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Theoretical prediction = Experimental realization
- Additional prediction
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Theoretical prediction (2010, PRL) = Experimental realization

Strain-induced coupling of electrical polarization
1.* V. Goian,' V. Skoromets,' J. Hejtméanek,' V. Bovtun,' M. Kempa,' F. Borodavka,' P. Vanék,' A and StrUCturaI defeCts in SrMnO3 films

Strong spin-phonon coupling in infrared and Raman spectra of SrMnO;
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Infrared reflectivity spectra of cubic SrMnOj; ceramics reveal 18% stiffening of the lowest-frequency phonc
below the antiferromagnetic phase transition occurring at 7y = 233 K. Such a large temperature chang
of the polar phonon frequency is extraordinary and we attribute it to an exceptionally strong spin-phonc
coupling in this material. This is consistent with our prediction from first-principles calculations. Moreove
polar phonons become Raman active below Ty, although their activation is forbidden by symmetry in tt
Pm3m space group. This gives evidence that the cubic Pm3m symmetry is locally broken below Ty due to
strong magnetoelectric coupling. Multiphonon and multimagnon scattering is also observed in Raman spectr
Microwave and THz permittivity is strongly influenced by hopping electronic conductivity, which is caused t
small nonstoichiometry of the sample. Thermoelectric measurements show room-temperature concentration
free carriers n, = 3.6 x 10?° cm~* and the sample composition S hibi
very unusual temperature behavior: THz conductivity increases o I R PHB (20 1 4) ked|
decreases on cooling. We attribute this to different conductivity ’ o o

Carsten Becher', Laura Maurel?, Ulrich Aschauer!, Martin Lilienblum’, César Magén3#4, Dennis Meier',
Eric Langenberg?, Morgan Trassin', Javier Blasco*®, Ingo P. Krug®', Pedro A. Algarabel®5,
Nicola A. Spaldin’, José A. Pardo?’ and Manfred Fiebig'

Local perturbations in complex oxides, such as domain walls'?,
strain®* and defects®$, are of i b they can modify
the duction or the dielect icand tic resp and can
even promote phase transitions. Here, we show that the inter-
action between different types of local perturbations in oxide
thin films is an additional source of functionality. Taking
SrMnO; as a model system, we use nonlinear optics to verify
the theoretical prediction that strain induces a polar phase,
and apply denslty functional theory to show that strain simul-
ly the ation of oxygen vacancies.
These vacancies couple to the polar domain walls, where they
establish an electrostatic barrier to electron migration. The
result is a state with locally stri d roor ture con-
ductivity consisting of ducti polar
encased by insulating domain boundanes, which we resolve
using probe mic Our * itor' domains
can be individually charged, suggesting stable capacitance
nanobits with a potential for information storage technology.

q

Polar order in the strained StMnOj films was verified by second
harmonic generation (SHG), that is, frequency doubling of the
probing light wave (see Methods). SHG is particularly powerful in
detecting polar phases, because, in the leading order, it occurs
only in non-centrosymmetric media. It thus emerges free of back-
ground when the inversion symmetry is broken by the formation
of a polar state Tempemture dependent SHG measurements of
o ST N R |

SHG, Nature
- Nanotechnology -
(2015) ;

e
decrease 1n the SHG signal 1n strained SrMnUj; nims below 250 K
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‘Polar-Graded Multiferroic SrMnO; Thin Films
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Epitaxial films of SrMnO; and bilayers of StMnOi/Lag ¢;Sr933MnO3 have been deposited by pulsed laser
deposition on different substrates, namely, LaAlO; (001), (LaAlO3)3(Sr2AlTaOg)o7 (001), and SrTiO5 (001),
allowing us to perform an exhaustive study of the dependence of antiferromagnetic order and exchange bias field
on epitaxial strain. The Néel temperatures (7y) of the StMnOj; films have been determined by low-energy muon
spin spectroscopy. In agreement with theoretical predictions, 7y is reduced as the epitaxial strain increases. From
the comparison with first-principles calculations, a crossover from G-type to C-type antiferromagnetic orders is
proposed at a critical tensile strain of around 1.6 & 0.1%. The exchange bias (coercive) field, obtained for the
bilayers, increases (decreases) by increasing the epitaxial strain in the StMnO; layer, following an exponential
dependence with temperature. Our experimental results can be explained by the existence of a spin-glass (SG) state
at the interface between the SrtMnO; and Lag ¢

the different exchange interactions present in t N e utro n y P H B ( 20 1 5)

VFundacién ARAID, 50004 Zaragoza, Spain
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ABSTRACT: Engineering defects and strains in oxides provides a promising route for
the quest of thin film materials with coexisting ferroic orders, multiferroics, with
efficient magnetoelectric coupling at room temperature. Precise control of the strain
gradient would enable custom tailoring of the multiferroic properties but presently
remains challenging. Here we explore the existence of a polar-graded state in epitaxially
strained antiferromagnetic StMnOj; thin films, whose polar nature was predicted
theoretically and recently demonstrated experimentally. By means of aberration-
corrected scanning transmission electron microscopy we map the polar rotation of the
ferroelectric polarization with atomic resolution, both far from and near the domain
walls, and find flexoelectricity resulting from vertical strain gradients. The origin of this
particular strain state is a gradual distribution of oxygen vacancies across the film
thickness, according to electron energy loss spectroscopy. Herein we present a
chemistry-mediated route to induce polar rotations in oxvoen-deficient mnltiferraic

films, resulting in flexoelectric polar rotations an¢ TEM’ Nano Lel‘ l‘, (201 6)

distance (nm)
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piezoelectricity.
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No materials found yet with multi dielectric constants
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Measurement of the coupling in cubic SrMnO,
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Multiple- vs. single- order parameter transition
cf) SrTiO3 (Dipole)
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CrPS4 (Low Dimension Mag)
- Anisotropic structure (Polar)
- Many competing
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CrPS4 (FM semiconductor)
- Competing AFM vs FM at 4 % uniaxial strain

a Piezomagnetism
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Direction — Completely New states from Materials genome

“Order parameters changed more easily in multiples than single.”

Ground state
One combination g
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Meta states
Different combinations
of order parameters

Smart dielectric constants from metastates
Multi-bits memory, memcapacitors at room-T
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