
Citation: Yap, I.C.J.; Schell, J.; Dang,

T.T.; Noll, C.; Beck, R.; Köster, U.;

Mansano, R.; Hofsäss, H.C.

Room-Temperature 181Ta(TiO2): An

e-γ TDPAC Study. Crystals 2022, 12,

946. https://doi.org/10.3390/

cryst12070946

Academic Editor: Andreas Hermann

Received: 8 March 2022

Accepted: 27 June 2022

Published: 5 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Room-Temperature 181Ta(TiO2): An e-γ TDPAC Study
Ian Chang Jie Yap 1,* , Juliana Schell 2,3 , Thien Thanh Dang 3 , Cornelia Noll 4, Reinhard Beck 4,
Ulli Köster 5 , Ronaldo Mansano 6 and Hans Christian Hofsäss 1

1 II. Physikalisches Institut, Georg-August Universität Göttingen, 37077 Göttingen, Germany;
hans.hofsaess@phys.uni-goettingen.de

2 European Organization for Nuclear Research (CERN), 1211 Geneva, Switzerland; juliana.schell@cern.ch
3 Institute for Materials Science and Center for Nanointegration Duisburg-Essen (CENIDE), University of

Duisburg-Essen, 45141 Essen, Germany; thien.dang@uni-due.de
4 Helmholtz-Institut für Strahlen- und Kernphysik, University of Bonn, 53115 Bonn, Germany;

noll@hiskp.uni-bonn.de (C.N.); beck@hiskp.uni-bonn.de (R.B.)
5 Institut Laue-Langevin, 38042 Grenoble, France; koester@ill.fr
6 Escola Politécnica, Universidade de São Paulo, 158 Av. Prof. Luciano Gualberto, 05508-900 São Paulo, Brazil;

mansanord@gmail.com
* Correspondence: yap.ianchangjie@stud.uni-goettingen.de

Abstract: In this work, we report on the hyperfine parameters of the foreign 181Ta probe in the rutile
structure of the single crystal TiO2 using the e−γ and γ−γ time differential perturbed angular correlation
(TDPAC) technique. We implanted 181Hf ions into a sample of single crystal rutile TiO2 in the Bonn
Isotope Separator. The implanted sample was then thermally annealed at a temperature of 873 K for
315 min in a vacuum. The 181Hf radioisotopes decayed by β− emission, followed by a cascade to the
ground of γ rays or conversion electrons into a stable state 181Ta. The 181Ta probe substitutes the Ti lattice
site with a unique nuclear quadrupole interaction, allowing for the precise measurement of the largest
electric field gradient (Vzz) and asymmetry parameter (η). The hyperfine parameters obtained from
the e−γ TDPAC spectroscopy agree with those of the γ−γ TDPAC spectroscopy at room temperature,
apart from a calibration factor, both from our experiments and the literature. This suggests that the
electronic recombination following the internal conversion of the L shell electron takes less time (ps)
than the intermediate lifetime of the metastable 181Ta state (ns).

Keywords: perturbed angular correlations; titanium dioxide; rutile structure

1. Introduction

In this work, we investigate the hyperfine parameters obtained by applying the
room-temperature spectroscopic technique of e−γ time differential perturbed angular
correlation (TDPAC) to 181Hf→181Ta probe nuclei implanted in single crystal rutile TiO2 as
host material (this is called 181Ta(TiO2) e−γ TDPAC spectroscopy hereinafter).

TiO2, also known as titanium dioxide in the literature, is a solid inorganic compound
with wide technological applications in the industry. Pure TiO2 crystal is available in three
phases: rutile, anatase, and brookite [1]. Anatase and brookite are metastable states and
thus convert irreversibly into rutile TiO2 upon heating to 600–800 ◦C and beyond in air [2].
Typical uses of TiO2 include but are not limited to (1) photocatalytic applications [3,4],
(2) as an ultraviolet-light blocker in sunscreen materials [5], and (3) as a white pigment
or whitening material in various everyday commodities such as paints, papers, foods,
medicinal pills, tablets, and toothpaste [6].

1.1. State of the Art (181Ta(TiO2) γ−γ TDPAC Spectroscopy)

The first 181Ta(TiO2) γ−γ TDPAC spectroscopy was done by Adams & Catchen [7]. They
measured the hyperfine parameters of a 181Ta probe in bulk polycrystalline rutile TiO2 over
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a wide range of temperatures, acquiring signals corresponding to the presence of the single-
site electric-field gradients (EFGs), but no local magnetic ordering in 181Ta(TiO2). This was
confirmed by Darriba et al. in their corresponding temperature-dependent study of bulk single
crystal rutile 181Ta(TiO2), accompanied by their ab initio density-functional theory simulations
to explain the effect of the background temperature on the EFG of rutile 181Ta(TiO2) [8].

Further studies of 181Ta(TiO2) γ−γ TDPAC spectroscopy at room temperature were
conducted by a group in the Bhabha Atomic Research Centre. They measured the EFGs
of the bulk 181Ta(TiO2) system in both the rutile and anatase crystalline phases [9] and
probed the EFGs of the 181Ta probe in the TiO2 nanocrystal environment [10]. The room-
temperature TDPAC signature(s) of the 181Ta probe located at both the surface and the
bulk of the TiO2 nanocrystal (anatase and rutile) were obtained. They simultaneously
implanted both 111In→111Cd and 181Hf→181Ta probe nuclei into a bulk rutile TiO2 sample
and detected signals corresponding to the EFGs of 111Cd and 181Ta, located at the substitu-
tional sites of the TiO2 sample [11]. Their research applications involved the study of the
γ-radiation and the leaching behavior on the 181Ta(TiO2) crystal matrix [12].

Schell et al. conducted 181Ta(TiO2) γ−γ TDPAC spectroscopy over a range of tempera-
tures, the host TiO2 material being a thin film instead of the usual bulk phase [13,14]. They
collected TDPAC signals corresponding to the presence of the EFGs of the 181Ta probe at
two unique sites of the thin film TiO2. The magnitude of the EFGs at one such site suggests
that the local environment of the 181Ta probe nucleus is like that of anatase TiO2, suggesting
that the implantation of the 181Hf nucleus modifies the local structure of the TiO2 thin film.

Finally, at the 2011 International Nuclear Atlantic Conference held in Belo Horizonte
(Brazil), Martucci et al. presented their 181Ta(TiO2) TDPAC and their corresponding X-ray
diffraction (XRD) results on the effects of thermal annealing on polycrystalline samples
produced using the sol-gel Pechini method [15]. A literature review of the sol-gel Pechini
method [16] on the precipitation of TiO2 powder reveals the formation of anatase and rutile
phases, with their ratio determined by the molar ratio of citric acid/metallic Ti cations as
reagents [17]. They have shown that if their TiO2 powder is subjected to a 10 h thermal
annealing of 1273 K in the nitrogenic atmosphere, their XRD and 181Hf→181Ta γ−γ TDPAC
spectroscopies demonstrate a complete phase transformation from the anatase phase to the
rutile phase, consistent with reference [2].

Further literature on TDPAC spectroscopy applied to TiO2 is available in reference [18],
which gives room-temperature results from various TDPAC probes.

1.2. Physics and Properties of Rutile TiO2

Bulk rutile TiO2 is spatiality related to the tetragonal space group P42/mnm [19].
The lattice parameters of the unit cell are such that it has lattice translational vectors
→
R = ∑i∈{1,2,3} ni

→
a i, where ∀i ∈ {1, 2, 3}, ni ∈ Z, alongside

→
a 1 = ax̂,

→
a 2 = aŷ,

→
a 3 = cẑ,

with the lattice parameters a = 4.65922 Å and c = 2.9574 Å [20]. The unit cell comprises of
2 titanium ions, located at both [0,0,0] and [0.5a,0.5a,0.5c], and 4 oxygen ions, located at
[±xa,±xa,0] and [(0.5 ∓ x)a,(0.5 ± x)a,0.5c], where x is defined as the internal parameter, is
dimensionless and is experimentally verified as 0.30496 [20].

Under this perfect lattice configuration, both of the titanium ions in the unit cell are
site-equivalent, forming bonds with its 6 nearest neighbor oxygen ions under the distorted
octahedral geometry. It is more precisely understood as having a D2h site symmetry. Each
of the oxygen atoms in the unit cell are site-equivalent as well, forming a 3-fold coordinated
bond with its 3 nearest neighbor titanium ions in a trigonal planar form, their site symmetry
being C2v.

In practice, high-quality single crystal rutile TiO2 could be commercially manufactured
using, for example, the Verneuil method [21]. However, it is known that even for such a
refined method, there exists a non-trivial number density of oxygen vacancies (site defects
where the supposing oxygen atoms are missing) for freshly fabricated single crystal rutile
TiO2. This phenomenon has been verified over the course of numerous experiments,
including a recent 2018 experiment using the Femtosecond Time Resolved Spectroscopy on
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bulk rutile TiO2 to determine its charge carrier dynamics. This revealed that the presence
of innate oxygen vacancies as a trap site contributes to a fast recombination/annihilation
lifetime (<1 ns) of the electrons (as a charge carrier) [22].

The existence of the oxygen vacancies (if numerous enough) creates a large density
of localized states in the band gap of rutile TiO2. As the name implies, electrons in these
localized states are not mobile (compared to the delocalized states at the valence and
conduction bands). However, quantum tunneling between localized states is possible. With
that principle, an electron can travel from one localized state to another, a phenomenon
known as “hopping transport”, “variable range hopping”, or “hopping conduction” [23,24].

At the surface and interfaces, the phenomenon of hopping transport becomes a lot
more important due to the existence of surface states (another set of localized electronic
states) caused by the sharp transition (surface reconstructions) between atoms of both
materials located near the interface (air and vacuum can be understood as material in this
sense) [23].

Numerous experimental studies have been conducted on the nature of the electronic
surface states of rutile TiO2, which (1) includes the longer vacuum decay length of the Ti(3d)
surface electronic states over the O(2p) surface electronic states (discovered using Scanning
Tunnel Microscopy) [25], (2) the nature of the oxygen adatoms at the surface (using sensitive
Fast Atomic Force Microscopy), which could exist as single quantum dots [26], and (3) a
paper that explores on the electronic structures of rutile (110), anatase (101) and anatase
(001) single crystal surfaces using Resonant Photoemission and X-ray Absorption Spec-
troscopy [27]. They have discovered that the rutile single crystal surfaces, prepared under
cycles of bombarding and annealing in a vacuum, show a higher concentration of oxygen
vacancies over the anatase variant, which is consistent with the findings of [22]. Moreover,
they have shown that the method of surface preparation, and thus, the concentration of the
oxygen vacancies, is proportional to the σ-antibonding hybridization between the Ti(3d-eg)
and the O(2p) states (using X-ray Absorption Spectroscopy), and that the π-bonds between
the Ti(3d-t2g) and the O(2p) states are increasingly disrupted as the amount of surface
defects increases (using Resonant Photoemission).

Theoretically, Density Functional Theory (DFT) techniques have been used to study
the electronic structure of bulk rutile TiO2 with various point defects (including oxygen
vacancies) [28], alongside the electronic structure of surface rutile TiO2 in various surface
orientations [29].

To encapsulate the discussion in this section, semiconductor oxides like TiO2 present
very interesting electronic properties in the hopping transport (a form of quantum-mechanical
tunneling), which, once well-understood, can increase the number of high technological
applications of the material, including the enhancement of its photocatalysis capability [24,30].

1.3. Motivation for Applying the e−γ TDPAC Spectroscopy to the TiO2 Material

The e−γ TDPAC spectroscopy could probe physics typically inaccessible from its
much more experimentally established γ−γ TDPAC counterpart. The degree to which the
e−γ and γ−γ TDPAC signals differ from each other depends on the timescale (and hence
speed) of the host material to provide its recombination electrons to the TDPAC nuclear
probe following internal conversion of the excited 181Ta to ground state 181Ta as a TDPAC
probe (Further details are contained in Section 2).

This is wonderfully demonstrated in the recent 181Ta(GaN) TDPAC experiment by
Barbosa et al. [31], where they have performed a temperature- and “Si- and Zn- dopant”
concentration-dependent study. In Figure 1 of the corresponding paper, they had shown
that their e−γ signals differ from those of the corresponding γ−γ signals. Furthermore,
with the help of their in-house dynamic fitting program PACmeTM and DFT, they can
assign electronic charges to the metastable states related to their e−γ signals. These
metastable states represent the various stages (around the nanosecond scale) in which the
recombination electrons will fill the holes following the internal conversion process of the
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excited 181Ta to ground state 181Ta as a TDPAC probe (Further details are contained in
Section 2 as well).

On a related note on the topic of electronic recombination, Schell et al. have con-
ducted and compared the signals acquired from both single crystals (111In→111Cd)TiO2
and (111mCd→111Cd)TiO2 TDPAC spectroscopies [32]. While both TDPAC spectroscopies
exhibit a common set of hyperfine parameters (largest EFG and asymmetry parameter, see
Section 2) relating to the Ti-substitutional site, an additional set of hyperfine parameters
(with a high asymmetry parameter) is manifested in the (111mCd→111Cd)TiO2 TDPAC
spectroscopy (colloquially referred to as the second site). DFT simulations accompanying
this study also revealed that the individual EFGs (and hence the largest EFG and the
asymmetry parameter, see Section 2) of a single charge-deficient Cd atom resting in the
Ti-substitutional site is consistent with the second site. Noting that the valence number of
111In and 111mCd in TiO2 are +3 and +2, respectively, (Ti has a valence number of +4), and
the fact that the half-life of the intermediate 111Cd state is 85ns, 111In→111Cd requires only
one recombination electron from the host TiO2 material, whereas 111mCd→111Cd needs
two. This implies that, at least qualitatively, the time needed to fill up two holes in a single
111Cd atom sitting in the Ti-substitutional site is around the order of tens of nanoseconds.

Thus, e−γ TDPAC spectroscopy, complementing γ−γ TDPAC spectroscopy, can probe
even further into the electronic structure in TiO2, both in the bulk and on the surface. For
bulk rutile TiO2, we can compare the degree to which their e−γ and γ−γ 181Ta(TiO2)
TDPAC signals differ, to verify that the recombination lifetime of the electrons is indeed on
the sub-ns scale according to [22]. Further possible applications of e−γ TDPAC on TiO2
could be done on its surfaces and interfaces, where we can further probe the local electronic
characters of the Ti and O ions around our TDPAC probe in a more precise manner as
compared to other typical experimental methods.

2. Time Differential Perturbed Angular Correlations

TDPAC spectroscopy is a technique used in solid-state nuclear physics. It is sufficiently
sensitive to observe the hyperfine interactions between the nuclear moments of the incorpo-
rated TDPAC probe and the local electric and magnetic fields of the immediate surrounding
host material. This implies that precise measurements of the local EFGs and the local
hyperfine magnetic field of the host material can be determined (see references [33–35]
for an overview). This allows for the study of the structural and electronic properties of
the host material applicable to the relevant fields of physics [36,37], chemistry [38], and
even biology [39]. One advantage of TDPAC spectroscopy is that it requires only parts per
billion number density of TDPAC probe atoms for effective characterization, keeping the
electronic structure of the host material virtually intact.

In a typical TDPAC experiment, a suitable TDPAC probe is introduced into a host
material. It can occupy an interstitial (in between the native ions in the lattice of the host ma-
terial) and/or substitutional (directly occupying the space in which the native ions should
sit) position, depending on the annealing conditions and probe-incorporation methods. The
typical TDPAC probe then undergoes a consecutive two-stage decay (Figure 1a); with each
stage of decay, a particular particle is released into the environment and then captured by
the relevant detectors for signal acquisition. In the intermediate state of the TDPAC probe,
which is defined as the state after the first-stage decay but before the second-stage decay,
its nuclear moments can be coupled to the surrounding local electric or magnetic fields of
the host material. This process can alter the direction of the emission of the gamma ray or
conversion electron associated with the second-stage decay relative to the first-stage decay.

For the more traditional gamma-gamma (γ−γ) TDPAC spectroscopy, γ rays of various
energies are released at each stage and acquired by the compatible photomultiplier tubes
of the detectors (Figure 1b). Both γ rays are associated with the consecutive de-excitation
of the nucleus of the TDPAC probe.
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Figure 1. (a) The relevant decay paths of 181Hf(181Ta), with the fractions representing the quantum
number of the total angular momentum I of the particular state. More details could be found in
reference [40]. (b) Emission spectrum of γ rays, with γ1 at 133 keV and γ2 at 482 keV. (c) Emis-
sion spectrum of electrons, in which we take the <L> shell with an average energy of 122 keV
(133 keV–11 keV) for e−γ TDPAC spectroscopy. Adapted with permission from Ref. [31] under the
Creative Commons Attribution 4.0 International License. Copyright 2019, Barbosa, M.B. et al.

ISOLDE-CERN [41] is equipped to perform electron-gamma (e−γ) TDPAC spec-
troscopy [42,43] with Siegbahn-type magnetic lenses [44] to detect the conversion electrons
arising from the first stage of the decay (Figure 1c), and the corresponding γ rays arising
from the second stage of 181Hf decay.

Thus, the subtle difference between γ−γ TDPAC spectroscopy and e−γ TDPAC spec-
troscopy comes from the change in the local electronic environment of the host material
around the vicinity of the implanted TDPAC probe after the first stage of decay. This is
especially applicable to e−γ TDPAC spectroscopy because, in the first-stage decay, the excited
nucleus interacts with specific inner-shell electron(s), resulting in the ejection of the given
electron from the TDPAC probe nucleus. This process is called “internal conversion” in the
literature, and the ejected electron is called a “conversion electron” (See left side of Figure 2).

In response to the vacancy left in the electronic inner shell of the TDPAC probe by the
conversion electron, an electron cascade (or recombination process) occurs, where electrons
from the higher-energy shells fill the lower-energy shells emitting characteristic X-rays,
Auger electrons, or both. The process of electron cascade terminates when the vacancy
(hole) induced by the ejection of the conversion electron is transferred to the valence shell
of the TDPAC probe and filled by “recombination electrons” provided by the host material
(See right side of Figure 2).

Figure 2. Schematic representation of electron cascade after ejection of conversion electron from
nuclear decay. Electrons from higher shells de-excite to fill the vacant lower-energy shells, emitting
either characteristic X-rays or Auger electrons or both. This process occurs on a time scale on the
order of picoseconds, which is three orders of magnitude faster than the nanosecond time resolution
of (181Hf→181Ta) TDPAC spectroscopy. The electron cascade ends once the vacancy induced by the
ejection of the conversion electron reaches the valence shell and is filled by recombination electrons
provided by the host material. If the electron recombination process occurs on a timescale greater than
nanoseconds, then the dynamic e−γ TDPAC signal differs from the γ−γ TDPAC signal. Reprinted
with permission from Ref. [31] under the Creative Commons Attribution 4.0 International License.
Copyright 2019, Barbosa, M.B. et al.
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For the first-stage process of an isomer probe in γ−γ TDPAC spectroscopy, the TDPAC
probe nucleus is de-excited, releasing γ rays of a specific energy that thus do not interact
with the electron shells of the TDPAC probe. This is not the case with probes decaying via
electron capture, such as 111In(111Cd). However, 181Hf decays via the beta-minus emission
to the 1/2+ excited nuclear level in 181Ta. This level has a half-life of 17.6 µs [45], which
is long enough for electronic rearrangements. Thus, no after-effects [46] from the primary
181Hf decay are expected in the subsequent TDPAC cascades proceeding via the 5/2+ state
with a 10.8 ns half-life (See Figure 1a for the 181Hf→181Ta decay path).

This scenario implies that if the electron recombination process is at least on the order
of the half-life t1/2 of the intermediate stage of the 181Hf(181Ta) probe or above, we should
observe, for e−γ TDPAC spectroscopy, a characteristic dynamic signal determined by
the hyperfine parameters that differs significantly from the characteristic signal of the
corresponding γ−γ TDPAC spectroscopy. Conversely, if the recombination process is
much less than t1/2 of the intermediate stage of the TDPAC probe, then both e−γ and γ−γ
TDPAC spectroscopy will produce the same hyperfine parameters.

The use of e−γ TDPAC spectroscopy dates back to the 1970s [47–50] with the ex-
perimental group HISKP from the University of Bonn. Their e−γ TDPAC spectrometer
was significantly upgraded later and brought to its full capacity at the Solid-State Physics
ISOLDE-CERN facility in the early 1990s [42–44]. Recent experiments using the modern
e−γ TDPAC spectrometer include a temperature- and “Si- and Zn-” dopant concentration-
dependent study on 181Ta(GaN) [31], which provides signals related to the recombination
process and with the help of simulations based on DFT. On this basis, researchers ascribe
this phenomenon to variable-range hopping in the low-temperature regime and thermally
mobile electrons (electrons in the conduction band) in the high-temperature regime.

Signals from bulk 181Ta(TiO2) γ−γ TDPAC spectroscopy (single crystal and polycrys-
talline) reveal only significant electric quadrupole interactions but not magnetic dipole
interactions. Sufficient annealing allows the detection of γ−γ TDPAC signals correspond-
ing to the presence of the EFGs of a single unique site (See Appendix A for more details).
Thus, we expect 181Ta(TiO2) e−γ TDPAC spectroscopy to produce a signal like that of EFGs
corresponding to a single unique site. The EFG magnitudes detected by 181Ta(TiO2) e−γ
TDPAC spectroscopy may differ from that detected by the corresponding γ−γ TDPAC
spectroscopy if the recombination time is on the order of the half-life t1/2 of the intermediate
stage of 181Ta. Otherwise, we would expect the same EFG magnitudes from both e−γ and
γ−γ TDPAC spectroscopy.

For 181Ta(TiO2) γ−γ TDPAC spectroscopy, the energy of the first (second) γ emission
(γ1 and γ2 emission) has an energy of 133 keV (482 keV). The perturbation angular correla-
tion function W(θ, t) that describes the time-dependent modification of the direction of the
γ2 emission with respect to that of the γ1 emission may be expressed as:

W(θ, t) = ∑kmax
k=0, even AkkGkk(t) Pk(cos θ), (1)

where Ak1k2 is the γ1−γ2 anisotropy term defined as Ak1k2 = Ak(γ1)Ak(γ2), with Ak(γ1)
and Ak(γ2) called the orientation and correlation anisotropy coefficients [35], θ is the angle
between the γ1 and γ2 emission, and Gkk(t) is the time-dependent perturbation factor
related to the internal dynamics of the 181Ta probe in the TiO2 environment and is not
related to the external angle θ. It is given explicitly in Equation (4) reference [35]. Finally,
Pk(x) is the Legendre polynomial of order k.

We used a four/six-detector setup with planar geometry, implying that each detector
forms a 90◦ angle to its adjacent neighbors. Therefore, the possible values of θ are 90◦ and
180◦. In a coincidence search, we can express the coincidence count rate N(θ, t) as

N(θ, t) = N0 exp
(
− t

τN

)
W(θ, t) + C, (2)
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where τN = (ln 2)/t1/2 is the lifetime of the intermediate state, N0 is the coincidence count
rate at t = 0, and C is a constant that describes a time-independent background count rate
that arises from random coincidences and is subtracted.

Note that (1) A0(γ1) = A0(γ2) = 1 and G00(t) = 1 and (2) the lower-order k terms
contribute much more than the higher-order k terms. Setting the cutoff at kmax = 2 gives
the following terms:

N(90◦, t) ≈ N0 exp
(
− t

τN

)(
1− 1

2
A22G22(t)

)
, (3)

(180◦, t) ≈ N0 exp
(
− t

τN

)
(1 + A22G22(t)). (4)

Thus, by combining Equations (3) and (4), we obtain the count rate ratio R(t) as

R(t) = 2
(

N(180◦, t)− N(90◦, t)
N(180◦, t) + 2N(90◦, t)

)
≈ A22G22(t). (5)

One implicit assumption in the derivation of Equation (5) is that the terms N(90◦, t)
and N(180◦, t) are the arithmetic mean of all the possible start-stop coincidences from the
different possible combinations of the detectors from the entire detector setup. For example,
in standard six-detector γ−γ TDPAC spectroscopy, one counts 24 unique 90◦ start-stop
coincidences and six unique 180◦ start-stop coincidences. In the standard four-detector
γ−γ TDPAC spectroscopy, one counts eight unique 90◦ start-stop coincidences and four
unique 180◦ start-stop coincidences.

However, in four-detector e−γ TDPAC spectroscopy, the electron detector only detects
conversion electrons and the γ ray detectors only detect γ rays. In addition, the detection
of the conversion electrons serves as the start signal, and the detection of the relevant
γ rays serves as the stop signal, so one counts only two unique 90◦ and 180◦ start-stop
coincidences each. This reduces the statistics of the e−γ TDPAC spectroscopy with respect
to its γ−γ cousin.

Given that the total angular momentum I of the intermediate state of the 181Ta probe is
5/2, a pure electric quadrupole interaction associated with the presence of non-zero EFGs
causes the intermediate state E0 to hyperfine split into three sub-energy levels denoted
E1/2, E3/2, E5/2. Reference [35] gives

E 5
2
= E0 − 2r cos

( ϕ

3

)
}ωQ, (6)

E 3
2
= E0 +

[
r cos

( ϕ

3

)
−
√

3r sin
( ϕ

3

)]
}ωQ, (7)

E 1
2
= E0 +

[
r cos

( ϕ

3

)
+
√

3r sin
( ϕ

3

)]
}ωQ. (8)

ϕ and the quadrupole frequency ωQ are given by

cos(ϕ) =
q
r3 , (9)

r = −
√
|p|, (10)

p = −28
(

1 +
η2

3

)
, (11)

q = −80
(

1− η2
)

, (12)

ωQ =
eQVzz

40} , (13)
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where Q is the quadrupole moment of the intermediate state of the 181Ta probe, which is
2.36(5) barns according to reference [51]. The EFGs of the local TiO2 environment that
surrounds the 181Ta probe can be expressed by using two independent parameters: the
largest magnitude of the EFGs, denoted Vzz, and the asymmetry parameter η ∈ [0, 1], which
is given as

η =

∣∣Vyy
∣∣− |Vxx|
|Vzz|

; |Vxx| ≤
∣∣Vyy

∣∣ ≤ |Vzz|. (14)

Thus, the perturbation function G22(t) is written as

G22(t) = s0(η, θ, ϕ) + ∑3
i=1 si(η, θ, ϕ) exp(−δωit) cos(ωit). (15)

All three precession frequencies ω1, ω2, ω3 depend on Vzz and η and are written as

ω1 = (E3/2 − E1/2)/} = −2
√

3r sin
( ϕ

3

)
ωQ, (16)

ω2 = (E5/2 − E3/2)/} = −
[
3r cos

( ϕ

3

)
−
√

3r sin
( ϕ

3

)]
ωQ, (17)

ω3 = (E5/2 − E1/2)/} = −
[
3r cos

( ϕ

3

)
+
√

3r sin
( ϕ

3

)]
ωQ. (18)

Also, si(η, θ, ϕ) are the coefficients that, for the polycrystalline case, depend only on
the asymmetry parameter η, and for the single crystal case, depend on both η and the
orientation of the Vzz with respect to the axes of the detector plane, and is represented
(in our experimental fitting) by two independent parameters of the spherical coordinate
system θ, ϕ [8,52]. s0(η, θ, ϕ) is often called the “hard-core value” in the literature. The
values for si(η, θ, ϕ) for a single crystal host material are derived in references [34,35].

In practice, we also define as follows the fundamental frequency ω0 that frequently
appears in the fitting parameters:

ω0 = 6ωQ. (19)

Experimentally, the lattice of the host material is not perfect, and the local environment
(and thus the EFGs) may differ slightly for different implanted probes. The degree of
difference between the EFG of different probes is described by the Lorentzian damping
factor δ, which causes the exponential damping of G22(t). In an ensemble of 181Ta probes
that contributes to G22(t), each of the individual precession frequencies follow a Lorentzian
distribution with the corresponding mean ωi. For a sufficiently annealed 181Ta(TiO2)
sample, we expect most implantation damage to be repaired, and thus that δ will be small.
This was demonstrated by Darriba et al. [8].

Therefore, the final equation of our experimental fit for 181Ta(TiO2) γ−γ TDPAC
spectroscopy is

R(t) ≈ A22

(
s0(η, θ, ϕ) + ∑3

i=1 si(η, θ, ϕ) exp(−δωit) cos(ωit)
)

. (20)

For 181Ta(TiO2) e−γ TDPAC spectroscopy, we must incorporate bk, the so-called
particle parameter correction factor, into Ak1k2 defined in Equation (1) [53,54]. Thus, the
equation used for our experimental fit is modified from Equation (20) into the following
similar form:

R(t) ≈ A′22

(
s0(η, θ, ϕ) + ∑3

i=1 si(η, θ, ϕ) exp(−δωit) cos(ωit)
)

; A′22 = b2 A22. (21)

3. Experimental Setup

3.1. Implantation of 181Hf Isotope at the Bonn Radioisotope Separator

The radioactive isotope 181Hf (half-life of 42.4 days) was produced by irradiating 1.5 mg
of hafnium oxide (HfO2) powder for 6 days in a thermal-neutron flux of 1015 n cm−2 s−1 in
the V4 beam tube of the high-flux reactor of Institut Laue-Langevin (ILL) in Grenoble, France.
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The 180Hf isotope in the hafnium oxide undergoes neutron capture [180Hf(n,γ)] to produce
the desired 181Hf isotope.

Single crystal rutile TiO2 substrates measuring 10 × 10 × 1.0 mm3 were commercially
purchased from Crystal GmbH in Germany [55] (See Figure 3 for a photograph of the
crystal(s)). The samples were then brought to the Bonn Radioisotope Separator, where a
long side of the sample was ion-implanted with 181Hf isotope at 80 keV and an incidence
angle of 10◦ with respect to the normal of the sample. The beam-sweeping technique was
employed, ensuring that the implanted face of the sample was homogeneously covered
with the implanted 181Hf isotope.

Figure 3. A photograph of both TiO2 samples after completion of the TDPAC spectroscopies, commer-
cially fabricated and purchased by Crystal GmbH [55]. Both samples are ion-implanted with 181Hf
isotope at 80 keV and were sufficiently annealed at a temperature of 873K in a vacuum for 5.25 h.

Technical details of the implantation process and the Bonn Radioisotope Separator are
available in references [13,56].

A quick and naive calculation of the stopping and range of ions in matter (SRIM) for
the implantation of 181Hf in rutile TiO2 using the stoichiometric composition and with
a density of 4.25 g/cm3 [57] reveals a peak of 233 Å with a standard deviation of 60 Å
(Figure 4). This implies that the 181Hf isotope is deeply embedded in the bulk region of the
rutile TiO2 substrate. Thus, short of thermal diffusion at sufficiently high temperatures, we
would expect our resulting TDPAC signals of 181Ta to probe the bulk region of TiO2.

Figure 4. Simulation of distribution of stopping range of implanted 181Hf isotope in rutile TiO2 using
SRIM 2013. We assume that rutile TiO2 has a density of 4.25 g/cm3 [57].
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3.2. Data Accquisition of 181Ta(TiO2) γ−γ and e−γ TDPAC Spectroscopy

The resulting samples were then safely transported to the SSP lab at ISOLDE, CERN,
where they were sufficiently annealed at a temperature of 873 K in a vacuum for 5.25 h to
repair the damage and the distortion to the TiO2 lattice caused by 181Hf-ion implantation
and to allow 181Hf to diffuse to a preferable site.

The samples were then analyzed by both γ−γ and e−γ TDPAC spectroscopies. For
the γ−γ TDPAC spectroscopy, six CeBr3 scintillators in the standard geometry [58] were
used in a coincidence setup of the 133−482 keV γ cascade of the 181Ta isotope (Figure 1a,b).

For the e−γ TDPAC spectroscopy, the coincidence setup consists of two electron
detectors and two γ-ray detectors. The electron detectors consist of magnetic lenses of the
Siegbahn type [43] that focus the 122 keV conversion electrons arising from the internal
conversion onto fast plastic scintillator detectors (Figure 1a,c). In contrast, the correspond-
ing γ-ray detectors consist of BaF2 scintillators that detect the 482 keV γ rays arising from
the decay of the 5/2+ level (Figure 1a,b). Note that due to the magnetic dispersive ele-
ments, the electron detectors have a better energy resolution than the corresponding γ-ray
detectors [43,44].

For e−γ TDPAC spectroscopy, we placed one such sample in the preferred Raghavan
geometry configuration [59], where the long side of the 181Ta(TiO2) sample (the 10 × 10 mm2

side) makes a 45◦ angle with the detectors in the x-y plane of the detector setup. Another
such sample was used for the γ−γ TDPAC spectroscopy. However, the sample could not
be mounted in the Raghavan geometry due to vertical constraints. Hence the sample was
additionally tilted at an angle with respect to the z-axis.

The corresponding raw TDPAC signals were then processed, first through InterludeTM [60]
to extract out R(t) and then through Gfit19 TM, which is a modified version of the NNfit TM

software package [61–63]. For the six-detector γ−γ TDPAC spectroscopy setup, we produce four
R(t) graphs, three of which correspond to the four-detector setup in the x-y, x-z, and y-z plane,
while the last R(t) graph corresponds to the full six-detector setup. With the four-detector e−γ
TDPAC spectroscopy setup, we produce only a single R(t) graph. Given that the concept of angles
is ill-defined for R(t) corresponding to the six-detector setup, we use the polycrystalline fit instead
of the single crystal fit, unlike the other R(t) graphs. In addition, we verified with Nightmare TM

that R(t) fits independently [64].
Based on private communication with Correia [53,54,65–68] and alongside the geome-

try of both our TDPAC setups, we use the following parameters for the effective Akk values
for the γ−γ TDPAC spectroscopy:

A22 = −0.2213, A24 = −0.0276, A42 = −0.1491, A44 = −0.0186 . (22)

For our e−γ TPDAC spectroscopy, we use

A22 = −0.3077, A24 = −0.0494, A42 = −0.0803, A44 = −0.0129. (23)

Finally, our time calibration is 0.101 ns/channel for our γ−γ TDPAC spectroscopy
and 0.195 ns/channel for our e−γ TDPAC spectroscopy.

3.3. X-ray Diffraction of the 181Ta(TiO2) Sample after the γ−γ and e−γ TDPAC Spectroscopy

After the completion of both 181Ta(TiO2) γ−γ and e−γ TDPAC spectroscopies, both
samples, as well as another fresh and commercially manufactured rutile TiO2 sample
bought from Crystals GmbH [55] (for reference), were sent to the University of São Paulo,
Brazil. X-ray diffraction (XRD) using the Empyrean diffractometer (Malvern Panalyti-
cal, [69]) was conducted on the samples to determine their global crystalline structure
unambiguously. We have also compared our diffractogram(s) to the corresponding results
produced in the paper of Guo et al. [70], in which the mentioned researchers fabricated
their own single crystal rutile TiO2 from powdered anatase TiO2 using the floating zone
method (See [71] for a detailed explanation of the floating zone method).
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In the Empyrean diffractometer, the crystal is, with its long side (the 10 × 10 mm2

side), placed face up in the goniometer and was subjected to a beam of X-rays (Kα, Kβ

lines) produced by the deceleration of the electrons in the copper plate target. The voltage
and current of the electrons are 45 kV and 40 mA. The sample is then rotated through
an angle of 5 to 80 degrees, with a step size of 0.013 degrees and a step time of 2 s.
X-rays (both background and crystal-reflected) in the direction of the angle are hence
captured by the detectors in the Empyrean diffractometer. To generate the diffractogram,
we subtract the background intensity (measurements with the absence of the crystal)
from the observed intensity, which is succinctly referred to as “Icalc” in the outputs of
the Empyrean diffractometer. Considering the kinetic energy of the electrons, and that
we are analyzing a commercially manufactured single crystal rutile TiO2, we expect our
diffractogram to mainly reflect a single dominant peak in a specified crystalline direction.

The peaks of the diffractogram are fitted with the corresponding analysis software
graciously provided onboard the Empyrean diffractometer, giving various information
such as the full width at half maximum (FWHM), crystalline size, and micro strain. With
this XRD analysis, we could investigate, in more detail, the effects of the implantation of
the 181Hf isotopes and the subsequent annealing with respect to our single crystal rutile
TiO2 sample.

As this discussion detracts us from the main TDPAC study, we would only mention
and validate the results of the XRD diffraction in the main section of the paper. More details
on the effects of ion implantation and thermal annealing are elaborated in Appendix A.

4. Results
4.1. γ−γ TDPAC Spectroscopy Setup

The left half of Figure 5 shows R(t) (blue data points) in different geometries after
the corresponding raw TDPAC signal was processed with Interlude. The right half of
Figure 5 shows the corresponding cosine fast Fourier transform (FFT), which displays
the frequencies ωi, i ∈ {1, 2, 3} that drive R(t) (Equation (20)), the peak amplitudes
[A22si(η), i ∈ {1, 2, 3}], and their spread (delta Lorentzian δ).

Information on the hyperfine parameters contained in R(t), along with the correspond-
ing FFT, are then extracted in the fitting process with Gfit19TM (red curves in Figure 5).

Figure 5. (left) R(t) graph and (right) corresponding FFT spectrum of the single γ−γ TDPAC
measurement of 181Ta(TiO2) with four possible geometries. The TDPAC probe used is 181Hf→181Ta,
with the raw TDPAC spectrum (from the coincidence searches on the detectors) processed and
converted into R(t) observables (see blue curves in R(t) and corresponding FFT graphs) by InterludeTM

(Equations (2)–(5)). The R(t) signals are then fit using the Gfit19TM program (see red curves in R(t)
and the corresponding FFT graphs). For clarity, we show only the first 50 ns on the R(t) graph because
shorter coincidence searches of γ−γ rays are less noisy and thus more statistically significant than
longer coincidence searches.
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The peaks of the FFT were marked with magenta arrows, with the values of the
hyperfine parameters and the relevant experimental information tabulated in Table 1.

Table 1. Table of fitted hyperfine and experimental parameters for the single γ−γ TDPAC mea-
surement of 181Ta(TiO2) with four possible geometries, as given by the Gfit19TM program. For the
individual values of Vzz, the fit uncertainty is separated into (a) the statistical uncertainty caused by
our instruments, and (b) the (dominant) systematic uncertainty of the quadrupole moment (±2.1%)
as quoted in reference [51]. Note (1) the large χ2 value of the six-detector measurement and (2) the
large multiplicative constant of the four-detector in the x-y plane TDPAC measurement vis-à-vis the
two other four-detector TDPAC measurements. The averaged values of ω0, η, and Vzz from the four
different geometries were calculated, with (in the case of Vzz, (c)) the uncertainty assigned the square
root of the sum of squares of their statistical uncertainty (in the case of Vzz, (a)).

Geometry
Fundamental

Frequency
ω0 (Mrad/s)

Asymmetry
Parameter η

Vzz
(1020 V/m2)

Delta
Lorentzian

δ (%)

Chi Squared
χ2 Theta θ (Deg) Phi φ

(Deg)
Multiplicative

Constant
Additive
Constant

Six-detectors 762.0 (4) 0.540 (1)
141.68
± 0.07 a

± 3.00 b
0.94 (5) 3.5 N.A. N.A. 0.692 (5) −0.1111

(4)

Four-detector
x-y plane 761.8 (2) 0.542 (1)

141.64
± 0.04 a

± 3.00 b
0.17 (3) 0.77 64.4 (5) 47.1 (3) 0.719 (5) −0.0817

(5)

Four-detector
x-z plane 761.9 (7) 0.545 (2)

141.7
± 0.1 a

± 3.0 b
0.49 (9) 0.79 28.6 (8) 45.8 (3) 0.314 (7) −0.1795

(5)

Four-detector
y-z plane 761.5 (6) 0.544 (2)

141.6
± 0.1 a

± 3.0 b
0.46 (8) 0.96 29.5 (7) 46.3 (4) 0.300 (6) −0.1843

(4)

Average 762 (1) 0.543 (3) 141.6
± 0.2 c N.A. N.A. N.A. N.A. N.A. N.A.

Vzz is written in a different convention because the error from the quadrupole moment
Q dominates the error for Vzz in Equation (13) by several orders of magnitude.

To compare with the e−γ TDPAC spectroscopy setup, we use averaged values for the
fundamental frequency ω0, the asymmetry parameter η, and the largest component of the
electric-field gradient Vzz arising from a set of single γ−γ TDPAC measurements in all four
geometries. The quoted uncertainty for the averaged hyperfine parameters is the square
root of the sum of squares of each of the measurement’s statistical uncertainty.

4.2. e−γ TDPAC Spectroscopy Setup

In fitting the R(t) spectrum from our e−γ TDPAC experiment, we realized that the
multiplicative constant does not deviate significantly from unity. Thus, we fixed the
multiplicative constant to unity. Since the R(t) signals are generated from the same sample
in a unique sample holder, they are expected to have the same additive constant if the
experimental setup is not altered or disturbed in any form. In the measurement process,
we changed the sample holder once, so R(t) signals 1–6 include the fixed additive constant
of 0.0187, while R(t) signals 7–13 include the fixed additive constant of 0.0085.

Note also that the angle θ is robust against fitting and does not deviate significantly
from zero (with the error included). Thus, for all R(t) signals, we use θ = 0◦.

Like Figure 5, the left halves of Figures 6 and 7 show R(t) (in blue) for different
geometries after the corresponding raw TDPAC signal was processed with Interlude. The
right halves of Figures 6 and 7 show the corresponding FFT, which displays the frequencies
ωi, i ∈ {1, 2, 3} that drive R(t) [as seen in Equation (21)], as well as their peak amplitudes
[A22si(η), i ∈ {1, 2, 3}] and their spread (delta Lorentzian δ). Information on the hyperfine
parameters contained in R(t) along with the corresponding FFT transform are then extracted
in the fitting process with Gfit19 (see red curves in Figures 6 and 7).
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Figure 6. (left) R(t) graph and (right) corresponding FFT spectrum of the first six of the 13 different
e−γ TDPAC measurements of 181Ta(TiO2). The additive constant is 0.0187. The TDPAC probe used
is 181Hf→181Ta, with the raw TDPAC spectrum (from the coincidence searches on the detectors)
processed and converted into R(t) observables [blue curves in the R(t) and the corresponding FFT
graphs] by InterludeTM [see Equations (2)–(5)]. The R(t) signals are then fit by using the Gfit19TM

program [see red curves in R(t) and the corresponding FFT graphs]. For clarity, we show only the
first 50 ns on the R(t) graph because shorter coincidence searches of e−γ rays are less noisy and thus
more statistically significant than longer coincidence searches.

Figure 7. (left) R(t) graph and (right) corresponding FFT spectrum of the latter seven of the set
of 13 different e−γ TDPAC measurements of 181Ta(TiO2). The additive constant is 0.0085. The
TDPAC probe used is 181Hf→181Ta, with the raw TDPAC spectrum (from the coincidence searches
on the detectors) processed and converted into R(t) observables [see blue curves in the R(t) and their
corresponding FFT graphs] by InterludeTM [see Equations (2)–(5)]. The R(t) signals are then fit by
using the Gfit19TM program [see red curves in R(t) and the corresponding FFT graphs]. For clarity,
we show only the first 50 ns on the R(t) graph because shorter coincidence searches of e−γ rays are
less noisy and thus more statistically significant than longer coincidence searches.

The peaks of the FFT were marked with magenta arrows, with the values of the
hyperfine parameters and the relevant experimental information tabulated in Table 2.
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Table 2. Table of fitted hyperfine and experimental parameters for the set of 13 different e−γ TDPAC
measurements of 181Ta(TiO2), returned by the Gfit19TM program. For the individual values of Vzz,
the fit uncertainty is separated into (a) the statistical uncertainty caused by our instruments, and (b)
the (dominant) systematic uncertainty of the quadrupole moment (±2.1%) as quoted in reference [51].
Compared with the single γ−γ TDPAC measurement of 181Ta(TiO2) with four different geometries
(Table 1), the multiplicative constant and additive constant of this set of e−γ TDPAC measurements
is fixed at 1 and 0.0187 or 0.0085, respectively. The averaged values of ω0, η, and Vzz from this set of
e−γ TDPAC measurements were calculated, with (in the case of Vzz, (c)) the uncertainty assigned
the square root of the sum of squares of their statistical uncertainty (in the case of Vzz, (a)). (d) The
averaged δ is written in this form, as its uncertainty exceeds its value.

R(t)
Signal

Fundamental
Frequency ω0

(Mrad/s)

Asymmetry
Parameter η

Vzz (1020 V/m2) Delta
Lorentzian δ (%) Chi Squared χ2 Phi φ (Deg) Additive

Constant (Fixed)

1 765.0 (5) 0.549 (3) 142.23 ± 0.09 a

± 3.01 b 0.03 (6) 0.72 37.8 (4) 0.0187

2 765.6 (3) 0.546 (2) 142.35 ± 0.06 a

± 3.02 b 0.04 (6) 0.99 37.9 (2) 0.0187

3 765.6 (3) 0.546 (2) 142.35 ± 0.06 a

± 3.02 b 0.04 (6) 0.99 37.9 (2) 0.0187

4 764.4 (3) 0.543 (2) 142.12 ± 0.06 a

± 3.01 b 0.02 (2) 0.89 37.5 (2) 0.0187

5 764.4 (3) 0.543 (2) 142.12 ± 0.06 a

± 3.01 b 0.02 (2) 0.89 37.5 (2) 0.0187

6 764.4 (3) 0.543 (2) 142.12 ± 0.06 a

± 3.01 b 0.02 (2) 0.89 37.5 (2) 0.0187

7 763.8 (7) 0.536 (4) 142.0 ± 0.1 a

± 3.0 b 0.04 (9) 0.73 38.6 (5) 0.0085

8 764.6 (4) 0.539 (2) 142.17 ± 0.08 a

± 3.01 b 0.09 (6) 0.85 38.8 (3) 0.0085

9 764.6 (4) 0.539 (2) 142.17 ± 0.08 a

± 3.01 b 0.09 (6) 0.85 38.8 (3) 0.0085

10 765 (1) 0.552 (5) 142.2 ± 0.2 a

± 3.0 b 0.07 (1) 0.60 37.2 (7) 0.0085

11 765 (1) 0.552 (5) 142.2 ± 0.2 a

± 3.0 b 0.07 (1) 0.60 37.2 (7) 0.0085

12 765.1 (5) 0.544 (3) 142.3 ± 0.1 a

± 3.0 b 0.06 (7) 0.71 36.3 (3) 0.0085

13 765.1 (5) 0.544 (3) 142.3 ± 0.1 a

± 3.0 b 0.06 (7) 0.71 36.3 (3) 0.0085

Average 765 (2) 0.54 (1) 142.2 ± 0.4 c 0.05 ± 0.19 d N.A. 38 (1) 0.0085

We compute the average and the standard deviation of the hyperfine parameters of
this set of e−γ TDPAC measurements, which are given in the final row of Table 2. The
quoted uncertainty for the averaged hyperfine parameters is the square root of the sum of
squares of each measurement’s statistical uncertainty.

4.3. X-ray Diffraction of the 181Ta(TiO2) Sample after the γ−γ and e−γ TDPAC Spectroscopy

Figure 8 shows the XRD diffractogram of both our (80 keV ion-implanted 181Hf
complimented with 5.25 h of thermal annealing) TiO2 samples alongside a corresponding
reference sample (fresh sample from Crystals GmbH [55]) for comparison. Note that on the
left side of the graphs, we show a log-10 plot of the intensity (“Icalc”) between 0–80◦, and
on the right-hand side, we show a linear plot of the intensity between 38–40◦. We present
the graphs in this way as (1) the peaks in the domain of 39–40◦ dominate all other peaks
and (2) to allow for the visualization of the successful resolution of the two most dominant
peaks as shown in the right-sided graphs contained in Figure 8.
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For ease of comparison, at the bottom of Figure 8, we present 2 corresponding graphs
in which all 3 diffractograms are normalized (with respect to the highest recorded intensity
for each diffractogram) and plotted in the same window(s).

Figure 8. Top graph: The XRD diffractogram of a freshly fabricated TiO2 sample from Crystal
GmbH [55]. Next two graphs: The XRD diffractogram of our (80 keV ion-implanted 181Hf compli-
mented with sufficient thermal annealing) TiO2 sample, measured after our TDPAC measurements.
Bottom graph: the combined XRD diffractogram of the 3 abovementioned samples, with each corre-
sponding intensity normalized concerning their individual highest recorded intensity. The left side of
the graphs is presented as the log-10 plot of the measured intensity (counts) against the diffraction
angle from 0–80◦. For the top 3 graphs on the left side, the intensity starts from 1 × 10−2, while for
the bottom graph (on the left side), it starts from 1 × 10−4. The right side of the graphs is presented as
the linear plot of the measured intensity (counts) against the restricted domain of the diffraction angle
from 38–40◦. In all the right-sided graphs, the intensity starts from 0. We present the results of our
XRD diffractions in this manner as: (a) the peaks in the domain of 39–40◦ dominate all other peaks
and (b) to allow for the visualization of the successful resolution of the two most dominant peaks.

Table 3 shows the 2 most dominant peaks (right side of Figure 8) produced by the
analysis software (that comes complimentary to the Empyrean diffractometer), alongside
the corresponding information (d-spacing, full width at half maximum [FWHM], crystalline
size, and micro-strain).

Table 3. The relevant parameters of the fit produced by Empyrean diffractometer’s complimentary
analysis software. We note here that the splitting between the two peaks in the same sample is on the
order of 0.1◦, and there is a systematic shift of the two most dominant peaks across all 3 samples, within
a small range of 0.22◦. This shift could be attributed to the individual micro-stress of each sample.

Sample and Peak Number Angle 2θ
(2 × Deg)

d-Spacing
(Angstrom)

Observed
Intensity
(Counts)

FWHM
(2 × Deg)

Background
Intensity
(Counts)

Crystallite Size
(Angstrom) Micro-Strain (%)

Reference Sample, Peak 1 39.4731 2.28104 1,264,663 0.0468 4616.40 29,652 0.003846

Reference Sample, Peak 2 39.5760 2.28100 612,150 0.0468 4647.93 29,735 0.003846

Sample 1, Peak 1 39.6912 2.26901 152,133 0.0624 1421.86 29,672 0.003823

Sample 1, Peak 2 39.7943 2.26900 76,443 0.0468 1427.01 29,756 0.003813

Sample 2, Peak 1 39.5332 2.27771 378,807 0.0468 2202.72 29,658 0.003840

Sample 2, Peak 2 39.6359 2.27769 182,428 0.0468 2227.21 29,741 0.003829
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We note that up to a systematic shift of 0.22◦, all 3 samples exhibit the same double
peaks, and within the same sample, the split between the two peaks is in the order of 0.1◦.
The ratio of the intensity between the left peak and the right peak is 2.07 for the reference
sample, 1.99 for our first sample, and 2.08 for our second sample.

5. Discussion
5.1. γ−γ TDPAC Spectroscopy Setup

Table 1 shows that the multiplicative constant for the y-z and x-z plane measurements
of the four-detector γ−γ TDPAC spectroscopy is less than half of the multiplicative constant
of the x-y plane. This suggests qualitatively that the effective anisotropy constant Akk of the
y-z and x-z plane geometry is much less than that of the x-y plane. This may be attributed
to the reduced solid angle of the detectors lying on the z axis, which in turn is because the
distance between the sample and the z-axis detectors is greater than the distances between
the sample and the x- and y-axis detectors.

This result implies that, in the analysis of the full six-detector R(t) spectra, the signal
from the x-y plane is more pronounced than that of the x-z or y-z plane. This would
invalidate the assumption of random distribution of the size and direction of the individual
crystallites as per the definition of a polycrystalline solid. Thus, the high χ2 of the six-
detector is expected from the relative ill-fitting.

From geometric considerations of the three planes in the four-detector measurements,
as elaborated in Appendix B, we note that∣∣θx−y

∣∣+ |θx−z| =
∣∣θx−y

∣∣+ ∣∣θy−z
∣∣ = 90◦,∣∣ϕx−y

∣∣+ |ϕx−z| =
∣∣ϕx−y

∣∣+ ∣∣ϕy−z
∣∣ = 90◦.

Experimentally, we have ∣∣θx−y
∣∣+ |θx−z| = 93.0(9)◦,∣∣θx−y
∣∣+ |θx−z| = 93.9(9)◦,∣∣ϕx−y
∣∣+ |ϕx−z| = 92.9(4)◦,∣∣ϕx−y
∣∣+ ∣∣ϕy−z

∣∣ = 93.4(5)◦.

In our derivation based on geometric considerations, we assume that the crystal is an
infinitely thin sheet centered in the middle of the detector setup. The small offset of the
angles from the expected values may be attributed to (1) the sample not being a perfect
single crystal; (2) the crystal not being infinitesimally thin, so the average depth of the
implantation may vary statistically; and (3) the 181Ta implantation being done only on one
long side of the sample, as discussed in the experimental setup section of the paper.

Regardless, note that the effective anisotropy constant Akk and the angles θ and ϕ only
affect the amplitude of the individual cosine components of R(t) but not the delta Lorentzian
δ or the individual frequencies ωi, i ∈ {1, 2, 3} (Equations (20,21)). Consequently, Figure 5
shows that R(t) from the different geometrical setups exhibits roughly the same FFT peaks
ωi, i ∈ {1, 2, 3}. Based on Equations (16–20), this implies that quantitatively, both the
measured fundamental frequencies ω0 and the largest-magnitude EFG Vzz must be robust
against the R(t) from the different geometrical setups.

5.2. e−γ TDPAC Spectroscopy Setup Compared with γ−γ TDPAC Spectroscopy Setup

Comparing R(t) acquired by the γ−γ TDPAC spectroscopy setup (see Figure 5) with
R(t) acquired by the e−γ TDPAC spectroscopy setup (Figures 6 and 7) shows that the
periodicity of the γ−γ R(t) signals are roughly twice that of the e−γ R(t) signals. This effect
is qualitatively shown in Figure 9, which compares R(t) between the x-y plane of the γ−γ
TDPAC spectroscopy setup with R(t) from sample 8 of the e−γ TDPAC spectroscopy setup.
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Figure 9. R(t) (with the same scale) between the x-y plane of γ−γ TDPAC spectroscopy setup
(lower panel, data points are green dots, and fit is the magenta line) compared with R(t) from
sample 8 of e−γ TDPAC spectroscopy setup (upper panel, data points are blue dots and fit is red
line). Due to the difference in time calibration (0.101 ns/channel for γ−γ TDPAC spectroscopy and
0.195 ns/channel for e−γ TDPAC spectroscopy), the periodicity of the γ−γ R(t) is roughly twice that
of the e−γ R(t). Nevertheless, from the Gfit19TM fitting process, the average fundamental frequencies
and the asymmetry parameters for the γ−γ TDPAC spectroscopy setup [762(1) Mrad/s, 0.543(3)] are
close to those of the e−γ TDPAC spectroscopy setup [765(2) Mrad/s, 0.54(1)].

This discrepancy is attributed to the difference in the time calibration (0.101 ns/channel
for the γ−γ TDPAC spectroscopy and 0.195 ns/channel for the e−γ TDPAC spectroscopy).
Given that the Gfit19TM fitting process considers the time calibration for each TDPAC
spectroscopy setup as a parameter, we note that the average fundamental frequencies and
the asymmetry parameters for the γ−γ TDPAC spectroscopy setup (762(1) Mrad/s, 0.543(3),
[Table 1]) lie very close to those of the e−γ TDPAC spectroscopy setup (765(2) Mrad/s,
0.54(1), [Table 2]).

After correcting for the quadrupole moment of 181Ta according to reference [51], Vzz
(and ω0 in extension) obtained from both our γ−γ and e−γ 181Ta(TiO2) TDPAC spec-
troscopies are consistent with published values up to an order of magnitude, and our
asymmetry parameter η is consistent with the quoted values up to 0.05. This is shown in
Table 4 in numerical details of the relevant hyperfine parameters and Figures 10 and 11 for
the corresponding graphical outputs for the values of Vzz and η, respectively.

These results show that the hyperfine parameters determined from the 181Ta(TiO2)
γ−γ and e−γ TDPAC experiments are consistent with the literature values for the corre-
sponding 181Ta(TiO2) γ−γ TDPAC results.

Following the understanding of the electron-recombination process (see Figure 2 and
Section 2), we conclude that the timescale of the electron-recombination process is at least
one order of magnitude faster than nanoseconds, which is the timescale of the second-stage
decay (10.8 ns) of the 181Hf→181Ta probe nucleus. This also implies that we cannot detect
the recombination process with our present setup for 181Ta(TiO2) e−γ TDPAC spectroscopy.

This is consistent with the implications of the findings with regards to the Femtosecond
Time Resolved Spectroscopy conducted by a group from the KAUST Solar Centre, in which
an induced hole (as an electron trap) in the bulk rutile TiO2 will capture an electron in the
order of picoseconds [22].



Crystals 2022, 12, 946 18 of 31

Table 4. Published literature values (after correcting for the quadrupole moment of 181Ta according
to reference [51]) of the relevant hyperfine parameters for the 181Ta(TiO2) γ−γ TDPAC spectroscopy
compared with the hyperfine parameters obtained from our γ−γ and e−γ experiments. We note that
across all the papers mentioned below, they did not consider the dominant systematic uncertainty
of the quadrupole moment as quoted in reference [51]. Hence, for our values, we only consider
the statistical uncertainty caused by our instruments. Note that (a) Martucci et al. did not include
the uncertainty in their report, (b) they mentioned that their asymmetry parameters agree with
the reference [10], (c) they also mentioned that discrepancy of Vzz of their sample 4 concerning the
literature values is due to the presence of the fluorine atoms (A byproduct caused by their preparation
method) near the 181Ta probe, and (d) the averaged δ is written in this form, as its uncertainty exceeds
its value.

Paper Vzz (1020 V/m2) Asymmetry
Parameter η

Delta Lorentzian δ (%) Crystal Type Sample Preparation Reference

James 1994 141.6 (7) 0.57 (1) ≈0.01 Polycrystal Thermal Annealing at 1570 K
for several hrs [7]

Darriba 2011 143.2 (7) 0.555 (8) 0.4 (2) Single Crystal Thermal Annealing at 1073 K
for 6 h [8]

Banerjee 2016 141.9 (2) 0.56 (1) 0.6 (1) Polycrystal Thermal Annealing at 1273 K
for 10 h [11]

Satyendra 2009 145 (1) 0.56 (1) Unknown Polycrystal Thermal Annealing at 1273 K
for 10 h [9]

Banerjee 2010 {S4} 149.5 (8) 0.51 (1) 5.2 (5) Polycrystal Thermal Annealing at 1123 K
for 4 h [10]

Banerjee 2010 {S7} 145.6 (1) 0.55 (1) 1.0 (1) Polycrystal
Thermal Annealing Anatase

TiO2 at 1223 K for 8 h
(Convert to Rutile TiO2)

[10]

Martucci 2011 {3} 142.06 a 0.55 a,b Unknown Polycrystal

Thermal Annealing Anatase
TiO2 at 973 K for 10 h under

Nitrogen
(Convert to Rutile TiO2)

[15]

Martucci 2011 {4} 139.00 c 0.55 a,b Unknown Polycrystal

Thermal Annealing Anatase
TiO2 at 1223 K for 10 h under

Nitrogen
(Convert to Rutile TiO2)

[15]

This study (γ–γ) 141.6 (2) 0.543 (3) N.A. Single Crystal Thermal Annealing at 873 K
for 5.25 h N.A.

This study (e–γ) 142.2 (4) 0.54 (1) 0.05 ± 0.19 d Single Crystal Thermal Annealing at 873 K
for 5.25 h N.A.

Figure 10. The values of Vzz obtained from our γ−γ and e−γ experiments are visually compared
with accepted literature values from Table 4.
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Figure 11. The values of η obtained from our γ−γ and e−γ experiments are visually compared with
accepted literature values from Table 4.

5.3. X-ray Diffraction of the 181Ta(TiO2) Sample after the γ−γ and e−γ TDPAC Spectroscopy

From the results in Table 3, we can see that up to a systematic shift of 0.22◦, the
corresponding peaks of our (80 keV 181Hf ion-implanted and complimented with sufficient
thermal annealing) TiO2, as well as the reference sample, agree with each other. The cause of
such a systematic shift could be due to the individual micro-stress of each sample. We also
note that the X-rays produced from the Empyrean diffractometer are not monochromatic,
which explains the double peaks observed on the right side of Figure 8. We especially
note that the micro-strain of our samples, along with the reference, is about 0.0038%,
which is very low. The micro-strain is a measure of the amorphization of a solid sample,
and thus, both our TiO2 samples, as well as the reference, could be said to exhibit single
crystal-like properties.

The presence of the other small peaks, as seen on the left side of Figure 8, could be
attributed to the existence of the oxygen vacancies (see Section 1.2). We make no further
attempts to characterize these peaks at the time of dissemination, as our main result is on the
TDPAC study of (181Ta)TiO2. Our 181Ta probe (which sits on a well-defined Ti-substitutional
site) does not explicitly detect such oxygen deficiencies.

The dominant peaks in our result correspond to the (200) Miller index direction of
the rutile TiO2 (regarding the polycrystalline rutile TiO2 sample taken from the RRUFF™
Project website [72,73]).

In addition to our reference sample, we refer to a paper by Guo et al. [70], in which
they have fabricated their own single crystal rutile TiO2, and their corresponding X-ray
diffractograms have revealed a similar (single peak-like) behavior. The position of their
peaks and sample preparation are elaborated in Table 5 below.

From the information obtained in the XRD diffraction of our TiO2 sample, we can
conclude that the treatment of our parts per billion 181Hf ion-implanted TiO2 sample, compli-
mented with 5 hr 15 min of thermal annealing at 873K, does not significantly alter its global
structure, as the low value of the micro-strain shows in all 3 of our XRD diffractograms.
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Table 5. An XRD comparison of the 2 dominant peaks of our single crystal rutile TiO2 samples to the
(1) reference sample produced by Crystal GmbH [55] and (2) the samples produced via the floating
zone method as described in the paper of Guo et al. [70]. We note that in their corresponding XRD
diffractogram (Figure 2 of [70]), regardless of the direction of the cut, we could see multiple small
peaks that are too fine to be distinguished with their domain of 20–50◦, like our case as seen in
Figure 8, in which we must restrict our domain from 0–80◦ to 38–40◦ to allow for sufficient resolution.
(a) The peak identification of the Miller indices for our samples (and the reference sample) concerns
reference [72]. For samples from paper [70], the peaks are already identified in the corresponding
paper and cross-verified with reference [72].

Sample and Peak Number Angle 2θ
(2 × Deg)

Peak Identity
(Miller Indices) a Sample Preparation

Sample from [70], cut along an
arbitrary direction. 62.6 (002) Sample is produced in the laboratory setting via the floating zone method.

The resulting sample is then cut into 5 × 2 mm2 thin slices alongside an
arbitrary direction and the direction of the crystal growth, respectively.Sample from [70], cut

perpendicular to the c-axis. 27.5 (110)

Reference Sample, Peak 1. 39.5
(200) Sample (10 × 10 × 1.0 mm3) is commercially manufactured by Crystal

GmbH [55]. XRD measurement is conducted face-(10 × 1.0 mm2) side up.Reference Sample, Peak 2. 39.6

Sample 1, Peak 1, This study. 39.7

(200)
Sample (10 × 10 × 1.0 mm3) is commercially manufactured by Crystal
GmbH [55], then 80 keV 181Hf ion-implanted and thermally annealed at 873
K for 5.25 h. XRD measurement is conducted face-(10 × 1.0 mm2) side up.

Sample 1, Peak 2, This study. 39.8

Sample 2, Peak 1, This study. 39.5

Sample 2, Peak 2, This study. 39.6

6. Conclusions and Future Works

We use 181Ta(TiO2) e−γ TDPAC spectroscopy in combination with 181Ta(TiO2) γ−γ
TDPAC spectroscopy to obtain a wealth of information on TiO2, which is a prominent
industrial compound. Although both spectroscopies appear the same at first glance, subtle
differences appear in the first stage of the two-stage decay that highlights how e−γ TDPAC
spectroscopy is complementary to γ−γ TDPAC spectroscopy. In particular, for γ−γ TDPAC
spectroscopy, the starting 181Ta nucleus does not interact with its electron cloud, leading
to a direct de-excitation. This contrasts with e−γ TDPAC spectroscopy, where the 181Ta
nucleus interacts with some of its electron shells, leading to the ejection of the conversion
electron. This subtle difference permits the dynamic observation of the recombination
process, a multistep process where the electrons provided by the host material fill the hole
left by the expelled conversion electron.

The hyperfine parameters obtained from 181Ta(TiO2) e−γ TDPAC spectroscopy are
consistent with those obtained from γ−γ TDPAC spectroscopy, which suggests that the
electron-recombination process is at least an order of magnitude less than 10 nanoseconds
and thus could not be detected with our current setup. This compliments the recent results
and implications of a group from the KAUST Solar Centre [22], in which an induced hole
in bulk rutile will capture an electron in the order of picoseconds.

Upon reviewing the literature on 181Ta(TiO2) γ−γ TDPAC spectroscopy, we realized
the dearth of information pertaining to the hyperfine parameters in the low-temperature
regime (0–500 K). References [7,8] assume that Vzz is linear in temperature, which we wish
to test with our e−γ TDPAC spectroscopy setup.
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Appendix A. A Discussion on Ion Implantation Damage to Our TiO2 Sample

Appendix A.1. Literature Review of Ion Implantation Damage to the Host Semiconductor

While this paper mainly centers on the comparison between theγ−γ and e−γ 181Ta(TiO2)
TDPAC signal acquired from the well-defined substitutional site of 181Ta probes in the TiO2
matrix, some questions may arise pertaining to the effect of the ion implantation of the 80 keV
181Hf isotope on the lattice structure of the single crystal TiO2. In particular, readers might
want to understand the extent of thermal annealing after the ion implantation, which is said
to restore the lattice structure of TiO2 (now implanted with 181Hf→181Ta probe at parts per
billion number density).

In the review paper “Ion implantation in Semiconductors, Part 1” by Gibbons [74], the
contribution to the stopping range of the implanted ions comes from both the individual
stopping power of the nuclei and the electron cloud of the atoms in the single crystal
semiconductor such as silicon and in our case, TiO2. Models such as the LSS theory and the
Lindhard model were elaborated on in detail, and comparisons between experiments and
theory (particularly the range distribution of implanted ions in single crystal silicon) were
also discussed. It was found that the Lindhard model qualitatively agrees with the stopping
range of 32P implanted ions in single crystal silicon in the range of 400 to 1200 Å, with the
direction of the incident ion beam parallel to the major crystal axis of single crystal silicon.

As discussed in Section 3 of this paper, we used SRIM 2013, which uses the Monte
Carlo method [75] (effectively the assumption of binary collision approximation) with
the random sampling (layer and type of atom/ion, respecting the stoichiometric ratio
of the atoms/ions in the target material) of the impact parameters of the next atom/ion
in the target material (layer and type, with the probability distribution respecting the
stoichiometric ratio of the atoms/ions in the target material).

Four years later, in the subsequent review paper “Ion implantation in Semiconductors,
Part 2” by Gibbons [76], efforts to understand the type of damage to the lattice structure of
the semiconductor, and its rejuvenation by sufficient thermal annealing, were discussed.
Using silicon as his choice semiconductor, he mentioned that if the energy (after a series of
prior collisions) of the incoming implanted ion is higher than the displacement threshold
energy (defined as the energy needed to break the bonds of a said native ion from its
nearest neighbors in the lattice of the host material) of that said native ion, the native
atom will be displaced from the lattice site. Furthermore, the mentioned displaced native
ions could be considered a second projectile, which will cause more collisions with other
native ions of the host material. This causes the formation of what are commonly termed
“damage clusters”.

https://doi.org/10.5281/zenodo.6789196
https://doi.org/10.5281/zenodo.6789196


Crystals 2022, 12, 946 22 of 31

A library of the type of damage to the lattice structure of the host material is discussed,
mainly (1) The Frankel defect (removing a native ion from its lattice site and placing it in
a nearby interstitial position). (2) The location of the implanted ion in the host material,
be it substitutional or interstitial. (3) Dislocation lines and loops, which are caused by the
clustering of the point (Frankel) defects onto a lattice plane, were also discussed in detail.
(4) Vacancy and interstitial platelets (caused by the agglomeration of the vacant lattice
site and the interstitial ions, respectively) were also mentioned. It serves as a site for the
adsorption of “wrongly-sized” implanted ions in the host material.

Furthermore, Gibbons separated cases of damage caused by heavy, intermediate, and
light ions. Since 181Hf is a very heavy ion (its atomic weight is more than 3 times the
corresponding native Ti ion in our single crystal TiO2), we would focus on the case of
heavy ions.

Gibbons mentioned that heavy ions implanted into a non-channeling direction in sin-
gle crystal silicon will produce heavily disordered damage clusters that contain both simple
Frankel defects and sparse areas with their properties being more like a polycrystalline
solid. Furthermore, if the dose of the implanted ion is large enough, then the single crystal
silicon can be made polycrystalline.

Gibbons has also provided many experiments targeted at the understanding of the
annealing process of the damaged silicon caused by the ion implantation process, over
varying implantation energies, and the type of implanted ion. Of particular interest to this
study is that if the silicon is made polycrystalline from the surface to a certain depth caused
by the path of the implanted ion, then thermal annealing of 30 min with a temperature of
923 K in the air will make the silicon roughly single crystal again, though with micro twins
and stacking faults. However, dislocation loops and lines will still exist unless the silicon is
subjected to further annealing for several hours at a temperature of 1273 K in a vacuum.
Vacancy platelets will degrade into dislocation loops under thermal annealing of 30 min at
a temperature of 873 K.

Appendix A.2. Discussion Pertaining to the Degree of Annealing, with Relevant TDPAC
Results Attached

From the literature, since our dose of implanted ions is low (part per billion number
density) and our implanted ion is heavy, we would expect to see some damage clusters that
behave like a polycrystalline solid, with a moderate amount of Frankel defects. It remains
to see the statistical distribution of the sites (interstitial/substitutional) of our implanted
181Hf probes, along with the degree of damage to the local environment (caused by the
implantation) around the different substitutional 181Hf probes.

Unfortunately, we could not obtain the XRD results of our single crystal TiO2 right after
implantation. However, throughout this study, we have acquired e−γ TDPAC signals cor-
responding to the unannealed case (termed “U_”) and the case where our 181Hf-implanted
single crystal TiO2 was subjected to 30-min annealing at a temperature of 873 K in vacuum
(termed “A_”). The values of the hyperfine parameters and the relevant experimental
information are collected in Tables A1 and A2 below, with the corresponding R(t) and FFT
graphs visualized in Figure A1. As a reminder, our main result was the case where our
181Hf-implanted single crystal TiO2 was treated to 5.25-h annealing at a temperature of
873K in a vacuum.

We note that we performed the R(t) fit (Equation (21)) of our processed TDPAC
signal corresponding to the single site Ti-substitutional occupation of the 181Ta probes and
have made no attempt to identify the fraction of the 181Ta probes located on those highly
preferred sites. This does not preclude the possibility of a certain fraction of 181Ta probes
located at other (interstitial) sites.
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Table A1. Table of fitted hyperfine and experimental parameters for this set of 3 different e−γ TDPAC
measurements of 181Ta(TiO2), returned by the Gfit19TM program. It is noted that this set contains
e−γ TDPAC signals corresponding to the unannealed case (Termed “U_”). For the individual values
of Vzz, the fit uncertainty is separated into (a) the statistical uncertainty caused by our instruments,
and (b) the (dominant) systematic uncertainty of the quadrupole moment (±2.1%) as quoted in
reference [51]. The multiplicative constant of this set of e−γ TDPAC measurements is fixed at 1.
The averaged values of ω0, η, and Vzz from this set of e−γ TDPAC measurements were calculated,
with (in the case of Vzz, (c)) the uncertainty assigned the square root of the sum of squares of their
statistical uncertainty (in the case of Vzz, (a)).

R(t) Signal
Fundamental

Frequency
ω0 (Mrad/s)

Asymmetry
Parameter η

Vzz
(1020 V/m2)

Delta
Lorentzian δ

(%)

Chi Squared
χ2

Theta θ
(deg)

Phi φ
(deg)

Additive
Constant

U_1 763 (4) 0.53 (1) 142.0 ± 0.7 a

± 3.0 b 6.6 (7) 0.98 0 (6) 37.8 (4) −0.018 (2)

U_2 766.31 (7) 0.525 (7) 142.48 ± 0.01 a

± 3.02 b 6.0 (2) 1.20 0.0 (4) 37.9 (2) −0.005 (1)

U_3 759.7 (1) 0.519 (4) 141.255 ± 0.002 a

± 2.993 b 6.0 (2) 1.40 0 (2) 37.9 (2) −0.000 (1)

Average 763 (4) 0.53 (1) 141.9 ± 0.7 c 6.2 (8) N.A. N.A. N.A. N.A.

Table A2. Table of fitted hyperfine and experimental parameters for this set of 5 different e−γ
TDPAC measurements of 181Ta(TiO2), returned by the Gfit19TM program. It is noted that this set
contains e−γ TDPAC signals corresponding to the case where our 181Hf-implanted single crystal
TiO2 was subjected to 30-min annealing at a temperature of 873 K in a vacuum (Termed “A_”). For the
individual values of Vzz, the fit uncertainty is separated into (a) the statistical uncertainty caused by
our instruments, and (b) the (dominant) systematic uncertainty of the quadrupole moment (±2.1%) as
quoted in reference [51]. The multiplicative constant and additive constant of this set of e−γ TDPAC
measurements is fixed at 1 and −0.0398, respectively. The averaged values of ω0, η, and Vzz from
this set of e−γ TDPAC measurements were calculated, with (in the case of Vzz, (c)) the uncertainty
assigned the square root of the sum of squares of their statistical uncertainty (in the case of Vzz, (a)).

R(t) Signal
Fundamental

Frequency
ω0 (Mrad/s)

Asymmetry
Parameter η

Vzz
(1020 V/m2)

Delta
Lorentzian δ

(%)

Chi Squared
χ2

Theta θ
(Deg) Phi φ (Deg)

Additive
Constant
(Fixed)

A_1 762 (2) 0.548 (4) 141.6 ± 0.4 a

± 3.0 b 1.1 (3) 0.83 45 (3) 58.8 (7) −0.0398

A_2 760 (2) 0.548 (4) 142.3 ± 0.3 a

± 3.0 b 1.0 (2) 0.83 43 (3) 57.9 (6) −0.0398

A_3 763.0 (8) 0.543 (2) 141.9 ± 0.2 a

± 3.0 b 0.9 (1) 0.94 45 (1) 58.5 (3) −0.0398

A_4 762.9 (5) 0.543 (1) 141.85 ± 0.09 a

± 3.01 b 0.95 (7) 1.30 45.7 (8) 58.5 (2) −0.0398

A_5 762.4 (5) 0.543 (1) 141.75 ± 0.09 a

± 3.00 b 1.04 (7) 1.37 45.9 (8) 58.4 (2) −0.0398

Average 762 (3) 0.545 (6) 141.07 ± 0.5 c 1.0 (4) N.A. N.A. N.A. N.A.
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Figure A1. (left) R(t) graph and (right) corresponding FFT spectrum of 2 sets totaling 8 different
e−γ TDPAC measurements of 181Ta(TiO2). The additive constant for set “U_” (Unannealed) varies
for all 3 members. The additive constant for set “A_” (30 min annealing at 873K) is −0.0398. The
TDPAC probe used is 181Hf→181Ta, with the raw TDPAC spectrum (from the coincidence searches
on the detectors) processed and converted into R(t) observables [see blue curves in the R(t) and their
corresponding FFT graphs] by InterludeTM [see Equations (2)–(5)]. The R(t) signals are then fit by
using the Gfit19TM program [see red curves in R(t) and the corresponding FFT graphs]. For clarity,
we show only the first 50 ns on the R(t) graph because shorter coincidence searches of e−γ rays are
less noisy and thus more statistically significant than longer coincidence searches.

We have collected all the averaged results of our experimental and hyperfine parame-
ters relating to the time-length of the annealing process (temperature of 873K in vacuum)
in Table A3 below:

Table A3. Collecting the averaged results of our experimental and hyperfine parameters tailored
to the time length of the annealing process (temperature of 873 K in vacuum). We principally
want to point out the rapidly decreasing Delta Lorentzian δ, as a measure of the restoration of the
lattice structure (at least around the 181Ta probes located at the Ti-substitutional site with a D2h site
symmetry) that was caused by the 80 keV 181Hf implanted ions. (a) The averaged δ is written in this
form, as its uncertainty exceeds its value.

Annealing Time (mins)
Fundamental
Frequency ω0

(Mrad/s)

Asymmetry
Parameter η

Vzz
(1020 V/m2)

Delta Lorentzian
δ (%)

0 (3 samples) 763 (4) 0.53 (1) 141.9 (7) 6.2 (8)

30 (5 samples) 762 (3) 0.545 (6) 141.7 (5) 1.0 (4)

315 (13 samples) 765 (2) 0.54 (1) 142.2 (4) 0.05 ± 0.19 a

Our results suggest that under thermal annealing at a temperature of 873 K in a
vacuum, the damage caused to the lattice structure (at least locally around the vicinity
of the substitutional 181Ta probe with D2h site symmetry) is rapidly repaired, causing a
decrease of the Delta Lorentzian spread from 6.2(8)% to 1.0(4)% within 30 min. More
impressively, after 5.25 h, the Delta Lorentzian drops by several orders of magnitude to
(0.05 ± 0.19)%, suggesting that the majority of the substitutional 181Ta probe sits at a well-
defined site. This result is also consistent with our XRD results presented in Section 4 of
our paper, which concludes our finding that our 181Hf(→181Ta) -implanted TiO2 (single
crystal) sample displays single crystal behavior after the mentioned sample withstand
5.25-h thermal annealing at a temperature of 873 K in a vacuum.
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To conclude this appendix section, our findings, coupled with the relevant literature
review, suggest that 5.25-h thermal annealing at a temperature of 873 K in a vacuum
applied to our single crystal TiO2 that was 181Hf ion-implanted at 80 keV repairs almost all
implantation damage, and in particular, possibly the Frankel defects, the heavily disordered
damage clusters that behave like a polycrystalline, and the dislocation loops and lines.

Appendix B. Geometry between the Different Detector Planes

This work leads us to ask, what is the relationship between the angles θ and φ that
correspond to the different detector planes?

Note that, given a perfect sample and perfect detectors and considering the symmetry
corresponding to the angles θ and φ of each detector plane, we obtain an equivalence of the
angles, whereby the following equivalent angles of θ and φ generate the same R(t):

θ = θ mod 90◦,

φ = φ mod 45◦.

We use the Euler rotations Ri(θ), which is the matrix associated with the rotation of an
object anticlockwise around axis i (i ∈ {x, y, z}) by the angle θ. Explicitly, these matrices are

Rx(θ) =

1 0 0
0 cos(θ) − sin(θ)
0 sin(θ) cos(θ)

,

Ry(θ) =

 cos(θ) 0 sin(θ)
0 1 0

− sin(θ) 0 cos(θ)

,

Rz(θ) =

cos(θ) − sin(θ) 0
sin(θ) cos(θ) 0

0 0 1

.

Now, assume that we have the angles θ1, φ1 for the R(t) signal that corresponds to the
x-y detector plane, θ2, φ2 for the y-z plane, and θ3, φ3 for the x-z plane. Since this proof may
be applied between any combination of detector planes, we need only show the relationship
between θ1, φ1 and θ2, φ2 (i.e., for the combination of x-y and y-z planes).

For the angles θj, φj, j ∈ {1, 2, 3} corresponding to the three different detector planes
to make sense, we would need to have the “defining axis” corresponding to each θj and
φj. A “defining axis” means that if the vector that is free to rotate by θ about a mutually
perpendicular axis is aligned with said defining axis, then we set θ = 0◦.

This means that the defining axes of θ1, θ2, θ3 are the z, x, and y axes, respectively, and
the defining axes of φ1, φ2, φ3 are the x, y, and z axes, respectively. Note that, by freedom
of choice, we can also equivalently set the defining axes of φ1, φ2, φ3 to be the y, z, and x
axes, respectively.

Note also that, in general, the Euler rotations of two angles (with possibly the same magnitude)
about two different axes, say Ri(θ) and Ri′(φ), do not commute [i.e., Ri(θ)Ri′(φ) 6= Ri′(φ) Ri(θ)].
To fix this issue, we introduce the order of rotations such that, for each detector plane with the angles
θ, φ, we first do the Euler rotation corresponding to the angle φ, and then do the Euler rotation
corresponding to the angle θ so that the latter does not affect the former. This may be shown by noting
that if the normal of the sample n̂i is perpendicular to the detector plane (i.e., θ = 0◦), then the rotation
of the sample by an angle φ around axis i does not affect n̂i:

Ri(ϕ)n̂i(θ = 0) = n̂i(θ = 0).

Note, however, that Euler rotations of two different angles about the same axis do
commute: Ri(θ)Ri(φ) = Ri(θ + φ).
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We now derive the explicit relationship between two pairs of angles θ1, φ1 and θ2, φ2
corresponding to the x-y and y-z detector planes for a sample with a fixed orientation.

We assume that the sample is an infinitely thin sheet of paper with 1-unit-thick square
edges and positioned in such a way that the corners of the sample occupy the spot±

1
0
0

,±

0
1
0

.

This means that the normal n̂1 to the sample is

n̂1(θi = 0) =

0
0
1

.

In the x-y detector plane, this would correspond to the angle θ1 = 0◦ and φ1 = 0◦.
A sample rotating by the finite angle φ1 means that sample must rotate anticlockwise φ1

degrees about the z-axis. We keep track of the changes made to the orientation of the sample
parallel to the detector plane by defining the initial value of two vectors â1 and b̂1 to be

â1(φ1 = 0◦) =

1
0
0

, b̂1(φ1 = 0◦) =

0
1
0

.

The rotation of the sample by a finite angle φ1 about the z axis corresponds to the
transformation of vectors â1 and b̂1 by the Euler rotation Rz(φ1):

â1(φ1) = Rz(φ1)â1(φ1 = 0◦) =

cos(φ1)
sin(φ1)

0

,

b̂1(φ1) = Rz(φ1)b̂1(φ1 = 0◦) =

− sin(φ1)
cos(φ1)

0

.

As mentioned above, Rz(φ1) acting on n̂1(θi = 0) does nothing:

Rz(φ1)n̂1(θ1 = 0) = n̂1(θ1 = 0).

Next, we rotate the sample by a finite angle θ1 either about the x axis or the y axis.
Note that, through Euler’s rotation theorem, the composition of two such Euler rotations
Ri
(
θj
)

is also a rotation. This means that the Euler rotations form a group [specifically, the
SO(3) group] and we can change the orientation of a sample just by applying three specific
Euler rotations.

Nevertheless, given that we have established the symmetry corresponding to the
angles θ, φ of each detector plane and the equivalence of the angles θ, φ, we can identify
the common axis of the two detector planes (in our case, it is the y axis), and rotate the
sample by the finite angle θ1 about the abovementioned axis (i.e., the y axis) to dramatically
simplify the problem at hand.

Therefore, rotation of the sample by the finite angle θ1 about the y axis corresponds
to the transformation of vectors â1(θ1 = 0, φ1), b̂1(θ1 = 0, φ1), and n̂1(θ1 = 0) by the Euler
rotation Ry(θ1):

â1(θ1, φ1) = Ry(θ1)â1(θ1 = 0, φ1) =

 cos(θ1) cos(φ1)
sin(φ1)

− sin(θ1) cos(φ1)

,
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b̂1(θ1, φ1) = Ry(θ1)b̂1(θ1 = 0, φ1) =

− cos(θ1) sin(φ1)
cos(φ1)

sin(θ1) sin(φ1)

,

n̂1(θ1) = Ry(θ1)n̂1(θ1 = 0) =

sin(θ1)
0

cos(θ1)

.

We now shift our perspective from the x-y detector plane to the y-z detector plane
and define:

n̂2(θ2 = 0) =

1
0
0

,

â2(φ1 = 0◦) =

0
1
0

, b̂2(φ1 = 0◦) =

0
0
1

.

The rotation of the sample by a finite angle of φ2 about the x axis corresponds to the
transformation of vectors â2 and b̂2 by the Euler rotation Rx(φ2):

â2(φ2) = Rx(φ2)â2(φ2 = 0◦) =

 0
cos(φ2)
sin(φ2)

,

b̂2(φ2) = Rx(φ2)b̂2(φ2 = 0◦) =

 0
− sin(φ2)
cos(φ2)

.

Note that applying Rx(φ2) to n̂2(θ2 = 0) does nothing:

Rx(φ2)n̂2(θ2 = 0) = n̂2(θ2 = 0).

Next, we rotate the sample by a finite angle θ2 about the y axis, which corresponds
to the transformation of vectors â2(θ2 = 0, φ1), b̂2(θ2 = 0, φ1) and n̂2(θ2 = 0) by the Euler
rotation Ry(θ2) :

â2(θ2, φ2) = Ry(θ2)â2(θ2 = 0, φ2) =

sin(θ2) sin(φ2)
cos(φ2)

cos(θ2) sin(φ2)

,

b̂2(θ2, φ2) = Ry(θ2)b̂2(θ2 = 0, φ2) =

sin(θ2) cos(φ2)
− sin(φ2)

cos(θ2) cos(φ2)

,

n̂2(θ2) = Ry(θ2)n̂2(θ2 = 0) =

 cos(θ2)
0

− sin(θ2)

.

What remains is to determine the relationship between (θ1, φ1) and (θ2, φ2) such that

â1(θ1, φ1) = â2(θ2, φ2),

b̂1(θ1, φ1) = b̂2(θ2, φ2),

n̂1(θ1) = n̂2(θ2).

We can reduce this set of equations to

cos(θ2) = sin(θ1),
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− sin(θ2) = cos(θ1),

cos(φ2) = sin(φ1),

− sin(φ2) = cos(φ1).

By using certain trigonometric identities (0 ≤ α ≤ 90◦),

cos(α) = sin(90◦ − α),

sin(α) = cos(90◦ − α),

cos(α) = cos(−α),

sin(α) = − sin(α),

The solutions are
θ2 = θ1 − 90◦ = −(90◦ − θ1),

φ2 = φ1 − 90◦ = −(90◦ − φ1).

In physical terms, rotating the sample by the angle φ1 about the z axis and then by θ1
about the y axis in the x-y plane (frame) of reference corresponds to rotating the sample by
the angle of φ1 − 90◦ about the x axis and then by θ1 − 90◦ about the y axis in the y-z plane
(frame) of reference.

To help visualize the transformation geometrically, the following sequences detail the
transformation of the following pair of unit vectors from

{
â1, b̂1, n̂1

}
to
{

â2, b̂2, n̂2

}
by the

following Euler rotations:

â1 =

1
0
0

 Rz(φ1)→

cos(φ1)
sin(φ1)

0

 Ry(θ1)→

 cos(θ1) cos(φ1)
sin(φ1)

− sin(θ1) cos(φ1)

 Ry(90◦−θ1)→

 0
cos(φ2)
sin(φ2)

 Rx(90◦−φ1)→

0
1
0

 = â2,

b̂1 =

0
1
0

 Rz(φ1)→

− sin(φ1)
cos(φ1)

0

 Ry(θ1)→

− cos(θ1) sin(φ1)
cos(φ1)

sin(θ1) sin(φ1)

 Ry(90◦−θ1)→

 0
− sin(φ2)
cos(φ2)

 Rx(90◦−φ1)→

0
0
1

 = b̂2,

n̂1 =

0
0
1

 Rz(φ1)→

0
0
1

 Ry(θ1)→

sin(θ1)
0

cos(θ1)

 Ry(90◦−θ1)→

1
0
0

 Rx(90◦−φ1)→

1
0
0

 = n̂2.

The symmetry of our TDPAC design allows us only to detect the magnitude of θj, φj
of each set of detector angles for the three planar configurations. In sum, the following
relations must hold:

|θ1|+ |θ2| = |θ1|+ |θ3| = 90◦,

In practice, the above conditions cannot be achieved because, for example, the crystal
is not perfect or infinitesimally thin or the average depth of the implantation may vary
statistically. Therefore, we allow our θ, φ to be free for each detector plane, but we try to
ensure that |θ1|+ |θ2,3| and |ϕ1|+ |ϕ2,3| remain as close as possible to 90◦.
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