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Directly visualizing vibrational anisotropy in individual phonon modes is essential for
understanding a wide range of intriguing optical, thermal and elastic phenomenain

materials'>. Although conventional optical and diffraction techniques have been used
to estimate vibrational anisotropies, they fall shortin achieving the spatial and energy
resolution necessary to provide detailed information*”. Here, we introduce a new
form of momentume-selective electron energy-loss spectroscopy, which enables the
element-resolved imaging of frequency- and symmetry-dependent vibrational
anisotropies with atomic resolution. Vibrational anisotropies manifest in different
norms of orthogonal atomic displacements, known as thermal ellipsoids. Using the
centrosymmetric strontium titanate as amodel system, we observed two distinct
types of oxygen vibrations with contrasting anisotropies: oblate thermal ellipsoids
below 60 meV and prolate ones above 60 meV. In non-centrosymmetric barium
titanate, our approach can detect subtle distortions of the oxygen octahedra by
observing the unexpected modulation of g-selective signals between apical and
equatorial oxygen sites near 55 meV, which originates from reduced crystal symmetry
and may also be linked to ferroelectric polarization. These observations are
quantitatively supported by theoretical modelling, which demonstrates the reliability
of our approach. The measured frequency-dependent vibrational anisotropies shed
new light on the dielectric and thermal behaviours governed by acoustic and optical
phonons. The ability to visualize phonon eigenvectors at specific crystallographic sites
with unprecedented spatial and energy resolution opens new avenues for exploring
dielectric, optical, thermal and superconducting properties.

In quantum solid-state theory, the collective vibrations of atomsin
aperiodic crystal lattice give rise to quasiparticles known as phon-
ons. Recently, there has been growing interest in studying phonon
vibrational anisotropy—the variation of phonon spectra along differ-
ent crystallographic directions—due to its significant impact on the
dielectric functions', optical responses?® and thermal properties® of
low-symmetry materials. For example, anisotropic optical phonon
modes within Reststrahlen bands generate in-plane polaritons that
propagate anisotropically along the surface of two-dimensional (2D)
a-MoO; films?”. Similarly, due to acoustic phonon anisotropy in layered
structures, 2D MoS, films with random interlayer rotations exhibit a
notableratio of up to 900 betweenin-plane and out-of-plane thermal
conductivities®. Anisotropic atomic vibrations have been found to
fundamentally affect the thermal expansion and optical responses
of crystals*™*8, Traditionally, angle-resolved polarized Raman spec-
troscopy has been used to measure phonon anisotropy’. However,
this approach, along with other phonon-detecting methods such

as inelastic neutron scattering, is limited to providing macroscopic
measurements with a poor spatial resolution of a few micrometres’.
Additionally, these methods face drawbacks, such asinsufficient energy
resolution and the need to average over several phonon modes, result-
inginalack of detailed information aboutindividual phononbranches.
By contrast, vibrational anisotropy can occur at the atomic level due
toreduced crystal and local point-group symmetries®. To directly cor-
relate atomic vibrations with their thermal or optical responses, it is
essential to develop experimental techniques capable of observing
frequency-resolved eigenvectors at the atomic level.

Recently, monochromated electron energy-loss spectroscopy (EELS)
in scanning transmission electron microscopy (STEM) has demon-
strated the capability to combine subnanometre spatial resolution with
sub-10-meV energy resolution’. This method can detect local phonon
modes at diverse crystalline imperfections™ 8. It is also possible to
map the intensity fluctuation of vibrational modes near atoms™**%°,
However, distinguishing between different elements and resolving
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Fig.1|Acquisition of vibrational spectra of SrTiO,and BaTiO; films.
a,Schematicofaq-selective EELS set-up. Anelectronbeamwitha convergence
semi-angle of 33 mrad (blue circle) is formed toraster scanon the STO or BTO
film with a spatial resolution of 1.5 A. Transmitted and scattered electrons
are deflected by modifying the post-specimen projector lenses to shift the
diffraction pattern and move the central disc away from the EELS entrance
aperture (EEA) with a collection semi-angle of 25 mrad (green circle) by an
angle of 62 mrad toset up q-selective EELS conditions. The off-axis electrons
arecollected toformvibrational spectrainthe spectrometer. The STO or BTO
filmisattachedtosuspended graphene.Green, blue, red and grey balls denote
Sr, Ti, O and C atoms, respectively. b, Background-subtracted vibrational

atomic vibrational anisotropies have yet to be achieved. In this study,
we introduce momentum-selective EELS (q-selective EELS), which
uses a large convergence semi-angle by selectively controlling the
momentum exchange of scattered electrons. Unlike angle-resolved
phonon measurements that require a small convergence semi-angle,
thisapproachintegratesinelastic electron-phonon scattering contri-
butions over several Brillouin zones. As a result, a large convergence
semi-angle canbe employed to ensure high spatial resolution, without
the need for high momentum resolution, according to the intrinsic
trade-off between spatial and momentum resolution'*. Our method
enables thessite-specific detection of vibrational anisotropy for differ-
ent elements within specific energy ranges. Using centrosymmetric
strontium titanate (SrTiO; or STO) as a model system, we first dem-
onstrate the reliable detection of frequency-dependent anisotropy
inoxygen vibrations at various crystallographic sites. Additionally, we
reveal that the reduced crystal symmetry and ferroelectric polarization
in barium titanate (BaTiO; or BTO) induce unexpected modulations
in vibrational anisotropies for specific phonon modes, which were
previously undetectable by other techniques.

Cubic STO is an incipient ferroelectric material with unique die-
lectric®* and optical properties®, and it has been extensively used
to benchmark new characterization methodologies®. The phonon
structure of STO is crucial for its antiferrodistortive phase transition
at 105K (ref. 25). By contrast, BTO is in a tetragonal phase with weak
spontaneous polarization at room temperature®. This lead-free ferro-
electric material is widely used in multilayer ceramic capacitors” and
high-density non-volatile memories®. However, the soft-mode-driven
displacive ferroelectricity has not been fully explored at the atomic
level. Comparative studies of the frequency-dependent vibrational
anisotropies of these materials not only test new experimental tech-
niques but also enhance our understanding of the relation between
ferroelectricity and certain phonon modes.

894 | Nature | Vol 645 | 25 September 2025

Energy (meV)

spectrumofSTOaveraged overa2 nm x 2 nmregion. ¢, Background-subtracted
vibrational spectrum of BTO averaged over a2 nm x 2 nmregion.d, DeePMD-
based PhDOS of STO and atom-projected PhDOSs of Sr, Tiand O atoms at
300K.e,DeePMD-based PhDOS of BTO and projected PhDOSs of Ba, Tiand O
atoms at 300 K. The phonon bandgap between 70 meV and 90 meVind and that
between 70 meVand 80 meVinealsoappearinthe experimental spectraand
areused to conductreliable background subtractions. The PhDOSsindand e
arebroadened witha Gaussian of width 7 meV. Their phonon band structures
involve four pairs of longitudinal optical and doubly degenerate transverse
optical modes and one pair of longitudinal acoustic and transverse acoustic
modes®**3. a.u., arbitrary units; ZLP, zero-loss peak.

Free-standing STO and BTO films were used in the experiments
because of their well-controlled composition, uniform thickness
and the absence of substrate-induced clamping®**. We transferred
50-unit-cell-thick STO or BTO films (approximately 20 nm) onto agra-
phene film (3-6 layers) to achieve high-quality hyperspectral imag-
ing datasets. All regions studied are single crystalline and defect-free
(Extended DataFig.1). The graphene film and residual contamination
contribute negligible imaging contrasts and phonon signals in the
energy range of interest (Extended Data Fig. 2).

We conducted q-selective EELS experiments, as illustrated in
Fig. 1a, to measure the localized vibrational signals. Figure 1b shows
abackground-subtracted vibrational spectrum of STO, revealing five
main peaks (P1-P5) at 14.6 meV, 24.4 meV, 41.1 meV, 63.3 meV and
98.7 meV, respectively. To calculate the phonon dispersion curves
and phonon density of states (PhDOS) for cubic STO at 300 K, we per-
formed molecular dynamics simulations using a recently developed
deep learning potential (DeePMD)>. The reliability of the DeePMD
method was confirmed by comparing with first-principles calcula-
tions (Extended Data Fig. 3) as well as other published experimental
and simulation results**** (Extended Data Table 1). The DeePMD-based
PhDOS (Fig.1d) aligns well with the experimental peaks. Accordingly,
the P5 peakis attributed to LO4 with predominant oxygen vibrations,
P4,P3 and P2 are assigned to TO4/L0O3, TO3/LO2 and TO2/LO1 with
mixed Tiand O vibrations, respectively, where TOn represents trans-
verse optical mode nand LOnrepresents longitudinal optical mode n.
Plis associated with a combination of TO1, longitudinal acoustic and
transverse acoustic modes containing primarily Sr vibrations. Simi-
larly, the background-subtracted vibrational spectrum of BTO in Fig.1c
shows five main peaks at 14.4 meV, 27.7 meV, 41.4 meV, 57.5 meV and
88.8 meV, whicharealso consistent with the DeePMD-based PhDOS in
Fig.1le. The simulated spectrain Extended Data Fig. 3i-1 offer even bet-
ter consistency with the experimental ones interms of peak intensity.
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Fig.2|Atomic-resolution g-selective EELS signal mapping of STO indifferent
energy ranges with two orthogonal displacement directions of EEA.
a,Schematic of the diffraction plane showing the movable probe (blue circle),
afixed EEA (greencircle) and aHAADF detector (red area). The displacement
vector D, is defined as the vector connecting the centre of the central disc to
the centre of the EEA. It quantifies the momentum exchange for scattered
electrons. The units of D, are milliradians, which are omitted in the text.
Theimageswere acquired by aHAADF-STEM. b, Atomicstructure of STO along
the [001] direction. The boxes with black solid lines and dashed lines denote
asingleunitcelland 2 x 2 unit cells, respectively. The oxygen overlapping Ti
islabelled as O1 (black), whereas the apical and equatorial oxygen sites are
labelled as 02 (O,,, purple) and 03 (0., orange), respectively. The [100] and
[010]directions arelabelled as Xand Yaxesinreal space and are parallel to the
X’ and Y’ axesinreciprocal space. c-f,Representative diffraction pattern (c),
aHAADF-STEMimage (d), experimental vibrational signal maps averaged over

Notably, the TO1 mode near 15 meV is identified as the soft-phonon
mode responsible for ferroelectricity®?. Compared with previous
results”, A-site Sr or Bavibration modes below 20 meV are now clearly
observed, demonstrating that the state-of-the-art vibrational EELS
method effectively resolves phonon modes dominated by heavy
elements such as Ba (Z=56). Consequently, the experimental vibra-
tional spectrum captures most phonon modes due to the correction
of higher-order EELS aberrations (‘Experimental details’in Methods).

Based onthe atom-projected PhDOS (Fig.1d,e), we anticipated that
the spatial distribution of phonon signals from distinct vibrational
states of Sr (Ba), Ti and O would vary across different energy ranges.
To test this hypothesis, we conducted atomic-resolution q-selective
EELS mapping on STO in a controlled manner, as shown in Fig. 2a
(‘Experimental details’ in Methods and Extended Data Fig. 4). In the
[001] projection, the Sr, Ti/O1, 02 and O3 atomic columns are spatially
separated (Fig. 2b). Instead of shifting the diffraction patternarbitrarily,
we moved the central disc along a specific crystallographic direction
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25unitcellsindifferent energy ranges (e) and simulated vibrational signal

maps (f) with D, = (=62, 0) or an X’ shift. g-j, Representative diffraction pattern
(g),aHAADF-STEMimage (h), experimental vibrational signal maps averaged
over 19 unit cells (i) and simulated vibrational signal maps (j) with D¢, = (0, -62)
ora Y’ shift. Displayed maps are duplicated from single unit cell to 2 x 2 unit cells
for visual clarity. Maps for 70-80 meV and 80-90 meV are not given due to the
extremely lowsignalsin the phononbandgap. Simulated maps are blurred with
a2D Gaussian of width 2 A. The atomic structure of asingle unit cell of STO is
overlapped onallvibrational signal maps. The green, cyan, black, purple and
orange circlesdenote Sr, Ti, 01, 02 (apical oxygen) and O3 (equatorial oxygen),
respectively. k-n, Comparison of line profiles of vibrational intensities between
experiments and simulationsinthe chosenenergy rangesalong the horizontal
(orange) and vertical (purple) arrows in the corresponding maps: (k) 40-50 meV
and (1) 100-110 meV for an X’ shift, and (m) 40-50 meV and (n) 100-110 meV for a
Y’ shift. Scale bars,20 mrad (c,g), 5 A (d,h),2 A (e,£.i,j).

byadisplacement vector D, to detect phonon eigenmodes along that
direction. Dg;, was chosenas (-62,0) along X’ in Fig. 2c or (0, -62) along
Y inFig.2g (D, is inunits of milliradians). For both shifts, asymmetric
high-angle annular dark-field (aHAADF) STEM images (Fig. 2d,h) display
the atomic columns of Sr and Ti, indicating a good spatial resolution.
The background-subtracted spectra show significant intensity fluct-
uations (Extended Data Fig. 5a). We applied a series of affine transfor-
mations® to the energy-filtered vibrational signal maps for individual
unit cellsto correct for distortions (‘Data analysis and drift correction’
inMethods and Extended Data Fig. 5b,c). The unit-cell-averaged signal
mapsinFig.2e,i(seesingle unit cellsin Extended Data Fig. 6a,b) reveal
distinct atomic-resolution features and are in good agreement with
simulations using the frequency-resolved frozen phonon multislice
(FRFPMS) method®? (Fig. 2f,j and ‘FRFPMS simulations’ in Methods).

Specifically, the 10-20 meV maps show strong intensity at Sr col-
umns. In the medium energy range 20-60 meV, the brightest spots
shift to Ti/O1 columns. As the energy loss increases, the surrounding
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Fig.3|Atomic-resolution q-selective EELS signal mapping of BTO.
a,HAADF-STEMimage overlaid with polarization vectors, which are amplified
by afactor of 8 for visual clarity. b, Atomic structure of BTO along the [010]
direction. Gold balls denote Baatoms. c-f, Representative diffraction pattern
(c),aHAADF-STEM image (d), experimental vibrational signal maps averaged
over 27 unitcellsindifferentenergy ranges (e) and simulated vibrational

signal maps (f) with Dg;, = (=62, 0) or an X’ shift. g-j, Representative diffraction
pattern (g),aHAADF-STEMimage (h), experimental vibrational signal maps
averaged over 44 unit cellsindifferent energy ranges (i) and simulated vibrational

oxygen columns become progressively brighter, a trend more pro-
nounced in the raw simulation results (Extended Data Fig. 6e,f). By
contrast, in higher energy ranges (60-70 meV and 90-110 meV), the
02 and O3 columns show the strongest intensities, whereas the Ti/O1
and Sr columns seem dimmer. Although oxygen atoms are not visible
inaHAADF-STEMimages (Fig. 2d,h), the vibrational signal maps reveal
their positions.

We performed similar experiments on a region of BTO with ferro-
electric polarizations along [001] (Fig. 3a,b). Figure 3c-j displays the
energy-filtered vibrational signal maps. As the energy loss increases,
the bright spots in each map shift from Ba to Ti/O1 and then to pure
oxygen columns, consistent with the simulation results. One main dis-
crepancyisthatbothBaand Ti/Olare visiblein the experimental maps
of 20-30 meV, whereas only Ti/O1 appears in the simulation results.
This may arise from the non-zero Ba-projected PhDOS in that energy
range and spectral broadening effects (‘Possible sources of map differ-
ences’inMethods). We also carried out multi-frame EELS experiments
over largerregions, finding consistent atomic features (Extended Data
Fig.7). Our method obtained element-resolved mapping of both heavy
and light elements. These results clearly demonstrate that phonon
wavefunctions (or eigenvectors) exhibit atomic-level fluctuations and
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signal maps (j) with D¢, = (0, -62) or a Y’ shift. Signal maps for 60-80 meV are
notgiven due tothe phononbandgap. All other details are the same as thosein
Fig.2.The orange boxes highlight the energy ranges with large differences in
comparison withSTO, which are also indicated by white arrows. k-n, Comparison
ofline profiles of vibrational intensities between experiments and simulationsin
chosen energy ranges along the horizontal (orange) and vertical (purple) arrows
inthe corresponding maps: (k) 50-60 meV and (1) 90-100 meV for an X’ shift,

and (m) 50-60 meV and (n) 90-100 meV for a Y’ shift. Scalebars,1nm (a),
20mrad(c,g),5A (d,h),2 A (e.fij).

vary across different atomic columns. This provides more concrete evi-
dence than previously reported for atomic-level signal fluctuations'®?°,
which can be attributed to electrons undergoing increased inelastic
scattering and yielding stronger phonon signals at atomic columns
compared with the positions between them.

Notably, intriguing differences arise between X'- and Y-shifted
results. For instance, inthe 40-50 meV map of STO for the X’ shift, the
02 columns exhibit stronger intensities than the 03 columns, whereas
for the ¥ shift, O3 is more intense than O2. This directional depend-
ence is even more pronounced in the 100-110 meV maps, where only
03 (02) atoms are prominent for the X’ (V') shift. These variations can
be understood by recognizing that high-energy LO4 phonons manifest
asbreathing modes of the oxygen octahedra®. The intensity variations
ofthe correspondingline profiles quantitatively match the simulated
resultsin Fig. 2k-n. From asymmetry perspective, STO has a centrosym-
metric cubic structure (Pm-3m) at roomtemperature, so one would not
expectany macroscopicanisotropic properties®. However, only Srand
Tisitesadhere to the full point-group symmetry (O,), whereas oxygen
atoms have lower site symmetry (D,,). Specifically, along [001], O1
has fourfold rotational symmetry (C,), whereas O2 and O3 are invari-
ant under twofold rotations and mirroring. The reduced point-group
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Fig.4|Quantitative analysis of vibrational anisotropies of oxygenatomsin
STO and BTO indifferent energyranges. a, Intensity contrastbetween O3
and 02 columns from experimental and simulated energy-filtered vibrational
signal maps of STO for both an X’ shift (4,) and a Y’ shift (4,).4;= (Io; = 15,)/
(Ios *15,), where ly;and I, represent the signal intensities at the 03 and 02
positions, respectively. b, Ratio of intensity contrast|4,/4,| for STO. Most ratios
spanfrom0.5to1.7, withtwooutliersof 0.2inthe10-20 meVrangeand2.3inthe
30-40 meVrange.c, Projected PhDOSs of O1 (black), 02 (purple) and O3 (orange)
atomsinSTOalongthe X’ (top) and Y’ (bottom) directions. The Ol curve overlaps
the 02 (03) oneinthetop (bottom) panel. The measured transition energy w;
of STO (60 meV) isin good agreement with the crossover points where the
magnitudes of the projected PhDOS for 02 and O3 are equal. d, Intensity contrast
between O3 and O2 columns from experimental and simulation results for BTO.

symmetry at 02 or O3 influencesinelastically scattered electrons but
not elastically scattered ones at higher scattering angles (Extended
Data Fig. 8). The asymmetric distributions of inelastically scattered
electrons result in noticeable variations in q-selective EELS signals
between orthogonal directions. A similar directional dependence is
observedinBTO.Inthe 90-100 meVrange, the X’ shiftresultsinbrighter
03 (0,,), whereas the Y shift produces brighter 02 (0,,), as shown in
bothmaps and line profiles of Fig. 3k-n. Therefore, vibrational signals
associated with different oxygen sites show altered intensities depend-
ing on the momentum exchange and energy range.

Thedirectional dependencein BTO is more complex due to the lower
point-group symmetries for apical (C,,) and equatorial (C,,) oxygen
atoms and the lack of fourfold rotational symmetry between [001] and
[100]/[010], as depicted in Fig. 3b. To better understand the variations,
we introduce an intensity contrast, 4; (i = X or ¥) to quantify the signal
difference between O3 and O2. Figure 4a reveals anisotropies (4; # 0)
in almost all energy ranges for STO. Specifically, 4, is negative below
atransition energy (w;) of 60 meV, then it becomes positive at higher
energies.4,showsasymmetricreversal. Measured 4, values match the
simulations, indicating that our method could potentially derive the
amplitude of individual atomic vibrations. The same analysis for BTO
unveils comparable trends (Fig. 4d). Note that the elastic scattering
signals giverise to negligible intensity contrasts. However, several dif-
ferences between STO and BTO are evident. First, 4, of BTO is positive
below 30 meV, becomes negative from 30 meV to 52 meV, and turns
positive again above 52 meV. Second, w; of BTO decreases to around
52 meV duetoits distinct composition and structure. Third, the absolute
values of 4;are no longer identical between orthogonal directions in
BTO. Tofurther visualize asymmetric modulations, we computed |4,/4,|
(Fig.4b,e). |4,/4,1in STO theoretically equals 1, and most measured
values are reasonably close to 1. By contrast, |4,/4,| in BTO can reach
extremely high values (20.4 in 50-60 meV and 2.8 in10-20 meV).
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Theorangeboxindicates the asymmetricintensity contrastsin 50-60 meV.
e, Ratio of intensity contrast |4,/4,| for BTO. Most ratios fluctuate in awider
range of 0.4-2.8 with one outlier of 0.0431in the 30-40 meV range. f, Projected
PhDOSs ofthree oxygen atomsin BTO. The crossover points are 49.6 meV for
the X’ componentand 52.8 meV for the ¥’ component. The positions of 03 and
02 columns arelabelled as orange and purple circles, respectively, in Figs. 2
and3.Thegreyareasinaanddindicate the phonon bandgaps. The triangles at
OmeVinaanddarethecalculated intensity contrasts between O3 and O2 from
elasticscattering signals in Extended Data Fig. 8, which are extremely small
(14,1 < 0.02) forbothSTO and BTO. The vertical dashed lines denote the position
oftransition energies and crossover points. The energy position of the highest
|4/, for BTOis approximately 55 meV (13 THz) and is close to the transition
energy w; of BTO (52 meV). Exp. experiment; Sim., simulation; a.u., arbitrary units.

Suchintensity variations can be explained by considering the scat-
tering probability of fast electrons interacting with lattice vibrations
and the PhDOS®. Its selectionruleis rooted in the term q - e(w), where
q is the momentum exchange and e(w) is the phonon eigenvector of
atom i at frequency w. As vibrational EELS is primarily sensitive to
vibrations perpendicular to the beam direction®, we focus on the X’
and Y’ components of oxygen-projected PhDOS in Fig. 4¢,f. For the X’
componentinSTO, Oland O2 have similar PhDOSs, whereas O3 shows
adistinct curve. Below 60 meV (w;), the PhDOS of 02 is higher than
that of 03, whereas above 60 meV, the PhDOS of O3 increases and even
dominates in 90-110 meV. Conversely, the Y components show the
reverse trend. Therefore, the oxygen-projected PhDOSs are consist-
ent with our experimental observations, indicating that modulations
result from the anisotropy of phonon eigenvectors.

Thelarge|4,/4,inBTO canbeinterpreted by examining peak shifts
in the oxygen-projected PhDOS (Fig. 4f). The cation displacement
and oxygen-octahedra distortion in tetragonal BTO lead to a shorter
distance fromTito O,,compared with Ti-O,,. Thisresultsinastronger
Ti-0,,bond withalarger force constant. Consequently, Ti-O vibrations
along Y have higher energies than those along X, as evidenced by a
blueshift of 2.3 meV between the highest PhDOS peak and a blueshift
of 3.2 meV between crossover points. Such energy discrepancies result
inaltered vibrational signals in 50-60 meV, with O.,and O,, exhibiting
similar intensities for the ¥ shift and O, showing stronger signals for
the X’ shift. Simulations confirm that |4,/4,| deviates from 1, with a
notable high value of 5.4 at approximately 55 meV.

The observed frequency- and symmetry-dependent modulations
atdifferent crystallographicsitesreflect the three-dimensional vibra-
tional behaviour of individual atoms around their equilibrium posi-
tions. To better visualize anisotropies, we plot the diagonal elements
of the frequency-dependent anisotropic displacement parameters
(ADPs), commonly known as thermal ellipsoids, in Extended DataFig. 9.
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Fig.5|Simulated frequency-dependent thermal ellipsoids of oxygenatoms
inSTOandBTO. a,b,[001]-projected thermal ellipsoids representing the
anisotropy of allatomsin STO around 49.6 meV (12 THz, a) and 103.4 meV

(25 THz, b), respectively. ¢, Oblique view of thermal ellipsoids of allatoms of BTO
intherange 50-60 meV (12.1-14.5 THz). The size of ADPs ina-cis exaggerated
for visual clarity (Extended Data Fig.9).d, Aspect ratio (U;,/U,, or U;;/Us;) of
thermal ellipsoids of oxygen atomsin STO versus energy. The dashed lineand
greybandrepresent the aspectratios of the total oxygen thermal ellipsoids
calculated from our molecular dynamics calculationsat 300 Kand fromref. 5,
respectively. Insets, Schematicillustrationshowing that U, is aone-dimensional
vibration along the O-Tidirection. U,,and U;; correspond toa 2D vibration
(U,, = Us,) inthe O-Sr plane for the oblate and prolate ellipsoids of all oxygen
sites. e, Aspectratio of thermal ellipsoids of oxygen atoms in BTO versus energy.
Theblackboxesindicate the frequencies where the prolate and oblate ellipsoids
coexist. Inset, schematicillustration showing that apical oxygen atoms (02) and
equatorial oxygen atoms (Oland O3 in the equatorial plane of TiO4 octahedra)
exhibit dissimilar thermal ellipsoids at 53.8 meV (13 THz), in whichthe ADP
alongthe Xdirection (Uyy) is U,, for 02 and U;, for O3 and U, is U, for 02 and U,,
for O3tobetter describe their directional dependence. Besides 53.8 meV,
oblate and prolate ellipsoids also coexistat16.5 meV and 20.7 meV (Extended
DataFig. 9b). MD, molecular dynamics.

The simulated thermal ellipsoids of oxygen atoms in STO exhibit a
notable changeinshape with energy: they transition from oblate ellip-
soids below w(STO) to prolate ellipsoids above w(STO), asillustratedin
Fig.5a,b. Thereisa90°rotational symmetry between the thermal ellip-
soids of 02 and 03, resulting in different vibrational signals acquired
under different momentum exchanges. Quantitatively, we assess the
ellipticities and anisotropies using the aspect ratio of ADPs along the
O-Tidirection (U;;) and those in the O-Sr plane (U,, or Us;). In STO
(Fig. 5d), all oxygen atoms display similar aspect ratios, fluctuating
between 0.08 and 0.20 below 50 meV, which are lower than the overall
ones**% These reduced aspect ratios indicate significant anisotro-
pies for acoustic and soft-phonon modes, which are crucial for heat
transport. The precise measurement of these anisotropies represents
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asubstantial advance over traditional diffraction methods. Large oxy-
gen vibrations in the O-Sr planes are associated with the libration of
TiO,octahedra, a precursor to the antiferrodistortive phase transition
of STO®®, Future studies, potentially using cryogenic stages®, could
explore the energy shifts of soft-phonon modes to understand the ori-
gins of ferroelectricity at lower temperatures®. In higher energy ranges,
theaspectratiosare larger than1, reachingamaximum of approximately
630 at 99.3 meV, indicating greatly enhanced anisotropies for optical
phonon modes. For LO4 phonons, the oxygen atoms vibrate almost
exclusively along the O-Tibonding direction and can be coupled with
mid-infrared optical lasers to induce a photoflexoelectric response?.

The simulated ADPs for BTO offer deeper insights into the unex-
pected modulations. Figure 5e presents identical ratios for O1and O3
butdistinct ratios for 02. These deviations are evidentin three energy
ranges:12-16 meV,45-53 meV and over 87 meV, which help explain the
huge ratio of intensity contrasts observed near w;(BTO). At 53.8 meV,
ADPsalong Yof 02 (U, =1.52 x10™* A?) and 03 (U,, = 1.64 x 107 A% are
close to each other, but the ADP along X of 02 (U,,=2.23 x10™* A?) is
smaller thanthat of 03 (U, = 2.99 x 10* A2). This disparity leads to the
concurrence of oblate and prolate ellipsoids in 50-60 meV (Fig. 5¢).
The polarization-induced shortening of Ti-O,,bonds probably drives
the non-degenerate thermal ellipsoids of O,,and O.,. Additionally, the
higher ratio of |4,/4,| in 10-20 meV may be linked to soft phonons
and the associated ferroelectric polarization and oxygen-octahedra
distortion.

In conclusion, our q-selective EELS method is a powerful tool for
element-resolved and atomic site-specific analyses of phonon eigen-
vectors in complex perovskite oxides. We have demonstrated that
oxygen atoms in STO and BTO exhibit distinct anisotropic vibrations
along orthogonal directions at medium and high phonon energies.
The asymmetric modulations between apical and equatorial oxygen
atoms in BTO arise from its reduced crystal symmetry and might be
indicative of spontaneous polarization and oxygen-octahedra dis-
tortion in ferroelectric materials. We also note that multislice elec-
tron ptychography has successfully detected thermal vibrations at
atomic resolution®, but it still lacks the energy resolution needed to
distinguish the thermal ellipsoids of different phonon modes. The
ability to map vibrational anisotropy with unprecedented spatial and
energy resolution opens avenues for further studies on ferroelectric
phase transitions, the origins of ferroelectricity and the role of apical
oxygensitesin modifying exchange interactions in high-temperature
superconductors*®*, Furthermore, exploring q-selective EELS signals
with certainmomentum exchanges could enable precise measurements
of polarization vectors and associated oxygen-octahedra distortion
for displacive ferroelectrics. For instance, selecting the (111) direc-
tion may facilitate the study of spontaneous polarization in BiFeO, in
apseudo-cubic phase®.
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Methods

Sample preparation

A water-soluble Sr;Al,O4 (SAO) film was first grown on a (001) TiO,-
terminated STO single-crystalline substrate followed by the growth of
a thin STO film by oxide molecular beam epitaxy. During the growth,
reflection high-energy electron diffraction was used to monitor the
surface quality and allow us to precisely control the thickness of the
films according to the intensity oscillations. A 6-unit-cell-thick SAO
layer was first deposited at a substrate temperature of 850 °C with an
oxygen pressure of 1 x 107 Torr. For STO films, a 50-unit-cell-thick STO
layer was subsequently deposited at arelatively lower temperature of
650 °Ctoreduce thediffusion of Tiatomsinto SAO layers. For BTO films,
a 50-unit-cell-thick BTO layer was subsequently deposited at 850 °C
with an oxygen pressure of 1 x 107 Torr (10% ozone and 90% oxygen).
To prepare the transmission electron microscopy (TEM) specimens, the
STO/SAO/STO or BTO/SAO/STO filmwas immersed into deionized water
at room temperature until the sacrificial SAO layer was completely
dissolved, and the peeled STO or BTO film was floating on the water
surface. Then, the free-standing film was picked up by lacey carbon
TEM grids covered with a few-layer graphene film (Ted Pella) under
an optical microscope. Each STO/graphene and BTO/graphene TEM
specimen was baked for over 24 h at 160 °C before inserting into the
microscope.

Experimental details

Low-magnification TEM images and selected area diffraction pat-
terns were obtained using aJEOL 2100 F TEM operating at 200 kV.
Low-magnification HAADF-STEM imaging and elemental mapping
using energy-dispersive X-ray spectrometry were performed on a
JEOLJEM-ARM300F S/TEM, equipped with double correctors and dual
large-angle energy-dispersive X-ray spectrometers, with aconvergence
semi-angle of 22 mrad and inner and outer collection angles of 83 mrad
and 165 mrad. STEMimages, core-loss EELS and g-selective EELS spectra
were collected by a Nion UltraSTEM 200 equipped with C3/C5 aber-
ration corrector and high-energy-resolution monochromated EELS
system (HERMES). The convergence semi-angle of the 60 kV electron
probe was 33 mrad with abeam current of approximately 100 pA before
monochromation. The inner and outer collection semi-angles of the
HAADF detector were 95 mrad and 210 mrad, respectively. The dwell
time of HAADF images without monochromation was 8 ps, whereas that
with monochromation was 20 ps. The collection semi-angle of EEA was
25 mrad. The microscope condition was carefully tuned to centre the
electron probe, HAADF detector and EEA with a Ronchigram camera
before changing to off-axis EELS settings. The Xand Y directions of the
STO or BTO films studied were identified from atomic-resolution STEM
images and used to set up the displacement direction of the diffraction
pattern on the Ronchigram camera using post-specimen projector
lenses. To accurately correlate the directions in the diffraction plane
with crystalline orientations, we measured the rotation angle (178.5°in
our experimental condition) between the sample plane and the diffrac-
tion plane by comparing the same feature (for example, sample edges)
inbothover-focused and under-focused shadow images with thatina
low-magnification STEM image*. This rotation angle was considered
when shifting the diffraction patterns along either the X’ or Y direc-
tion of STO and BTO. The displacement distance of EEA (D,) was set
to 62 mrad to avoid any overlap between the central disc and EEA or
betweenthe central disc and the HAADF detector to satisfy the rigorous
dark-field imaging and spectroscopic conditions and to optimize the
recorded phonon signals. An alpha-type monochromator was acti-
vated to obtain the best energy resolution of 5.7 meV under the regular
on-axis condition. Monochromator slit aberrations, monochromator
exit aberrations, probe aberrations, projector aberrations and EELS
aberrations were all corrected to guarantee sufficient spatial resolu-
tionandthe best and stable energy resolution after monochromation.

Most importantly, to routinely achieve a good energy resolution
(9-15 meV), which was measured as the full-width at half-maximum
of the ZLP, under the g-selective EELS condition, the magnitudes of
second-order EELS aberrations were tuned tobeless than100 Vand the
magnitudes of the third-order EELS aberrations were tuned to be less
than1,000 V. The EELS dispersion was set to about 0.5 meV per channel
and calibrated frequently by wobbling the drift tube. The polarization
vectors of the BTO films studied were obtained from atomic-resolution
STEMimages captured under the high spatial resolution of a38-mrad
convergence semi-angle and al0-pA beam current witha multi-frame
acquisition of aligning and summing 40 frames withashort dwell time
of 2 us pix™ to improve the measurement precision. The off-centre
shifts of Ti atoms were measured by identifying the position of both
Baand Tiatomsinthe STEMimages by employinga 2D Gaussian fitting
algorithmin the Atomap package**.

Atomic-resolution hyperspectralimages of vibrational signals were
acquired by running the built-in Spectrum Imaging functionin Nion’s
Swift software. The field of view of the mapping area was 1.5-2.0 nm
and contained four or five unit cells of STO or BTO with 45-60 pix in
each direction. Each spectrum was acquired as a single frame with1s
of exposure time per pixel. The total acquisition time of hyperspec-
tral image dataset was 30-60 min to ensure a decent probe current
without significant decay and to reduce the impact of sample drift.
The datasets used for extracting the atomic-resolution hyperspec-
tralimages must have a sample drift less than 0.8 nm (approximately
two unit cells) without a noticeable focus change or contamination,
which was examined by comparing the STEM images before and after
vibrational EELS acquisition. One example is shown in Extended Data
Fig. 4.

To acquire hyperspectral images of vibrational signals over larger
regions of STO and BTO, a multi-frame EELS acquisition method was
applied with an exposure time of 100 ms per pixel, 45 x 45 pixels
(3 nm x 3 nm) and approximately 60 frames in total for each q-selective
EELS condition. Then, the multi-frame hyperspectral images were
aligned using arigid image registration algorithm based on simultane-
ousaHAADF-STEMimages to achieve the cropped regions of approxi-
mately 2.3 nm x 2.3 nm, and the vibrational spectrawere aligned on the
ZLP peak centre. The pixel size in the multi-frame EELS datasets on the
larger region was about 0.066 nm pix ™, which s larger than that used
(0.033 nm pix™) for single-unit-cell maps. Thus, the single-unit-cell
energy-filtered vibrational signal maps in Figs. 2 and 3 offer finer
spatial details.

Data analysis and drift correction
Hyperspectralimage datasets were aligned by the ZLP centre and nor-
malized by the ZLP height. To improve the signal-to-noise ratio and
make the dataanalysis morereliable, all hyperspectralimage datasets
werebinned foreach 4 x 4 pixel area. Then, background subtraction was
carefully conducted by setting three fitting windows and fitting a power
law function as /(E) = aE® + ¢, where I(E) is the intensity of vibrational
spectrum, Eisthe energy loss in units of milli-electronvolts and a, band
carefitting coefficients®. The fitting windows were selected based on
the materials and the phonon energies of interest. The fitting windows
for most STO results were 7-9 meV, 75-85 meV and 110-130 meV to
match the energy span of the main peaksin the calculated PhDOS and
energy bandgap (70-90 meV), whereas those for most BTO results
were 8-9 meV, 72-80 meV and 105-120 meV. To analyse the vibrational
states from graphene or residual contamination, the fitting windows
were changed to 75-85 meV, 110-140 meV and 220-260 meV.
Although we tried to reduce the sample drift and charging issues,
there are still some inevitable lattice distortions in most q-selective
EELS mapping datasets, as shown in Extended Data Fig. 4. To correct
such distortions, astandard affine transformation algorithm was used
for each unit cell. The drift was compensated for by reconstructing the
unit cell using the estimated affine transformation matrix obtained



from the OpenCV package*. The random sample consensus method
was implemented such that:
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where x and y are the coordinates of the reference position (Sr or Ba
atomsinour case), Xand Yare the actual atom position, and the trans-
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fitting method in the Atomap software* was employed toidentify the
position of Sr or Ba atoms in both aHAADF-STEM images and the
energy-filtered phonon map for 10-20 meV. These positions served as
reference positions and measured positions, respectively. By combin-
ingaprediction based on the Tiatom positions in the 20-30 meV maps
and manual selection, a series of discernible unit cells were marked
with intact Sr or Ba atoms at the four corners of unit cells in the
10-20 meV maps and visible Ti atoms in the centre of the unit cells in
the20-30 meV and 30-40 meV maps. Then, a transformation matrix
Hwas calculated by comparing the measured positions of four Sr or
Baatoms in each selected unit cell with their reference positions. All
pointsinside that unit cell in the original image were mapped to their
corresponding positionsin the corrected images using the transforma-
tion matrix H obtained for that unit cell. The same H was also applied
to correct all energy-filtered vibrational signal maps of the same unit
cell. To address the sampling difference between the corrected and
originalimages, bilinear interpolation was applied to individual vibra-
tional signal maps. This interpolation method estimated the pixel
values at non-integer positions by considering the intensities of neigh-
bouring pixelsto ensure asmooth and accurate representation of the
original image during the transformation process. The resulting unit
cells were then remapped back to their original undistorted cubic
shape, as shown in Extended Data Fig. 5b,c.

Possible sources of map differences

There are afew discrepancies between the experimental signal maps
and the simulated ones, mainly due to the residual sample drift, signal
noise and spectral broadening. (1) In the100-110 meV map of STO for an
X shift (Fig. 2e), the elongation observed at 03 columns was probably
duetosignal noiseinthis low-intensity range and to aresidual sample
drift. (2) Both the Baand the Ti/Olcolumns are visiblein the 20-30 meV
mapsof BTOinFig. 3e,i, but the corresponding simulation results con-
tain only bright Ti/O1 columns. The percentage of Bain 20-30 meV
is 8.03% in the raw PhDOS of BTO. Thus, it is more probable that we
can detect the vibrational states of Ba in this energy range. Besides,
the average energy resolution of BTO datasets (12.9 + 0.5 meV) was
greater than that of STO (11.1+ 0.7 meV), as shown in Extended Data
Fig.5d-g. Owing to the inadequate energy resolution, the vibrational
statesof Baare broadened and spread into the energy range 20-30 meV.
This is validated by the persistent presence of Ba columns in the sig-
nal maps for 20-22 meV, 22-24 meV and 24-26 meV in Extended Data
Fig.7g,h. Therefore, the detection of Bais probably due toits non-zero
atom-projected PhDOS and spectral broadening. (3) The observed
shifts of Tiin the 20-30 meV and 50-60 meV maps for BTO in Fig. 3e,i
may come from the residual sample drift, signal noise and spectral
broadening. Theinadequate energy resolution of the BTO datasets may
lead to theinvolvement of Baat20-30 meV and subsequently deviate
the position of the Ti signals. Owing to the limited spatial resolution
of 1.5-2 A, the atom positions in the vibrational signal maps are not
accurate enough to directly measure the weak atomic displacement
of Tiin the ferroelectric BTO. According to the scattering probabil-
ity, the detected vibrational signal intensity is more representative of
vibrational states of the probed atomic column and local symmetry
ofthe g-selective EELS collection conditions. Thus, the observed shift

of Tishould not be attributed to atomic displacement and is caused
by experimental errors. (4) The ellipsoid-like featuresin the simulated
maps in the high energy ranges (99.3 meV or 24 THz) in Fig. 3f,j were
not observed in the corresponding experimental maps in Fig. 3e,i.
The possible reasons are residual sample drift and signal noise in this
low-intensity, high-energy range. However, this discrepancy did not
influence the analysis of intensity contrasts between the O3 and the
02 columns.

First-principles calculations

The phonon dispersion and density of states simulations of STO and
BTO at O K were first calculated using the Vienna Ab Initio Simulation
Package at thelevel of the spin-polarized generalized-gradient approxi-
mation with the functional developed by Perdew-Burke-Ernzerhof*.
The projector augmented wave method was adopted for the interaction
between valence electrons and ionic cores***, Inall density functional
theory calculations, the energy cutoff for the plane wave basis expan-
sionwas setto 700 eV and the criterion for total energy convergence was
setto107®eV.A4 x 4 x 4 supercell (320 atoms per supercell) was used to
mimic STO or BTO, and allatoms were fully relaxed using the conjugated
gradient method for energy minimization until the force on each atom
became smaller than 0.01 eV A™%. The phonon dispersion and density of
states were obtained using density functional perturbation theory*.

Phonon dispersion calculations and molecular dynamics
simulations

Molecular dynamics simulations were carried out using LAMMPS with
DeePMD potentials trained for cubic STO and tetragonal BTO, respec-
tively®'. For STO, the potential successfully describes a structural
phase transition from the low-temperature tetragonal phase to the
high-temperature cubic phase in our previous work>.. The phonon
dispersion and PhDOS of the DeePMD potential at 0 Kand 300K in
Extended Data Fig. 3a-f were calculated with the static displacement
method using the phonoLAMMPS, DynaPhoPy and Phonopy pack-
ages* %, The supercell was thereby set to 2 x 2 x 2 unit cells. The k-mesh
fortheintegration of the PhDOS was set to 77 x 77 x 77. The microscopic
anharmonic properties of the crystal were taken into account using the
software DynaPhoPy integrated into the phonoLAMMPS interface. To
accurately predict the LO-TO splitting at the I point, a non-analytic
correction was applied to the final phonon dispersion and PhDOS
calculations. The interpolation scheme in the Phonopy package used
the dielectric constant and Born effective charges obtained from the
density functional theory calculation. This comprehensive approach
ensured that the phonon dispersion curve and density of states were
calculated precisely by incorporating both the anharmonic properties
and non-analytic corrections.

To simulate q-selective EELS, a series of molecular dynamics
simulations were performed at 300 K when the STO was in its cubic
phase. The supercell for the molecular dynamics calculations
consisted of 12 x 12 x 60 unit cells. The supercell dimensions of
46.906 x 46.906 x 234.528 A’> were computed from the time average
ofthefluctuating supercell dimensions ina constant-temperature and
constant-pressure molecular dynamics simulation (NPT ensemble) at
atemperature of 300 K and a pressure of 0.0 bar. Atime step of 1 fswas
used inallmolecular dynamics runs. After the box size had been fixed,
aLangevin thermostat with adamping parameter of 100 fs was used to
equilibrate the temperature to 300 K in a constant-temperature and
constant-volume molecular dynamics simulation (NVT ensemble).
This simulation was carried out to sample a set of 100 representative
states of the vibrating atomic system, consisting of atomic positions
and atomic velocities. These representative states of the system were
extracted every 2,000 time steps (2 ps) after aninitial equilibration of
5,000 time steps (5 ps), which guaranteed that they were uncorrelated.

The 100 representative states of the atomic system in the NVT
ensemble served as initial inputs when computing 100 trajectories in
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a constant-energy molecular dynamics simulation (micro-canonical
NVE ensemble). To form each NVE trajectory, we ran the simulation for
5,000 time steps (5 ps) and sampled the positions of all atoms every
10 time steps (10 fs) to obtain 5,000 position samples for each atom.
We spliteach of the NVE trajectoriesinto two parts with 2,500 position
samples each, and theresulting 200 trajectories were used to simulate
g-selective EELS, as described in ‘FRFPMS simulations’.

A similar procedure was implemented for BTO. We trained a Dee-
PMD potential for tetragonal BTO with a training dataset generated
from DP-GEN (ref. 56) through a concurrent learning procedure
consisting of training, exploration and labelling stages in each itera-
tion. The training dataset is composed of over 12,000 frames of
first-principles calculations with the PBEsol exchange correlation
potential under various temperature ranges (50-400 K) and pres-
sure conditions (1-1,000 kbar). The deep learning potential also suc-
cessfully reproduces the consecutive phase transitions of BTO from
cubic to tetragonal, orthorhombic and rhombohedral as the tem-
perature is decreased. The phonon dispersion at 300 K in Extended
Data Fig. 3g,h was obtained using the software DynaPhoPy. For the
q-selective EELS simulations, 200 NVE trajectories of 2,500 position
samples were generated using the same strategy used for STO. The
supercellwas set to10 x 10 x 50 unit cells, resulting in total dimensions
0f 40.622 x 39.980 x 199.90 A%, The only differences compared with
the procedure for STO are that BTO is in its ferroelectric tetragonal
phase at 300 K and that the anharmonicity of the potential energy
surface causes atemperature-dependent shiftin the equilibrium posi-
tionsof Tiand O atoms relative to the positions of Baatoms along the
[001] axis. Therefore, the equilibrium positions of Tiand O atoms were
determined from their time-averaged positions during long molecular
dynamics trajectories at 300 K.

FRFPMS simulations

The electron scattering simulations (Figs. 2 and 3 and Extended Data
Fig. 6e-h) were performed using the FRFPMS method, in which the
inelastic signal was computed as the difference between the incoherent
and the coherent averages of beam exit wavefunctions computed over
structure snapshots, in which only displacements due to vibrational
modes within a narrow range of frequencies were present'®*?3¢, The
coherentterm, identical to the elastic scattering signals, was excluded
from the final simulated vibrational signal maps.

Toextract structure snapshots representing certain phonon excita-
tions for the cubic phase of STO, we implemented band-pass filtering
onthe 200 NVE trajectories consisting of 2,500 position samples. That
is, for aselected NVE trajectory, we obtained the Fourier components
ofthe (time-dependent) position samples of allatoms using a discrete
Fourier transform, then we set all Fourier components to zero except
for thoseinside adesired, narrow range of frequencies and finally per-
formed an inverse Fourier transform to bring the band-pass-filtered
atomic position samples back into the time domain. In this work,
we considered frequency bands centred at frequencies from1THz
to 25 THz in steps of 1 THz. Each band covered a frequency range of
+0.5 THz around said centre frequency. This was sufficient to encom-
pass the whole range of vibrational frequencies (larger than 0.5 THz)
where the PhDOS of STO is non-zero. From each of the 200 band-pass-
filtered trajectories, we extracted one structure snapshot for each of
the 25 frequencies.

These structure snapshots were used in the FRFPMS method to
calculate the elastically and inelastically scattered electron intensi-
ties in each frequency bin and to determine the thermal ellipsoids
showninFig.5a,b, and Extended Data Fig. 9. All multislice calculations
required for the FRFPMS method were carried out using the DrProbe
software package®. The settings for the accelerating voltage, conver-
gence semi-angle, EEA size and defocus in the multislice calculations
closely followed the experimental conditions. The lateral grid size
for the calculations was 576 x 576 and the supercell was divided into

600 approximately 0.4-A-thick slices. We assumed for the multislice
runs anisotropic Debye-Waller factor and absorptive potential, both
parameterized by B, values (isotropic displacement parameters) of
0.5448 A2,0.2948 A2and 0.6711 A2for Sr, Ti and O atoms, respectively.
These values were determined from the ADPs in the molecular dynam-
ics trajectories.

The FRFPMS simulations of BTO were performed analogously to
those of STO: 200 structure snapshots were sampled from the 200
NVE trajectories using the same band-pass-filtering approach for
each frequency between1THz and 25 THz in steps of 1 THz. These
snapshots were used to calculate the inelastic scattering probability
within the FRFPMS method and the calculation of the ADPs visual-
ized as ellipsoids in Fig. 5 and Extended Data Fig. 9. The only differ-
ences in the FRFPMS simulations, shown in Fig. 3 and Extended Data
Fig. 6, with respect to those for STO are that the lateral grid size was
set to 480 x 480 for the multislice calculations and the supercell was
divided into 500 approximately 0.4-A-thick slices. Furthermore, the
isotropic Debye-Waller factor and absorptive potential were param-
eterized by B, values of 0.407 A2,0.396 A2and 0.465 A2for Ba, Tiand O
atoms, respectively, as obtained by the DeePMD simulations at 300 K
described above.

Data availability

The datasets generated and analysed during the current study are avail-
able from the corresponding authors upon request.

Code availability

The MATLAB code for the EELS data processing can be found on GitHub
at https://github.com/PanGroup-UCI/Vibrational-EELS_background_
subtraction.
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Extended DataFig.1| TEManalysis of STO and BTO films supported by a
few-layer graphene suspended onalacey carbonfilm. a, Alow-magnification
TEMimage of the STO film supported by agraphene filmwith3-6layersona
lacey carbon TEM grid. All experiments were conducted on the suspended
perovskite/grapheneregions without the carbon film.b,c, Selected area
diffraction patterns ofapuregrapheneregion (b) and aSTO/graphene region (c)
asmarkedin (a), respectively. There are six sets of typical diffraction patterns

of graphenein (b), indicating the layer number is probably six with random
stackingorders. The diffraction patternof STO along [001] directionis clearly
visiblein (c), while the diffraction patterns of graphene are hardly visible due to
its thinthickness. d, Alow-magnification TEM image of the BTO film supported
byagraphene filmonalaceycarbon TEMgrid. e, Selected area diffraction
pattern ofaBTO/grapheneregionas markedin (d).f,g, Low- (f) and medium-
magnification (g) STEM images of the STO film. h-j, Core-loss EELS analysis of
elemental distribution and chemical composition of the STO filmusing TiL,
edgesignal (h), O Kedgessignal (i), and energy difference between t,,and e,
peaksintheTiL;edge (j).k,I, Low- (k) and medium-magnification (1) STEM
images of the BTO film. m-0, Core-loss EELS analysis of elemental distribution
and chemical composition of the BTO filmusing Ti L, ; edge signal (m), O Kedge
signal (n), and energy difference between t,,and e, peaksinthe TiL,edge (0).

O Composition Core-loss EELS 2.50 eV
Core-Loss TiLztyy—eg 2.48
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Althoughthereare dislocationsinboth STO and BTO as the white segments and
lines marked in (f) and (k), we can easily find defect-free regions larger than

50 nm x50 nminbothsamples. All vibrational EELS hyperspectral imaging
datasets wereacquired fromthose single-crystalline regions without any
visible contamination and away from dislocations and other defects as shown
in(g)and (I). Allinvestigated regions were also tilted on zone-axis asshownin (c)
and (e). Thus, the collected phonon signals cannot be interfered with by
defects, contamination, overall strain field or bent contours. The elemental
distributions of Tiand O based on core-loss EELS signals are uniforminboth
samples. The splitting of t,;and e, peaks as the energy difference between
thesetwo peaksintheTiL;edge, whichis widely used to estimate the change
ofvalence state of Ti, is2.44-2.46 eVinSTO (j) and 2.20-2.21eVin BTO (o),
respectively. Since the oxygen vacancy and associated valence state change
of Ticanlead to areduction of the splitting for about 0.5 eV in the literature”,
core-loss EELS results canexclude the occurrence of oxygen vacancies or other
compositional variationsin the investigated regions. Therefore, STEM images
and elemental mappingresults canrule out theinterference from dislocations,
oxygenvacancies, and composition changesin the studied areas for the phonon
anisotropy results.
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Extended DataFig.2|Background subtraction and comparison of
vibrational signalsbetween STO and graphene films.a, AHAADF STEM
image at the edge of STO film. The dark regionis graphene, while the bright
regionis STO supported by graphene.b, Raw dark-field vibrational spectraat
STOandgrapheneregions asmarked by blackand red dotsin (a). Both spectra
were obtained by summing 200 frames of 1 s exposure spectra. The spectrum
collected at the graphene region contains two broad peaks at 60-100 and 140~
200 meV, inagreement with previous studies'*. ¢, Background-subtracted
spectraatSTO and graphene regions. Inthe energy range of10-80 meV energy
range, the vibrational signals of graphene are negligible compared to those of
STO.Inthe energy range of 80-120 meV, the intensity of vibrational signals of

STOisaboutsix times that ofgraphene. The broad peakin140-200 meV
originates from phonon modesin graphene or other residual contamination.
Therefore, we canignore the bulk phonon modes of graphene and residual
contaminationinthe energy range of interest for STO and BTO. d, Background-
subtracted spectrum containing STO phononstructureintheenergy range
0of10-110 meV. The spectrumis used in Fig. 1b. e, Background-subtracted
spectrum containing vibrational states of graphene and residual contamination
inthe energy range of140-200 meV. The raw spectrumis duplicated from the
black curvein (b). The blue dots are fitting windows, while the black dashed lines
arethefitted backgrounds using apower law function.
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Extended DataFig. 3 |Simulated phonondispersion curves, PhDOS, and
vibrational spectra of STO and BTO using different methods. a, Density
functional perturbation theory (DFPT)-simulated phonon dispersion curves of
STOat0K.b,PhDOS and atom projected PhDOS associated with (a). ¢, Phonon
dispersion curves of STO simulated from the DeePMD potential at 0 K using the
finite displacement method. d, PhDOS and atom projected PhDOS associated
with (c). e, Phonon dispersion curves of STO simulated from the DeePMD
potential at 300 K using the finite displacement method. f, PhDOS and atom
projected PhDOS associated with (e). g, Phonon dispersion curves of BTO
simulated from the DeePMD potential at 300 K using the finite displacement
method. h, PhDOS and atom projected PhDOS associated with (g). i, Modified
PhDOS of STO and atom projected PhDOS with a7 meV Gaussian broadening
afterinvolving phonon occupation number and phonon energy.j, Simulated
vibrational EEL spectrum of STO with a13 meV Gaussian broadening after
subtracting the background. k, Modified PhnDOS of BTO and atom projected
PhDOS witha7 meV Gaussian broadening after involving phonon occupation
number and phonon energy.1, Simulated vibrational EEL spectrum of BTO with
al3 meV Gaussianbroadening after subtracting the background.In (b, d, f, i, j),
green, blue, and red curves represent the projected PhDOS of Sr, Ti,and O
atoms, respectively.In (h, k, 1), orange, blue, and red curves represent the
projected PhDOS of Ba, Ti,and O atoms, respectively. LA/TA modes and four
pairs of LO/TO modes are labeled at the I point for each phonon dispersion
curve. Only three pairs of LO/TO modes are infrared active, but all should be
visible invibrational EELS results due to their different selection rules and the

use ofalarge convergence semi-angle in our experiments. Five vertical dashed
linesindicate the experimental peak centers of P1-P5in STO at 14.6 meV,

24.4 meV,41.1meV, 63.3 meV,and 98.7 meV, respectively. At 0 K, both DFPT-
and DeePMD-based phonon dispersion curves show obviousimaginary modes
atthe Rand M points due to the octahedral rotationinstabilitiesand at the T
pointdue to polarinstability”. Consequently, non-zero signals are present in
thenegative energy ranges of corresponding PhDOS curves. At 300 K, the
absence ofimaginary modesindicates the dynamicstability of such astructure
atroomtemperature. All three simulated PhDOS curves reasonably match
experimental peak centers, despite some discrepanciesin energy positions.
Amongthem, DeePMD-simulated PhDOS at 300 K agrees best with experimental
peakvalues, especially for P1-P4. The overall phononband structure of BTO is
similar to that of STO but with noticeable red-shifts in the high-energy O-related
peaks (P4 and P5) and blue-shiftsinthe Ti-O related peaks (P2 and P3). To make a
more coherent comparison, we multiplied the simulated PhDOS with (n +1)/ w,
wherenisthe phononoccupation number obeying the Boltzmann distribution
and wis the phonon energy, to convertto vibrational EELS signals. After the
modification, the high-energy phonon modes above 30 meV (P3, P4, and P5) in (i)
and (k) are significantly suppressed and look more consistent with those in
experimental spectra. We also provide simulated vibrational spectrausing our
FRFPMS methodin (j) and (1), showing evenbetter consistency with experimental
spectraintermsoftheintensity ratio of PLand P2in thelow energy ranges.
Theremaining differences are probably due to the finite size of simulation
supercell and associated issues of LO/TO splitting in periodic supercells.



Before, Mono

Extended DataFig. 4 |Procedure of q-selective EELS data collection.a, Low
magnification STEMimage before EELS acquisition. The central region with a
size of2nmx 2 nm (the yellow box) was used to acquire anatomic resolution
g-selective EELS hyperspectralimage dataset. b, High magnification STEMimage
acquired at the yellow boxin (a) with monochromation before EELS acquisition.
c,Hyperspectralimage dataset with 60x60 pixel area. The displayed intensity is
theintegrated raw signalinthe10-20 meV range. The total acquisition time for
this datasetis about 60 min.d, High magnification STEM image acquired at
theyellow boxin (e) with monochromation after EELS acquisition. e, Low
magnification STEM image after EELS acquisition. The atomic structure of STO
overlapsonthe atomicresolution STEMimagesin (b) and (d). The region of
interestis chosenwithperfect STO crystalline structurein absence of any defects.

The crystalline structure is still retained after the long EELS acquisition.

No detectable contamination occurs during thisexperimentasshownin (e).
Thered dashed circleindicates a defective region tobe used to measure the
sample drift before and after the EELS acquisition. The sample drift was
0.20 nminthis case withasample drift rate of about 0.2 nm/h.f, Sequential
STEMimages captured during multi-frame EELS acquisition on STO of 3 nm x
3 nm. The frame number and time are labeled on top of eachimage with an
acquisitiontime of 200 s per frame. A single-unit-cell atomic structure of STO
isoverlapped on atomic resolution STEM images, and the green, cyan, black,
purple,and orange dots denote Sr, Ti, 01, 02 (apical oxygen), and O3 (equatorial
oxygen), respectively.
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Extended DataFig. 5| Data analysis, drift correction, and theinfluence indicated as parallelograms and then reconstructed to squaresin (b) and (c).
of energy resolution. a, Background subtracted vibrational spectrain one d,e, Representative vibrational spectraof STO (d) and BTO (e) containing ZLPs
hyperspectralimage dataset. b, Affine transformation of the raw map in10- witha full-width at half-maximum of11.3 meV and 12.2 meV, respectively.
20 meVtoreconstruct the squarelattice of STO by first finding the center of f,g, Distribution of energy resolution of all datasets on STO (f) and BTO (g).
brightspots at Sr positions and applying a series of affine transformations for We made statistical analysis of all experimental datasets of both STO and BTO

eachunitcell. ¢, Affine transformation of the raw map in the 10-20 meV energy and found thatthe average energy resolution of STO datasets (11.1+ 0.7 meV)
range toreconstruct the square lattice of STO by using the same transformation ~ was smaller thanthatof BTO (12.9 + 0.5 meV).
matrix Hmeasured inindividual unit cellsin (b). The selected unit cells are
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Extended DataFig. 6 | Atomicresolutionvibrational signal maps withsingle
unit cellregions and raw simulationresults. a,b, Experimental vibrational
signalmaps of STO indifferentenergy ranges with Dy, = (62, 0) or an X’ shift (a),
and with Dy, = (0,-62) or a Y’ shift (b) along withaHAADF images and atomic
structures, obtained from the same datasets in Fig. 2. ¢,d, Experimental
vibrational signal maps of BTO indifferent energy ranges with Dy, = (-62, 0) or
an X’ shift (a), and with Dy, = (0, -62) ora Y’ shift (b) along withaHAADF images
and atomicstructures, obtained from the same datasetsinFig.2. The green,

gold, cyan, black, purple, and orange dots denote Sr, Ba, Ti, 01, 02 (apical
oxygen), and O3 (equatorial oxygen), respectively. Scalebarsare2 A. e-h, Raw
simulated energy-filtered vibrational signal maps from1THzand 25 THz of STO
for the X’ shift (e), STO for the ¥’ shift (f), BTO for the X’ shift (g), and BTO for

the ¥’ shift (h). The size of eachimage is 8 Ax 8 A. The energy bin widthis1THz,
andthelabeled energyis the bin center. The atomic structure overlapsonthe
first signal map of each situation as A-site (Sr or Ba) atoms residing at the
top-left corner ofeachimage.
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Extended DataFig.7|More atomicresolution vibrational signal mapping
of STO and BTO over larger regions. a,b, Experimental vibrational signal maps
of STOona2.3nmx2.3nmregionindifferentenergyranges with D, = (-62,0)
or an X’ shift (a), and with Dy, = (0, -62) ora Y’ shift (b). ¢, Vibrational signal maps
averaged from 20 unit cellsin (a). d, Vibrational signal maps averaged from

16 unitcellsin (b). Displayed mapsin (c) and (d) are duplicated from averaged
single-unit-cell results to 2x2 unit cells for visual clarity. e,f, Experimental
vibrational signalmapsof BTOona2.3 nmx 2.3 nmregionindifferentenergy
ranges with D, = (-62, 0) or an X’ shift (e), and with Dg, = (0, —62) or a Y’ shift (f).
Anatomicstructure of STO or BTO is overlapped on all vibrational signal maps,
andthegreen, gold, cyan, black, purple, and orange circles denote Sr,Ba, Ti, O1,

02 (apical oxygen), and O3 (equatorial oxygen), respectively. g,h, Vibrational
signalmaps of STO (e) and BTO (f) with asmaller energy bin size of 2 meV. The
dashedlinesindicate theboundary between A-site dominant signal maps and
Tidominantones. In (h), Bacolumns are still observable in the signal maps of
20-22 meV, 22-24, and 24-26 meV, while Ti/O1 columns exhibit the prominent
intensity only when the energy rangeis above 24-26 meV. By contrast, the
vibrationalintensity of Srcolumns in STO becomes very weak when the energy
rangeis above 18-20 meV, in parallel with increasingly visible Ti/O1 columns
in(g). Therefore, weindeed detected noticeable vibrational intensity at Ba
columnsin20-30 meV duetoits non-zero atom-projected PhDOS and spectral
broadening.
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Extended DataFig. 8| Simulated position-dependent energy-filtered electronbeamand the energy values are labeled at the top of diffraction

diffractionpatterns ofbothinelastically and elastically scattered electrons  patterns. Allinelastic signals with certain phonon energy losses (left three

of STO along[001] (upper) and BTO along [010] (lower) at selected energies. columns) areonalinearscale, whereas all elastic signals (right two columns)
49.6 meV (12 THz) and 103.4 meV (25 THz) are selected for STO, while 53.8 meV areonalogarithmicscale. Two dashed green circlesindicate EEA positions of
(13 THz) and 95.1 meV (23 THz) are selected for BTO. The energy bin widthis Diea=(-62,0) and D, = (0, -62), respectively. Scale bars are all 20 mrad.
1THz. The atomic positions (= 03,02, Sror Ba,and Ti/O1) being placed by the
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Extended DataFig.9|Three-dimensional maps of simulated ADPs of all
atomsinSTO and BTO atselected energies. (a) Maps of ADPs for STO in oblique
views (upper) and top views along [001] (lower). The thermal ellipsoids for the
total PhDOS (the left mostimage) are drawn such that each atomis found witha
probability of99% within the volume of the ellipsoid using the VESTA software>®.
Theshape of thermal ellipsoids represents the isotropy or anisotropy of atomic
displacements. Inall otherimagesto theright, the frequency-dependent
ADPsof allatoms are rescaled to highlight the relative sizes of displacements
atthe correspondingenergy. Therescaling factors for these images are
approximately 264 (3 THz), 943 (6 THz), 5642 (12 THz), 5087 (14 THz), 2394

(15 THz), 5495 (16 THz),15505 (24 THz), and 41480 (25 THz). The electron beam
inSTO experiments was parallel to the Z axis or [001] direction. In the map of
total PhDOS to the left, the thermal vibrations of Srand Tiatoms are isotropic,
but oxygen atoms exhibitan anisotropy consistent with ref. 5. The energy-
dependentdisplacementellipsoids, shown to the right, extend this consideration:

Srand Tiatoms exhibitisotropic displacementsatallenergies, indicating the
homogeneity of corresponding phonon eigenvectors, and the anisotropy of
oxygen vibrations evolves as a function of frequency. Oxygen displacements
formanoblate ellipsoid (U,;/U,, <1) lying on {100} planesin the lower energy
range. Theellipsoids associated with oxygen atoms transform to prolate
ellipsoids (U;;/U,,>1) elongated along <100> directions at higher energies.

(b) Maps of ADPs for BTO in oblique views (upper) and top views along [010]
(lower).Inall otherimages to theright, the frequency-dependent ADPs of
allatomsarerescaled to highlight the relative sizes of displacements at the
corresponding energy. The rescaling factors for these images are approximately
31(3THz),122 (4 THz),187 (5 THz),70 (6 THz),130 (8 THz), 316 (12 THz), 292
(13THz),350 (14 THz),and 5912 (23 THz). The electronbeam in BTO experiments
was parallelto the Z axis or [010] direction. Note that the thermal ellipsoids of
bothBaand Tiare nolongerisotropicin BTO.



Extended Data Table 1| Comparison of experimental and calculated phonon energies of STO and BTO from the literature and
our work

Phonon Energy at the I' point (meV)
TO1 LO1 TO2 LO2 TO3 LO3 TO4 LO4

Cubic SITiO,

Methods and Source

Optical conductivity, 300 K 11.65 21.13  21.79 - - 5895 6743 98.72
Infrared, 300 K 33 11 22 22 - - 57 68 101
Infrared, 300 K * 11.03  21.34 21.73 - - 58.88  67.41 98.71
Inelastic neutron scattering, 297 K 1137  21.01 21.01 3288 3288 56.66 67.83 102.15
DFT+, 0K * 10.04 19.09 2145 2766 27.83 543 69.55  100.05

TDEP® DFT, 300 K ¢! 12.62  20.79 22 29.85 2985 5598  67.06 96.42

This work, DeePMD, 300 K 16.74 2178 2258 32.17 32,17 5556  66.65 9549

Tetragonal BaTiO,

Raman, 300 K 2207 2343 3422 - - 5839 63.84 89.89

Raman, 300 K ¢ 1996 2232 3744 - - 56.04 6286 8741

DFT, 0K ¢ 2145 2207 2294 3943 3967 5877  60.01 87.65

QHA-SCP¢ DFT, 400 K 17.32 22.97 31.63 36.48 3728 55.83 59.26  90.30

This work, DeePMD, 300 K 20.39 2248 2514 36.60 37.63  57.75 60.38  83.45

* DFT: Density functional theory.
® TDEP: Temperature-dependent effective potential
¢ QHA-SCP: Quasiharmonic approximation - self-consistent phonon

Our simulation results match well with the energy positions of most phonon modes in both STO and BTO, especially for the high energy phonon modes above 30 meV and show only blue shifts
on low energy phonon modes (TO1and LO1) of STO. References 59-65.
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