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As the length scales of materials decrease, the heterogeneities associated with
interfaces become almost asimportant as the surrounding materials. This has led to
extensive studies of emergent electronic and magnetic interface properties in
superlattices®. However, the interfacial vibrations that affect the phonon-mediated
properties, such as thermal conductivity'®", are measured using macroscopic
techniques thatlack spatial resolution. Although it is accepted that intrinsic phonons
change near boundaries'??, the physical mechanisms and length scales through
whichinterfacial effects influence materials remain unclear. Here we demonstrate the
localized vibrational response of interfaces in strontium titanate-calcium titanate
superlattices by combining advanced scanning transmission electron microscopy
imaging and spectroscopy, density functional theory calculations and ultrafast
optical spectroscopy. Structurally diffuse interfaces that bridge the bounding
materials are observed and this local structure creates phonon modes that determine
the global response of the superlattice once the spacing of the interfaces approaches
the phonon spatial extent. Our results provide direct visualization of the progression
ofthelocal atomic structure and interface vibrations as they come to determine the
vibrational response of an entire superlattice. Direct observation of such local atomic
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and vibrational phenomena demonstrates that their spatial extent needs to be
quantified to understand macroscopic behaviour. Tailoring interfaces, and knowing
their local vibrational response, provides a means of pursuing designer solids with
emergent infrared and thermal responses.

The hierarchy of lattices in superlattices presents a tunable phonon-
material interaction where, at small-to-moderate-period thicknesses,
coherentandlocalized interface phonons have amajorrolein control-
ling properties. The vibrations and coupling present at interfaces in
superlattices, in abroader context, occur at otherinterphase and inter-
granularboundaries and canresultin remarkable properties®*2*, Prob-
ing vibrations with the lateral spatial resolution required to provide
knowledge that canbe used for interface engineering and customiza-
tionofthermal and infrared properties has remained prohibitively dif-
ficult'®2>%% The spectral and spatial resolution of monochromated
electron energy loss spectroscopy (EELS) in a scanning transmission
electron microscope (STEM) provides a unique opportunity to probe

the spatial extent of vibrational excitations that are conventionally
assessed by infrared light or neutrons. Such resolving capabilities have
sofar been demonstrated in resolving phonons associated with chemi-
cal changes at point defects and stacking faults in crystals?®™.,

Segmented STEM detectors used for integrated differential phase
contrast (iDPC) canimage both light and heavy elements, providing
knowledge of local symmetry, which dictates vibrational properties®>*,
Hence, STEM imaging and EELS provides a toolset to understand the
intertwined local symmetry and vibrational properties at material
interfaces.

Here we combine advanced STEM-iDPC and monochromated EELS
experiments with density functional theory (DFT) calculations to
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Fig.1|Period-dependent changesinthesymmetry of STO-CTO
superlattices. a, Superlattice structures calculated from DFT with
coloured-bar schematics denoting the chemically (left) and structurally (right)
definedinterfaces. Here green, blue and cyanrectangles correspond to STO,
CTOandinterfacelayers, respectively; the same coloursareusedine,f, h,i,k,I.
Green,blue,greyandredcirclesina,e,f, h,i,kcorrespondtoSr,Ca, Tiand O
atoms, respectively.b—-d, The [100] zone-axis SADP for SL27 (b), SL4 (c) and SL2
(d) grownonNGO. The coloured arrows correspond to ordered reflections
fromthe three possible domains. The solid arrows indicate ordered reflections
thatexistand the hollow arrows indicate absences. Insets: ball-and-stick
models of the orientations present with border colours matching the arrows.
Theredandblue arrows andinsets are viewed along an out-of-phase tilt axis
andthe yellow are viewed along anin-phase tilt axis. In ¢, d, superlattice
reflectionsareseeninthe 001direction.Inb, closely spaced superlattice

quantify the local symmetry and vibrational states in strontium titanate
(SrTiO;, STO)-calcium titanate (CaTiO; CTO) superlattices. We meas-
ure the spatial extent of TiO, octahedral rotationacross the STO-CTO
interfaces (that is, octahedral coupling) and relate this information
to the local titanium (Ti) and oxygen (O) vibrational response meas-
ured with high-spatial-resolution EELS. Second-harmonic-generation
(SHG) measurements are performed to measure the macroscopic
opto-electronic properties and interface density. DFT calculations are
used to model the structural evolution of the superlattices and provide
insights into the origins of their differing vibrational states. Finally,
through ultrafast optical spectroscopy measurements, we assess the
lifetime of the zone-centre phonon modes, providing insight into the
macroscopic property progression observed in these oxide hetero-
structures. We show that asthe superlattice layer thickness approaches
the width of the structurally diffuse interfaces, where octahedral cou-
pling occurs, the layers lose uniqueness and adopt the structure and
vibrational response of the interface. Thus, the vibrational response
ofthe interface becomes characteristic of the entire material.

c SL4

dsL2

Position (nm)
o
Position (nm)

0 7 14
Tilt angle (°)

Tilt angle (°)

reflections appear as streaking of the fundamental reflections. e-m, ADF
images (e, h, k),iDPCimages (f, i, 1) and octahedral tilt angles (g, j, m) of SL27
(e-g),SL4 (h-j)and SL2 (k-m). Thelegendingillustrates the in-plane (green)
and out-of-plane (black) tilt angles (6), which are defined as half of the
projected O-Ti-Obond angle. Thetilt angles for aone unit-cell columnare
overlayedineachiDPCimage to demonstrate the changing in-plane (green
triangles) and out-of-plane (grey triangles) tilt angles.Ing, j, m, solid and
dashed curves are fromexperimental measurements and calculations,
respectively. Theerrorbarsrepresent one standard deviation. Chemically
abruptinterfacesareillustrated to the left of the ADF images (e, h, k) and model
structures (a), illustrating the abrupt change between STO (green) and CTO
(blue) layers. Chemically diffuse interfaces areillustrated to the right of the
iDPCimages (f,i,1) and model structures (a), illustrating the non-abrupt
symmetry changes thatare occurringas aresult of octahedral coupling.

Toevaluate theinfluence of interfaces, we synthesized five STO-CTO
superlattices with layer thicknesses of 27, 6,4, 3 and 2 pseudo-cubic unit
cells (SL27,SL6,SL4,SL3 and SL2, respectively). For (S)TEM and experi-
ments we focus onSL27,SL4 and SL2, which are shown schematicallyin
Fig.1a.Large-period SL27 and short-period SL2 were chosento represent
superlattices with well separated and closely spaced interfaces, respec-
tively. SL4 was chosen as an intermediate. SL6 and SL3 were included
for the optics-based experiments to provide additional data points.

To quantify the structure, we acquired selected-area electron dif-
fraction patterns (SADPs). The SADPs reveal that the orientation of
octahedral tilts are different in the SL27 structure compared with the
SL4 andSL2structures. The large-period SL27 structure shows ordered
reflections from two of three possible Pbnm-CTO domains (Fig. 1b),
each with an in-plane c axis as illustrated by the ball-and-stick insets.
Ordered reflections observed from the SL4 and SL2 samples indicate
asingle out-of-plane c axis, as showninFig.1c, d and simulated in Sup-
plementary Figs. 1, 2. This microstructural transition is accompanied
by arelaxation ofthe lattice parameters to asingle intermediate value
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Fig.2|Second-harmonicintensity indicates short-period superlattices
lackinterfaces. Second-harmonicintensity of STO-CTO superlattices with
varying periodicity, demonstrating various regimes of structural transitions
andtheirroleinthe electronic/optical properties of heterostructures. The
error barsare calculated from the mean square deviation of a parabolicfit to
the measured second-harmonicintensity versusincident electric field.
Ball-and-stick models areincluded to pictorially show the connection between
octahedral tiltand the presence structurally diffuse interfaces, or lack thereof.

(Supplementary Fig. 3, Supplementary Tables 1, 2). Thus, as the layer
thickness decreases, the underlying crystal structure adapts, which
could be enabled by octahedral tilt>*1°%22,

To investigate the potential of octahedral tilting in the superlattices
further, we use annular dark-field (ADF) and iDPC imaging to quantify
the octahedral tilting (Fig. le-m). The atomic-number (Z) contrast of
the ADF images (Fig. 1e, h, k) allows for discrimination between the
brighter strontium (Sr) and darker calcium (Ca) atoms and shows chem-
ically abrupt transitions between the two. In-plane (green triangles) and
out-of-plane (grey triangles) tilt angles are overlaid on each iDPCimage
(Fig.1f,i,1) to demonstrate the changing octahedral tilt angles from layer
to layer and from structure to structure. For example, the iDPC image
of SL27 (Fig. 1f) has three regions defined by observing the splitting of
oxygen columns: single columns in STO, split columns in CTO and an
intermediate splitting at theinterface. The tilts are consistent with sim-
ple cubic Pm3m-STO containing no tilt, orthorhombic Pbnm-CTO along
an out-of-phase tilt axis and a region where tilts transition from finite
anglesin CTO to none in STO. Scanning convergent-beam electron dif-
fraction corroborates these observations (Supplementary Fig. 4).

To quantify the changesin crystal structure with reduced interface
separation, the in-plane and out-of-plane octahedral angles are meas-
ured (see the legend in Fig. 1g). The plane averaged tilt angle is shown
inFig.1g, j, m. A coupling region is present at the STO-CTO interface
of SL27 (Fig.1g). Similar coupling regions observed in other perovskite
heterostructuresresultin extraordinary electrical and magnetic prop-
erties> 22, We define the structurally diffuse interface width as one
unit cell centred at the chemically abrupt TiO, interface as schemati-
cally shownin Fig. 1a.

We then turn to SL4 and SL2 to understand how the octahedra cou-
ple across the interfaces when the interface spacing is comparable
to the diffuse interface width. The CTO oxygen column splitting in
SL4 isless pronounced thanin SL27. Some oxygen columns within the
STO layers are distinctly split whereas most appear elliptical from the
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partial overlap of the splitting column. The octahedrain STO and CTO
are coupled, as seen in the sinusoidal profile of the tilt angles (Fig. 1j).
Couplingiseven more apparentin SL2 (Fig.1m), where anearly constant
tiltangle of 7° extends throughout the entire structure. Similar titling of
STOoctahedrahasalsobeen observedinshort-period barium titanium
oxide (BaTiO;)-STO superlattices. Here we show that incorporation
oftheatomicdisplacementsin STOis an interface-mediated process.

Using the STEM results, we define three types of superlattice:
long-period superlattices, such as SL27, which exhibit monolithic
phases with structurally diffuse interfaces; moderate-period super-
lattices (SL4) with modified monolithic phases and structurally dif-
fuse interfaces taking up a sizable fraction of the superlattice; and
short-period superlattices (SL2) comprising entirely interface regions
that are better described as an ordered structure, with a global sym-
metry characteristic of that seen at the interfaces of all superlattices.
InSL2, the material is more accurately described as having chemically
ordered unit cells with a single tilt angle and a Sr,Ca,Ti,O,, basis**>*¢.
More simply, the short-period superlattice has become a crystal of
interfaces.

We perform SHG measurements to provide further evidence of the
structural regimes, which also lends insight into the electronic prop-
erties of the superlattices, as shown in Fig. 2. Both STO and CTO have
inversion symmetry, so the SHG intensity of STO-CTO superlattices
isdirectly related to the polarizability of the interface where inversion
symmetry is broken. An increase in SHG intensity is observed from
SL27 to SL6 as the density of interfaces increases and layers remain
independent with respectto each other. However, amarked decrease
inthe nonlinear optical response is observed in SL4 and rapidly van-
ishes in superlattices with short periodicities; as the heterostructure
transitions fromindependent monolithiclayers, to coupled layers, to a
single centrosymmetric structure, the second-order optical response
approacheszero.Inotherwords, the structural transitions are directly
reflected in the polarizability of the superlattices.

To support the observed crystallographic structure of the super-
lattices and predict the effect of the observed local symmetries on
vibrations, we performed DFT calculations on several prototypical
superlattice models (Fig. 1a) and further consider metastable phases
and layerintermixingin Supplementary Fig. 5. Octahedral tilt angles for
both the experimental and theoretical results are in good agreement
in both amplitude and periodicity, as indicated by the dashed curves
showninFig.1g,j, m. Fromboth the structural calculations and experi-
mental measurements, we can conclude that as the period thickness
decreases, the system converges toward asingle, emergent structure.

As phonon frequencies are affected by changes of bond lengths
and bond angles, we expect the evolution of the octahedral tilts in
our superlattices (Fig.1) to affect the phonon density of states (PDOS),
which drives the inherent thermal and infrared optical properties.
To evaluate this possibility, we employed DFT to calculate the PDOS
projected on the O and Ti atoms for each of the three superlattices
characterized by STEM (Fig. 3a, Methods). The PDOS show three peaks
atabout 37 meV, about 60 meV and about 97 meV, which are further
discussed in the Supplementary Information. From SL27 to SL4 and
SL2,the 37-meV and 60-meV peaks redshift, whereas the 97-meV peak
blueshifts, indicating an evolution of the superlattice phonon modes
asthe layer thickness decreases. Thus, vibrational modes assigned to
the octahedrachange energy as the octahedrathey derive from change
tilt angle with decreasing superlattice period thickness.

The attribution of peak shifts to changes in octahedralftiltsis further
supported by comparing the PDOS for each constituent layer and for
theinterfaceinthe three superlattices (Fig. 3b). We see thatinthe SL27,
thetotal DOS for the system deviates from the STO, CTO and interface
spectra. However, in SL4 and SL2 the total DOS tracks the interface
spectrum almost perfectly, illustrating how the interface dominates
these shorter-period structures. Supplementary Figs. 6, 8b, c show
examples of layer and interface modes. In other words, as the layer
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Fig.3|Localized vibrational response of superlatticesindicates the
emergentrole oftheinterfacial symmetry. a, DFT-calculated PDOS
projected onthe octahedron O and Tiatoms of the SL27,SL4 and SL2 models.
Thearrowsindicate the dominant phonon peaks. b, Cascade of DFT-calculated
PDOS projected on STO (green), CTO (purple) and interface (orange) layers and
thetotal DOS (black) for each superlattice model. c-k, Monochromated

thickness decreases, both the structural and vibrational state converge
towards the respective state of the interfaces.

Theevolutioninvibrational response of the superlattice is observed
experimentally via spatially resolved off-axis vibrational EELS**', With
this approach, the difference in vibrational response within the dif-
fuse interface region can be directly compared with that within the
constituent layers themselves. The ADF line profiles of SL27, SL4 and
SL2 are shown in Fig. 3¢, f, i, and distinguish between the heavy STO
and light CTO layers. The simultaneously acquired EELS are shown in
Fig.3d, g,j. Changesinthelayer-to-layer response are clearly observed
in the superlattices, with specific energies listed in Supplementary
Table 3. For example, in SL27, the 37-meV peak is at a lower energy in
the STO compared with the CTO, but the 60-meV and 97-meV peaks
are at higher energies, with the interfaces exhibiting intermediate
values, demonstrating the capacity to measure changes induced by
local atomic displacements. Furthermore, we note that, although the
interface and total-structure spectrabear some similarities, there are
features in the interface spectra that cannot be reproduced by a mix-
ture of the bulk-like neighbouring phases (Supplementary Fig. 11a,
b). Unique vibrations emerging from the octahedral coupling at the
interface mustbe present to account for the discrepancy between the
totalandinterface spectra, as calculated viaDFT. Thus, we demonstrate
that variations in the localized vibrational spectra are ascribed to the
regions of differing symmetry, namely, the STO, CTO and structurally
diffuse interfaces.

Like the octahedral-tilt variation, spatial variations in the EELS
response reduce with decreasing period. The spectral similarity from
layer to layer in SL4 relative to SL27 and the exact match between the
total and interface spectraindicate that the vibrational state of the
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STEM-EELS line profile analyses of the three SL structures SL27 (c-e), SL4 (f-h)
and SL2 (i-k) with the ADF intensity (/) profile (c, f, i), EELS profile (d, g, j) and
integrated spectrafrom each layer (e, h, k) (asindicated by coloured regionsin
the ADF profile). Energy-loss spectraare normalized by multiplying intensity
by the energy squared (/E?). The colourbarsind, g, jshare the same labels and
scalesase, h, k.

superlattice is approaching that of the interfaces, demonstrating the
importance of local vibrational structure as length scales decrease.
The global response of the interface vibrations further demonstrates
theimportance of local vibrational structure as length scales decrease.

The predominance of these interface vibrations and their global
response has been shown to affect the thermal characteristics of
STO-CTO superlattices, where acrossover from incoherent to coher-
ent phonon transport is observed as the heterostructure periodicity
decreases™. Previous reports have suggested that reduced zone folding
of phonon dispersion leads to anincreased group velocity, but direct
evidence connecting underlying phononic processes, new modes
and structure to the macroscopic transport mechanisms remains
lacking'®¥. To connect the localized interface modes and structural
transitions observed above to a macroscopic response, we perform
Fourier transform infrared spectroscopy (FTIR) (Fig. 4a)'%58, The
residuals from alinear combination of STO and CTO films are quantified
to accentuate changes unique to the superlattice. Owing to selection
rules, the spectra of STO contains fewer reflectivity minimarelative to
CTO. As the STO and interface incorporate CTO tilt patterns, further
loss of reflectivity should occur®. Residuals are observed near 500 cm™
and 560 cm™ that decrease with decreasing period thickness (Fig. 4a).
FTIR spectrafromasample on (LaAlO;),5(Sr,TaAlO), ;s substrates and
ultraviolet-Raman experiments show similar trends, as shown in Sup-
plementary Figs. 14-16. DFT informs that infrared-active phonons
emerge in the superlattices and are associated with layer-localized,
layer-delocalized and interface-localized Ti-O vibrational modes that
arenotinfrared-activein bulk STO or CTO (Supplementary Fig. 8). The
residual responses are similar in energy to those observed locally with
both EELS and DFT. In addition, the sum of residuals (Supplementary
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Fig.17) scales with interface density. We conclude the residuals are a
consequence of the local displacements existing at the interfaces of
the superlattice.

Todirectly investigate the emergent phonon dynamics, we perform
time-domain Brillouin scattering (TDBS) measurements, which detect
the propagation of the zone-centre longitudinal modes as a function
of time, thus providing a measure of their lifetime®**°. For short-period
superlattices (SL2), an increase in both the phonon scattering time
and the thermal conductivity is observed; thisis no longer described
by a superlattice with interfaces, but rather has a single structure
with uniform octahedral tilts. We find the previously reported ther-
mal conductivity to be correlated with the phonon scattering times
(Fig. 4), with both having a minimum at SL4'°, Thus, in strong agree-
ment with our STEM, EELS and SHG results, the phonon lifetime is
found to increase as material interfaces vanish. This combination
of structural, electronic/optical and vibrational characterization
techniques unambiguously demonstrates the underlying coupling
of heterostructures and emergent global properties that are driven
by interfaces.

Conclusions

Fromabroader perspective, these results provide an alternative path-
way by which nanostructuring caninfluence material properties. Typi-
cally, asuperlattice responseis thought to arise througheither localized
or coherent effects. The latter concerns the coherence length of the
states with respect to interface periodicity, whereas for localization,
discrete confined quantum states exist that are different to those in
the bulk. Neither of these views explain the changes in the vibrational
response observed here, because they neglect underlying symmetry
changes that can propagate into the constituent materials. When scal-
ing the phasesthat constitute the material to unit-cell dimensions, the
solid takes onanew symmetry that cannot be explained by acombina-
tion of the constituent materials. In these STO-CTO superlattices, this
new structure results from octahedral coupling between the layers.
Here we have directly imaged these localized changes in symmetry
and theirimpact onvibrations usingacombination of STEMiDPC and
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conductivity (red triangles, fromref.'®) of STO-CTO superlattices with varying
periodicities. The strong correlation between the two techniques conclusively
demonstratesatransitionin phononscattering rates across the structural
transitions elucidated with STEM/EELS. The error bars represent the standard
deviation.

monochromated EELS, with the conclusions drawn supported by DFT.
We have further demonstrated how the observedlocalized phenomena
evolve fromlocally affecting the superlattice at larger periods to dictat-
ingthe global response of the superlattice as the period decreases via
nonlinear optical and phonon lifetime measurements. It isimportant
tonote that thereported changes insymmetry are not from the global
periodicity of the superlattice. Rather, itis the local symmetry changes
attheinterfaces, and their spatial distribution, that ultimately dictate
the entire macroscopic response of the solid as the period thickness
decreases. Therefore, tailoring interfaces, and knowing their local
response, provides a means of pursuing ‘designer’ solids with emer-
gentinfrared and thermal responses not inherent within either of the
constituent bulk materials.
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Methods

Thin-filmgrowth

Superlattices grown on NdGaO, (NGO) substrates were synthesized
using reflection high-energy electron diffraction assisted pulsed
laser deposition. Further discussion of the growth is found in ref.
andits supplementary information. Superlattices grown on (LaAlO;), 5
(Sr,TaAlOy), 55 (LSAT) substrates were realized via hybrid molecular
beam epitaxy as outlined in ref. *..

Electron microscopy
Selected-areadiffraction patterns are froma Thermo Fisher 80-300 kV
Titanoperating at 300 kV and equipped with a Gatan OneView camera.

Scanning convergent-beam electron diffraction, ADF and iDPC
images were acquired on a Thermo Fisher Themis Z-STEM operating
at300 kV.ADF and iDPCimages were acquired with aconvergence angle
of 30 mrad, a probe current of 200 pA and a dwell time of 625 nm px.
A 145-mm camera length projected onto the ADF detector with a
200-mrad outer radiusand 40-mrad inner radius. The segmented ADF
detector used foriDPC had a38-mrad outer radius and a10-mrad inner
radius. TheiDPCimages (Fig. 1f, i, 1) allow the measurement of the posi-
tions of the O and Ti columns, enabling quantification of the octahedral
tilt angles****. The position of the metal sites was refined by thresh-
olding, finding the centre of mass, then fitting with two-dimensional
Gaussians. The spacing of the O columns necessitated locating the
atomic columns manually.

Vibrational EELS spectra were acquired at an operating voltage of
60 kV using a Nion HERMES monochromated aberration-corrected
dedicated STEM withaconvergence angle of 32 mrad, an entrance aper-
ture collectionangle of 25 mrad and an energy dispersion of 0.413 meV
per channel for the SL2 and SL4 acquisitions and 0.826 meV per channel
for the SL27 acquisition, and the achieved energy resolution varied
between 12 meV and 17 meV (Supplementary Fig. 12). In this study, all
EELS spectra were acquired in an off-axis mode, obtained by shifting
the electron diffraction pattern with respect to EELS entrance aper-
ture. In EELS, delocalized dipole scattering can dominate signals and
mask local variations in phonon populations, which can be detected
byimpactscattering. However, by acquiring EELS from only electrons
scattered out to high angles, the dipole scatteringis reduced more than
the impact scattering and the localized signals can be retrieved®>..
Here we displace the optic axis from the EELS entrance aperture by
about 50 mradinthe non-dispersive axis of the spectrometer, and only
integrate pixelsin the top half of the acquired signal. Thus, the off-axis
EELS shown in this study has an effective collection semi-angle of about
12.5 mrad thatis scattered about 55.5 mrad from the central optic axis.
By integrating the signal at higher angles, we preferentially select vibra-
tions that have undergone impact scattering, which is a more spatially
localized signal, and exclude the electrons that have undergone dipole
scattering to low angles, which is spatially delocalized.

Vibrational EELS background removal with fitted functions canintro-
duceerrorbecause therealisticbackground does not have afunctional
shape, owing to overlapping of the zero-loss peak and real spectral fea-
tures such as non-resolvable acoustic or low-energy optic phonons.
Therefore, we choose to take an alternative approach, normalizing the
intensity of the spectra by multiplying by the energy squared (£2), thus
uniformly normalizing the spectratoaquadraticbackground. Toincrease
thesignal-to-noise ratio and for comparison with theoretical predictions,
we take the average of all spectrain STO, CTO and the interface layers,
akin to layer DOS in DFT. The interface signal is defined as one unit cell
inlength for consistency with structural characterization. Interfaces are
assigned using the second derivative of the off-axis high-angle annular
dark-field signal. An example of interface assignment for SL4 is shown
inSupplementaryFig. 9. Thelayer-averaged signals fromeachlayer can
then be easily compared with one another and the average superlat-
ticesignal. Aninitial concern of qualitatively comparing the vibrational

response of thelayers and interfaces was possible thickness-dependent
trendsin scattering probability relative to other excitations. To eliminate
these effects, we compare the thickness dependent trends (Supplemen-
tary Fig.10) and find that the layer-averaged signals converge after a
few layers. We use the layers after signal convergence for comparing
superlattices.InSL2, structural characterization showed that we cannot
defineastructuralinterface or structurally unique layers. We therefore
had three choices: (1) define the entire period as a layer, which is the
same as the average superlattice signal and provides no comparable
spectra; (2) revert to the definition for chemically defined interfaces,
which provides STO and CTO layer-average spectra for comparison with
eachother andthe average superlattice signal; or (3) use the structurally
diffuse interface width of one unit cell, which provides the interface,
STOand CTO layers. The third definition does not leave anactual STO or
CTO layer, because only a single atomic plane of TiO, remains between
theinterfaces. Thelack ofacomplete STO and CTO layer was part of the
rational for asingle phase in the iDPC analysis, making the third choice
inconsistent with the structural analysis. The second choice would be
inconsistent with the EELS analysis of SL27 and SL2. We chose the third
choice so that the EELS analysis between the three superlattices was
consistent, and because atomic-resolution conditions were not used
in all EELS experiments, making the one-atomic-plane delineation of
layers infeasible. The lack of spectral change from the STO layer to the
interfacelayer tothe CTOlayer observedinthe EELS analysis of SL2 then
shows that the layers behave similarly, which is consistent with each
having a similar symmetry.

Calculations

The DFT calculations used the Vienna Ab initio Simulation Package
(VASP)** with the projected-augmented wave (PAW)***¢ method and
the local-density approximation (LDA)*. Phonon calculations were
performed using the LDA for exchange correlation because it has been
found to performbetter for phonons at the I' point, which is of interest
here, in bulk CTO and STO**"°, The plane-wave basis energy cut-offis
600 eV. The superlattice structural models were constructed by alter-
natively combining Pbnm-phase STO and CTO in the ¢ direction with
specificthicknesses. An SL8 model was chosento obtain tilt angles fora
large-period superlattice, knowing that theinterface couplingis limited
toafewatomicplanes and the prohibitive computational requirements
forsimulating SL27. For structural relaxation, the structures were relaxed
until the atomic forces were lessthan 0.01eV A™%. The lattice parameters
were also optimized for each superlattice model. Phonon calculations
were performed using the finite-difference method. For structural relaxa-
tionand phonon calculations, the k-samplings are 6 x 6 x 6 for bulk STO
and CTO, 4 x4 x 2 for SL2 and SL4, and 2 x 2 x 2 for SL8. A full-width at
half-maximum of 16 cm™ was used to plot the projected PDOS.

The PDOS of each model was obtained by performing a weighted
average over the respective constituent layers. The projected PDOS
of the respective constituent layers was normalized by the number
of atoms per layer to provide a consistent comparison between the
three superlattices. The total PDOS of each model was then obtained by
Neoea = (X X Ngro +Y X Nero + 2 X Ny )/ (X +y +2), wherex, yand zare the num-
bers of atoms considered in each layer. In particular, the PDOS of SL27
was obtained by averaging the phonon modes of the intrinsic bulk STO,
theintrinsicbulk CTO and the SL8 interface. The interface inallmodelsis
defined as one unit cell oneither side of the chemically defined interface,
whichis consistent with experimental and calculated structures. As the
primary structural changes are associated with TiO, octahedra, we can
assume that the distinct vibrational state of different superlattices are
primarily contributed by Ti/O-related vibrational modes. Therefore, we
projectthe PDOS on Tiand O atoms, emphasizing the symmetry-pho-
nonrelation. Asonly the phonon modes parallel to fields are activated,
the PDOS s also projectedinthe (110) plane thatis perpendicular tothe
electronbeam. For completeness, we have also projected the PDOS on
the A-site atoms, which can be found in Supplementary Fig. 7.



Optical spectroscopies

Raman spectroscopy was performed onsamples synthesized atop NGO
with a Horiba LabRam Raman instrument employing a 325-nm laser
focused using a x40/0.5 numerical aperture objective. Laser powers
were verified to be inconsequential to the results. At this wavelength,
the skin depth for the exciting ultraviolet light is 26 nm within STO
whereasitismore than1umfor CTO. Despite the transparency of CTO,
allRaman-examined films were 200 nmin thickness and thus contain
atleast 100 nm of STO. This is more than three times the skin depth
and thus the underlying NGO does not affect the Raman experiment.
The monolithic samples show a response expected from their bulk
form*®5"%’, Raman and FTIR spectra were fitted using a least-squares
minimized linear combination of acquired monolithic spectra. This
extenuated the differences between the superlattice and the constitu-
ent materials and helped remove the substrate response in the FTIR.

Second-harmonic generation

SHG measurements were performed on SL27,SL6,SL4,SL3,SL2 and SL1
with nominal thicknesses of 200 nm atop NGO substrates. In contrast
to linear optical measurements, which are dictated by the average of
the linear response of the materials comprising the superlattice®,
the higher-rank dielectric tensor associated with SHG vanishes if the
constituent materials have inversion symmetry. The home-built SHG
microscope is centred on a 1,040-nm neodymium-doped yttrium
orthovanadate, roughly 100-fs Gaussian laser source that is focused
tothesample surfaceatanincident angle of 45° relative to the surface
normal using a x10 microscope objective (numerical aperture 0.28).
The incident beam polarization is rotated using a half-wave plate.
The forward-scattered beam, containing both the fundamental and
second-harmonicfrequencies, is collected with alens. Through a series
ofband-passfilters, non-second-harmonic components are filtered out,
whereas the second-harmonic component is focused to an amplified
avalanche photodiode. The generated voltage is further amplified via
lock-indetection demodulated at the laser repetition rate. The reported
second-harmonic values are the parabolic coefficient determined by
fitting the measured SHG intensity (for example, lock-in photodiode
response) as a function of incident laser power for each sample. The
square dependence of measured intensity versus incident field indi-
cates that no higher harmonics are measured or that no optical leakage
of the fundamental frequency is reaching the detector.

Time-domain Brillouin scattering

The TDBS measurements were performed using an 80-MHz, 800-nm
titanium:sapphire oscillator (about 100-fs pulses) that is splitinto two
optical paths before reaching the sample. The first beam is used as a
high-energy pump pulse, that, when focused to the sample surface,
stimulates coherent acoustic phonon modes via rapid thermal expan-
sion of the material. This pump pulse is frequency doubled (400 nm)
for these measurements toincrease optical absorptioninthe STO-CTO
layers. The second beamis sent down a mechanical delay stage to vary
thetime at which the pulse reaches the sample surface; this low-energy
‘probe’ pulse monitors changesin the optical properties of the sample
following excitation as afunction of time delay between the two pulses.
As the coherent longitudinal phonon mode propagates through the
superlattice, the probe beam partially reflects off the sample surface
and partially off the coherent wave. The distance between these par-
tial reflections evolves in time owing to propagation of the phonon
mode, and thus operates as a Fabry-Perot interferometer, where for dis-
tancesthatare integer multiples of the probe wavelength, constructive
interferenceis observedin thesignal, and for half-integer wavelength
distances, the two reflections destructively interfere and reduce the
signal. The temporal decay of these sinusoidally varying oscillations
isadirect monitor of the lifetime of the pump-generated longitudinal
vibrational mode within the superlattic structure.
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