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2 Abstract

3 We combined synchrotron-based near field infrared spectroscopy and atomic force
4 microscopy to image the properties of ferroelastic domain walls in Sr3SnsO7. Although
5 frequency shifts at the walls are near the limit of our sensitivity, we can confirm semi-
6 conducting rather than metallic character and widths between 20 and 60 nm. The latter
7 is significantly narrower than in other hybrid improper ferroelectrics like CagTiaO7. We
8 attribute this trend to the softer lattice in SrgSnsO7 which may enable the octahedral
9 tilt and rotation order parameters to evolve more quickly across the wall without signif-
10 icantly increased strain. These findings are crucial for the understanding of phononic



11 properties at interfaces and the development of domain wall-based devices.

12 Keywords: hybrid improper ferroelectrics, ferroelastic domain walls, symmetry analysis,

13 near field infrared imaging
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The discovery of hybrid improper ferroelecticity in layered perovksites has led to a number
of new and exciting room temperature ferroelectrics, particularly in the n = 2 Ruddlesden-
Popper A3 B>0y family of materials.'® The key feature of hybrid improper ferroelectricity
is a trilinear coupling between the polarization and two other structural order parameters,
which are typically rotations and tilts of the corner-connected network of metal oxide octa-
hedra in the crystal structure [Fig. 1(a)]. CazTi;O7 was the first experimentally confirmed
hybrid improper ferroelectric,® although other systems including Sr3SnyO7, Sr3ZryO7, and
CazMn,0O7 developed quickly by taking advantage of similar design principles.®® These
materials are very sensitive to chemical substitution. This responsiveness is beautifully il-
lustrated by the fact that a plot of Curie temperature (T¢;) vs. tolerance factor is linear
for this family of materials.!' Properties like the band gap are highly tunable as well,* and
rare earth ions can be incorporated to yield light emission.!® In terms of external stimuli,
both temperature and pressure trigger the development of different structural phases, %1618
some of which are predicted to display negative thermal expansion.!®2! This family of ma-
terials is spatially heterogeneous with interfaces in the form of domain walls.?? In CazTiyO-,
these defects consist of linear ferroelastic walls and meandering ferroelectric walls with both
vortices and antivortices.%?32* Sr substitution on the A site significantly increases domain
wall density. %23 Recent infrared imaging of the ferroelastic walls in CagTi,O7 reveals both
semiconducting character and exceptionally wide ferroelastic walls (between 60 and 160 nm)
as shown in Fig. 1(e).?® These findings are different from prior conducting atomic force mi-
croscopy as well as expectations for atomically thin walls, suggesting that residual structural
distortions across twin boundaries in hybrid improper ferroelectrics merit additional inves-
tigation.?02® We therefore turn to Sr3Sn,O; to further explore the phononic properties of
domain walls. In addition to being a rare instance of a Sn-based ferroelectric with switchable
polarization,®!3 the ferroelastic walls in this system are easy to visualize in a microscope

using linearly polarized light as well as in the normal field of view of the near field setup
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[Fig. 1(b,c)]. Atomic force microscopy also highlights topographically smooth twin bound-
aries [Fig. 1(d)] that are well-suited for near field line scans. This platform allows us to
reexamine questions relevant to domain wall conductivity and width and, at the same time,

begin to unravel structure-property relations in an unusual setting.
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Figure 1: (a) Crystal structure of Sr3SnyO; (space group A2;am).? This n=2 Ruddlesdon-
Popper system has both perovskite and rock salt layers. (b) Photograph of the linear fer-
roelastic domain walls in a large single crystal of Sr3Sn,O; taken under linearly polarized
light. The meandering ferroelectric domain walls are not visible in this image. (c) Image
of the crystal surface and top of the cantilever tip along with two ferroelastic domain walls.
(d) Atomic force microscope image of the surface of Sr3Sn,O7, which is extremely flat. The
red arrow shows how we carry out a typical near field line scan. The height is indicated.
(e) Contour plot of the synchrotron-based near field infrared amplitude across a ferroelastic
domain wall in CagTi;07.2° The wall in this image is approximately 160 nm wide as ev-
idenced by changes in the Ti-O stretching and Ti-O-Ti bending modes near 650 and 450
cm ™!, respectively.

In order to further explore the phononic properties of twin boundary-type interfaces in
hybrid improper ferroelectrics, we combined synchrotron-based near field nano-spectroscopy
with atomic force microscopy to image the ferroelastic domain walls in SrgSnyO7. We find
that these walls have widths on the order of 40 nm and step sizes of only ~7 nm, so the
interface is narrow and relatively flat. They are also semiconducting, with reduced amplitude

at the wall and no evidence for metallic character - in line with prior work on CasTiyO07.2°
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Despite these similarities, the ferroelastic domain walls in Sr3Sn,O7 are significantly narrower
than those in other hybrid improper ferroelectrics such as CazTiaO7 [Fig. 1(e)]. Analysis of
the lattice constants, tolerance factor, and local structure reveals a softer lattice, suggesting
that the octahedral tilt and rotational order parameters® rotate more quickly across the
wall in Sr3Sn,O; compared to CazTisO;. The ability to bring structure-property arguments
to an entirely new setting is a significant conceptual advance revealing that the underlying
mechanism of reduced domain wall width is indeed the soft lattice in SrzSn,O7. In addition
to understanding the fundamental aspects of these interfaces, real space imaging of ferroic
materials is important for heat and strain management in domain wall-based logic and

neuromorphic computing devices.

Crystal growth and domain wall identification: High quality single crystals of the
hybrid improper ferroelectric Sr3Sn,O7 were grown using laser floating zone techniques as de-
scribed previously. '3 A stereo microscope equipped with a linear polarizer was used to locate
ferroelastic walls, and atomic force microscopy (AFM) was employed to confirm cleanliness

and to identify particular domain walls in candidate scan areas.

Far field spectroscopy: Traditional far infrared measurements were performed using a
Bruker 113V Fourier transform spectrometer equipped with a series of beamsplitters and a
helium-cooled bolometer detector covering the 22 - 690 cm ™! range. Far field techniques are
aperature-based, so they are limited by the diffraction limit of light - resulting in a spot size

of a few microns.

Synchrotron based near-field infrared spectroscopy: Near-field infrared measure-

ments were performed using the Advanced Light Source synchrotron at beamline 2.4 at

29-34

Lawrence Berkeley National Laboratory. Similar to a far field infrared set-up, the in-
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frared light is guided using an asymmetric Michelson interferometer where one arm is a
moving mirror and the other is an AFM (Neaspec neaSNOM). Infrared light from the syn-
chrotron is focused on a standard conducting AFM tip which serves as an antennae. The tip
is operated in a intermittent contact (tapping) mode with an oscillation amplitude of ~80
nm when engaged and has a resonance frequency of between 240 and 380 kHz. As this is
a tip-based technique, spatial resolution is tip-dependent and on the order of 20 x 20 nm?.
The scattered light from the tip is combined with reference light obtained from a moving
parabolic mirror on a beamsplitter and detected by a liquid-helium cooled Ge:Cu detector
equipped with low noise components. The interferogram is Fourier transformed providing
both amplitude and phase information which corresponds to the real and imaginary parts
of optical dielectric function of the sample. A lock-in amplifier is used to obtain second-
harmonic spectral information which helps to eliminates any background far field signal. A
gold mirror is used as the reference. The ferroelastic domain walls in Sr3Sn,O7; are very well
established at room temperature, allowing for line scans to be performed over a frequency
range of 330 - 750 cm~!. Each line scan consists of a series of points collected in a step-
wise manner. We employ a 20 nm step size, and the spectrum at each point averages 20
separate scans. We imaged multiple different walls, although for simplicity, we show rep-
resentative images here. As part of our analysis, we carried out both fixed-frequency and
fixed-position cuts of the full data set. Averaging was employed as appropriate to improve

the signal-to-noise ratio.

Figure 2 displays the near field infrared response of Sr3Sn,O7 at 300 K along with the far field
infrared absorption, the Raman scattering response, and the theoretically-predicted infrared-
active modes for this system. This comparison makes the assignment of the near field features

and their corresponding mode symmetries and displacement patterns straightforward.'” The



100

101

102

103

104

105

106

107

108

109

110

Near-field
pislj-iesN

Theoretical Intensity Raman Intensity amplitude (A(o))
(()@) sseyd

(arb. units)
aoueqlosqy
paJelu|

/\——M } il e
A NSNS
o
c
S
o
s
[P B L1
350 400 450 500 550 600 650

Frequency (cm™)

Figure 2: The synchrotron-based near field infrared amplitude (red) and phase (blue) re-
sponses are compared to the far field infrared (purple) and Raman scattering (green) spectra
for Sr3Sny,O;. The bottom panel shows the theoretically predicted phonon frequencies and
their intensities,'” color-coded based on mode assignment. Two additional theoretically-
predicted B,, symmetry modes just below 330 cm~! contribute as well.”

traditional and near field infrared responses appear somewhat different, which is primarily
a consequence of the far field vs. tip-based approach.3? Our analysis concentrates primarily
on the peak in the near field amplitude response near 380 cm ™' which is sharp and strong.
This peak is comprised of both B; and By symmetry modes.!” The displacement patterns
correspond to various Sn-O-Sn bending motions. The Sn-O stretches near 580 and 680 cm™*
also appear in the near field infrared data but are noticeably weaker. These peaks are also
comprised of multiple modes.!” The near field response has both amplitude A(w) and phase
®(w), corresponding to the real and imaginary parts of the signal. The amplitude corresponds
most closely to reflectance or €;(w)) whereas the phase is more akin to absorbance.3%3° As

the amplitude approaches zero, the phase is not well-defined, which explains the break in

the phase spectrum. Consequently, we focus our discussion on the near field amplitude and
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how it changes across a ferroelastic domain wall.

Various line scans were performed across the sample surface, and all show a consistent
domain wall response. Figure 3 shows a representative ferroelastic domain wall which illus-
trates the typical near field response. Additional spectra and further analyses can be found
in the Supporting Information. The contour plots in Fig. 3(a, b) highlight the three distinct
peaks present in the frequency range of interest. Two contour plots were used due to the
large amplitude intensity difference between the feature located at 380 cm™! and those at
580 and 676 cm~!. The distance corresponds to the distance travelled along a designated

line scan. There is a marked decrease in the scattering amplitude beginning at 440 nm
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Figure 3: (a, b) Contour plots of the distance scanned versus frequency where the near
field amplitude is represented by a color scale. The dotted lines indicate the location of the
ferroelastic domain wall. Note the contour plot is separated into two frequency ranges due
to the large amplitude differences. (c) Fixed frequency cuts are taken at each of the three
distinct phonons visualized in (a) and (b). The location of the domain wall is denoted by
a dotted line. There is a large dip in near field amplitude as the domain wall is crossed.
(d) Fixed distance cuts are averaged over the width of the domain wall (red) and over a
corresponding width in the adjacent domain (blue). The difference spectrum is plotted for
clarity in purple.
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which corresponds to the onset of the ferroelastic domain wall. The location of the domain
wall can be further visualized in the fixed frequency plot [Fig. 3(c)], where the near field
amplitude is plotted against the distance along the line scan. The amplitude decreases to a
local minimum and is present in each phonon with the clearest indication being the large dip
observed in the lowest frequency feature. This amplitude change can also be seen in the fixed
distance cut plot in Fig. 3(d) where the amplitude response as a function of frequency from
within the domain is compared to the response at the wall. The difference spectrum shows
that the phonon at 380 cm ™! has the greatest sensitivity to the presence of the wall. As a
reminder, the feature near 380 cm ™! consists of B; and B, symmetry bending modes.!” This
differs from our previous study of CazTisO; where the stretching modes were considerably
more sensitive to the domain wall.

We can extract several important results from these data. First, the ferroelastic domain
walls in SrzSn,O7 are noticeably thinner than those in CazTisO7;. The domain wall shown
in Fig. 3(c) is representative of the more than 20 walls imaged and is approximately 40
nm in width which is average for this material. Additional line scan data (for both thinner
and thicker domain walls) are shown in the Supporting Information. At the same time, the
infrared spectrum provides a sensitive and microscopic indicator of the presence (or absence)
of metallic character.?* The lack of a Drude response and the clear presence of unscreened
phonons in the available frequency range clearly confirm that the wall is not metallic in
nature. There are slight blue shifts of the phonon modes at the wall that are near the limit
of our sensitivity. These frequency shifts are consistent with a slight hardening of the force
constant - on the order of 1%.

Given the many similarities between the synchrotron near field infrared response of fer-
roelastic domain walls in Sr3Sn,O7 and CasTisO7, it’s important to discuss the primary dif-
ference - which is that walls in SrgSnyO7 are significantly narrower than those in CagTiyO7
[Fig. 1(e)]. There is certainly some variation in the domain wall widths in both materi-

als. Even so, we find that twin boundary interfaces in Sr3Sn,O7 range from approximately
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20 to 60 nm whereas those in CazTi,O; display widths between 60 and 160 nm.? As we
discuss below, the lattice is overall softer and more flexible in Sr3SnsO;. This likely allows
the octahedral tilt and rotational order parameters to evolve more quickly, still traversing
their full range but over a shorter distance. A more relaxed lattice therefore supports strain

management.

Table 1: Comparison of the experimental structural parameters in CazTisO7 and Sr3Sn,O7
at room temperature. The theoretical octahedral distortion amplitudes have been included
for completeness. Calculated values are rounded for ease of comparison. Data taken from
Refs, 916,25

Unit cell parameters Ca3Ti, O Sr3Sn, 0

a, b, ¢ (A) 5.42340, 5.41720, 19.41690 | 5.73330, 5.70570, 20.66370
vV (A3) 570.46 675.96

a/b 1.001 1.005

c/a 3.580 3.604

Bond lengths

Equatorial Ti-O/Sn-O (A) | 1.956(5), 1.960(4), 1.944(5), | 2.0423(5), 1.9975(5),
1.950(4) 2.0670(5), 2.0777(4)

Axial Ti-O/Sn-O (A) 1.93(3), 1.950(4) 2.0862(8), 2.0425(0)

Octahedral distortions

x4 (A) 1.26 1.09

x; (A) 1.76 1.66

. (A) 0.89 0.64

It turns out that a simple structure-property analysis is able to account for differences
in domain wall width. For instance, even though the a/b and ¢/a ratios are very similar,
comparison reveals that the lattice parameters are approximately 6% larger in Sr3Sn,O-
[Table 1]. This difference naturally translates into a larger unit cell volume. The tolerance
factor is also an excellent descriptor for a wide variety of properties in this family of materi-
als. 121718 The tolerance factor of Sr3Sn,O is 0.957 whereas that in CagTisO7 is 0.946,17 so
we find that materials with larger tolerance factors have narrower walls. From a structural
viewpoint, this makes sense because materials with smaller tolerance factors have larger oc-
tahedral rotation amplitudes. Phase transitions in the n=2 Ruddlesden-Popper materials

involve changes to the octahedral rotations, and it takes more energy to drive the transition

10
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in low tolerance factor compounds. Analysis of the local structure around the Sn center is
even more convincing when tested against our near field infrared images, particularly the
behavior of the Sn-O-Sn bending modes across the walls.? As shown in Table 1, the bonding
environment around Sn is highly asymmetric, and the Sn-O bond lengths are overall longer
and more distinct than the corresponding Ti-O distances.®?® By comparison, CasTiyO7 is
a significantly stiffer material with a more symmetric coordination environment. The high
temperature structural stability of SrsSn,O; is also consistent with a softer lattice.!0:17:36

These factors mandate a slower evolution of the order parameters and give rise to wider

walls in Ca3T1207.

Hybrid improper ferroelectrics host an extensive network of ferroelectric and ferroelastic
domain walls. As part of our program to unravel the properties of ferroelastic walls in
these materials, we imaged the near field infrared response of Sr3Sn,O7. Constant distance
slices of the line scan data highlight reduced near field amplitude as well as semiconducting
character at the wall. Fixed frequency cuts of the near field contour plot demonstrate the
singular importance of the Sn-O-Sn bends in this system and, at the same time, point toward
domain wall widths on the order of 40 nm. The latter is quite different from the situation in
CazTisO7 where both Ti-O stretching and Ti-O-Ti bending modes are active across the wall
and the ferroelastic domain walls are significantly wider. We analyze the lattice constants,
tolerance factors, and local structures and find that these simple descriptors are very effective
tools for the development of structure-property relations. We argue that a softer lattice as
in Sr3SnyO7 relaxes strain and supports narrower ferroelastic domain walls whereas a stiffer
lattice (as in CagTiyO7) leads to wider domain walls due to the slower evolution of the order
parameters. These ideas may be useful for anticipating the properties of ferroelastic domain

walls in other hybrid improper ferroelectrics.

11
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Standard synchrotron radiation safety protocols should be followed carefully.

Statistical information regarding the domain wall size distribution observed in Sr3Sn,O7 can
be found in the supporting information. Two additional near-field infrared spectroscopy
measurements representing the maximum and minimum domain wall widths have also been

included.
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