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S1 Supplementary Information: Figures
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Figure S1. Alloy dipole spacing. (a) Model of an AIN-(AloesGaoss)N superlattice along the a-
axis. (b) Dipole spacings with the solid black line indicating the average value and the grey span
bounding the minimum and maximum values.
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Figure S2. Extended structural information. (a) Model reproduced from Figure 1. (b) Spacing
between the dipole centers along the x-direction (a-axis) showing a uniform dipole-dipole spacing
in-plane. (c) Angle of the 111-N dipole showing that all dipoles are aligned along the c-axis.
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Figure S3. Element and layer PPhDOS. Element PPhDOS along the (a) qx and (b) g; axes. (c)
Layer PPhDOS along the [001] axis.
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Figure S4. Full off-axis EELS line scans before projection. Line scan data before projection for
the (a,b) gx and (c,d) g, off-axis conditions. (a,c) Show the ADF signal that has been background
subtracted to remove thickness effect and improve period-to-period cross-correlation during pro-
jection. (c,d) Show the EELS line scans normalized by intensity to remove the elastic tail.
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Figure S5. Heatmap of dipole PPhDOS across the SL with different blurring. Dipole PPhDOS
along the (a-d) gx and (e-h) g; directions. Various degrees of Gaussian blur have been applied to
simulate different instrument spectral resolution as indicated in the labels in units of meV.
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Figure S6. Dipole 1010 PPhDOS across the top-interface. PPhDOS (a-d) with now blurring and
(e-h) 5 meV of Gaussian blurring for the (a,e) AIN dipole in an AIN layer, (b,f) AIN dipole in the
top-interface layer, (c,g) GaN dipole in the top-interface layer, and (d,h) GaN in the GaN layer.
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Figure S7. Dipole 0002 PPhDOS across the top-interface. PPhDOS (a-d) with now blurring and
(e-h) 5 meV of Gaussian blurring for the (a,e) AIN dipole in an AIN layer, (b,f) AIN dipole in the
top-interface layer, (c,g) GaN dipole in the top-interface layer, and (d,h) GaN in the GaN layer.
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Figure S8. Quantitative layer PPR. (a) Layer PPR reproduced from Figure 3(b) showing quali-
tatively the relative contribution to PR from the three regions. More quantitative representation of
PPR for the endmembers, namely the (b) layers, (c) top interface, and (d) bottom interface.
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Figure S9. Phonon dispersion comparison between AIN, GaN, and SL. Phonon dispersions
plotted together to show the relative energy and structures of bands. The Brillouin zones were all
scaled to match, except for the SL T"-A Brillouin zone that is ¥ of the AIN and GaN to match the
Brillouin zone folding.
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Figure S10. 4D-STEM CoM decomposition. (a) ADF signal reproduced from Figure 1(e). Raw
CoM phase image calculated from the 4D-STEM dataset and its (c,d) cartesian components. (e)
curl-free CoM reproduced from Figure 1(f). (f) Divergence and (g) curl of the curl-free CoM. (h)
divergence-free CoM. (i) Divergence and (j) curl of the divergence-free CoM.
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Figure S11. Qualitative symmetry differences in different layers from PACBED patterns. (a)
AIN and (b) (AlossGaossyN PACBED patterns. (c) Difference pattern between AIN and (Al-
065Gao.35)N. PACBED patterns from the (d) top and (e) bottom-interfaces showing the broken
Fresnel symmetry of the projected crystal structure. (f) Difference PACBED between the top and
bottom-interface. Indexing is omitted for clarity, refer to Figure 1(g-i).
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Figure S12. gx off-axis quasi-elastic ZLP alignment method comparison. (a) Raw (b) maxi-
mum aligned, and (c) cross-correlated quasi-elastic ZLP. (d) Average quasi-elastic ZLP from each
alignment method showing the best energy-resolution for cross-correlation. The three maximum
values in the aligned spectra are ignored when measuring the FWHM to avoid biasing the resolu-
tion of the spurious low-signal alignments leading to the sharp peak.
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Figure S13. gz off-axis quasi-elastic ZLP alignment method comparison. (a) Raw (b) maximum
aligned, and (c) cross-correlated ZLP. (d) Average ZLP from each alignment method showing the
best energy-resolution for cross-correlation. () Average correlated quasi-elastic ZLP from the
darkfield signal showing the best energy-resolution for cross-correlation. The three maximum val-
ues in the aligned spectra are ignored when measuring the FWHM to avoid biasing the resolution
of the spurious low-signal alignments leading to the sharp peak.



S2 Supplementary Information: 4D-STEM

We can qualitatively show the existence of different fields at the two interfaces that result from
the structural differences using 4D-STEM CoM imaging (Figure S10(a-d)). We make note that
CoM includes both electrostatic and diffraction effects (e.g., channeling), and make no claims that
the below results are purely from electrostatic effects. We already know that the fields exist in
these and similar materials and differ to other studies for complex experiments that isolate different

CoM contributions.}3

Figure S10 shows the result of ADF and CoM vector images using 4D-STEM. For better inter-
pretation of the result, we used Helmholtz decomposition to split the CoM vector field to a curl-

free field (p) and divergence-free field (p4).* This procedure is done using Fourier analysis, as

a vector field p(#) could be written as
p) = - f f f ik-Gy(k)e® av, + f f f ik X Go(K)e*Tdv, = —Ve (@) + V x A(K)

where p, = —V(#) and p, = V x A(k).

As shown in Figure S10(e-j), we show that Helmholtz decomposition successfully separate the
curl-free and divergence-free component of the CoM image. As Zweck et al.* pointed out, a pure
electrostatic field could only generate a curl-free phase shift to electron beam, therefore we inter-
pret the curl-free field c,, as the electrostatic field at the interface. Non-zero divergence-free field
c, is also observed (Figure S10(g-i)), which could have multiple origin, such as structural heter-
ogeneity along the depth direction, dynamical scattering, miss tilt or slight misalignment in the
diffraction pattern rotation and scan distortion. Further study is required to determine the origin of

the non-zero c,.
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Apart from the observation of the electric field observed through CoM, we can look at the intensity
distribution of PACBED patterns averaged from the two layers (Figure S11(a-c)) and two inter-

faces (Figure S11(d-f)). The distribution of intensity in the 0002 and 0002 are non-equivalent.

Figure S11(a,b) show the PACBED patterns from the layers of the SL. In both the 0002 has a dark
line through the disc and the 0002 appear brighter, as expected from the Fresnel symmetry break-
ing in the Wurtzite crystal structure.>® The difference pattern in Figure S11(c) does not show any
immediately obvious intensity flux and the 0004 and 0004 reflections are symmetric about the
center of the pattern, which suggests that difference in fluxes does not produce qualitative polari-
zation fluxes when two different materials are compared. We attribute this feature to differences
in angular scattering probability resulting from the different screened potentials of the two mate-
rials. For example, the AIN contains higher scattering probabilities peaked in the forward direction
because of the lighter masses while (Alo.ssGao.3s)N scatters the electron to higher angles, leading
to larger HAADF signal and less forward scattering. These differences lead to an unequal
weighting for different scattering angles in different materials, which would overwhelm and non-

faithfully represent intensity fluxes from lack of inversion symmetry.

On the other hand, PACBED patterns from materials containing approximately the same mass
density would have similar scattering probability to different angles. This phenomenon can be seen
in the PACBED patterns in Figure 1(g,h), reproduced in Figure S11(d,e), that are from the two
interfaces. Both interfaces have approximately the same Alog2sGag.17sN composition but different
atomic basis in the structural units. As a result, their scattering distributions comparable, and any
intensity fluxes are a result of symmetry. However, the structural changes can still lead to chan-

neling in addition to the polarization.

11



S3 Supplementary Information: DFT

Figure S1(b) shows the interatomic distance for atoms in the dipoles for each (0002) plane. The
dipoles exhibit a similar trend to the pure 111-V superlattice shown in Figure 1(c) except for large
variability in the interatomic distance that results from the mixture of Il11-site elements in the alloy.
One important feature in the alloy that is also like the pure AIN-GaN superlattice is the interatomic

dipole distances at the bottom-interface having values smaller than the natural AIN layer.

Figure S2 shows additional information to Figure 1(c) and better informs about in-plane displace-
ments and shear that could occur from putting to materials together in a heterostructure. No vari-
ability is observed in the in-plane spacing between dipoles and the angle of the dipole is zero across
the full period. Both features indicates that no unique in-plane displacement structure exists across

the structure and all the dipoles remain aligned with the z-axis.

The PPhDOS profiles in Figure S5 and the dipole-PPhDOS in Figure S6 and Figure S7 include
different levels of spectral blurring. From the comparison of the gx to g in Figure S5 it is clear
that the Al vibrations exist in the gx but are only resolvable with energy resolutions <5 meV. Ad-

ditionally, the gx does not show significant swooping relative to g, for any level of blurring.

Figure S9 Shows the phonon dispersion for AIN, GaN, and the superlattice. The GaN dispersion
and superlattice have been scaled to the Brillouin path distances of AIN so that the general char-
acteristics of the dispersions can be compared. The energies and fractional path positions remain
quantitatively accurate, while other derivative quantities (e.g., group velocity, effective mass) are
slightly distorted. The I'-A path for the superlattice was corrected to be ¥ of the AIN I'-A path to
minimize the impact of the large z-axis difference between the AIN and GaN relative to the super-
lattice supercell. Such a scaling also emphasizes bands that have potentially folded from the

endmember structures. The superlattice dispersion shows significant deviation from the

12



endmember dispersions that cannot be explained by band folding. Therefore, the phonons in the
superlattice are strongly impacted by the interaction between the endmembers in this AIN-GaN
material system. As discussed in the main text, a noticeable region of bands in the superlattice that

are isolated from the endmembers fall in the GaN optical phonon gap from 43-69 meV.

S4 Comparison off-axis EELS to PPhDOS
The PhDOS is formally defined as G (E) = %qu 8(w — wg;), where N is the number of atoms, &

is the Dirac-delta function, qj momentum at band index j, and o frequency. The PhDOS can be
P12

atom- and direction-projected to the PPhDOS with G, (w,q,) = %Zqﬂi]‘n -er| 8(w — wg)),

where @, is the projected unit vector, e the eigenvector displacements, and « is the atom index. As

we noted in the main text, this definition parallels the direction-projection used in the EELS scat-

tering cross-section”® defined by

2
Z(q) - ele 7| §(w — wg;)

d?c 4h 14 f,;
(q0) = — ZZ aj
d2dw aslql Wq;j

1
27

j
where 7 is the reduced Plank’s constant, ap the Bohr radius, fg is the non-equilibrium phonon

population, M is the atomic mass, r. are atomic positions, and Z,.(q) = —i%AnK(q)e“’q'rK +

IZ_IZ’i‘OH Is the Fourier-transform of the effective charge that accounts for both the ion and valence-
electron-density response (n,) from the moving ion. In the large q limit of off-axis EELS, Z,.(q) =

a

a Zi°m and therefore,

2
8(“) - wqj)

d? g q
dndw “’"‘”“Zﬁ €
J,K
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With the entrance aperture of the spectrometer acting as a filter, we choose a select portion of

scattering space, which is equivalent to the §,, used in the direction PPhDOS. We, therefore, have

agreement between the direction PPhDOS and the scattering cross-section both containing a

;2
|85 - ex| 8(w — wg;)
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