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            Abstract
The breakdown of translational symmetry at heterointerfaces leads to the emergence of new phonon modes localized at the interface1. These modes have an essential role in thermal and electrical transport properties in devices, especially in miniature ones wherein the interface may dominate the entire response of the device2. Although related theoretical work began decades ago1,3,4,5, experimental research is totally absent owing to challenges in achieving the combined spatial, momentum and spectral resolutions required to probe localized modes. Here, using the four-dimensional electron energy-loss spectroscopy technique, we directly measure both the local vibrational spectra and the interface phonon dispersion relation for an epitaxial cubic boron nitride/diamond heterointerface. In addition to bulk phonon modes, we observe modes localized at the interface and modes isolated from the interface. These features appear only within approximately one nanometre around the interface. The localized modes observed here are predicted to substantially affect the interface thermal conductance and electron mobility. Our findings provide insights into lattice dynamics at heterointerfaces, and the demonstrated experimental technique should be useful in thermal management, electrical engineering and topological phononics.
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                    Fig. 1: Experimental setup and interface structure.[image: ]


Fig. 2: Interface phonon measurements at the atomic scale.[image: ]


Fig. 3: Phonon dispersion measurements at the interface.[image: ]
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                Data availability

              
              The experimental 3D EELS and 4D EELS datasets are available in the Open Science Framework repository at https://osf.io/8mp4t. The other data that support the findings of this study are available from the corresponding author upon request.

            

Code availability

              
              A GUI version of the MATLAB code for the EELS data processing can be found on GitHub at https://github.com/ruishiqi/EELS.
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Extended data figures and tables

Extended Data Fig. 1 Spatial resolution estimation for 4D EELS.
a, b, Spatial resolution as a function of convergence semi-angle for 60 kV (a) and 30 kV (b) beam energy. Solid line, diffraction limit. Dashed line, theoretical beam size considering both the diffraction limit and the beam source size. Scatters with error bars are experimental fitted resolution as shown in the following panels, where vertical error bars represent the standard deviation of the fitted resolutions from multiple images and horizontal ones are estimated by the roundness of the central diffraction spot. SeeÂ Methods for detail. c, Momentum resolution as a function of convergence semi-angle. Inset with light-grey shadow schematically shows the diffraction spot size (yellow circles) relative to the BZ size in our 4D EELS measurements. Dashed horizontal lines mark the ratio to the distance between Î“ and X. d, HAADF image of gold nanoparticles taken with 35 mrad (nominal value) convergence semi-angle with 60 kV beam energy, serving as a reference image. eâ€“g, Above the yellow line are typical HAADF images taken with 5 mrad, 3 mrad and 2 mrad convergence semi-angles, respectively. Below the yellow line are the reference image convoluted with a Gaussian kernel with FWHM indicated in the title (fitting result), which agrees nicely with the acquired images above the yellow line. hâ€“k, same as dâ€“g, but taken with 30 kV beam energy. Convergence semi-angles are 40 mrad (reference image), 7.5 mrad, 3 mrad, and 2 mrad respectively.


Extended Data Fig. 2 Interface component of the spectra extracted by finding the minimum difference between the measured spectrum and all possible linear combinations of two bulk spectra.
The fitting was performed by minimizing \(\Vert S(\omega )-{a}_{1}{S}_{{\rm{cBN}}}(\omega )-{a}_{2}{S}_{{\rm{diamond}}}(\omega )\Vert \), where S(Ï‰) is the measured spectrum (Fig. 2b), \(S(\omega )\) with subscripts means the bulk spectra, and \({a}_{1},{a}_{2}\) are adjusted coefficients. a, Line profile of the fitting residual. Since the fitting gives the linear combination that is closest to the measured spectrum, the residual represents the interface component that cannot be obtained from bulk modes. Near the interface, three red peaks correspond to three interfacial modes in Fig. 2g. The blue region at 160 meV is due to the isolated mode with reduced vibration at the interface. b, Norm (root sum squared) of residuals as a function of position (left axis), and the fitting coefficients \({a}_{1}\) and \({a}_{2}\) (right axis). The residual is sharply peaked at the interface (FWHM = 1.8 nm), indicating new vibrational features are highly localized at the interface.


Extended Data Fig. 3 3DÂ EELS data acquired in different regions.
a, A low-magnification annular dark field image showing where the datasets were acquired. Boxes with labels â€˜3Dâ€™ and â€˜4Dâ€™ correspond to the scanning regions of the 3D EELS and 4D EELS datasets discussed in the main text. bâ€“e, Four EELS line profiles acquired under the same experimental conditions except different pixel sizes and different scanning regions (marked in a). b, c and d, e were acquired in two experiments that were two weeks apart. All datasets give consistent results as the one shown in Fig. 2.


Extended Data Fig. 4 Off-axis EELS measurements.
a, A schematic of theÂ diffraction plane and EELS aperture placement. The colormap illustrates the diffraction plane viewed from \([11\bar{2}]\) zone axis, with 60 kV beam energy and 35 mrad convergence semi-angle. The diffraction spot size (35 mrad) is larger than the distance between adjacent spots, so they partially overlap. The green circle marks the position of the aperture, which is displaced away from the central spot. b, TheÂ EELS line profile acquired with off-axis geometry. Main spectral features are consistent with those acquired with on-axis geometry (Fig. 2b, Extended Data Fig. 3). c, Corresponding simulation result. d, EELS maps at selected energies. One of the interfacial modes has a better contrast than the on-axis result. eâ€“h, same as aâ€“d, but the beam is travelling along \([1\bar{1}0]\) direction.


Extended Data Fig. 5 Phonon dispersion diagrams measured with 3 mrad convergence semi-angle.
a, A schematic of the bulk BZ (truncated octahedron) and the interface two-dimensional BZ (yellow hexagon). Upper-case and lower-case letters mark the high-symmetry points of the bulk BZ and interface BZ, respectively. b, Measured dispersion diagrams along the Î“â€“Î£â€“Kâ€“X line with 3 mrad convergence semi-angle. Dashed curves are calculated bulk phonon dispersion. Although smaller convergence semi-angles give better momentum resolution and hence nicer dispersion diagrams, insufficient spatial resolution makes it hard to extract localized features at the interface.


Extended Data Fig. 6 EELS line profiles at five momentum transfers.
a, A schematic of the diffraction plane and EELS aperture placement. The colormap illustrates the diffraction plane viewed from \([11\bar{2}]\) zone axis, with 30 kV beam energy and 7.5 mrad convergence semi-angle. The diffraction spot size is drawn to scale, indicating our momentum resolution. The green rectangle marks the position of the slot aperture. bâ€“f, Line profiles with momentum transfers from Î“ (b) through the Î£ line (c, d) to K (e) and finally X (f). The intensity decrease of the highest-frequency optical phonon is observable in most panels (green arrows), which corresponds to the negative-intensity line at 150-160 meV in Fig. 3c, d. The interfacial mode is directly observable in some panels (white arrows).


Extended Data Fig. 7 Projected bulk phonon bands.
a, b, Bulk phonon band of cBN and diamond projected onto (111) surface.


Extended Data Fig. 8 Modal contribution to ITC.
a, ITC decomposed into the mode-mode correlation integrals (Methods), with modes binned by their frequency. 8640 eigen modes are divided into 100 frequency bins. Main panel, pseudo-colour map of ITC component Gnnâ€™ from heat flux correlation between nth and nâ€™th frequency bin. Colour scale is in units of GW mâˆ’2 Kâˆ’1. Qualitatively it gives a measure of how strong two modes interact with each other. Right panel shows modal thermal conductance Gn in the nth frequency bin, i.e., projecting the Gnnâ€™ map along one dimension. Top panel is a scatter plot showing the frequency versus interface vibration amplitude for each eigen mode. Interfacial modes show strong correlation with almost all other modes (red arrows), while isolated modes have almost no correlation with any other modes (green arrow) b, ITC decomposed into the mode-mode correlation integrals, with modes sorted by their interfacial amplitudes. The same set of eigen modes are sorted by their amplitudes at the interface, aiming to visualize the relation between interfacial amplitudes and modal thermal conductance. For clarity, eigenvectors are normalized such that the squared norm of each eigenvector is the number of atoms (this is just an overall scaling of all eigenvectors), so an interfacial amplitude greater than one means an enhanced vibration at the interface and a value smaller than one means a reduced vibration at the interface. Main panel shows the per-mode (i.e., divided by the number of modes in each bin) contribution to ITC from the modal heat flux correlation between nth and nâ€™th amplitude bin. Colour scale is in units of MW mâˆ’2 Kâˆ’1. Modes with enhanced amplitudes at the interface show strong correlation with all other modes, while modes with reduced amplitudes at the interface show little correlation with other modes. Top panel gives the scatter plot of frequency versus interfacial amplitude again.


Extended Data Fig. 9 Electron-phonon coupling at the interface calculated by DFPT.
a, Phonon linewidth due to electron-phonon coupling mapped on the phonon dispersion. Compared with bulk modes, the interfacial optical modes couple strongly with electrons (note that the colour map is in log scale) because both the interfacial phonon modes and the two-dimensional electron gas are highly confined at the interface. b, Electronic band structure. Three RGB channels represent electron wavefunctions projected onto atomic orbitals in the interface region (red), in cBN (green) and in diamond (blue). Dashed horizontal line is the Fermi level, which crosses a band localized near the interface, meaning the system becomes metallic due to carriers at the interface.
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