine,
while K1 is an analog setup. The time signal is taken from the anode, while the energy signal
for the slow branch is taken from the dinode. For K1, a logical signal is generated once
a coincidence occurs between the energy and the timing signal, which is then used as an
input for the logic units. A combination with the coincidence signals of the other detectors
is handled. The start detector detects the first y-ray (71) and the stop detector detects the
second 7-ray (7v2). The hyperfine interactions exercise a torque on the angular momentum
of the intermediate state of the probe. This produces a precession of the v emission pattern,
around the symmetry axis, as can be seen in Figure 4.4. With the combination of (4-/6-
) detectors, positioned as shown in the schematic figures from Figure 4.3, it is possible to
measure 12 (K1) and 30 (KATAME) coincidence spectra. The first data treatment step
consists on eliminating the irrelevant variables, such as the exponential decay of coincidence
spectra, time shifts and background estimation. Once this is done, the perturbation function
is formed.

The data acquisition of K1 was done with the software UNCPACSBP! whereas the back-
ground and time zero determination was performed with the software Interludel®?.

In the case of KATAME, this was done with the software PacSuit!®?. Within this software,
the application SpectraPac provides a graphical user interface and it is used for the final data
collection, as it provides as output the TDPAC spectra perturbation function (R(t)) at the
different temperatures.

For the data analysis, different software were used, such as Nightmare (NNFit)[58M59], GFit/60)
and PacFit/®2. While NNFit is very effective to obtain the different hyperfine parameters for
high temperatures, it is not so effective with the data analysis of temperatures below the Néel
temperature. Thus, the data analysis of the temperatures range 7" < T has to be made with
the software PacFit. However, the fitting of combined hyperfine interactions is very complex
and this analysis is foreseen as a future step.

Moreover, GFit was used to obtain the Fast Fourier transform (FFT) from the data obtained
with NNFit.

6.2.4 Data collection and treatment with KATAME

To have a better idea of how the digital spectrometer setup works, the software used for the
data collection is going to be better described. The PacSuit softwarel®@ consists on three
applications:

o PacMan (non-GUI): it can be controlled remotely. It only displays a console with
output of statistics and diagnostic messages. It is used for the data collection from the
digitizer, waveform processing and data dispatch via netwrok.

e PacMaster: it remotely configures the recording hosts and collects, sorts, compresses
and saves the data. Diverse monitoring data is displayed: online energy spectra, sam-
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ple waveforms, and statistics. It collects the coincidence spectra from PacMan and
combines them.

o SpectraPac: (Offline): it has per-detector energy calibration, allowing for the selection
of energy level windows and channel numbers, does an improved correlation search,
determines background levels and each correlation spectrum’s exact on-set time, and
calculates the ratio spectrum and its Fourier transform. It only needs the data file saved
by PacMaster to work - it can be used from any device. (Online): it can also do an
online evaluation of data files while still running, making it easier to monitor in case
the program needs to be stopped.

SpectraPac was the main application used for the generation of the frequency-modulated
curve R(t), once the measurements were done. It was used to compute the energy calibration,
energy discrimination, correlation analysis, R(t) calculations and Fourier transformation!®2.
The data extracted was then imported into other softwarel®8hB9601 to further extract the
hyperfine parameter values and complete the study.

6.3 XRD

In the previous research using "'™Cd,[2 an XRD study was made in the temperature range
of the @ — 8 phase transition to support the conclusions about the crystal symmetry made
with the TDPAC technique. In principle, it would be not necessary to carry on this study
in the same temperature range, since the samples were produced using the same method.
However, the measurement duration of the TDPAC experiments performed with ''™Cd is
different from the ones performed with the "'In probe. Therefore, XRD experiments were
also performed. Moreover, as it can be seen in Table 6.2, the first measurements taken with

the TDPAC spectrometer K1 were much longer in duration.
This was done in order to study the thermal behaviour of BFO,
meaning, the presence of secondary phases at high temperatures.

Thus, the first measurements were taken at very high tempera- 21
tures, and they were left longer time in order to obtain a bigger
percentage of secondary phase. It is expected that the XRD ,
results reflect this outcome. 4wl

The XRD measurements were performed in the samples at the T
University of Duisburg-Essen, in Germany, before the ion im- s
plantation and after the TDPAC spectrometry. Figure 6.4: BFO pellet

before ' In implantation.
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Chapter 7

Results and discussion

There are two data sets involved in this research, and both were collected at the ISOLDE
solid-state physics facilities!*?), CERN. The first data set was collected by using KATAME,
and the second data set, by K1 (refer to Section 6.2 for more information about the TDPAC
setups).

It was mentioned that the nuclear probe chosen for the implantation was the radioactive
isotope Indium-111, which half life (2.83 days) allows for many different measurements using
the same sample. Hence, numerous measurements were done in the range of temperatures
mentioned in Tables 6.1 and 6.2.

It is also important to mention again previous research using BFO with "1 Cd implantation,
which shares the intermediate level with our probe and thus both research can be compared.
The interest in this comparison will be more clear when the results are explained.

Moreover, XRD diffraction measurements results are introduced to study the effect of thermal
treatment on the sample pieces.

7.1 TDPAC measurements

As explained in Section 6.2, both TDPAC setup measurements follow an order divided in two
main sets: an increasing in temperature until reaching temperatures above the Curie Temper-
ature (~ 650 — 835°C (KATAME), 840°C (K1)), and then a decreasing in temperature until
reaching temperatures below the Néel temperature (~ 600—340°C (KATAME), 360°C (K1)).

In this section, the results from the fitting of the R(t) spectra and the Fast Fourier transform
(FFT) are presented for both temperature ranges and TDPAC spectrometers. The FFT
analysis is a helpful tool to visualize the R(t) function through the transition frequencies wy,
and their ratio.
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7.1. TDPAC measurements

7.1.1 Spectra from 650°C to 835°C

During this temperature range, the phase transition from the a-phase to the S-phase is
reached. In the R(t) spectra seen in Figure 7.1 and 7.2, it can be seen that once T is reached
at ~ 829°C, the frequency-modulated curve, R(t), changes completely. Again, it is important
to keep in mind that at high temperatures the TDPAC furnace counts with an uncertainty
of £5°C. This uncertainty explains the offset in the o — § phase transition temperature for
K1 and KATAME machines. Another explanation would be that the duration of the thermal
treatments has affected (delayed) the transition to the £ phase.

The first R(t) patterns, which appear until 829°C for KATAME spectra and until 822°C for
K1 correspond to the o phase. An abrupt change in R(t) to the § phase is observed at 835°C
for KATAME and 829°C for K1.

Looking at the fast Fourier transform (FFT), only one EFG at each phase can be observed,
which is a sign of a first order transition. Furthermore, there is a clear difference between the
EFGs of the a and § phase, visible through the quadrupole interaction frequency and their
symmetry (EFG, is symmetric, whereas EFGg is not). As it is visible on the FFT of EFG,,
the low value of 1 close to zero leads to a wy : wsy : ws ratio of 1 : 2 : 3, which is expected as
explained in section 4.1.

In the R(t) spectra in these figures also show that the transition frequency does not change
regardless of the TDPAC spectrometer used for the measurements, digital (KATAME) or ana-
logue (K1), and the frequency value keeps constant throughout the a-phase with a frequency
of approximately 60-70 Mrad/s.

Moreover, the spectra obtained does not show signs of the appearance of the secondary phase
BisFe Oy, which should start appearing at high temperature due to the volatility of BFOII.
This does not mean that the secondary phase is not present, but that the TDPAC technique
cannot detect it under the present measurement conditions. This technique studies the local
environment of the implanted probe, which as it was explained in chapter 3, was implanted at
a depth of around 214 A. When bismuth starts decomposing into secondary phases in BFO,
it goes closer to the surface of the sample. For a technique as precise as TDPAC, a depth of
214A is not considered the surface anymore, and thus the measurements do not account for
the secondary phases. However, and as it will be mentioned later on, this phase does appear
in the XRD measurements of the sample at high temperatures.
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Figure 7.1: Left: KATAME spectra (symbols) and their fits (lines) and for temperature
range 650 — 835°C. Right: their corresponding Fourier Transform.
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7.1. TDPAC measurements
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Figure 7.2: Left: K1 spectra (symbols) and their fits (lines) for temperature range
649 — 840°C. Right: their corresponding Fourier Transform.
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7.1.2 Spectra from 600°C to 340°C

During this temperature range, the phase transition across the Néel temperature is reached
at T = 370°. Below the Néel temperature, combined hyperfine parameters appear and the
magnetic interaction is a factor to consider. Hence, the fitting of these temperatures is harder
to do, and it needs different software and research. Unfortunately, the detailed fitting of this
temperature range was not possible to performed during this work, although the unfitted
spectra is shown in Figure 7.3.
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Figure 7.3: KATAME (red) and K1 (blue) spectra (symbols) and their fits (lines) for
temperature range 600° C - RT.
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7.1. TDPAC measurements

7.1.3 Hyperfine parameters above Ty

In this section, different graphs showing the behaviour of the main hyperfine parameters
(quadrupole interaction frequency wy, asymmetry parameter 7 and damping J) are presented
for the range of temperature above Tx. In Appendix A, tables A.1 and A.2 show all the
hyperfine parameter values that are plotted in these graphs.
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Figure 7.4: Temperature dependence of the observable frequency (wg) for KATAME and
K1. The a-phase is shown in blue, whereas the S-phase in red. The error bars that can not
be seen lay within the data symbols. The line is shown for visual guidance.

Looking at Figure 7.4, it can be seen that once the temperature of 829°C is reached, wy
decreases, indicating the transition to the S-phase. This also indicates that the Curie tem-
perature for our experiments must be around this point. The sudden drop in the frequency
is also proof of the first order transition from the « to the § phase in BFO. The reason for
the difference in the value of the Curie temperature obtained here and the literature is due
to the fact that the temperature point of phase transition in BFO depends on the particle
size. This effect was observed for the T and was studied using Méssbauer spectroscopy (6.
Furthermore, it is important to know that the furnace used for the measurements, at high
temperatures, have an uncertainty of +5°C. This figure also shows that the values for wy
follow a parabolic trend during the a-phase, in which it decreases from an approximate value
of 130 Mrad/s to 98 Mrad/s. This trend is fitted using Landau theory, which defines the EFG
dependence on spontaneous polarization of the crystal up to T, following this expression/62:

1 xo'v
1
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with the definitions of the Landau expansion coefficients, a = x Y1y —T), 8,7, according
to the standard version found in the literaturel®l. The temperature dependence of a is
expressed in terms of the absolute temperature (7') and the Curie-Weiss law temperature
Tp (not to be mistaken with the Curie temperature T, which for a first order transition is

given by To = Ty + T 613_217). The local EFG at the probe site is a result of the change in
0
polarization. The change in polarization with change in temperature is related to the change

of V.., and to further understand this change, the experimental data for Ps was used (taken
from 1iterature[62]) for fitting Equation 7.1 which directly results from Landau theory!64.
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Figure 7.5: Temperature dependence of V., for KATAME and K1 and the line fitting using
Landau theory. The a-phase is shown in blue, whereas the S-phase in red. The error bars
that can not be seen lay within the data symbols.

The proportionality V$¢ = ¢ - P2 was fitted to the TDPAC parameters from the high tem-
perature range during the a-phase yielding the values shown in Table 7.1. As it can be seen
from this table, the R? values approximate to 1 for the fitting of both TDPAC spectrom-
eters, meaning that the fitting curve is very accurate. This is an indication that the ''!In
probe, even if not located at the Bi-site, is able to measure the polarization changes of BFO.
Moreover, it could also mean that the Fe-site contributes to the local polarization. It is ex-
pected that the polarization comes mostly from the Bi-sitel!%) but this does not discard

the possibility of a small polarization contribution coming from the Fe-site.
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7.1. TDPAC measurements

Parameter KATAME K1
£/2 [Vm? /(C)?] 4.51E19 + 1.05E17 4.46E19 + 9.54E16
Z1(Cc/m?)? 959.58 + 0 964.23 + 0
X%[(C / m?)? /K] 1.45104 £ 0 1.52 +£ 0
Tc [K] 1102 1095
Tc [°C] 829 822
R? 0.99495 0.99539

Table 7.1: Parameters from Landau fitting obtained for KATAME and K1.
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Figure 7.6: Temperature dependence of the asymmetry parameter (1) for KATAME and
K1. The a-phase is shown in blue, whereas the S-phase in red. The error bars that can not
be seen lay within the data symbols. The line across 7 = 0 is shown for visual guidance.

Looking now into Figure 7.6, where the asymmetry parameter values are shown, it can be
seen that the crystal structure suffers a clear change in symmetry which, once again, matches
with the EFGs values observed in the FFT. During the a-phase, the n values approximate
0 whereas for the S-phase these values are increasing and approximating to 1. Thus, the
structure changes from being symmetric to an asymmetry state. It is an unusual phase
transition on a perovskite structure (from rhombohedral R3c to orthorhombic Pbnm), as an
increase in symmetry from orthorhombic to rhombohedral with increasing temperature is
more usuall®l.
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Figure 7.7: Temperature dependence of the damping parameter () for KATAME and K1.
The a-phase is shown in blue, whereas the S-phase in red. The line across § = 0 is shown
for visual guidance.

The low asymmetry parameter observed for the a-phase, as well as the small damping, are due
to small lattice imperfections!®), like counterrotations of adjacent oxygen octahedra about
[111]M19 ) and is a reflection of the great sensitivity of the 'In probe to deviations from
axial symmetry while incorporated in a dilute regime in BFO.

The small values of the damping (6) shown in Figure 7.7 indicates a rather narrow EFG
distribution and it allows an accurate analysis. These small values are constant throughout
the rhombohedral phase, whereas they start increasing when the structure changes towards
the orthorhombic phase. Due to the fact that the damping values are close to 0 in most of
the temperature points of the a-phase, the error estimated by the softwarel60)
and therefore the error bars have been removed from the graph.

was very large

7.2 XRD results

The set of XRD are separated into two measurements sets, the first one done right after the
synthesis of the sample, and thus prior to the TDPAC measurements, and the second one after
the TDPAC measurements, when the sample pieces have already been through the thermal
treatment. In the last measurements, it is also necessary to make a distinction between the
sample piece used with KATAME and with K1, as the thermal treatment was different during
the TDPAC measurements. The data analysis was performed using the software HighScore
Panalyticall6].
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7.2. XRD results

7.2.1 XRD measurements prior to TDPAC

Once the BFO sample was synthesized from a stoichiometric mixture of finely powdered
bismuth oxide (Bi2Os) and iron oxide (Fe2Ogs), it was measured with XRD to study its
purity. The result can be observed in Figure 7.8. Here, it can be seen that the calculated
value expected for the pure BFO sample matches the experimental data result, which indicates
that the sample does not have any secondary phase present. This is expected, as it was not
yet put through to the thermal process.
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Figure 7.8: XRD measurement in BFO sample before TDPAC measurements.

7.2.2 XRD after TDPAC

The XRD measurements after TDPAC were done to see how the different thermal treatment
affected the amount of secondary phase in the sample, specially BisFe Og.

In Figures 7.9 and 7.10 it can be observed that the secondary phase BisFe Og is present in
both pieces of sample, but in different quantities. The thermal treatment was longer in the
piece used with the TDPAC spectrometer K1 (refer to Table 6.2 for more details about the
duration of the measurements), and the results show that the percentage of secondary phase
in this sample is larger than in the one measured with the TDPAC spectrometer KATAME.
For the K1 sample the percentage of pure BFO is of 75.1%, and the percentage of BisFe,Oyg is
of 24.9%, whereas for the KATAME sample these values are 80.3% and 19.7%, respectively.

Thus, it is proven that the thermal treatment affects directly to amount of secondary phase
present in the sample.
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Figure 7.9: XRD measurements after TDPAC for KATAME.
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Figure 7.10: XRD measurements after TDPAC for K1.
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Chapter 8

Data interpretation and discussion

To the best of our knowledge, there is no previous work reporting TDPAC measurements of
BFO using '''In as probe nuclei. Therefore, it is not possible to make direct comparisons.
However, during this chapter different research relevant to the understanding of this report
are presented.

8.1 1!In vs mCd

The fundamental principles of this subsection are based on the reference ([2]): G Marschick
et al. “Multiferroic bismuth ferrite: Perturbed angular correlation studies on its ferroic a —
phase transition”. In:Physical Review B102.22 (2020), p. 224110

Previous research was done in the ISOLDE facility very similar to this one, but using ''™Cd
as nuclear probe (refer to Chapter 3 for more information). It was concluded that the probe
was located in the A-site of BFO, substituting bismuth atoms. It was also concluded that
there is a phase transition disorder interval in the temperature range of 804-829°, between
the a and § phase. During this transition, it was detected the a-phase structure of R3c
with a distortion seen as a "forecast" of the S-phase. Figure 8.1 (right) shows the spectra of
BFO(!!'™Cd), with the fitting line in green. The top graph with the spectra for 7' = 800°C
shows the unaltered spectra of the a-phase. In the middle graph (7" = 822°C), it can be seen
that there is something happening in the spectra, as the Bi coordination is now disordered.
This shows the phase transition described earlier, in which it is now more clear that the
structure is going to change. In the bottom graph (7' = 831°C), the [-phase has already
been fully reached, so the structure is again unaltered, showing the space group Pbmn.

However, Figure 8.1 (left) shows the spectra of BFO(!'!In) using KATAME. Here, the top
graph is showing the unaltered spectra of the a-phase of BFO; and the bottom graph shows
the unaltered spectra of the S-phase. However, the middle graph doe not show a o — 3 phase
transition. Instead, it is still a-phase. As it was described in section 7.1.1, where the entire
set of spectra of BFO(!''In) is analysed, there is a clear change between phases from the
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Figure 8.1: R(t) spectra comparing the phase transition of BFO(!!'In) (left) and
BFO(H1™Cd) (right).

measurement at 829°C to 835°C, in which the spectra shows the [-phase unaltered. It is
important to mention the BFO(11!™Cd) spectra looks upside-down because the Asy value
differ from the one of BFO(!*'In) in a negative sign?6].

Comparing both spectra, it can be seen that using the probe '''In the transition between
the phases is of first order, whereas using '"™Cd, a disorder interval exist between the «
and 8 phase. Two explanations were given for the presence of this interval. The first was to
assign it to the local coordination disorder of the Bi-atoms. The second explanation was the
presence of polytype phases that acts as intermediate structures between the a and [ phases.

Figure 8.2 shows the quadrupole interaction frequency for both research, BFO(!'!In) and
BFO(!!!'™(Cd), as it is the most important hyperfine parameter to compare the results. Here
it can be seen that for the a-phase the values of BFO(!!1In) are higher than for BFO(!''™Cd),
and that this changes drastically for the S-phase, where the frequency using ''™Cd in-
creases towards a value of ~ 110 Mrad/s whereas for !'In, it decreases to 20 Mrad/s. This
might be due to the fact that the site occupation is different for both probes, thus "'™Cd
shows the behaviour of the A-site in BFO (substituting bismuth atoms), whereas *In oc-
cupies the B-site (substituting iron atoms). Moreover, during the research of BFO(!'™(Cd)
Density Function Theory (DFT) simulations were made using the Ab Initio Vienna Sim-
ulation Package (VASP). The results of these simulations can be found in the Appendix,
Figure A.2. These results can also be used to analyse BFO('!'In) as both probes share
the same intermediate state. Thus, the simulations show that the values of the hyperfine
parameters of the Cd probe substituting the iron atoms (Cd @ Fe) are close to our results
(V.. =~ 2.37/8.43[10%' /Vm?],n ~ 0.87/0.18[1],wp ~ 33.3 — 35.9]Mrad/s]), and hence it can
be assumed that the "In probe is located in the B-site of BFO. The physics behind the
different values of the hyperfine parameters depending on the location of the probes can be
explained going back to section 2.2, in particularly to Figure 2.5, where it can be seen that
for Bi-O the bond lengths become shorter and thus indicating that the atoms are closer at
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Figure 8.2: Quadrupole interaction frequency (wp) for BFO(}1In) and BFO(!!'™Cd). The
a-phase is blue, and the S-phase red. The error bars that can not be seen lay within the
data symbols. The lines are shown for visual guidance.

all times, whereas for Fe-O three of the bond lengths become shorter, and three longer. As
the behaviour of the ion bonds is so different, the results are expected to be clearly different
as well.

Moreover, Figure 8.2 also shows that for ''1™Cd there is a temperature range in where a
phase transition occurs (overlap between blue and red background), which is much bigger
than the one for 1™In. Marschick et al.l?l explains this as an indication that the S-phase
will happen soon, so the phase transition works as a forecast for the phase change. This is
explained with the change in coordination of bismuth with respect to oxygen, which changes
from a six-coordination in the a-phase to an eight-coordination in the S-phase. However, the
octahedra of iron and oxygen does not change in coordination with temperature, so the phase
transition interval cannot be clearly seen in our results considering that !''In is in the B-site.

8.2 BFO doped with In

The fundamental principles of this subsection are based on the reference ([29]):
GS Arya, RK Kotnala, and NS Negi. “Structural and multiferroic properties of Bi; _,In, FeO—3
(0 < x <0.20) nanoparticles”. In:Journal of Applied Physics113.4 (2013), p. 044107

Previous research consisting of the study of In doped BFO nanoparticles?? is now briefly
discussed. This research aims to improve the multiferroic properties of BFO by means of the
cation size effect, as it is known that the substitution of bismuth atoms in BFO for rare earth
ions improves these properties. It makes sense to think of indium ions to substitute bismuth,
due to the smaller ionic radius of '''In (refer to Table 3.2) and the fact that both In3* and
Bi?* are non magnetic ions. During this research, the conclusion that the indium ions occupy

the bismuth site is reached, although only XRD measurements are made, and the analysis
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was only performed during the a-phase. Thus, it is not granted that the ''In probe used in
our project occupies the A-site in the BFO structure, as the main arguments used to define
the site assignment have been taken from the information during the phase transition into

the [-phase, and the S-phase itself.

8.3 Site assignment

*Reprinted figure with permission from Julian Gebhardt and Andrew M. Rappe "Doping of
BiFeOgs: A comprehensive study on substitutional doping". 10.1103/PhysRevB.98.125202.
Copyright (2021) by the American Physical Society. The fundamental principles of this

subsection are also based on this study.

Substitutional dopants cause structural changes in the
BFO structure. There is the direct effect of substitut-
ing ions of different sizes, as well as other secondary
effects owing to the oxidation (p-type doping) or re-
duction (n-type doping) of iron centers, which causes
changes in the oxygen octahedra. Therefore, the re-
laxation of the lattice cannot be only explained by the
ionic radii difference. It is mainly related to the oxida-
tion of the iron and the consequence of the decreased
spatial requirements of the FeOg octahedra.

Highly oxidized cations in oxidation states of 43 and
above prefer the B-site for most of the periodic table
until the sixth period, i.e., up to cations that are almost
as large as Bit? itself. As indium is part of the fifth pe-
riod in the periodic table, it is part of the cations that
prefer the substitution in the B-site of BFO. Further-
more, indium is part of group XIII, which are elements
that form 3+ ions, donating valence s and p electrons
to the oxygen valence band. From group XIII, only
T173 is large enough to prefer A-site substitution.

Figure 8.3 shows a graph listing the site preference for
substitutional doping in BFO. The negative and posi-
tive areas correspond to the A-site and B-site, respec-
tively. It can be seen that In3t tends to substitute the
B-site, corresponding to iron atoms. However, Int3 is
shown right at the limit dividing the preference site
occupation, thus it can actually substitute any of the
sites. The concrete site assignment will then depend on
other factors, as it could be the different between the
EFGs of BFO(1''™(Cd) and BFO(!!'!In) shown earlier.
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Chapter 9

Conclusion

This work reports on TDPAC measurements in bismuth ferrite for the local environment
investigation of the implanted nuclear probe "'In. The measurements were performed as a
function of temperature. The XRD measurements were performed before and after the TD-
PAC experiments, in order to verify the thermal treatment effect in the sample with respect
to the amount of secondary phase that appears at high temperatures. Two TDPAC spectrom-
eters were used for verifying the results reproducibility, one 6-detector digital setup named
KATAME and one 4-detector analogue setup named K1. After the TDPAC measurements, it
could be seen that both spectrometers gave very approximate results. These measurements,
when compared to ab initio simulations from previous research? indicate that the nuclear
probe is located in the B-site of the BFO structure, which corresponds to the substitution of
iron atoms. This is shown by looking at the R(t) spectra which shows a first order transition
corresponding to the change in crystal structure from R3¢ in the a-phase to Pbnm in the (-
phase. An additional evidence is given by the fact that the octahedra formed by the iron and
oxygen atoms in BFO do not change in coordination during the change in crystal structure
from the a to the 8 phase, and thus there is no coordination disorder interval to be observed.

The XRD measurement have shown that the longer thermal treatment that took place dur-
ing the TDPAC measurements using K1 created a bigger percentage of secondary phase
(BigFe Og) present in the sample, obtaining a 24.9% with K1 versus 19.7% present with
KATAME, as the samples for this TDPAC spectrometer went through a shorter thermal
treatment.

Future steps could include the TDPAC study of the behaviour of BFO(!!'In) below the Néel
temperature, which is an already foreseen step as part of the project "Local Probing of Ferroic
and Multiferroic Compounds, 19647"55,
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Appendix A

Additional figures and tables
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Figure A.1: Energy spectra R(t) and FFT of research with BFO(11'™Cd). Taken from
literature G. Marschick et al. "Multiferroic bismuth ferrite: Perturbed angular correlation
studies on its ferroic a — 8 phase transition" ddn: Phys. Rev. B 102, 224110 — Published 29
December 2020.
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System VOFT[IEY P 1 AHPFT ey ©PTT [Mrad/s)

Cd @ Bi 3721537 0/0 8.4/2.6 80.3-86.8 / 75.4-81.5
a-BFO (FM / AFM)

Cd @ Fe 5.46/4.07 0/0 8.8/5.5 76.7-82.9/57.1-61.8

Cd @ Bi -7.51/-6.88 0.39/0.26 42/1 105.4 - 113.97/96.57 - 104.41
B-BFO (FM / AFM)

Cd @ Fe 2.37/8.43 0.87/0.18 54722 33.3-359/118.33-127.93

. Cd @ Bi 9.99 0.12 - 140.22 - 151.61
B12F8409 (FM)
Cd @ Fe 7.99 0.84 - 112.15-121.25

Figure A.2: DFT simulations made for research with BFO(!''™Cd). Taken from literature

G. Marschick et al. "Multiferroic bismuth ferrite: Perturbed angular correlation studies on

its ferroic a — 8 phase transition". In: Phys. Rev. B 102, 224110 — Published 29 December
2020.
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Appendix B

Detailed calculations

B.1 Electric field gradient (EFG)

Derivation taken from [2].

It is defined as the traceless component of the second spacial derivative of the electrostatic
potential:
v oV
ij = 29,2
Ox; 0y;

It is a 3x3 tensor, which can be diagonalized through a coordination transformation into the
diagonal elements V,;,Vyy, V... the reference system is set such so the largest component
points in the z-direction: |V| > |Vyy| = |Vaz|

Using the Laplace equation: V., + V,, + Vi = 0, the EFg can be described by only two
parameters, the largest component of the tensor, V.., and the asymmetry parameter, 7:
me - Vyy

=Ty
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