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Abstract

We employ synchrotron-based near-field infrared spectroscopy to image the phononic

properties of ferroelectric domain walls in hexagonal (h) Lu0.6Sc0.4FeO3, and we com-

pare our findings with a detailed symmetry analysis, lattice dynamics calculations,

and prior models of domain wall structure. Rather than metallic and atomically thin
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as observed in the rare earth manganites, ferroelectric walls in h-Lu0.6Sc0.4FeO3 are

broad and semiconducting, a finding that we attribute to the presence of an A-site

substitution-induced intermediate phase that reduces strain and renders the interior of

the domain wall non-polar. Mixed Lu:Sc occupation on the A site also provides com-

positional heterogeneity over micron-sized length scales, and we leverage the fact that

Lu and Sc cluster in different ratios to demonstrate that the spectral characteristics at

the wall are robust even in different compositional regimes. This work opens the door

to broadband imaging of physical and chemical heterogeneity in ferroics and represents

an important step to revealing the rich properties of these flexible defect states.

Keywords: ferroelectricity, domain walls, symmetry analysis, near field infrared imag-

ing, orthoferrites
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Introduction

Ferroelectric domain walls are usually considered to be atomically thin. There are numer-

ous piezo-force and conducting atomic-force microscope measurements of hexagonal rare

earth manganites demonstrating that the interlocked structural anti-phase and ferroelectric

domain walls that combine to form cloverleaf-like vortices have essentially zero width.1–6

As predicted by Fennie and Rabe,7 improper ferroelectricity in the hexagonal rare earth

manganites is induced by a Mn center buckling distortion.8,9 The subsequent discovery of

collective alternating net magnetization at cross-coupled domain walls10,11 showed that inter-

acting ferroelectric and magnetic domains (or walls) are key to understanding giant response

mechanisms in many multiferroics. That walls have essentially zero width was verified the-

oretically by Kumagai and Spaldin12 who studied two different models of domain walls in

YMnO3. The first was an atomically thin ferroelectric wall, and the second was a wider

wall with an intermediate P 3̄c1 phase that effectively endows the interface with non-polar

character. As the energy of the atomically-thin ferroelectric wall is lower than that of the

wider, two-phase domain wall, we should anticipate ferroelectric domain walls of essentially

zero width in the rare earth manganites and related materials.12 While manganites are the

archetype for fundamental studies of domain wall properties,13 many other materials in-

cluding complex chalcogenides,14,15 lead perovskites,16 and spin crossover complexes17 host

these structures, making it of great fundamental interest to image the phononic properties

of these interfaces. At the same time, ferroelectric hafnia benefits from ultra-low barriers to

topological domain wall switching18 and wake-up and fatigue processes in (Hf0.5Zr0.5)O2 are

connected with reversible domain wall transitions and oxygen center movement,19 providing

powerful reminders of the practical importance of these processes.

It is obviously quite challenging to image the properties of an interface with vanishing

width. We therefore decided to explore a possible exception to this general case by taking

advantage of the domain walls created by A-site substitution h-Lu0.6Sc0.4FeO3.
20,21 Tunneling

electron microscopy was utilized to map the ferroelectric domains previously, but unlike
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infrared spectroscopy, it does not reveal the vibrational properties of domain walls. In

addition to being a more suitable platform for our infrared imaging techniques, this system

provides an opportunity to revisit predicted wall structures12 and to explore precisely how

local structure relaxes across a ferroelectric domain wall.

Ferrites generally adopt either an orthorhombic or hexagonal crystal symmetry depending

on the radius of the A site ion.22 LuFeO3 normally hosts orthorhombic structure, although

the pure hexagonal phase can be stabilized under epitaxial strain.23 Similarly, A-site substi-

tution with Sc, the smallest and lightest of the Group III elements, leads to a more compact

lattice, which favors the hexagonal structure (Figure 1a). This is due to chemical pressure

effects which give rise to local strain.21,24 h-Lu0.6Sc0.4FeO3 is ferroelectric at room tempera-

ture, providing ample opportunity to study ferroelectric domain walls at ambient conditions.

At the same time, disorder and inhomogeneity are known to modify the overall width and

number of domain walls.25 Like the hexagonal rare earth manganites, h-Lu0.6Sc0.4FeO3 is

an improper ferroelectric with a polar distortion induced by buckling of the bipyramidal

layers and Lu/Sc distortion in a trimerized fashion.26,27 This system thus hosts two order

parameters: the polar and so-called K3 trimer distortions. Piezo-force microscopy reveals

a cloverleaf pattern of micron-sized vortex ferroelectric domains in the single crystals21 -

similar to those in the manganites.28 These ferroelectric domain walls are also structural an-

tiphase boundaries due to rotating oxygen distortions.21 Further analysis reveals two types

of ferroelectric walls: one variety has FeO5 dimers, and the other kind does not.3 Low tem-

perature magnetic force microscopy demonstrates that the weak ferromagnetic domains are

distinct from the ferroelectric domains in terms of size and shape and that there exists no

mutual locking between their domain walls.21 These findings suggest decoupling between fer-

roelectricity and weak ferromagnetism in this system.9 Domain walls have also been observed

by scanning tunneling electron microscopy in related systems such as (LuFeO3)m(LuFe2O4)n

superlattices.29

Although sensitive techniques have been developed for macroscopic measurements of
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magnetoelectric coupling,28,30 there remains a need to detect properties within a single do-

main or at a domain wall.10,11,20 Vibrational spectroscopies are well-suited for unveiling the

phonons that drive polar displacements in a ferroelectric material and exposing the micro-

scopic origin of phononic properties such as thermal conductivity, specific heat, and thermal

expansion.31 As a reminder, ferroelectricity requires a broken inversion center, and infrared

spectroscopy, with the ability to measure odd-symmetry vibrational modes, is the perfect

method for revealing how symmetry evolves across a ferroelectric domain wall. Traditional

infrared spectroscopy is not suitable because it cannot be focused beyond the diffraction

limit d = λ/2NA, where λ is the wavelength of light, and NA is the size of the numerical

aperture. This means that 500 cm−1 light has a diffraction-limited spot size of 10 µm or

greater - far too large to image topological objects like domain walls. Synchrotron-based

near-field infrared nano-spectroscopy offers a way forward as the 20 nm spatial resolution

overcomes the diffraction limit and provides the sensitivity needed to measure samples with

small lateral area.32–34 Furthermore, the recent extension into the far infrared is ideal for

complex oxides.35 We recently employed this technique to explore strain relief and order

parameter trends across ferroelastic walls in the hybrid improper ferroelectric Ca3Ti2O7.
36

We imaged wide ferroelastic walls but were unable to resolve signatures of ferroelectric walls

in crystals mapped with piezo-force microscopy, likely because they were too thin. Several

related materials such as Ca3(Ti0.1Ru0.9)2O7 and (Ca0.99Sr0.01)2RuO4 host ferroelastic do-

main walls with significant widths as well,37,38 demonstrating that there are other systems

of contemporary interest with macroscopic walls.

In order to advance the understanding of these fascinating topological defect states,

we combine the wider ferroelectric domain walls in h-Lu0.6Sc0.4FeO3 (induced by A-site

substitution) with synchrotron-based near-field infrared nano-spectroscopy and compare our

results with complementary lattice dynamics calculations and a symmetry analysis. Not only

can we image the ferroelectric domain walls in this system for the first time, but we find

that the structural relaxation is surprisingly wide - at least from a local structure point of
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view. In addition to near-field amplitude changes across the walls, we detect small frequency

shifts. We have long sought evidence for mode hardening and softening at both ferroelastic

and ferroelectric walls, but in our prior work,36 the predicted frequency shifts of the phonon

modes were below our sensitivity. Now we can use these frequency shifts to revisit the

question of whether there could be a non-polar structure embedded inside the ferroelectric

wall12 or whether the wall remains polar all the way through. We also take advantage

of the natural compositional gradient due to A-site substitution to study wall behavior

in slightly different chemical environments, providing an early glimpse of chemical tuning

opportunities. This work opens the door to broadband imaging of physical and chemical

heterogeneity in ferroics and represents an important step to revealing the rich properties

of these flexible defect states for ultra-low power memory and computing devices.39–41 More

generally, Z6 topological vortex domain structures are related to contemporary issues in

quantum information (e.g. clock model, graph theory) as well as cosmology (the Kibble-

Zurek mechanism which describes the possible formation of topological defects during a

spontaneous symmetry breaking phase transition at the birth of the universe).1,42,43 Physical

manifestations of these models in the form of domain wall interfaces in ferroic oxides are

therefore very attractive objects to explore.

Results and discussion

A-site substitution and compositional variation in the spectroscopic

response

As a prelude to our near-field measurements of domain walls in h-Lu0.6Sc0.4FeO3, we studied

A-site substitution effects, the statistics of Lu and Sc occupation (best visualized as “red

and blue balls” on 14 sites), and the impact of compositional heterogeneity on the spec-

troscopic response. By combining multiple techniques, we are able to place size constraints

on the different compositional regions observed in h-Lu0.6Sc0.4FeO3. This heterogeneity is
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a consequence of the local structure and depends on the relative abundance of Lu and Sc

(henceforth, the Lu:Sc ratio). What we find is that the global and local Lu:Sc ratios are

different. The crystal structure of h-Lu0.6Sc0.4FeO3 is shown in Figure 1a. It consists of a

layer of corner-sharing FeO5 bipyramids between the hexagonal slabs containing the Lu and

Sc centers. We initially performed traditional infrared microscopy in order to understand

the size of these compositional regions. Even using a 20 × 20 µm2 aperture - close to the

resolution limit for this method due to the diffraction limit of light - these measurements

reveal no obvious differences. We therefore conclude that composition varies across much
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Figure 1: Overview of chemical and physical heterogeneity in h-Lu0.6Sc0.4FeO3. (a) Crystal
structure of the unit cell of h-Lu0.6Sc0.4FeO3. The space group is P63cm.21 Teal, purple and
red spheres represent Lu/Sc sites, Fe atoms, and O atoms respectively. (b) Atomic force
microscopy showing the topography of an area of interest with marks indicating the location
of point spectra. (c) Point spectra corresponding to the locations indicated in (b). Curves
are labeled and colored to match the different types of spectra observed in the various local
composition areas. (d) Piezo-force microscopy of the ferroelectric vortex domains over the
same area scanned in (b). Red lines show the positions of line scan 1 (LS1) and line scan 2
(LS2) taken in the 1:1 and 3:4 compositional regions, respectively.
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smaller length scales. At the same time, we clearly observe different spectral responses using

near-field techniques. Here, the spatial resolution is many orders of magnitude smaller (20

nm) due to the tip-enhanced nature of the method.34 By sampling different areas on the

surface, we are also able to identify different compositional regions which are significantly

larger than the tip (Figure 1b). We therefore conclude that the compositional domains in

h-Lu0.6Sc0.4FeO3 are smaller than what can be measured with a far field technique but also

larger than the spatial resolution of a near-field point scan. We estimate that the length

scale of compositional variation is 1 - 3 microns (Figure 1b), similar to that other hetero-

geneous materials.44 Moreover, each region hosts a slightly different spectroscopic response

(Figure 1c). This mapping process allows topography and position be correlated with com-

position.

As established above, the spectral differences observed on the micron scale are due to the

natural compositional variation in the sample. Because h-Lu0.6Sc0.4FeO3 is stabilized in the

hexagonal phase (as confirmed by x-ray diffraction), we know that the Lu:Sc ratio has to be

between 4:3 and 3:4.21 This implies that there are three principle compositional variants: 4:3,

1:1, and 3:4. On its surface, this is a standard case of understanding how A-site substitution

and chemical inhomogeneity appear in and stabilize h-Lu0.6Sc0.4FeO3. The distinguishing

aspect of our work is how we combine this analysis with infrared imaging of the ferroelectric

domain walls, linking both chemical and physical heterogeneity.

Due to the Lu vs. Sc mass difference, the Sc-rich rich areas display features at slightly

higher frequencies. This general expectation explains the variations in Figure 1b,c and is

justified by a detailed comparison of mode frequencies in LuFeO3 vs. ScFeO3 (Tables S1

and S2, Supporting Information). As a result, we can assign Lu:Sc ratios based upon the

simplest models consistent with observed spectral shapes. Recall that there are three choices

for crystals in the hexagonal phase: 4:3, 1:1, and 3:4. The spectra collected from the blue

region in Figure 1b and plotted in Figure 1c displays the most prominent high frequency

features. Specifically, the prominence of the peak at 600 cm−1, which is primarily associated
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with oxygen displacements calculated for ScFeO3, is the key signature of this region, and

we attribute it to the highest local Sc concentration and a Lu:Sc ratio of 3:4. Likewise,

the region in green has prominent features at higher frequency when compared to the red

area, so we assign the local Lu:Sc ratios in these regions as 1:1 and 4:3, respectively. We

can therefore identify the local Lu:Sc ratio by subtle differences in the shape of the local

near-field infrared response.
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Figure 2: Comparison of far and near-field infrared spectra of h-Lu0.6Sc0.4FeO3. (a) The far
field infrared spectrum and (b) near-field amplitude and phase are in good agreement. We
assign the features of the near-field spectrum based upon our complementary lattice dynamics
calculations shown in (a). The theoretical modes are given by blue squares or red triangles
for Lu- or Sc-containing modes, respectively. Both frequencies and relative intensities are
indicated. This figure focuses on the frequency range of the near-field response. (c) Three
selected mode displacement patterns (at 428, 511 and 557 cm−1, computed for LuFeO3).
Displacement patterns calculated for ScFeO3 are the same but with slightly higher frequency.
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Vibrational mode assignments and lattice dynamics calculations

Figure 2 displays the absorption of h-Lu0.6Sc0.4FeO3 measured by far field techniques, the

synchrotron-based near-field infrared spectrum (both amplitude and phase), and the results

of our complementary lattice dynamics calculations. We confine our attention to the region

between 350 and 650 cm−1 where we have prominent features. Figure 2(c) shows repre-

sentative phonon displacement patterns that occur near these frequencies. By inspecting

displacement patterns, we find that phonons near 430 cm−1 have fairly complex patterns

that combine bond stretching and bending. The mode at 428 cm−1 consists of primarily

equatorial oxygen displacements, where within each bipyramid two oxygens displace down

and the third displaces up by twice the amount (or two up, one down). This is somewhat

reminiscent of the up-up-down A-site cation displacements found in these materials. The

displacement patterns of phonons with frequencies near 510 cm−1 involve primarily bending

of the Fe-O bonds, arising mainly from apical oxygen displacements. Finally, the phonons

near 560 cm−1 consist mainly of Fe-O bond stretches. The vibrational modes that directly

contain Lu and Sc motion as part of their displacement patterns resonate below 300 cm−1

- outside the range of the detector. On the other hand, the A site chemistry does provide

indirect or “proximity effects” to the FeO5-related stretching and bending modes as we dis-

cuss below. A full set of mode assignments including experimental + calculated frequencies

and symmetries is given in the Supporting Information. With the mode assignments of

h-Lu0.6Sc0.4FeO3 on a firm foundation, we are ready to image the ferroelectric domain walls.

Near-field infrared imaging of ferroelectric domain walls

Beyond spectral changes due to compositional heterogeneity, h-Lu0.6Sc0.4FeO3 hosts polar

domains with ferroelectric walls that separate these domains. The walls in this system

are unusually fat - probably due to A-site substitution. While having polarization “up” or

“down” (Figure 1d) does not create spectral contrast in and of itself, there is infrared contrast

at the interface. This is because symmetry is broken at the wall since polarization either has
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to rotate (Néel wall) or turn off and on (Ising wall). Local compositional defects (such as

oxygen deficiencies and perhaps the smaller Sc3+ ions) also tend to migrate to the walls.45,46

In any case, the walls that we seek to image are extremely small, so a far field measurement

with a large beam will provide only an average response.47 Tip-enhanced techniques are

needed to (i) beat the diffraction limit and (ii) reveal the properties of individual walls.

We locate ferroelectric domain walls of interest in h-Lu0.6Sc0.4FeO3 with a multi-step

procedure. We begin by measuring atomic- and piezo-force microscopy on a flat area of a

crystal according to the natural topography present in both fields of view. The results of

this process are provided in Figure 1b,d. Navigation is made easier by proximity to gold

markers. In order to re-position ourselves near specific domain walls at the beamline, we

perform additional atomic force microscopy to map the surface in the same field of view as

previously mapped with piezo-force microscopy. This assures proper positioning of the tip

for a near-field line scan. Details are available in the Methods and Supporting Information.

Figure 3: Near-field infrared response across a ferroelectric domain wall in h-Lu0.6Sc0.4FeO3.
(a) Color contour plot presents the near-field infrared response as a function of distance
across a ferroelectric domain wall, indicated by the horizontal dashed lines, in the 1:1 Lu:Sc
composition region. The image corresponds to line scan 1 in Figure 1d. The spatial resolution
is 20×20 nm2, and the spectrum is sampled every 10 nm along the line scan. The color
indicates near-field amplitude as shown by the scale bar. (b) Constant distance curves,
extracted from the real space infrared image in panel (a). Cuts are taken before, after, and
at the ferroelectric domain wall. Difference spectra (A(ω) at the wall - A(ω) away from the
wall) are shown at the top of this panel. (c) Fixed frequency cuts of the image in panel
(a). These data reveal how the near-field amplitude evolves as a function of distance at the
indicated frequencies which correspond to particular vibrational modes. The frequencies are
selected to provide contrast at the ferroelectric domain wall in the 1:1 Lu:Sc compositional
regime.
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Figure 3 displays the real space infrared response of a ferroelectric domain wall taken

wholly within the 1:1 Lu:Sc compositional domain of h-Lu0.6Sc0.4FeO3 along with fixed po-

sition and fixed frequency cuts of the image. There are three primary findings. First, the

phononic signature of the domain wall has lower near-field amplitude when compared to

the surrounding area. Second, the extent of the spectral response spans roughly 100 nm,

indicating that local structural aspects of the wall as measured by infrared spectroscopy

are anomalously wide.48–50 Third, the walls are semiconducting rather than metallic as evi-

denced by the strong phonon response and lack of a Drude signature. This is different than

the conducting AFM results in the literature,51–53 although several of the more recent studies

emphasize that the region of the domain wall is simply more conducting than the surround-

ings rather than metallic.20,54–58 We verify these findings by examining a ferroelectric domain

wall in a different compositional region as described below.

Figure 4: Near-field infrared response across a ferroelectric domain wall in h-Lu0.6Sc0.4FeO3.
(a) Color contour plot presents the near-field infrared response as a function of distance
across a ferreoelectric domain wall, indicated by the horizontal dashed lines, in the 3:4
Lu:Sc composition region. The image corresponds to line scan 2 in Fig. 1(d). The spatial
resolution is 20×20 nm2, and the spectrum is sampled every 10 nm along the line scan. The
color indicates near-field amplitude as shown by the scale bar. (b) Constant distance curves,
extracted from the real space infrared image in panel (a). Cuts are taken before, after, and
at the ferroelectric domain wall. Difference spectra (A(ω) at the wall - A(ω) away from the
wall) are shown at the top of this panel. (c) Fixed frequency cuts of the image in panel
(a). These data reveal how the near-field amplitude evolves as a function of distance at the
indicated frequencies which correspond to particular vibrational modes. The frequencies are
selected to provide contrast at the ferroelectric domain wall in the 3:4 Lu:Sc compositional
region.

Figure 4 summarizes the synchroton-based near-field infrared response of a different fer-
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roelectric domain wall. This one is fully within the 3:4 Lu:Sc compositional domain, and

again it includes the contour plot as well as fixed position and fixed frequency cuts of the

image. Certain similarities are immediately apparent, although there are significant differ-

ences as well. For instance, a line scan across the wall reveals clear phonons the entire time

- an indication that the wall is insulating. The width of the wall in line scan 2 (120 nm)

is slightly wider than in line scan 1, and again, we see diminished near-field amplitude at

the wall. Because domain walls relieve strain between domains, energy is minimized if the

system is allowed to relax over a wider range.59,60 We attribute the width of the response

to this relaxation.36 This is different from the atomically thin walls reported previously.48–50

We hypothesize that that Sc3+ (the small A site ion) and oxygen may be migrating to the

defect,61 thus creating larger distortions and broader structural relaxations.

Frequency shifts at the ferroelectric domain walls

In addition to amplitude and width changes, near-field infrared spectroscopy reveals that

there are subtle frequency shifts of the phonon modes at the walls. While predicted in the

past,62,63 experimental evidence has been lacking - even though we have been searching for

these signatures for some time. Resolving these changes is quite challenging because the

expected frequency shifts are small, and the resolution that we employ in the near-field line

scans (8 cm−1) is traditionally not very high. As a result, the frequency shifts that we find

in h-Lu0.6Sc0.4FeO3 are at the limit of our sensitivity. Even so, frequency shifts are observed

in nearly all of the phonons - both bending and stretching modes. Figure 5 summarizes our

findings.

Focusing first on the bending modes of h-Lu0.6Sc0.4FeO3, we see that wall phonons are

nearly identical to those in the nearby ferroelectric domains. For instance, none of the O–

Fe–O bending modes shift at the wall in the 1:1 or 3:4 Lu:Sc composition regimes. The Fe–O

stretching modes are more interesting. The response of the wall in the 3:4 Lu:Sc region is
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Figure 5: Close-up view of the frequency shifts at the ferroelectric domain walls. (a-c)
Data are taken within the 1:1 Lu:Sc compositional region and (d-f) are taken from the 3:4
Lu:Sc compositional region. Data are taken at (red curves) and away from (blue curves) the
domain wall to emphasize the frequency shifts associated with the wall.

the most significant with frequency shifts on the order of -2.6, +3.2, and +0.9 cm−1 for

the stretching modes near 498, 559, and 602 cm−1, respectively. These are significant fre-

quency shifts suggesting the possibility that the ferroelectric domain walls in the 3:4 Lu:Sc

compositional region of h-Lu0.6Sc0.4FeO3 may have a different internal structure than the

surroundings - akin to the higher energy structure proposed by Kumagai and Spaldin in

Ref. [12]. While these frequency shifts are not precise enough to tease out the intermediate

space group inside the domain wall as we have done with h-Lu0.6Sc0.4FeO3 under pressure,27

they are consistent with the overall picture of using a structural modification to minimize

strain across a relatively wide wall. Frequency shifts of the 504 and 568 cm−1 Fe–O stretch-

ing modes at the wall in the 1:1 Lu:Sc composition region are also significant at -1.5 and
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+3.4 cm−1, respectively. If these frequency shifts could be augmented by near-field data at

lower frequencies, it might be possible to compare calculations of the hexagonal, P 3̄c1, and

P63/mmc structures to see if predicted frequency shifts across the wall are consistent with

the measurements. Such a comparison could, in principle, reveal the nature of an interme-

diate phase that might allow a wide domain wall to host a non-polar interior. Finally, we

point out that based upon these frequency shifts, the force constants change by 1 or 2% at

the interface. Both softening and hardening is observed.

Conclusions

In this work, we combined synchrotron-based near-field infrared nano-spectroscopy, a de-

tailed symmetry analysis, and lattice dynamics calculations to reveal the properties of a

quasi-one-dimensional topological object in the form of a ferroelectric domain wall. These

studies are enabled by development of broad band infrared imaging with nanometer-scale

spatial resolution and the fat domain walls in Lu0.6Sc0.4FeO3 where, thanks to A-site substi-

tution, we also explore how local stoichiometry variations impact the response. Contrary to

the expectation for atomically sharp conducting domain walls, we find semiconducting walls

with wide local lattice distortions that act to minimize strain. Further, phonon frequency

shifts across the ferroelectric domain walls are consistent with the appearance of an interme-

diate (possibly non-polar) phase internal to the wall, in line with models studied by Kumagai

and Spaldin.12 Looking ahead, ferroelectric domain walls of the type discussed in this work

will find application in emerging logic and memory technologies. Naturally, properties like

thermal conductivity and heat capacity are key to effective heat management, and useful

microscopic models of dissipation require information about the fundamental excitations of

the lattice at the wall in addition to wall-induced scattering.64 These findings open the door

to phononic engineering of domain wall-based device architectures where strategies to create

bespoke behavior by altering local chemistry significantly extend the complexity of these
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efforts.

Methods

Crystal growth, characterization, and mapping: High-quality h-Lu0.6Sc0.4FeO3 single

crystals were grown using optical floating zone techniques as described previously.21 X-ray

diffraction was used to confirm the hexagonal phase, and the lack of peak broadening con-

firmed the quality of the single crystals.21 We mounted the crystal to expose the ab-plane

surface for microscopy measurements and used gold markers to determine location. Both

atomic force and piezo-force microscopies were performed at room temperature to associate

surface topology with the shape and position of the polar domains. We located each region

of interest using this gold marker-topological-polar domain map and selected near-field line

scans to cross features of interest as described below. For all the piezo-force microscopy mea-

surements, 5 V AC at 68 kHz was applied to a tip (a commercial conductive AFM tip) while

the sample backside was grounded. We also employed near-field infrared spectroscopy to

explore the chemical heterogeneity in h-Lu0.6Sc0.4FeO3 and delineate compositional bound-

aries. These images were overlaid with topography and polarity information to perform line

scans within different compositional ranges.

Synchrotron-based near-field spectroscopic techniques: near-field infrared measure-

ments were carried out at Beamline 2.4 of the Advanced Light Source at Lawrence Berkeley

National Laboratory.34,35 Here, a commercial Neaspec NeaSNOM instrument is coupled to a

customized Ge:Cu detector with a KRS5 or Si beamsplitter (330 - 800 cm−1; 8 cm−1 resolu-

tion).35 A PtSi tip with 25 nm radius is used to achieve the 20 × 20 nm2 spatial resolution.

Second harmonic near-field amplitude A(ω) and phase Φ(ω) are obtained simultaneously.

We focus primarily on the near-field amplitude as it is most strongly related to traditional

reflectance. Line scans of various lengths were carried out in order to cross between different

polar domains and, by so doing, traverse a ferroelectric wall. Spectra were sampled every 10
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nm on each line scan. By oversampling in real space, we improve the spatial resolution and

signal-to-noise ratios. The area of interest is mapped with atomic force microscopy before

and after each line scan to check for sample drift. All of these experiments were done at

room temperature.

Traditional far field infrared spectroscopy: Complementary far field measurements

were performed using a suite of spectrometers in our lab (including a Bruker 113v Fourier

transform infrared spectrometer equipped with a helium-cooled bolometer and an Equinox

55 equipped with an attached infrared microscope) over the 20 - 7,000 cm−1 frequency

range. Far field spectroscopy was used to confirm the spectral shape and mode assignments.

It was also employed to place constraints on the size of the compositional domains in h-

Lu0.6Sc0.4FeO3. Spatial resolution of the infrared microscope is on the order of 20 × 20 µm2

- several orders of magnitude larger that of our near-field measurements. This difference is

used to support our analysis of chemical heterogeneity.

Density functional theory calculations: We performed density functional theory (DFT)

calculations using the projector augmented wavemethod as implemented in Vasp65 on the

end-member compounds LuFeO3 and ScFeO3. To treat the electronic correlations on Fe,

we employed the Liechtenstein et al.66 formulation of DFT+U , with on-site Coulomb and

exchange parameters U=4.5 eV and J=0.95 eV. An A-type antiferromagnetic (A-AFM)

order was imposed on the Fe spins. We used the PBEsol functional a 600 eV plane-wave

energy cutoff, and a 4×4×2 Γ-centered k-point mesh. For structural relaxations, forces are

converged to 2 meV/Å. We used density functional perturbation theory (DFPT)67 to com-

pute the Γ-point phonon frequencies, Born effective charge tensors (Z∗
κ,αβ for atom κ and

displacement directions α, β = 1, 2, 3), and eigendisplacements (Xκ,β). Using these quanti-

ties, we calculated the infrared intensity of phonon mode m using Phonopy68,69 and the
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Phonopy-Spectroscopy package:70

IIR(m) =
∑
α

∣∣∑
κ

∑
β

Z∗
κ,αβXκ,β(m)

∣∣2. (1)

Phonon assignments are made taking into account both the phonon frequency as well as the

infrared intensity given by Equation 1. We note that the phonon frequencies of LuFeO3 and

ScFeO3 are slightly different (Tables S1 and S2 Supporting Information) due to the different

ionic sizes of the Lu and Sc cations. We expect the phonon frequencies in Lu0.6Sc0.4FeO3 to

lie between those of the two end member compounds.

Supporting Information: Calculated phonon frequencies for the P63mc phase of LuFeO3

and ScFeO3 (Tables S1 and S2), detailed explanation of sample mapping (Figure S1), and

investigation of domain wall conductance (Figure S2)
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