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Crystal defects affect the thermal and heat-transport properties of materials by
scattering phonons and modifying phonon spectra' 8. To appreciate how
imperfectionsin solidsinfluence thermal conductivity and diffusivity, it is thus

essential to understand phonon-defect interactions. Sophisticated theories are
available to explore such interactions, but experimental validation is limited because
most phonon-detecting spectroscopic methods do not reach the high spatial
resolution needed to resolve local vibrational spectra near individual defects. Here we
demonstrate that space- and angle-resolved vibrational spectroscopyina
transmission electron microscope makes it possible to map the vibrational spectra of
individual crystal defects. We detect a red shift of several millielectronvoltsin the
energy of acoustic vibration modes near a single stacking faultin cubic silicon
carbide, together with substantial changes in their intensity, and find that these
changes are confined to within afew nanometres of the stacking fault. These
observationsillustrate that the capabilities of a state-of-the-art transmission electron
microscope open the door to the direct mapping of phonon propagation around
defects, whichis expected to provide useful guidance for engineering the thermal
properties of materials.

Imperfections such as point defects, dislocations, stacking faults
and grain boundaries are often present in crystalline materials and
affect their thermal properties, such as thermal conductivity and
thermoelectric performance’. They play an even more decisive role
when the material’s dimension is reduced to the nanoscale?. Different
modellingtools have been developed to understand the interaction
between heat and imperfectionsin solids and to explain the changes
of thermal conductivity and diffusivity, which are experimentally
obtained using techniques such as time-domain thermoreflectance,
the 3w method and transient grating spectroscopy>**'°. In existing
thermal transport theories, thermal conductivities of defect-free
crystals are computed by solving the Boltzmann transport equation®.
The effect of defects on thermal transport is typically treated by
perturbation theory, which takes into account the mass difference
and the change of interatomic force constants'®. State-of-the-art
ab initio computations have recently been applied, along with the
real-space Green’s function approach, to studies of thermal conduc-
tivities of materials with defects**" 3, Except in the modelling of
alloy structures'*, much theoretical work dealing with the thermal
properties of imperfect structures (especially those with planar
defects) has omitted the defect-induced changesin phonon disper-
sion curves>*®. The treatment of planar defects—for example, stack-
ing faults—typically only considers the specular reflection’. Despite
these simplifications, theoretical studies have predicted the exist-
ence of local vibrational modes due to point defects or dislocations,

and a quasi-phonon model has been proposed to understand the
phonon-defect interaction"?%,

A more thorough understanding of phonon-defect interaction,
especially the effect of defects on thermal transport, becomes pos-
sible if experimental data on both local and non-local phonon modes
around defects are available. However, it has not been feasible up to
now toreachtherequired spatial resolution (down to the subnanometre
scale) together with an angular (momentum) resolution that allows
individual acoustic phonon branches to be identified in reciprocal
space. Optical methods such as Raman and infrared spectroscopies
can provide hints of local phonon variation, but they are incapable of
distinguishing individual defects, because their spatial resolution is
limited by the wavelength of the incident light" . Similarly, inelastic
X-ray scattering and inelastic neutron scattering (INS) spectroscopies
only detect the averaged signal from larger samples with poor spatial
resolution?*?. Inelastic electron tunnelling spectroscopy is capable of
measuring the vibrational modes of adsorbed moleculesinascanning
tunnelling microscope with very high spatial resolution. However, this
techniqueis only sensitive to the first few atomic layers on conductive
substrates®?, Insummary, probing vibrational modes at local defects
deepinside a material has not been realized until now.

Recentadvancesinmonochromated electron energy-loss spectros-
copy (EELS) and aberration-corrected scanning transmission electron
microscopy (STEM) have substantially improved spectroscopic reso-
lution to <10 meV, and enabled the acquisition of vibrational signals
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Fig.1| Experimental setup of high-spatial-resolutionimaging and
optimal-momentum-resolution vibrational spectroscopy of asingle
stackingfaultin3C-phase SiC. a, Schematic of the experimental setup. The
convergentelectron probe withatunable convergence semi-angle a (defined
asthesize of the probe-forming aperture andset to 33 mrad or 3 mrad) is
formed and raster-scanned across the sample with an edge-on stacking fault.
Inset, the atomic structure at the stacking fault. Green and red balls are Siand C
atomsrespectively, and the purple balls are the Siatoms at the stacking fault,
shownto highlight the structural difference. The purple disks in the diffraction
plane (showngrey) are transmitted and diffracted electrons, and the yellow
disk represents the X point at the edge of first Brillouin zone (FBZ, blue
contour). See Methods for further details. b, The impact of probe convergence
semi-angle (a) onthe energy (£,), spatial (d,) and momentum (m,) resolution.

with high spatial resolution? 2%, The study of phonon interaction with
defectsusing EELS in TEM requires that multiple phononbranches be
resolved and investigated separately because of the complexity of pho-
nondispersion relations, and this becomes feasible with angle-resolved
EELS. Moreover, phonons strongly scattered by localized defects are
more readily identifiable by selecting high-angle scattering events of
fast electrons with an off-axis EELS entrance aperture.

In this study, we initially explore the local phonon spectral density
at high spatial resolution by forming an electron probe with a large
convergence angle, and collecting EEL spectraspanningalarge angular
(momentum exchange) range. However, this results in summing all
the phonon dispersion branches together, and it makes direct com-
parison with spectra acquired by optical methods or INS impractica-
ble?”?. We therefore improve the angular (momentum) resolution
so as to resolve different phonon modes, which leads to poorer, but
still nanometre-level, spatial resolution®’. The improved momentum
resolution also identifies the splitting of longitudinal optical (LO) and
transverse optical (TO) phonons without the interference of phonon
polaritons in polar crystals**?¢*3'32, OQur method enables us to simul-
taneously achieve sufficient momentum resolution and high spatial
resolution, and to exclude polariton signals. It unveils local phonon
resonances caused by symmetry breaking at a stacking faultinsilicon
carbide (SiC).

SiC was selected as a suitable model material because of its wide
range of applicationsin electronic devices and its abundant polytypes
withvarious stacking orders'®*, Stacking faults are common imperfec-
tions in SiC crystals, arising from local stacking disorder of the {111}
planes, and it markedly affects the thermal conductivity®. Isolated
stacking faults can be easily found in 3C-phase SiC films grown on a Si
substrate®?¢, owing to a large lattice mismatch of 24.5% between SiC
and Si, as shown in Extended Data Fig. 1. Figure 1a illustrates the
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Thedashed linesinboth top and bottom panels are guides to the eye. The grey
shaded areashows the optimal range for resolving the stacking-fault structure,
whilethe greenshaded areaisideal for fully separating the'and X pointsinthe
FBZ.c, Atomic-resolution annular dark-field (ADF) STEM image of a cross-
sectional SiC specimen with asingle stacking fault projected along the [011]
direction, witha=33 mrad (4.3A™) indicated by the cyanbarinb. Scale bar,
1nm. Theatomicstructure and asimulated STEM image (white box) areboth
superimposed on the STEMimage. d, Diffraction pattern of SiC along the [011]
directionwith =3 mrad (0.39 A™") as marked by the purple barinb. The large
red dashed circle and the small red circle correspond to convergence
semi-angles of 33 mrad and 3 mrad, respectively. 200, 111 and 111 diffraction
spots are marked by purplecircles. Scale bar,20 mrad.

experimental setup aiming to acquire local vibrational information at
asingle defect. The convergence semi-angle (a) is critical in controlling
the spatial resolution (d,), momentum resolution (m,) and energy
resolution (£,) as shown in Fig. 1b. Figure 1c displays a single edge-on
stacking faultin 3C-phase SiC projected along the [011] zone axis, with
convergence semi-angle a = 33 mrad forming an electron probe with
asize of about 0.14 nm. The resultant annular dark-field (ADF) STEM
image is consistent with the defect atomic structure and with the
simulated image. The width of the stacking faultis 0.25 nm, matching
the (111) inter-planar distance. Since d, is inversely proportional to a
(see more details in Methods)¥, a should be greater than 22 mrad to
resolve the stacking fault in real space. In reciprocal space, acoustic
phonon modes reach their highest energy (and become easiest to
detect) at the edge of the Brillouin zone (BZ). In the diffraction pattern
obtained with a=3 mrad (0.39 A™) in Fig. 1d, the X point is well suited
toacquiring an angle-resolved vibrational signal. Because the momen-
tum resolution isimproved as a decreases, a should be smaller than
5.5mrad (0.71A7, halfthe reciprocal distance between I'and X) to fully
separate thel and X points (Fig.1d and Extended Data Fig. 2). Therefore,
we developed acombined method to take advantage of both wide and
narrow aperture settings for a systematic study of vibrational signals
of anisolated crystal defect.

Figure 2a shows background-subtracted vibrational spectra taken
from a defect-free region and an edge-on stacking-fault region in
SiC, with a convergence semi-angle of 33 mrad. On the basis of the
first-principles calculations (Fig. 2b) and published Raman and INS
data®*°, the LO and TO modes are located at respectively 120 meV and
98 meV at the I' point, while LO, TO and longitudinal and transverse
acoustic (LA and TA) modes coexist at respectively 104 meV, 95 meV,
79 meV and 46 meV at the X point. In the experimental vibrational
spectra (Fig.2a), the first two peaks at 108.6 meV and 98.2 meV can be
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Fig.2|Vibrational spectra of SiC with and without astacking faultand
takenwithwide and narrow momentum ranges. The momentumrange is
selected by the use of different aperture settings. a, Vibrational spectra of
defect-free SiC (black curve), SiC with astacking fault (SiC-SF, red curve) and
the aloofsignal (see main text; blue curve) with a probe convergence
semi-angle of 33 mrad. Thelocations of the electron beam for acquiring these

assigned to the LO and TO modes respectively, while the third sharp
peak at 68.5 meV and the broad low-energy peak in the energy range
30-50 meV arelikely tobe LA and TAmodes respectively. Because the
33-mrad probe conditioninvolves electron scatteringin the entire BZ,
asshown in the dashed red circle in Fig. 1d, the acquired vibrational
spectrumis an average signal of allmomentum exchanges, and is thus
different from spectra acquired at the BZ centre by optical methods.

Under the ‘aloof’ condition (when the electronbeamis placed outside
the sample), only very small momentum exchanges take place, and
the vibrational spectrum has a single peak at 106 meV. The energy is
slightly different compared to the archetypal surface phonon polari-
ton at 117.6 meV in 3C-phase SiC, but it is in good agreement with a
surface phonon energy modified by sample thickness and morphol-
ogy**#42 The vibrational signal from polar materials detected under
the aloof condition is the surface phonon polariton, and arises from
dipole scattering due to the coupling between the electromagnetic
field generated by the electron beam and phonon resonances at the
sample surface??****, The aloof signal overlaps with the LO mode in
spectraacquiredinside thesample, and it broadens and red-shifts the
LO peak fromthe standard value. The acoustic phonon modes are more
localized and do not induce any polaritons because acoustic phonon
branches donotintersect with the energy-momentum relation of fast
electronsinreciprocal space (Extended DataFig. 3). The remarkable dif-
ference of the vibrational spectra between the defect-containing region
andthe defect-freeregion occursinthe energy range 30-50 meV, where
the TA modes of the stacking fault become stronger than those in the
defect-free crystal region (Fig. 2a). Similar phenomena were observed
when using a convergence semi-angle of 10 mrad (1.3 A™) and collecting
almostall phononbranchesin the FBZ (Extended Data Fig.4). Figure 2c
shows simulation results of the spatially resolved phonon density of
states (PDOS) from both the stacking fault and the defect-free region
(see detailsin Methods and Extended Data Fig. 5). The simulated PDOS
curves generally match the experimental angle-integrated vibrational
spectrain Fig. 2a and reproduce the intensity enhancement in the
energy range 30-50 meV at the stacking fault, whichis consistent with
experimental observation. Therefore, we suggest that the vibrational
signal acquired with alarge convergence semi-angle is comparable with
the PDOS integrated in the FBZ*,

Tovalidate the local PDOS change at the stacking fault, and to deter-
mine the spatial width of the fault’s phonon resonance, we performed
two-dimensional (2D) phonon mapping. Figure 3a shows a 2D map
of the integrated vibrational signal in the energy range 30-50 meV
(the TA mode) in the area containing a stacking fault (Extended Data
Fig.1e). The enhancement of TA mode intensity at the stacking fault

PDOS (a.u.) )
Intensity (a.u.)
spectraare marked in Extended DataFig.1d. b, Simulated phonon dispersion
curves of bulk 3C-phase SiC (3C-SiC). ¢, Simulated local phonon density of
states (PDOS) of SiC with astacking fault and of defect-free SiC.d,
Angle-resolved vibrational spectra of defect-free SiC (black) and of SiC with a
stacking fault (red) witha convergence semi-angle of 3mrad at the X point.

isunambiguous. The line profile in Fig. 3b indicates that the intensity
of the TA mode approximates a Gaussian distribution centred at the
stacking fault and with a peak width of 3.0 £ 0.6 nm. The average ADF
STEM intensity also shows a 2.4-nm broadening in Fig. 3b, much like
the variation of the TA mode intensity. This might be caused by the
increased population of softened acoustic phonons at the stacking
fault, whichleads to additional thermal diffuse scattering for electrons
and hence astronger ADF intensity. A similar circumstance has recently
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Fig.3|High-spatial-resolution mapping of acoustic phonon enhancement.
a,Mapping of the vibrational signalintegrated in the energy range of

30-50 meV across the stacking fault with aconvergence semi-angle of 33 mrad.
Colourscaleshows theintegrated signalintensity normalized by its maximum
value.b, Line profile of the 30-50 meV signal (top) and the ADF intensity
(bottom). The two superimposed red curves are Gaussian-type peak fittings.
Errorbarsintop panel, standard deviation. The ADF intensity is averaged from
the atomic-resolution STEMimage (Extended DataFig. le, f).
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Fig. 4 |Spatial distribution ofindividual phonon

1.0 modes and the red energy shift oflocal phonon
0.8 < resonancesunder the angle-resolved condition.
& a,ADFSTEMimage withaconvergence semi-angle of
% 3mrad. b, Line profile of the angle-resolved vibrational
0.6 § spectraatthe X pointofthe FBZ across thestacking
£ faultinthedirectiondenoted by the blackarrowina.
04 E Colourscale shows the signal intensity normalized by
g itsmaximum.c, Energy offset of the 40-50 meV peak.
02 5 peak positions were determined by a peak fitting
= process, and the energy value of the TAmode (49 meV)
0.0

inthe defect-free SiCwas subtracted, to obtain the
numerical value of the energy offset. Error bars
represent thefitting error of the peak centre of the TA
mode.d, Simulated angle-resolved vibrational spectra

of defect-free SiC (top, black) and of SiC with astacking
fault (bottom, red). The simulated structure was the
sameas shownin Extended DataFig. 5a. Defect-free
and stacking-fault regions were selected as layer one
(LO1, at the bottom), and layer seven (LO7, in the
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beenreported elsewhere**, suggesting that acoustic phonon intensity
correlates with edge or defect structures, whereas optical phonons are
more sensitive to the local thickness.

In order to clarify the origin of the acoustic phonon enhancement,
spectra were acquired with a 3-mrad convergence semi-angle and a
2.5-mrad EELS collection semi-angle, so as to achieve better momentum
resolution (0.5A™). Aspatial resolution of about 2.6 nm, as highlighted
by the purplebarinFig.1b, was achieved inthis condition. The different
phononbranchesinanenergy-momentum (E-q) diagramthenbecome
clearly separated (Extended DataFig. 6), and the stacking fault of Fig. 1c
isspatially resolved in both the ADF and the phonon ssignals, as shown
inFig.4a. The spatial mapping of Fig. 4b can be usefully compared with
angle-resolved spectrarecorded at the X point,and showninFig.2d. The
high-symmetry X point was selected because both LA and TA branches
reach their maximal values there (together with the occurrence of the
van Hove singularity, ensuring sufficient EELS signal, Fig.2b, c) and are
well separated from each other, which both make the signal identifica-
tion easy. For the defect-free SiC crystal, the LO and TO branches are
located at 104 meV and 94 meV respectively after peak separationand
the LA and TA branches are at 73 meV and 49 meV respectively. These
values agree with the peaklocationsinthe simulated phonondispersion
curves of Fig. 2b. The small offsets of LA and TAmodes probably come
from the steep branches and the momentum uncertainty (0.5 A™).
The phonondispersion relation was further examined by performing
angle-resolved vibrational spectroscopy along the X-I" direction, and
the measured results are in good agreement with simulated phonon
bands of SiC (Extended Data Fig. 6¢). In comparison with the aloof spec-
trumacquired attheTl point, no obvious polaritonsignal was recorded
inthealoof condition at the X point (Extended Data Fig. 6d), suggesting
that the off-axis condition can exclude the polariton mode.

Compared to the angle-integrated spectra of Fig. 2a, the
angle-resolved vibrational spectra of Fig. 2d show more noticeable
differences between acoustic phonons of perfectly crystalline and
defect-containing structures. In particular, the intensities of the LA
and TA modes are strongly modulated by the stacking fault, which
weakens the LA and enhances the TAmode. Thiscanalsobeseeninthe
spectrum map of Fig. 4b, which further suggests that the TO and LO
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middle) inthis structure, respectively. Bars represent
the mode-resolved calculated intensities, which were
thenbroadened with a Gaussian peak with 8 meV
FWHM, resultingin the curves. The arrow represents
the energy shift of the maximal point of TAmodes on
going from defect-free SiC to SiC with astacking fault.
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modes remained unchanged. Figure 4c shows the energy offset of the
TAmodeinthe40-50 meV region, withamaximum red shift of 3.8 meV.
The systematic error of the peak fitting algorithm is 0.1-0.6 meV, and
the red shift is therefore much larger than the measurement error.
Meanwhile, the energy of the LA mode of the stacking fault was also
reduced by 3 meV compared to defect-free SiC.

The effect of astacking faultin SiC canbe simulated in the framework
of density functional theory (DFT) by inserting two atomic planes of
the 2H-SiC polytype into a 3C-SiC structure (Extended Data Fig. 5a).
Figure 4d plots the angle-resolved and site-specific vibrational spectra
taking into account the scattering probability of fast electrons** (see
more detailsin Methods). The peak position of the TAmodeinthe DFT
spectrumundergoes ared energy shift of 3.8 meV from defect-free SiC
(46.4 meV) to stacking-fault-containing (42.6 meV) regions, which is
consistent with the experimental angle-resolved vibrational spectros-
copy in Fig. 4c. Meanwhile, simulation results also reproduced the
intensity modulation of both TA and LA modes in the experimental
data. Separated local PDOS results reveal that enhanced local modes
at the stacking fault between 30 meV and 50 meV include vibrations
along directions both normal and parallel to the plane of the stacking
fault (Extended Data Fig. 7). We can deduce that symmetry breaking
and variation of interatomic force constants lead to the shift of vibra-
tion energy at the stacking fault in the energy range 30-50 meV; this
shift appears in the same energy range as the TA modes of bulk SiC.

Amoredirectcomparisonbetween phononbands of the 3C-phase SiC
and the stacking-fault-like 2H-phase SiC also supports the occurrence
of defect phonons due to different local atomic arrangements. The dis-
persionrelations of the 2H polytype, shownin Extended Data Fig. 8, has
additional branches near 40 meV at the X point. The theoretical energy
position of each phonon mode of defect-free and stacking-fault SiC
structures at the X pointalso reproduced the red shifts of both TA and
LA modes at the stacking fault as observed in experiments (Extended
DataFig.8d). Theenhanced intensity inthe 40-50 meV energy region
and the associated red shift at the stacking fault can be readily corre-
lated with the additional branches. The defect-induced phononbranch
behaves like an optical one, with nearly zero group velocity (Extended
DataFig. 8c).Additionally, the local vibrational spectrum of the stacking



faultat the A point (half-way between theI'and X points) constitutes a
broad signalinthe energy range 30-80 meV rather than two noticeable
peaks atabout 56 meV and 34 meV as inthe spectrum of the defect-free
region (Extended Data Fig. 8e). This discrepancy implies the presence
of defect modes at the stacking fault as well. The above analysis indi-
cates that the defect-containing region impedes thermal transport
andreduces local phonon propagation. This may potentially lead to a
defect-induced reduction in the thermal conductivity™**,

The propagation width of the local phonon resonance is fur-
ther revealed by the variation of the vibrational signal. Under the
small-convergence-angle condition, the line profile of the signal inte-
grals of 45-50 meV and 70-75 meV (Extended Data Fig. 9a) both pre-
sent a full-width at half-maximum (FWHM) of 6.8 + 0.7 nm, centred on
the stacking fault. The line profile of the energy offset of TA modesin
Fig.4bhasan FWHM of 7.8 nm. All these widths are considerably larger
than the spatial resolution of about 2.6 nm, achieved for the 3-mrad
convergence semi-angle condition. This indicates that the correct
width of the stacking fault’s phonons has been measured, and that it
is wider than the structural width of the stacking fault (0.25 nm). The
increased width can be explained by the penetration of the red-shifted
local phonon into the surrounding SiC region, even though strictly
speakingitis forbiddenthereinthe classical picture. According to the
one-dimensional Schrodinger equation, the decay of the local defect
phonon mode near the stacking fault scales with the inverse of the
square root of the energy difference between the red-shifted defect
mode and the original TA mode in defect-free SiC (3.8 meV here, see
Extended Data Fig. 9b). Simulation with the real-space Green’s func-
tion approach for alarger structure also indicates that the stacking
fault causes the red energy shift of the TAmodes of surrounding atoms
(Extended Data Fig. 10).

We have experimentally observed defect-induced local phonon
resonances and an associated red energy shift by using a combina-
tion of atomic resolution and angle-resolved EELS. Our method opens
up the possibility of studying the local vibrational signal at structural
and substitutional defects in materials. We expect it to find impor-
tant applications in many different areas, ranging from the study of
thermal-resistance-inducing interfacial phonons to defect structures
engineered to optimize a material’s thermal properties. This experi-
mental capability could potentially be used to reveal the local phonon
spectral density at point defects in bulk crystals® with furtherimprove-
ment of signal filtering.
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Methods

Experimental details

The cross-sectional SiC specimen was prepared from a 3C-phase SiC
film grown on a Si(001) wafer by mechanical thinning and polish-
ing followed by an ion milling process. The vibrational spectra were
acquired by aNion UltraSTEM 200 equipped with a C3/C5 aberration
corrector and a high-energy-resolution monochromated EELS system
(HERMES). The instrument was operated at 60 kV with convergence
semi-angles (a) varied from 1 mrad to 33 mrad. As marked in Fig. 1b,
the spatial resolution enabling identification of the stacking fault can
only be acquired when a > 22 mrad, while the momentum resolution
allowing for the separation of the I'and X points can be obtained when
a<5.5mrad (half of thereciprocal distance between I’ and X). For STEM
imaging, theinner and outer collection semi-angles of high-angle and
medium-angle annular dark-field (HAADF and MAADF) detectors were
70-210 mrad and 40-70 mrad, respectively. STEM image simulation
was carried out using a multislice based simulation software called
QSTEMwith experimental parameters*. To obtain an adequate vibra-
tional signal, the beam current was fixed at ~120 pA for all conditions.
An alpha-type monochromator was activated and carefully tuned to
achieve thebest energy resolution of 5.7 meV. For angle-resolved vibra-
tional spectroscopy, the post-specimentilting method was used to shift
the diffraction plane through projector lens and allowed scattered
electrons at different momenta to pass through the EELS entrance
aperture. The post-specimen tilting method is more convenient than
the pre-specimen tilting one, which requires tilting the beam and
re-orienting the sample again®. The collection semi-angle for EELS
acquisition was 2.5 mrad obtained by inserting a 0.2-mm EELS entrance
aperture and properly adjusting the strength of the projectionlens. The
EELS dispersion was about 0.5 meV per channel which was routinely
calibrated by wobbling the zero-loss peak (ZLP) at a high frequency
with a known amplitude of voltage through the drift tube. The ZLP in
vacuumwasacquired with 5-ms exposure time todemonstrate the best
energy resolution performance. To optimize the signal-to-noise ratio
and maximize high tension stability, single EEL spectrawere acquired
by summing 100-200 frames with1s exposure per frame, whichwere
then all aligned by the centre of the ZLP. High-spatial-resolution
vibrational mapping and line-scan datawere acquired by running our
custom python script in Nion’s Swift software. The code combines
functions of automatically controlling the electron probe position,
correcting sample drift, tuning low-order EELS aberrations, acquiring
vibrational spectra, aligning the ZLP of multiple spectra per point,
and finally exporting the summed spectra. Each spectrumin the map
datawas acquired by summing a few frames of 1-s exposures per point,
while summing several tens of frames of 1-s exposures per point was
used for the line-scan data. Restricting the total acquisition time to
1hensures an adequate probe current and reduces the influence of
sample drift. The pixel size was 0.75-2 nm to match different fields
of view. Background subtraction was then performed by fitting an
exponential polynomial function?. Peak separation was performed
by fitting multiple Gaussian-type peaks*..

DFT simulation

The first-principles calculations were performed based on density
functional theory (DFT) by the Vienna ab initio simulation pack-
age (VASP)***. A Perdew-Burke-Ernzerhof functional with the
projector-augmented-wave method*® was used in all simulations. We
took the 4 x 4 x 4 supercell of 3C-phase SiC, the 3 x 3 x 3 supercell of
2H-phase SiC and the 3 x 3 x 1 supercell of the 11-layer defect struc-
ture as shown in Extended Data Fig. 8a, b and Extended Data Fig. 5a,
respectively. The lattice constants for the 3C phase, the 2H phase and
defect structuresarea=b=c=12.38A,a=b=9.27A,c=15.21A,and
a=b=9.28A,c=27.81A, respectively. These models were fully relaxed
with Hellmann-Feynman forces less than1x 10 eV A" and electronic

convergence lessthan1x10~*eV. The energy cutoff for the basis expan-
sionwas 460 eV, and the k points were sampled with a3 x 3 x 3 mesh for
3Cphase, a3 x3x2meshfor2H phase and a4 x4 x1meshforthell-layer
defectstructureintheir corresponding BZs*. The phonopy code® was
runto analyse the phonon dispersions and density of states with den-
sity functional perturbation theory (DFPT)*' as implemented in VASP.
Dielectric tensor and Born effective charge were used to modify the
longitudinal optical-transverse optical (LO-TO) splitting for 3C and 2H
phases. For the defect structure, the projected PDOS in Extended Data
Fig.Sbwas calculated by adding all density of states of the atoms inindi-
vidual layers. We further used the expression for Stokes cross-section
to calculate the scattering probability of fast electrons***2 Specific
atoms (/) in either defect-free SiC or the stacking-fault region of the
11-layer defect structure were selected to separate the contribution
fromdefects. The momentum exchange (q) was taken into account as
well. To match the experimental condition of the X point of 3C-phase
SiC, the X" point was selected inthe FBZ of the large supercell as shown
in Extended DataFig. 5c.In order to obtain the effective change Z,(q), we
calculated the response of valence-electron-density An, ,(q) to atomic
displacements in the v direction of /ions through following steps. (1)
We constructed 3N phonon branches (Vis the number of atoms in
the supercell) with atoms being displaced according to the phonon
eigenvectors at q. (2) We obtained wavefunctions and charge densi-
ties of all phonon branches from the first-principles calculations. The
differences of valence charge densities between models with atomic
displacements and with no displacement were extracted and integrated
toobtainthe charge redistributions of all 3N vibrational modes, Any(q).
With 22 atoms in the supercell (see Extended Data Fig. 7a), there are
intotal 66 phononbranches, resultingin 66 non-zeromodes at the X"
point. Finally, An;\(q) values were converted to An, (q) by projecting
the eigenvectorinatom/and directionv. Plugging the effective charge
into the expression for scattering probability, vibrational spectrawere
simulated for selected atoms and momentum exchange as shown in
Fig. 4d.

Spatial resolution

The size of the electron probe on the sample is commonly defined as
d.=(d é +d?+d})°S, where d,, d;and d4represent the beam source size,
broadening of the spherical aberration and the diffraction limit, respec-
tively*”. The contribution of spherical aberration can be neglected owing
totheimplementation of theaberration corrector. Then, the spatial resolu-
tionis estimated by the following relationship with convergence semi-angle
aasd, = (dg+d)° = [/ (1,/B)°5 (/@) + (1224/a)30 = £ (I, A)/at,
where/, is the probe current, Bis the source brightness, 1is the wave-
length of the electron, and f(/,, A) is a function independent of a. In
order to achieve the best signal-to-noise ratio, the probe current (/,)
was fixed at the maximal value, whichiinvolves anon-negligible source
size (d,) and causes the measured probe size to be greater than the
diffraction-limited resolution. With A as a constant at the fixed accel-
erating voltage of 60kV, d.isinversely proportional to aand the exper-
imental measurement in Fig. 1b is consistent with this trend.

Momentum resolution

Momentum resolution (m,) is defined as the convolution of the conver-
gence semi-angle with the size of the EELS entrance aperture (collection
semi-angle, B), as m, = (a® + B)°3 (ref.*°). The value of m, is reduced as
adecreases, as shownin Fig. 1b.

Energy resolution

After the implementation of the drift tube in the spectrometer, the
energy dispersion was precisely calibrated, thus providing the best
energy resolution of 5.7 £ 0.5 meV under 60 keV in our instrument.
The energy resolution (E,) is defined as the FWHM of the ZLP, which
isan energy-dispersed image of the EELS entrance crossover, formed



in the back-focal plane of the last projector lens of the microscope®.
The entrance crossover is an image of the sample-level probe, which
grows larger when the convergence angle becomes smaller, as shown
in the bottom half of Fig. 1b. If the microscope post-specimen optics
and EELS optics are kept the same when the electron beam convergence
angle decreases, the probe becomeslarger and, thus, the correspond-
ingincreasein the EELS entrance crossover size produces anincrease
inthe width of the ZLP at the EELS detector and hence worse energy
resolution, asshowninthe top part of Fig. 1b. One can overcome this by
changingthe post-sample optics to keep the size of the EELS entrance
crossover the same even as the probe size at the sample grows, but this
makes the set-up more complicated.
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are available from the corresponding authors on reasonable request.
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Extended DataFig.1|STEM observations of 3C-phase SiC showing stacking
faults. The SiCwas grown onaSi(001) wafer.a, b, High-angle (a) and medium-
angle (b) ADF-STEM of SiC along [011]. The medium-angle condition is more
sensitive to the defect structure, owing to the contribution of diffraction
contrast, and hence the stacking faults and other defects have astronger
contrastinb. TheSiC film was epitaxially grownonan (001) plane of the Si
wafer. The stacking faults form along the <111> direction with angles of 54.7°
withrespecttotheinterface betweenSiC and Si. c, Atomic-resolution
high-angle ADF-STEMimage of the SiC-Siinterface along [011]. Owing to the
large lattice mismatch of 24.5% between film and substrate (ag,c = 0.543nm and

ag;=0.436 nm), many structural defects, including multiple stacking faults
(arrowed), are generated from the interface. d, Low-magnification
medium-angle ADF-STEM image with marked electron beam locations for
acquiring the aloof, SiC and SiC-SF vibrational spectra shown in main-text
Fig.2a.e, HAADF STEMimage of one stacking fault with alarge field of view
acquired with aconvergence semi-angle of 33 mrad and an ADF detector
collection semi-angle of 70-210 mrad. f, Vertically integrated intensity profile
alongtheblueboxine.Thegreydotsare averageintensity and usedintheline
profile of the ADF intensity in main-text Fig. 3b. The average intensities of the
atomic columns are uniformexcept the region near the stacking fault.
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Extended DataFig. 2| Relationship of the diffraction patternand the FBZ in
defect-freeSiCand inaregion containingastacking fault.a, b, Convergent
beamdiffraction patterns of defect-free SiC (a) and a stacking-fault region (b)
takenwitha3 mrad convergence semi-angle. The additional diffuse scattering
signal marked by the blue arrowinb s correlated with the stacking-fault
structure and local symmetry breaking. ¢, d, Reciprocal space diagrams,
including the diffraction pattern and the location of the FBZ (blue contours),
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correspondingtoaandb, respectively. For the stacking fault,a2H phaseis
used to simulate the phonondispersionrelationsind. Although the X pointin
3Cphaseisoutside the FBZ of 2H phase, an equivalent path to-Xisindicated
by thered lines along I-P-X’,in which X" is at the edge of the FBZ of the 2H-SiC
structure and has coordinates of (1/2, 0,2/3) in fractions of reciprocal lattice
vectors (g, 8,, 8;) of 2H phase. g, and g; arein-planereciprocal lattice vectors
andindicated as two arrows, while g, is out-of-plane and not indicated here.
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Extended DataFig. 3 |Interactionbetween the energy-momentum
relation for fast electrons and the phonondispersion curves of SiC. a, The
energy-momentum (E-q) relation for fast electrons (red line) along with the
calculated phonondispersion curves of 3C-phase SiC (black lines), which are
duplicated from main-text Fig. 2b. The £-qg relation for fast electrons follows
E=hvginthelong-wavelengthrange, where his the reduced Planck constant
andv=1.34x10®msis the velocity of fast electrons for an accelerating voltage
of 60kV.Because thered lineis near-vertical, we showinband cenlarged
sections of afor clarity. b, Enlarged plot to show intersections between the E-q
relation for fast electrons and the optical branches.[00g] denotes the direction
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ofthe cornerof thel point with very small energy and momentum. To further
clarify the E-grelation for fast electrons at this smallmomentum, the energy is
dividedby1,000 asindicated by thered dashed line. The polariton mode
occurswhenthe E-grelation of the fast electrons intersects the phonon
dispersion curves®**. Owing to the high speed of fast electrons, their E-q
relationisvery closetotheverticallineatthel point, andintersects with LO
and TObranches (showninb), but does not have any non-zero intersections
witheither LA or TAbranches (asshownin c) because of their slow velocities
(9.5x10°ms™and 4.1x10°ms™ forLAand TAin 3C-phase SiC, respectively).
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Extended DataFig. 4 |Vibrational spectraof defect-free SiCand ofaregion
containingastacking fault obtained using a convergence semi-angle (a) of
10 mrad. a, Diffraction pattern of defect-free SiC along the [011] direction with
a=10mrad. Theblue contouris the FBZ.200, 111and 111 diffraction spots are
marked by orange circles with aradius of 10 mrad. The small red circle indicates
thelocationofthe EELS entrance aperture with a collection semi-angle of
2.5mrad, whichisatthe X pointto avoid the polariton mode. b, Vibrational
spectraof defect-free SiC (black curve) and a stacking-fault-containing region
(SiC-SF, red curve) with@=10 mrad. Background-subtracted vibrational
spectrainbarealmostidentical to the data obtained using33 mradinFig.2a.
The TAsignal (at30-50 meV) in the spectrum of stacking-fault region is slightly
stronger than thatin the spectrum of the defect-free region, whichis also
consistent with the observed discrepancy using 33 mradin Fig. 2a.
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correspondingtoindividual layersin the atomic structure. The two simulated
spectrain main-text Fig. 2c are from the stacking fault (purple curve) and from
the defect-freeregion (green curve). Theseresults evenreproduced the 4-meV
red shift of the TAmode centre in the stacking fault. ¢, Reciprocal space
diagramillustrating the location of the FBZ of the 11-layer defect structureina
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d, Integrated signal of the TAmode in the projected PDOS spectrain the energy
range 30-40 meV.
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a, Diffraction pattern of SiC with annotationsincluding the FBZ (solid blue
contour) and selected momentum positions of the EELS entrance aperture (red
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contour).b, Angle-resolved vibrational spectraalong X>I". The TA (red), LA
(blue), TO (green) and LO (orange) modes are separated after multi-Gaussian
peakfitting. Four dashed lines are guides to the eye to show the shift of
corresponding modes at different momentum positions. The value of
momentumgisthereciprocal distance fromthe selected positiontoI”.
¢, Experimental phonon dispersion relation of the phonon energy (red points)
fromb, superimposed with the simulated phonon dispersion curves (black
curves).Inorder to exclude the surface phonon polariton signal, the
angle-resolved line-scan was acquired along X>I" in the adjacent BZ rather than
the FBZ.Onthebasis of the equivalence of each BZ, the angle-resolved phonon
information along X>I""should be identical to that along X>T. At the [ point
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(g=0A™),the LO and TO modes can be distinguished in the raw spectrum
without the presence of the polariton signal, whichis due to the long
wavelength dipole scattering. TA and LA modes canalso be detected at most
momentum positions as showninb, but were not easily separableat g=0.36 A™!
because of their energy difference being smaller than the energy resolution.
The experimental peak locations of all four branches are consistent with
theoretical phonondispersion curvesasshowninc. Thediscrepancy between
experimentand theoryismuchreduced comparedto previous work®, thanks
totheimproved energy resolution. d, Aloof spectra of SiC film with different
momentum exchanges by angle-resolved vibrational spectroscopy. The
convergence semi-angle was 3 mrad and spectrawere obtained at the I point
(centre of FBZ, red curve) and the X point (black curve) of the SiC film. Spectra
were acquired when the electron beam was 20 nm from the surface of the SiC
sample. Theintensity of the X point spectrum is multiplied by 1,000. The
polariton mode only appearsinthe aloof spectrumofthel point, whichis
consistent with the aloof spectrum acquired atlarge convergence semi-angle
inmain-textFig. 2a.
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plots of phonon dispersion of the structure showninaalong thel to X”
direction with the contribution of local atomic vibrations at the stacking fault
(inside purple box) in all directions (b, black dots), and along x (c, red dots), y (d,
blue dots) and z (e, green dots) directions. The X” point is the same as shown in

Extended DataFig.5c. The size of each dot (the ‘bubble’) represents the local
vibrational density of states at the stacking-fault region. The density of states
was calculated by summing the square of an eigenvector’s amplitude for
selected phonon modes and directions. Inb-e, the calculated phonon
dispersion curves are added as dashed curves. Vibrations along the electron
beamdirection (the x directioninaandc) cannotbe detectedin our
experimental setup**. Asaresult, the vibrational spectrumat the stacking fault
should comprise vibrations moving along bothyand zdirectionsindande.
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Extended DataFig. 8| Atomicstructure of simulated models and DataFig.2.d, Energy positions of simulated phonon modes of the stacking
corresponding phonondispersion curves. a, 4 x4 x4 supercell of 3CSiC. fault (SiC-SF) and defect-free 3C-phase SiCin cat the X point. e, Vibrational

b,3x3x3supercell of 2HSiC. ¢, Simulated phonon dispersion curves of 2H SiC spectraof defect-free SiC (black) and the stacking-fault region (red) with a
(red) superimposed with those of 3C phase (black) in the -X direction. The 2H convergence semi-angle of 3mrad at the A point, whichis the midpoint of the
phase was used to mimic the stacking-fault structure, and the-P-X’pathinthe  -Xline.Thelocation of the A pointis marked by avioletbarinc.

2H phaseisidentical to the-X pathin 3C phase, as mentioned in Extended
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Extended DataFig. 9 |Spatial distribution oflocal phononresonances.

a, Top panel, the TA (red dots) and LA (blue dots) signals were integrated in the
respective energy ranges 45-50 meV and 70-75meV using the spectrumimage
datain main-text Fig. 4b, and overlaid with Gaussian-type fitting curves. ‘Nor.’
means normalized with respect to the height ofthe ZLP ineach spectrum.
Bottom panel, ADF intensity of the STEM image in main-text Fig. 4a. b, Fitting of
thesignalintensity of TA asafunction of the distance to the stacking fault. Red
dotsare duplicated from the positive x-axis data of the integrated intensity in
theenergy range 45-50 meVin a. The fitting functionisindicated near thered
dashed fitting curve, where yis the signal intensity, and xis the distance to the
stacking fault. We estimated the decay length of the defect phonon mode near
thestacking faultaccording to the one-dimensional Schrédinger equation for
the quasiparticle (the defect phonon at the X point). The wavefunction (¢) of
the defect mode should decay exponentially outside the fault, following

P(x) =Aexp(-x/€), where xis the distance away from the stacking faultand Aisa
coefficient. Thelocalization length, §, depends on the energy difference
betweenthe defect mode and corresponding TAmodein the defect-free
region, AE;, (3.8 meVinthis case), and can be estimated from1/§ = [2m*AE, /A,
where m*is the effective mass of the defect mode and fiis the reduced Planck
constant. Taking the effective mass from the phonon dispersion curve of
3C-phaseSiC at the X point (m*=2.03 x102kg, only absolute valuesin the
squareroot), fisabout2.7nm. Thisis close to the experimental observation,
4.6nm, obtained throughafittingasshowninb.Itappears that therelationship
1/€=./2m*AEp, /hholds well for estimating the decay length of local phonon
modes.
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Extended DataFig.10|Local PDOS of the defect structure calculated by the
real-space Green’s function approach. a, Projected PDOS plots
corresponding toindividual layersin a42-layer structure at the X point. This
structure was constructed by inserting a2-layer stacking-fault structureintoa
periodic 3C-bulk SiC of 40 layers (each layer was designed asin Extended Data
Fig.5a, and the thickness of the 42-layer structure isabout10.5nm). The
stacking-fault structure wasinserted atlayers L21and L22, marked onthe
right-hand side. Then, the retarded Green’s function was calculated at the
specificmomentum, and simulation details followed the procedurein the
literature®. The simulated results were broadened with a Gaussian peak of
8meVFWHM, resultingin all curves as shown. b, Peak centre of the 40-50 meV
TAmodeasafunction of distance to the stacking fault. This result predicted a
4-meVredshift of TAmodes at40-50 meVina. Also, the variationextended toa
distance of1.125nmaround the stacking fault and affects aregion 2.25 nmwide
intotal, whichis much broader than the size of the stacking fault (0.25nm). This
broadeningis closer to our experimental observation thanthe DFT results in
Extended DataFig.5b.
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