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Abstract

The proposal Probing Energy Efficient Perovskites (PEEP) aims to provide local and element
selective information on the structural, electronic and magnetic properties, interactions and cross-
coupling effects on perovskites, nowadays relevant for green technologies. Using Perturbed Angular
Correlation (PAC) radioactive nuclear technique we intend to contribute to the understanding of the
role of local landscapes, such as octahedra rotations, tilts and distortions, on the ferroic macroscopic
orders. This project builds up from the previous experience in measuring magnetic hyperfine fields
and electric field gradients on multiferroic materials to put forward a coordinated effort to study a set
of archetypal ferroic structures. Herein we will complement our local probe studies with
conventional macroscopic characterization techniques, symmetry analysis and first-principles
simulations (DFT ab-initio) of the phase transitions occurring varying temperature or other external



stimulus. The use of appropriate PAC probe elements, such as the '''™Cd/Cd, **™Pb/Pb and
20/Bi/Pb radioactive isotopes, specifically requires beams produced at ISOLDE.

Requested shifts: 17+17 shifts, (split into 4 runs over 2 years)

1. Motivation

One of the most important challenges of this century is to find original strategies and materials
to answer the societal and technological necessities that compel the development of novel
sources of green energy and low power consumption electronics. Here, the rational control of
ferroic orders through lattice distortions in perovskites and layered perovskites structures
offers inspiring routes towards those requirements as unique magneto-electric or ferroelectric—
photovoltaic effects are conspicuous in perovskites systems. In particular, the magnetization
control by small electric pulses, using magneto-electric effect, anticipates a more energy
efficient electronics world [1], [2]. On the other hand, ferroelectric-photovoltaics convert solar
energy directly into electricity, where similar lattice distortions can well separate electron—
hole pairs in ferroelectrics with small band gaps, being thus one of the dominant technologies
for a green future [3], [4].

These and many other remarkable physical properties of ferroic/multiferroic materials arise
from a spontaneous symmetry breaking. Below this point, these materials display a non-
centrosymmetric structure and while for proper-ferroelectrics the polarization is the primary
order parameter, driven by single zone-center polar lattice distortion, for improper-
ferroelectrics, instead, the polarization is part of a more complex instability, that acts as the
primary order parameter and allows for the breaking of inversion-symmetry. In general, these
non-polar order parameters can have different physical origins and can be related to rotations
or tilts of perovskite cages, magnetic or charge ordering [5], [6]. Also, a similar mechanism
was observed in layered perovskites, where the lattice distortions that drive ferroelectricity are
due to the coupling of non-polar rotations. This defines a more recent class of ferroelectrics,
the Hybrid Improper - HIF ones, predicted in even-layered Ruddlesden-Popper materials [7].

Technological applicable multiferroic or ferroelectric-photovoltaics materials are rare and
high-quality artificially ones are in general difficult and costly to produce. In this respect, the
structural and compositional flexibility of perovskites and perovskite related structures might
provide a direct impact to the mentioned technologies. However, to enhance the capabilities
of such systems it is necessary to guide and tune the design for achieving maximum
efficiencies. Thus, to accelerate the discovery of promising materials for sustainable energy
solutions a joint effort of solid-state chemists, physicists, and ab-initio computer-simulation
experts, with the exceptional ad-value of the use of nuclear radioactive techniques as
Perturbed Angular Correlation (PAC), is put forward. Here, the local, nanoscopic probing via
PAC, with its local selective electrical and magnetic output information, is a fundamental part
of the process, as the lattice distortions, static or dynamic, at the origin of the functional
properties, are sometimes not grasped by direct macroscopic signatures. Of particular interest
is to understand how the individual modes evolve within a symmetry and also how they
follow a chosen property, e.g. the polarization. In fact, it has been demonstrated that the
polarization of RP compounds is determined by the combined effects of tilting and rotation
modes [8] and not simply by the Goldschmidt tolerance factor [9]. This symmetry related fine
details can be monitored via precise hyperfine measurements as we recently reported [10].

The PEEP alliance follows the collaborative research methodology of previous projects, such
as 1S390, IS487 and 1S647, but the new working program, is strengthened by a discerning
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symmetry analysis and first-principles simulations (using DFT- density functional methods
such as VASP and Wien2k) with dedicated projects granted and running in the international
PRACE supercomputing facility. The scientific topic and the diversified expertise of the team
will provide a fertile ground for training new talented students in a highly international
environment. Students and young researchers will master ab-initio simulations, material
characterization, including nuclear techniques and/or theoretical aspects of multiferroic
systems, according to their skills.

Following previous PAC studies in ferroelectric systems [5], [6], [10]-[14], here we propose
to study the particularities of representative examples of the paradigmatic types of
ferroelectricity in multiferroics which are known as i) hybrid improper ferroelectricity i1)
proper ferroelectricity; ii) improper ferroelectricity. The specifics of the motivations and
proposed studies of each system are presented below

2. CASE STUDIES

Ca;,Sr,Ti,.,Sn,0; Ruddlesden-Popper compounds - Naturally layered perovskites such as
the Ruddlesden-Popper (RP) phases, with general formula A,,;B,03,.; (A: rare earth or
alkaline-earth and B: transition metal) are studied as feasible routes to develop novel
functional materials [3]. Their structure consists of a series of stacked ABO; perovskite blocks
intercalated with a rock-salt like AO layers. In particular, Ca;Mn,0; and Ca;Ti,0,
compounds, were studied by Benedek et al. [7] through first-principles density functional
theory (DFT), proposing them as a prototypical hybrid improper ferroelectrics (HIF). The
HIF mechanism was confirmed in Ca;T1,0;, as well as in Sr-doped Ca;Ti1,0, [15].

Above room temperature the Caz(Mn,T1),0; crystal structure was predicted to be tetragonal-
T, space group I4/mmm, and orthorhombic-O (42]am) at the lower temperature ferroelectric
phase. Using PAC technique combined with ab-initio electronic structure calculations we
confirmed those predictions by following the structural pathway that Ca3Mn207 takes from
the low temperature O-polar phase to the high temperature tetragonal one, passing though
the O’(Acaa) symmetry [10]. How
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Fig 1. CasxSrxTi2,SnyO7 structure and symmetries paths

In fact, while in Ca;Mn,0; an intermediate O’(Acaa) phase was observed [10], for Ca;Ti,0;
and (SrxCai.);T1,0; (i.e. Ca-rich side), Pomiro el al. [19] reported that the structure transition
proceeds directly from the polar O phase to the tetragonal I4/mmm (see fig. 1). On the other
side, for the Sr-rich compositions, a different intermediate phase (P42/mnm) was reported
[19]. More recently, Ca;Ti,0; was claimed to present a O-O phase coexistence and a first-
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order phase transition. For compositions with x~1 a gradual change in the octahedra rotation
was reported to occur continuously with temperature, crossing five symmetries from the polar
structure at room temperature to the undistorted tetragonal phase at high temperature (via
P42/mnm), allowing for second-order phase transition. Both types of transitions can emerge
in the intermediate compositions. This suggests the existence of a tri-critical point, where a
first-order transition changes into a second-order one [19], a scenario worth exploring.
Similarly, we should expect an amazingly rich set of structure paths for (Sr,Ca);Sn,O;. The Sr
end member was reported in 2017 as the first ferroelectric Sn insulator with switchable electric
polarization [22] and already here a rich transition pathway was reported [9], [23]. Doubts
arise however to whether the highest temperature phase is correctly indexed since our PAC
and powder neutron diffraction results [24] in Ca2MnO4 showed that the ¢ axis trend changes
(positive to negative thermal expansion transition) concomitantly with the I4/mmm
structural transition.

Here, we aim to resolve the conflicting symmetry models and unveil how the individual order
parameters evolve and impact on ferroelectric properties. The focus will be placed on the -
Ca;..S1,Ti2ySnyO7; end members and x=0.8 system. We propose to study this material using
"mCd/Cd, delivered in ppm concentrations, to probe the Ca/Sr site [10].

KNdTa207 Dion-Jacobson oxides - Hybrid
improper ferroelectricity was also found in some
A’AB;O; Dion-Jacobson oxides, which like Cas
Mn,O;, are also naturally layered perovskites,
consisting also of a stack of perovskites layers, two
octahedra thick, but intercalated with a distinct
arrangement set of large A’-cations (A’= Cs or Rb)
[25](Fig.1). By substituting the A’ cation ions in AW . N
systems as in A’NdB,O;, (B= Nb, Ta), several L9"©0%©
structural factors can be tuned modifying ]’ Wemmeey e
consequently the relative overlapping of adjacent
perovskite blocks, and also the degree of octahedra
tilting and rotation within the perovskite layers, Fig.2.
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Fig. 2. Naturally layered perovskite A’NdNb.O-
upon cation-exchange (from [26]).

The KNdNb,O; and KNdTa,O; compounds have proven also to adopt polar structures,
however unlike in CsNdM;0O7; and RbNdM,0O; (M = Nb, Ta) or the R.P. systems Ca; Mn,0O;
or Cas;T1,07, where the polar structure arises from the condensation of two octahedra rotation
modes via the hybrid improper ferroelectric coupling mechanism, the KNdNb,O; and
KNdTa,O7 structures are suggested to present the Im2m symmetry, with a single octahedral
rotation mode [26]. Here the polar nature is attributed to a second-order Jahn-Teller (SOJT)
distortion of the NbOs/TaOs units, where the Nb and Ta cations are significantly displaced
from the respective octahedra centres [26].

We thus aim to perform a comparative local study within these two different polar natures
upon Cs or K substitution. The focus will be placed on the — Cs(K)NdTa,O; system. We
propose to study this material using '""™Cd/Cd and "*"Hf/"*'Ta in order to investigate local
properties at the A and B sites, respectively.



PbFe,,sW,,;0; Perovskite - A common mechanism in perovskite ferroelectrics lies in
collective ionic displacements of electronic origin driven by off-centering of the A cation, via
the second-order Jahn-Teller (SOJT) effect. This effect is favourable for d° or 6s* cations such
as Pb** and Bi** and might be at the origin of the dielectric properties of PbFe;/sW1,303 (PFW).
This compound belongs to single phase type-I multiferroics [27], where the ferroelectric and
magnetic ordering are related to A-site (Pb*") and B-site (Fe’") cations, respectively. Contrary
to most of the single phase multiferroics, the transition into magnetic ordered state occurs in
PFW at much higher temperatures (paramagnetic-to-antiferromagnetic Ty lies in the range of
350-380 K) than the ferroelectric phase transition (T. ~150-200 K) [28]. This makes PFW
especially interesting from the point of view of coupling between magnetic and polar degrees
of freedom. Several conventional techniques have been applied to study this material,
however limited progress has been achieved due to its complex magnetic structure [29]. A
second transition at Tx, ~20 K has been observed [30], the nature of which is still a matter of
discussion.

PAC measurements can be carried out in the temperature range covering all the transitions
(see fig 3) and deliver valuable information about the evolution of the structure, the ferroic
orders, and magnetoelectric coupling of the material. More specifically, the PAC technique
can help to understand the origin of the anomaly in the lattice parameters variation [28],
investigate the origin of the weak O o

magnetoelectric coupling /

interaction and the variation of
magnetic susceptibility at Tc [29].

T

o
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(a) Ground state geometry of PFW lattice [28]. (b) Sequence of
the phase transition in PFW.

Here we propose to study this
material using '''"Cd, ****Pb and
*%Bi in order to investigate local
properties at the A and B sites.

Double perovskites - with the chemical formula La,TMnQOe, where T is a transition metal,
such as Ti, V, Cr, Fe, Co or Ni [31], has attracted attention particularly due to their rare
ferromagnetic-dielectric behavior close to room temperature, which opens up the possibility
of technological applications [32]. The relatively high temperatures of the ferromagnetic
ordering are dependent on the ordering of the cationic spins on the B site (T** and Mn*") and
on the superexchange interaction in T-O-Mn, generally forming an angle of 180° via oxygen
atoms. In this structure, the spins of the T** atoms (with orbitals e, semi-filled) and Mn** (with
orbitals e; empty) interact by the superexchange interaction via adjacent oxygen atoms
following the rules of Goodenough-Kanamori which predict relatively high Curie
temperatures [33], [34]. This is the case of La,NiMnOs that although not presenting a polar
order, its ferromagnetic ordering occurs at Tc = 280 K, very close to room temperature [35],
[36]. This compound nanoparticles however, showed a ferromagnetic ordering at 196 K [37].
The structure of La,NiMnQOs is thombohedral (R3) at high temperatures and becomes
monoclinic (P2, /n) at low temperatures, both coexisting over a wide temperature range [35].
La;CoMnOs, on the other hand, crystallizes in the monoclinic structure P121/n1 presenting
ferromagnetic ordering with Tc = 230 K and a high saturation magnetization Ms = 6 pg /f. u.
[38], [39]. This high ferromagnetic ordering temperature is due to the highly ordered
arrangement of Co”* and Mn*" atoms in the perovskite B sites, while a disordered arrangement
of Co* and Mn*" atoms in the B sites contributes to a lower Curie temperature [40].



Quite different properties, comparing with the former oxides, are exhibited by La,CrMnQOs.
Experimental measurements show conflicting results regarding structural, magnetic and
electronic behavior.

The mixed perovskite La(Cr,Mn)O3 present monoclinic structure [41], whereas La2CrMnO6 has
been reported to be rhombohedral with ferromagnetic ordering at 190 K [42] and orthorhombic
with Pbnm symmetry and ferromagnetic ordering through the Griffiths-like phase at 180 K and
spin-glass transitions at 4.7 K and 107.8 K [43]. Another study reports orthorhombic structure
with ferrimagnetic ordering at 118 K [44]. Additionally, thin films of La,CrMnQOs have been
reported to crystallize in the orthorhombic structure with structural order and ferrimagnetism
at low temperature (100 K) [45].

Here, we aim to investigate, focusing in La,TMnQOs (T = Cr, Ni, Co), the role of local
distortions in the ferroelectric properties and the influence of the transition metal and the T-
Mn disorder on the magnetic behavior. We propose to study these DP using '''™Cd to probe
the La site [46] of the perovskites. Complementary measurements using '“’La(**’Ce) probe,
very sensitive to magnetic hyperfine interactions, will be performed IPEN, Sio Paulo.
Preliminary PAC results using '''"™Cd in LaBaMn,Os double perovskite are published in [47].

Summary of requested shifts:

The work plan assigns one specific case study to each team of experts of the PEEP
collaboration. The complementarity of the systems allows, through collaborative work and
efficient use of equipment and resources, to obtain an integrated view of the role of local
distortions upon tuning ferroic properties. All samples will be synthesized and
macroscopically characterized in the PEEP partner institutes.

ISOLDE Beam Intensity Target lonsource  SHIFTS Systems
(ion/pC of p-beam) per year
2+2 CazxSrxTiz2-ySnyO7
Molten Vadis 242 Cs(K)NdTaz0
111meq (48 m) 1.108 S SUONdTa:07
n MK5 1+1 PbFe2/3W1,303
242 Laz(Cr, Co, Ni)MnOs
204mpy (67m) 5 107 uc2 RILIS 2 PbFe2/3W1/303

1ImCd/Cd - is the main probe isotope required to achieve the PEEP aims, considering that it
has been previously successfully used and tested in most compounds under study, to occupy
the PK A cation site(s). Willing to explore the B site(s) we consider experimental campaigns
using 1'1In/Cd(t1/2 =2.8d) or 181Hf/181Ta(t1,2 =45d) with the help of the ISKP Bonn implanter.
204Bi/Pb and 204mPb /Pb: The 204mPb /Pb short lived probe case is similar - on beam time,
sample preparation and measurement requirements to 111mCd. Both Bi and Pb isotopes are
ideal probes for Bi and Pb compounds and ideally delivered separately. Experiments using
204Bj/Pb will profit from the use of digital setups with LaBr3 scintillators that separate y 1
(912 keV) of 204mPh (~14%) from y1 (984 keV) (~59%) after 204Bi decay, one unique way
to identify if delayed electronic recombination will be observable after 294Bi decay [47].
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises: (name the fixed-ISOLDE installations, as well as flexible

elements of the experiment)

Part of the Choose an item. Availability Design and manufacturing
SSP-chamber @ GLM |Z Existing X To be used without any modification
Existing equipment on the solid state | X Existing [] To be used without any modification
labs in building 115 or 508-R-002, R- []To be modified
004 and R-008 L[] New [_] standard equipment supplied by a manufacturer
an B o |:| CERN/collaboration responsible for the design and/or
- PAC analogue and digital detector manufacturing
setups - annealing and measurement
furnaces, closed cycle refrigerators,
chillers, LN2 dewars ( 0.5, 1, 2, 3 liter
containers)
[Part 2 experiment/ equipment] [ Existing ] To be used without any modification
[] To be modified
L] New [_] standard equipment supplied by a manufacturer

|:| CERN/collaboration responsible for the design and/or
manufacturing

[insert lines if needed]

HAZARDS GENERATED BY THE EXPERIMENT

Hazards named in the document relevant for the fixed SSP-GLM chamber and building 508

installations.

Additional hazards:

SSP-GLM

Hazards

Building 508-R-04,08 [Part 3 of the

experiment/equipment]

Thermodynamic and fluidic

Pressure

| [pressure][Bar], [volume][l] |

10




Vacuum 10-6 mbar at SSP chamber
10 during collections
Temperature [temperature] [K] temperature range of

measurements and
annealings [22°C - 1000
oC]

Heat transfer

Thermal properties of
materials

Cryogenic fluid

[fluid], [pressure][Bar],
[volumel][l]

Liquid nitrogen, 1 Bar, few
litres used during the PAC
measurements on
appropriate dewars.

Electrical and electromagnetic

Electricity

[voltage] [V], [current][A]

Static electricity

Magnetic field

Batteries

[magnetic field] [T]

Capacitors

lonizing radiation

Target material

[material]

Beam particle type (e, p,
ions, etc)

111mCd (49 m)
204mPb (67m)
204Bi (11.2h)

Beam intensity

Beam energy 50 keV
Cooling liquids [liquid]
Gases [gas]

Calibration sources:

e Open source

[ ] Produced at ISOLDE:
111mcCd (48 m)
204mPb (67m)

204Bi (11.2h)

Sources to be manipulated
at 508-r-002, 004 and
measured at 508 - r- 008

e Sealed source

|:| [1ISO standard]

22Na, 60Co, 133Ba sources
provided by RP services at
CERN, used at 508

e |sotope

e Activity

Use of activated material:

e Description

L]

e Dose rate on contact
and in 10 cm distance

[dose][mSV]

e |sotope

e Activity

111mCd (49 m) < 15 MBgq
204mPb (67m) < 5 MBq
204Bi (11.2h) < 3 MBgq

Non-ionizing radiation

Laser

UV light

Microwaves (300MHz-30
GHz)

Radiofrequency (1-

300MHz)

Chemical

Toxic [chemical agent], [quantity]
Harmful [chemical agent], [quantity]
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CMR (carcinogens,
mutagens and substances
toxic to reproduction)

[chemical agent], [quantity]

Corrosive

chemical agent], [quantity

[ [ ]
Irritant [chemical agent], [quantity]
Flammable [chemical agent], [quantity]
Oxidizing [chemical agent], [quantity]
Explosiveness [chemical agent], [quantity]
Asphyxiant [chemical agent], [quantity]

[ [ ]

Dangerous for the
environment

chemical agent], [quantity

Mechanical

Physical impact or [location]
mechanical energy (moving

parts)

Mechanical properties [location]
(Sharp, rough, slippery)

Vibration [location]
Vehicles and Means of [location]

Transport

Noise

Frequency [frequency],[Hz] Ambient
noise at the ISOLDE Hall,
building 170

Intensity Ambient noise at the
ISOLDE Hall, building 170

Physical

Confined spaces [location]

High workplaces [location]

Access to high workplaces [location]

Obstructions in [location]

passageways

Manual handling

[location] All samples and
sample holders are
manually handled either by
long tweezers to insert and
extract the sample holder
into and out of the SSP
implantation chamber at
GLM. Transportation of
sample holders in between
the SSP chamber and the
fume hood on b.170 are
done inside a metallic
container. In the fume
hood the samples are
removed ( about 3 per
implantation batch) and
closed on individual bags,
or eppendorfs and merged
inside led pots to be
transported to b.508 r-002
and r-004

Once the individual samples
arrive to b.508-r-002, r-004
these are further
manipulated with tweezers
on dedicated spaces to be
controlled and annealed in
the dedicated furnaces, or,
optionally, already placed in
special quartz containers
and taken to b.508-r-008 to
be measured at the PAC
setups.

Poor ergonomics

[location]

0.1 Hazard identification
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3.2 Average electrical power requirements (excluding fixed ISOLDE-installation mentioned
above):

There is no additional equipment with relevant power consumption on these small-scale
experiments.
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