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Abstract: We propose the study of the LiNbO3 (LNO) materials family via perturbed
angular correlations at ISOLDE-CERN. Single domain poled and periodically poled LNO
samples are to be investigated upon different annealing and temperature conditions after
the implantation of the 111mCd probe at 30 keV. The goal is to investigate the anomalies
observed in the perturbation functions of periodically poled single crystals and correlate
the results with: (I) a possible local conductivity effect on the domain walls; and (II) the
second-Harmonic-Generation polarimetry parameters. The proposed measurements
associated with density functional theory can provide insight into the mechanisms of
electron transport and charge trapping in charged LNO domain walls and support their
use in prospective nanoelectronic devices.

Summary of requested shifts: 12 shifts of protons on target, (split into at least 3 runs over
2024 and 2025)



1 DMotivation

A prominent scientific challenge to obtain renewable energy-harvesting solutions for a
sustainable future requires the investigation of materials functionalities down to the
atomic scale. For instance, the potential application of ferroelectric materials in
photovoltaics has attracted much attention, since certain materials can display
remarkable photovoltages and spontaneous photocurrents [1, 2]. Since the '70s the
photovoltaic effect has been investigated [3-7] in the lithium niobate (LNO) family, and
this became one of the most explored ferroelectric materials. It is well known that small
amounts of certain dopants, such as magnesium, increase the resistance against optical
damage in LNO. The 5-%Mg doping level leads to a two-order higher optical stability while
other characteristics like the piezoelectric coefficients are only slightly changed [8].

The new nanoelectronics field, in which the domain wall in ferroic materials is itself an
active device element and the investigation of local properties in the domain walls became
crucial to support the ability to spatially modulate the ferroic order parameter within a
single domain wall [9, 10]. Domain walls are classified as a topological defect and can be
found in ordered crystal structures such as in LNO samples. Moreover, it has been
observed that charged ferroelectric domain walls (CDW) [11] in LNO have a 13-order
higher conductivity than in LNO bulk [12]. In the scope of this discovery, it is proposed
that a new generation of adaptive-optical elements, such as electrically controlled
integrated-optical chips for quantum photonics, and advanced LN-semiconductor-hybrid
optoelectronic devices may be created [12].
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Figure 1: Representation of three-dimensional domain wall (DW) profile in the LNO single
crystal zoomed in on the 111mCd-implanted trigonal crystal lattice structure and the obtained
perturbation function R(t).

Furthermore, local slopes of CDW were observed and tracked across entire ferroelectric
LNO single crystals [13] using the Cherenkov second-harmonic generation, which is a
technique for three-dimensional domain wall profiling in the entire crystal. The time-
differential perturbed angular correlation (TDPAC) technique [14-16] can complement
the information obtained by this technique with the determination of the local



extranuclear fields and charge distribution in the vicinity of the TDPAC probe (schematic
of Figure 1). Moreover, the pathway of LNO DW can be determined with high resolution
using optical and interferometric approaches [17]| before and after the TDPAC
experiments. A comprehensive study of the electrical-transport mechanism in 5% MgO-
doped LNO reported on the temperature-dependent current-voltage curves and the
subsequent physical parameters relevant to the main mechanisms of ferroelectric DW
[18]. The electrical impedance properties of the CDW were investigated on the
nanometre-length scale and the hopping of excited charge carriers along the CDW was
identified as the dominant charge transport process [19]. To complement these studies,
we therefore propose to measure the room-temperature current-voltage characteristics
during the TDPAC measurements and compare the obtained results with conventional
TDPAC experiments.

B. Hauer et al. (1995) [20] reports on the temperature dependence of the hyperfine
parameters of 5%Mg-doped and undoped LNO via TDPAC using 111mCd at ISOLDE-CERN
or 111]n as a probe. The study includes the temperature dependence of the electrical field
gradient (EFG). Annealing for 30 min at 600 °C was found to be sufficient to repair the
damages caused by the ion-implantation process of 111mCd at 60 keV. Using the point
charge model, the authors concluded that the implanted Cadmium or Indium is positioned
at the Lithium-site. The results show that Mg doping at 6 mol % does not have any effect
on the lattice location of these impurities in LNO. However, no density functional theory
(DFT) calculations were performed to additionally confirm this. Therefore, these
simulations are part of our work and will support the data interpretation to understand
the local CDW or DW effects.

Y. Ohkubo et al. in 2002 [21, 22] used 11ImCd and 117In as TDPAC probes to study high-
purity pellets of LiTaO3 (LTO) doped with In and Cd and associate the results with the LTO-
LNO system. The results indicate that the order-disorder of oxygen ions is the driving
mechanism for ferroelectric instability in the LiNbO3-LiTaOs system. The values of this
study for the EFG at the Li-site were found to be w = 223(1) Mrad/s at T = 77 K. This value
differs from the values found by B. Hauer et al. [20] for LNO. Nevertheless, similar
temperature dependencies were found in both crystal structures. The EFG does only
change slightly in both types (up to 10 %) when changing the temperature in the range of
77 K to around 600 K. This is of fundamental help, as the first principles DFT calculations
are performed for 0 K and thus knowing the temperature dependency helps comparing
the DFT results to the experimental results.

2 Methodology

Experimental

The proposed time-differential perturbed angular correlation experiments (TDPAC) [14-
16] will be conducted after the ion-implantation of 111mCd probe at 30 keV into LNO



samples. Preliminary TDPAC measurements were carried out in (5% Mg-doped) LNO
single crystals after different annealing conditions. Two kinds of polarized crystals were
used; (I) in z-direction polarized single domain crystals, and (II) in z-direction periodically
poled. In the single domain crystal, there are no domain walls as only one polarization
direction exists. We investigated the evolution of the implantation damage recovery after
thermal treatments at 600 °C, 700 °C or 800 °C for 20 or 30 minutes under O, flow. The
subsequent TDPAC experiments were conducted in air with the Raghavan geometry at
room temperature using a four-detectors setup [16] and the obtained spectra can be found
in Figure 2.
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Figure 2: TDPAC spectra of 5% Mg-doped LNO single crystals measured at room
temperature after the 111m(Cd implantation and annealing.

Due to the very low concentration of the 111mCd or !11In nuclear probes used in a TDPAC
experiment, the tracer ions represent only a weak dopant and do not influence the overall
properties of the LNO solid. A great advantage of TDPAC in comparison to other hyperfine
techniques is that it can be performed in a wide temperature range, even at temperatures
up to and beyond the melting point of materials, without affecting the quality of the TDPAC
signal. The obtained hyperfine parameters are promising to study DW effects at the local
scale as can be seen in Figure 3. Observable changes in R(t) spectra measured with the
periodically poled sample implies different hyperfine parameters, with much lower values
for the electric quadrupole frequencies, and showing evidence of dynamic effect on the
quadrupole interactions.
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Simulations

For the simulation of the 111mCd substitution at the Li site of LNO, we performed ab-initio
Density Functional Theory (DFT) calculations using the Vienna Ab Initio Simulation
Package (VASP) program [23], based on the projector augmented wave (PAW) [24]. The
calculation of the EFG of the Cd ion, that VASP uses, is based on its surrounding electron
density using the PAW formalism and associated with the work of Helena Petrilli et al.
[25]. We used the PBE91 exchange correlational functional in the framework of the
generalized gradient approximation (GGA) [26]. We performed both electronic and ionic
relaxation of the LNO atoms and used the atomic PAW potentials available in VASP [27]
for Li, Ni and O atoms. The valence of these PAW potentials is 3, 13 and 6 respectively,
corresponding to the 1s22sl, 4s24p64d+45s! and 2s22p* energy levels of neutral Li, Ni and
O, as the EFG is sensitive to the inclusion of the so-called semi-core states as valence
electrons [25].

For the Cd(LNO) defect calculations, from our converged pure LNO calculations, we
created a 2 by 2 by 2 supercell, which allows the mirror Cd atoms to be more than

1 A away from each other, to avoid interaction between Cd atoms. The PAW potential used



for the Cd atom is Cd_sv_GW, which has 20 valence electrons and corresponds to
4s24p64d105s2 energy levels of neutral Cd. We have also performed calculations where 2)
the oxidation state of Cd is +1, and 3) the oxidation state of Cd is +2, and we introduced
one Li vacancy. In the Table 1, we compare our results against that of [20]. We note that
our diagonalized EFG values of the CdLi atom are close to the experimental results
obatined by [20]. Considering the Li vacancy as the nearest neighbor, we can see that the
asymmetry parameter, as reported by our DFT system, is close with that of [20]. The
asymmetry parameter of the Cdui site is preserved if we do not allow for any vacancy
formation.

System Charge | VEIT(v/A%2) | nPFT | AHPFT(eV) | wBFT[Mrad/s]
of
System
Cdui +1 90.956 0.000 -1.9529 172(1)
Cdwi 0 89.243 0.000 4.8395 168(1)
Cdviwith Li 0 91.726 0.106 8.5434 173(1)
vacancy
VPV /A% | PP wg® [Mrad/s]
Present study - 95.3(4) 0 - 180.4(7)
(Single domain,
T= 600 °C)
Present study - 96.2(1) 0 - 182(1)
(Single domain,
T=700°C)
[20] site 1 - 93.9(1) 0.11(2) - 180(1)
[20] site 2 - 98.8(2) 0.16(4) - 192(1)

Table 1: Relevant parameters for the Cd(LNO) calculation (PFT) and experimental values
(Exp). Note that the reported values in AHPFT(eV) are taken with reference to the
equivalent LNO supercell system without any defects.

In summary, our experimental tests could reproduce the experimental results obtained
previously [20] for single domain LNO and the extracted EFG parameters are close to the
ones obtained by the DFT simulations for the same physics case. However, there is still a
lot of open questions to understand the data of periodically poled samples. Due to the LNO
complexity, we must investigate which defects and DW effects play an important role.
Consequently, we propose to continue the experiments systematically in order to better
understand the local effects and how they are related to the charge transport properties
in DW and CDW LNO.
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3 Details for the Technical Advisory Committee

3.1 General information

Describe the setup which will be used for the measurement. If necessary, copy the list for
each setup used.

X Permanent ISOLDE setup: SSP chamber at the GLM beam line

(170/R-026), KATAME and PACBIT spectrometers (508/R-008),
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fume-hoods (GLM area 170/R-026 and chemical laboratory
508/R-002), annealing furnaces at 508 /R-004.

X To be used without any modification

[0 To be modified: Short description of required modifications.

L1 Travelling setup (Contact the ISOLDE physics coordinator with details.)

L] Existing setup, used previously at [ISOLDE: Specify name and 1S-number(s)

0] Existing setup, not yet used at ISOLDE: Short description

L] New setup: Short description

3.2 Beam production

¢ Requested beams:

could be useful:

800E10 ppp (source
ISO_GPS logbook 20-09-
2023 15:00:39) with
equidistant pulses.

STAGISO, proton current
between 0.25 and 0.50 uA
expected

I[sotope Production yield in focal = Minimum required rate t1/2
point of the separator (/uC) | at experiment (pps)

Hn 1.106 /uC 2.8 days

HimCd 1.108 /uC The following information | 49 min

¢ Full reference of yield information: target group was consulted.
e Target - ion source combination:

Target UCx and ion source hot plasma for 111In.

Target molten Sn with VADIS ion source for 111m(Cd.

e RILIS? No




3.3

[] Special requirements: (isomer selectivity, LIST, PI-LIST, laser scanning, laser
shutter access, etc.)

Additional features?

LINeutron converter: (for isotopes 1, 2 but not for isotope 3.)

L1 Other: (quartz transfer line, gas leak for molecular beams, prototype target,
etc.)

Expected contaminants: No contaminants expected.

Acceptable level of contaminants: As low as possible (materials are sensitive to
contaminants)

Can the experiment accept molecular beams? No.

Are there any potential synergies (same element/isotope) with other proposals and
LOIs that you are aware of? LOI248, LOI249, 1S713,1S730, I1S732, IS738. Our
experiment can be schedule together with these proposals without any issues.

HIE-ISOLDE

For any inquiries related to this matter, reach out to the ISOLDE machine supervisors
(please do not wait until the last minute!).

HIE ISOLDE Energy: (MeV/u); (exact energy or acceptable energy range)

L] Precise energy determination required

[] Requires stable beam from REX-EBIS for calibration/setup? Isotope?

REX-EBIS timing

OSlow extraction

L1 Other timing requests
Which beam diagnostics are available in the setup?

What is the vacuum level achievable in your setup?
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3.4 Shift breakdown

The beam request only includes the shifts requiring radioactive beam, but, for practical
purposes, an overview of all the shifts is requested here. Don’t forget to include:

¢ Isotopes/isomers for which the yield need to be determined

e Shifts requiring stable beam (indicate which isotopes, if important) for setup,
calibration, etc. Also include if stable beam from the REX-EBIS is required.

An example can be found below, please adapt to your needs. Copy the table if the beam
time request is split over several runs.

Summary of requested shifts:

With protons Requested shifts
Yield measurement of isotope 1

Optimization of experimental setup using isotope 2

Data taking, isotope 1 111]n: 2 shifts

Data taking, isotope 2 111mCd: 10 shifts

Data taking, isotope 3

Calibration using isotope 4

Without protons Requested shifts
Stable beam to GLM 1 shift of 49Ar,

3.5 Health, Safety and Environmental aspects

3.5.1 Radiation Protection

e If radioactive sources are required:

Purpose? Perturbed angular correlation experiments.

[sotopic composition? 111mCd or 111]n.

Activity? 2.6x10¢ Bq (111mCd) or 111In (2x108 Bq).

Sealed /unsealed? Unsealed.

e For collections:
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- Number of samples? 50
- Activity/atoms implanted per sample? Maximum 2x1011 atoms per sample.

- Post-collection activities? handling, annealing and measurements. Shipping of
non-radioactive samples to the home institution

3.5.2 Only for traveling setups
¢ Design and manufacturing

L] Consists of standard equipment supplied by a manufacturer

X CERN/collaboration responsible for the design and/or manufacturing

e Describe the hazards generated by the experiment:

Domain Hazards/Hazardous Activities Description

Pressure X | Gas bottles (200 bar -
10 liters) of Oxygen,
Argon or Nitrogen for
the annealing. Quantity
used: 1 cm3/s during
annealing.

Mechanical Safety | yacuum X ' SSP chamber 10-6 mbar
Machine tools O
Mechanical energy (moving parts) O
Hot/Cold surfaces O
Cryogenic Safety Cryogenic fluid 0 | [fluid] [m3]
Electrical equipment and installations X | 230 V: KATAME and
PACBIT spectrometers
(508/R-008), SSP
chamber at the GLM

beam line (170/R-026),
fume-hoods (GLM area
170/R-026 and
chemical laboratory
508/R-002), annealing
furnaces at 508/R-004.

Electrical Safety
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High Voltage equipment O | [voltage] [V]
Chemical Safety CMR (carcinogens, mutagens and toxic . .

to reproduction) 0 [fluid], [quantity]

Toxic/Irritant O | [fluid], [quantity]

Corrosive O | [fluid], [quantity]

Oxidizing O | [fluid], [quantity]

Flammable/Potentially explosive . )

atmospheres O | [fluid], [quantity]

Dangerous for the environment O | [fluid], [quantity]

Laser O | [laser], [class]

Non-ionizing UV light u
radiation Safety
Magnetic field [0 | [magnetic field] [T]
Workplace Excessive noise X | Background noise
ISOLDE hall and PAC
spectrometers

Working outside normal working hours | [X] = Shifts are performed
according to the ISOLDE
schedule.

Working at height (climbing platforms, 0

etc.)

Outdoor activities [0 @ The samples are
transported form
building 170 to building
508.

Ignition sources

Fire Safety Combustible Materials
Hot Work (e.g. welding, grinding) X | Annealing up to 800 C
Other hazards
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