Spicing up solid state physics with radioactive
isotopes: recent highlights from ISOLDE
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Introduction to some aspects of solid state physics
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Some aspects of solid state physics
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Doping in semiconductors

What causes doping (element, or defect)?
Where does it sit in the lattice?

Multiferroics e.g. BiFeO3
What form of material produces a particular effect?

Surface studies of low dimensional materials...



Current “hot” topics

Ferroelectrics

‘ Magnetoelastic Effect
/ i

@ How can radioactive ion beams help? «

AO [ ABO; ],

Quantum bits:
control and application

Spin or superconducting fluctuations




Unique features of radioactive probe atoms
for SSP applications

Chemically selective and isotope specific

Extremely good detection limit

« among the most sensitive methods, ——=S .,
Nno reaction cross section limitation T .
— S *

« 1015 - 10*® probes/cm3
« 101 - 1012 probe atoms

Depth distribution and concentration control
 lon energy and ion fluence control - e I
« Circumventing solubility and diffusion limits IR S A

Highly local Information

. }\_Iulgleus-size sensors for local magnetic and electric
lelds
Electric Field Gradient ~r -3 N _
Emission channeling: ~ 0.02 nm position resolution

. T
S 1 2-dimensional
\\Q position sensitive detector

Why radioactive probes ? Sensitive — Selective - Controllable — Local
Often relatively easy isotopes for RIB facilities to produce (not always a good thing...




Semiconductor Spectroscopy
sensitive to chemical nature $: or electronic properties
(some require radioactive istopes @& )
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Nuclear chart for ISOLDE

|
ISOLDE today offers the largest range
of available isotopes of any ISOL
facility worldwide.
» 1000 isotopes of >70 elements
» For materials science...yields
typically >1e7 s-1
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Applying radioactivity to solid state physics/biophysics

Nuclear probes Interactions Methods
Radioactive _ MoRbauer effect
Nuclei Hyperfl_ne vy angularcorrelation PAC
>ap Interaction Nuclear Magnetic resonance
¥ Nuclear orientation
Radioactive
decay DLTS
\ Hall effect
Myons Photoluminescence
> R+ Tracer Diffusion
Coulomb

Solid state physics
Life sciences
applications

Nuclear
Physics

- i Backscattering
Scattering, . .
Diffraction Elastic Recoil
Resonant Scattering

Neutron Scattering

Interaction
Emission Channeling
lon Channeling
lons | /

Neutrons T

Reaction ™~ "NyclearReaction Analysis

Positron Annihilation
Positron Angular Distribution
Positron Energy Distribution
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ISOLDE table of elements
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Workhorse probes:
lllcd' 199Hg, 117cd' 57M n, 73AS
New promising probes:

68CU, 149Gd, 172LU, 151Gd’ 197Hg

Isotopes of this element
used for solid state

physics

or life science

Solid state demands have been a
driver in the development of new
beams at ISOLDE



Overview of techniques for «applied» nuclear physics I: local probes/channelling

11/2" 396.214
48.54 m
Perturbed angular
) & 150.824 E3

correlation

512 | 245.395
Mossbauer effect 245.395 E2

1/2*
Beta-NMR stable

i

Very sensitive probes to the local environment of a material/protein etc, magnetic interactions, dynamical
processes. Very intense (and often unique) beams available at ISOLDE

Emission channelling:

Almost unique to ISOLDE. 4 orders of
magnitude more sensitive than RBS.

Ability to utilise low concentrations to
determine position: increasingly 5
important... single crystal




Overview of techniques for «applied» nuclear physics Il: Tracer methods

Photoluminescence spectroscopy

DIFFUSION

Most general approach....tracking half-life of implanted isotopes or their daughters

Can be applied to almost any «typical» laboratory technique: offers unique sensitivity
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Offline labs at ISOLDE: chemistry; spectroscopy; characterisation




Zn0O: wide

Radiotracer PL
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Perturbed angular

correlation @
ISOLDE

* Most established
technique at ISOLDE:
benefitting from upgrade of
spectrometers in recent years
and improved relation to
theory.

* Electron gamma unique to
ISOLDE.

e Range of novel isotopes
also only useable at ISOLDE:
allows for varied programme
in materials physics,
biophysics and beyond

v detector 2

magnetic lens

y detector 1
1 gt
scintillator
Vs vacuum chamber
coils —— lead shielding

magnetic lens




Perturbed angular

correlation @ | -
Electric quadrupole interaction
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surface science on horizon



“ PAC - Perturbed Angular Correlations
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PAC: hype rfine studies of multiferroics Caz;Mn, 05 structural path unraveled by atomic-scale properties:

A combined experimental and ab initio study
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PAC: hyperfine studies of multiferroics

Results in BiFe03
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Results in BiFe03

R(t)
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PAC: hyperfine studies of multiferroics
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phase transition from rhombohedral a-BFO in R3c setting to orthorhombic B-BFO with its Pbnm space group at 820°C



Studying electronic properties in
GaN without electrical contacts
using -~y vs e~ -y Perturbed Angular
Correlations
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v-yY and e—y PAC: hyperfine studies of semiconductors
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EMIsSion channeling lattice location Inside the
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Emission channeling setup

3x3 cm? cooled
position- sensitive Si
pad detector &o
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i

¢ beam collimated on sample by two apertures (last one & 1mm)
e detector at 17° backward geometry for simultaneous implantation and measurement
e 22x22 pixels of 1.3 mm position-sensitive Si pad detector, water cooled

M.R. Da Silva et al, Rev. Sci. Instr. 84 (2013) 073506



Emission channelling in semiconductors

Lattice sites of 2’Mg in different pre-doped GaN

Interstitial Mg (. =9.5 min) in GaN of different doping types
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— Direct evidence for amphoteric character of Mg that is
coupled to the doping type

e Site change interstitial - substitutional Mg,

= Activation energy for migration of interstitial Mg: E,, » 1.3 -

e Electron emission channeling patterns show 20 eV

mix of substitutional + interstitial 2’Mg Phys. Rev. Lett. 118, 095501(2017)
ys. Rev. Lett. )



Emission channelling in semiconductors ...but not radiotracer PL ...(2021)

Colour Centres in diamond: future qua
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New developments

Annealing at 800° for 10min
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e g

Annealing at 800° for 10min

20 pattern 5124512 pixels

* Upgrading of
detectors/spectrometers/upgrade
DAQ.

e LaBr and CeBr detectors, allow for
wider range of probes to be used.

* Spectrometer for biophysics for
Mossbauer spectroscopy.



Implantations on ice:
biology and surface science

®

Controlling implantation

Online setup for 68Cu PAC

Surface implantation

1SOLDE GLM branch
lon Impiantation




summary

 Ability to probe magnetic properties in dilute and sensitive way is essentially unique to
hyperfine techniques such as PAC and Mossbauer and most radioactive methods...
extremely attractive and becoming more so: devices are not getting any bigger...

* The interface of materials can be impossible to study reliably...radioactive probes are the
ideal tool

* Flexibility of PAC techniques allows for temperature, surface, magnetic and other
perturbative studies in materials

e Chemical information which can be addressed with radiotracer methods could reveal
hidden aspects of quantum materials

*  Especially powerful when various techniques are combined.

«  With the range of isotopes available at ISOLDE can always attack a problem in a fresh and
unique way...

OPEN ACCESS

The solid state physics programme at ISOLDE: recent developments and perspectives
Karl Johnston et a/ 2017 J. Phys. G: Nucl. Part. Phys. 44 104001
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