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            Abstract
Propagating atomic vibrational wavesâ€”phononsâ€”determine important thermal, mechanical, optoelectronic and transport characteristics of materials. Thus a knowledge of phonon dispersion (that is, the dependence of vibrational energy on momentum) is a key part of our understanding and optimization of a materialâ€™s behaviour. However, the phonon dispersion of a free-standing monolayer of a two-dimensional material such as graphene, and its local variations, have remained elusive for the past decade because of the experimental limitations of vibrational spectroscopy. Even though electron energyÂ loss spectroscopy (EELS) in transmission has recently been shown to probe local vibrational charge responses1,2,3,4, such studies are still limited by momentum space integration due to the focused beam geometry; they are also restricted to polar materials such as boron nitride or oxides1,2,3,4, in which huge signals induced by strong dipole moments are present. On the other hand, measurements on graphene performed by inelastic X-ray (neutron) scattering spectroscopy5,6,7 or EELS in reflection8,9 do not have any spatial resolution and require large microcrystals. Here we provide a new pathway to determine phonon dispersions down to the scale of an individual free-standing graphene monolayer by mapping the distinct vibrational modes for a large momentum transfer. The measured scattering intensities are accurately reproduced and interpreted with density functional perturbation theory10. Additionally, a nanometre-scale mapping of selected momentum-resolved vibrational modes using graphene nanoribbon structures has enabled us to spatially disentangle bulk, edge and surface vibrations. Our results are a proof-of-principle demonstration of the feasibility of studying local vibrational modes in two-dimensional monolayer materials at the nanometre scale.
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                    Fig. 1: Momentum-resolved vibrational spectroscopy of graphite and hBN using EELS.


Fig. 2: Total phonon intensity and charge modulation in EELS.


Fig. 3: Momentum mapping of vibrations in a graphene monolayer.


Fig. 4: Position mapping of vibrations in graphene nanoribbons.
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                Data availability

              
              The datasets generated and/or analysed during the current study are available from the corresponding author on reasonable request.

            

Code availability

              
              Quantum ESPRESSO is an open-source suite of computational tools available at www.quantum-espresso.org. The PH package was modified to print out the valence-electron density response to ionic displacements. The post-processing code used to simulate the EEL spectra will be included in a next release of the PH package.
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Extended data figures and tables

Extended Data Fig. 1 Raw EEL spectra including quasi-elastic lines.
aâ€“d, Series of momentum-resolved EEL spectra alongÂ the Î“ÎœÎ“Îœ (a, c) and Î“ÎšÎœÎšÎ“ (b, d) directions taken from graphite (a, b) and hBN (c, d) flakes.


Extended Data Fig. 2 Line shape analysis of the measured spectra of graphite.
Shown are typical examples of line shape analysis of the EEL spectra of graphite at qÂ =Â 2.25, 3.25 and 4.00Â Ã…âˆ’1 (left, middle and right panels, respectively). Each component (modes LA, LO, TO, LA; purple lines) is fitted with a Voigtian including the fixed experimental broadening factor (30â€“40Â meV). The data points and the fitting lines are shown by black dots and blue lines, respectively.


Extended Data Fig. 3 Phonon dispersion of hBN and graphite along the Î“ÎšÎœÎšÎ“ direction.
a, b, Series of momentum-resolved EEL spectra (left) and simulated spectra (right) along the Î“ÎšÎœÎšÎ“ direction (from top to bottom) for graphite and hBN, respectively. The quasi-elastic lines have been subtracted. (The raw data including the quasi-elastic lines are shown in Extended Data Fig. 1). The spectra are recorded at every 0.25Â Ã…âˆ’1 from qÂ =Â 0 to 5.00Â Ã…âˆ’1 in the Î“Îœ direction and at the second Î“ point of graphite (5.11Â Ã…âˆ’1). The spectra at every Î“ point (red lines) include the Bragg reflection spots. câ€“f, Intensity colour maps of graphite (c, e) and hBN (d, f) constructed from the measured EEL spectra (c, d) and from the simulated spectra (e, f) are shown with the simulated phonon dispersion curves (solid lines). The peak positions extracted from the measured spectra by the line shape analysis are indicated by the open triangles in c and d.


Extended Data Fig. 4 Bubble plots of the phonon dispersion of graphite and hBN.
Left column, along the Î“MÎ“M direction; right column, along the Î“KMKÎ“ direction. These plots are obtained by line shape analysis of the measured spectra (â€˜Experimentâ€™; first and third rows) and from the simulation (DFPT; second and fourth rows). The size (cross-section) of each point (the â€˜bubbleâ€™) corresponds to the intensity, which is normalized by the highest peak at each measured (or calculated) q.


Extended Data Fig. 5 The contribution of out-of-plane modes induced by sample tilting.
Left, middle, right, simulated spectra of hBN at qÂ =Â 1, 1.75, 2.5Â Ã…âˆ’1 respectively along the Î“ÎšÎœÎšÎ“ line: each panel shows the effect of the tilting angle. ZA and ZO modes are gradually activated as the tilting angle increases. Bars indicate the mode-resolved calculated intensities at each phonon frequency that are then broadened with a 25-meV Lorentzian, resulting in the simulated spectra.


Extended Data Fig. 6 q-dependence of effective charges and total intensity for phonon EEL spectra.
Top, the evolution of effective charges in both hBN and graphite as a function of q are shown along the Î“ÎœÎ“Îœ (left panel) and Î“ÎšÎœÎšÎ“ (right panel) directions. Solid (dashed) lines correspond to the real (imaginary) part of the effective charge. Despite graphite hosting two inequivalent carbon ions (C1 and C2), their effective charges are substantially indistinguishable except for very small momenta, where tiny differences only can be seen (inset). Bottom, the total intensity for graphite (black) and hBN (red) as a function of momentum transfer obtained from the experiments (filled circles with dotted lines) and from DFPT calculations (solid lines), evaluated as \(I({\boldsymbol{q}})={\int }_{0}^{{\rm{\infty }}}{\rm{d}}\omega \frac{{{\rm{d}}}^{2}\sigma }{{\rm{d}}\Omega {\rm{d}}\omega }({\boldsymbol{q}},\omega )\). The singular behaviour of the theoretical total intensity observed at Î“ points in higher-order Brillouin zones can be ascribed to the 1/Ï‰qÎ½ dependence of the differential cross-section, which diverges for LA modes (notice that this diverging behaviour does not appear if the total intensity is evaluated with a low-frequency cut-off Ï‰cut, as shown in Fig. 2a). A renormalized intensity defined asÂ \(I({\boldsymbol{q}})\propto \sum _{\nu }{|\sum _{I}\frac{1}{\sqrt{{M}_{I}}}{{\boldsymbol{Z}}}_{I}({\boldsymbol{q}})\cdot {{\boldsymbol{e}}}_{{\boldsymbol{q}},\nu }^{I}{{\rm{e}}}^{-i{\boldsymbol{q}}\cdot {{\boldsymbol{\tau }}}_{I}}|}^{2}\) is also shown in the bottom panels. This highlights the non-trivial momentum-dependence of EEL intensity that stems from effective charges when the trivial momentum and phonon dependencies 1/q2 and (1+nqv)/Ï‰qv, respectively, are neglected. A blue line scaling as 1/q2 (q2) is also shown as a reference for total (renormalized) intensities.


Extended Data Fig. 7 Phonon EEL spectra of monolayer graphene.
aâ€“d, Series of momentum-resolved EEL spectra along Î“ÎœÎ“Îœ (a), Î“ÎšÎœÎšÎ“ (b), asymmetric Î“Îš (c) and ÎšÎš (d) directions taken from monolayer graphene. The quasi-elastic lines have been subtracted.


Extended Data Fig. 8 Bubble plots for the phonon dispersion of monolayer graphene.
Each vertical pair of panels is labelled at the top by the sample material and the direction: in each of these vertical pairs, the top panel exhibits the plots obtained by line shape analysis of the measured spectra, and the bottom panel presents the plots obtained by simulation (DFPT). The directions are Î“ÎœÎ“Îœ (top left), Î“ÎšÎœÎšÎ“ (top right), Î“ â†’ the third-closest Îš (bottom left) and ÎšÎš (bottom right). The plot size (cross-section) corresponds to the intensity, which has been normalized by the highest peak at each measured or calculated q. In the Î“ÎœÎ“Îœ line, LO modes (170â€“200Â meV) are visible at the second Brillouin zone along with LA modes that show up throughout. In the Î“ÎšÎœÎšÎ“ direction, the TO mode is additionally seen at the second Brillouin zone along the KMK line for both experiment and simulation. In the low-symmetry line (Î“ â†’ the third-closest Îš), the TA mode shows up in the latter half of the second Brillouin zone. The dispersion along the ÎšÎš direction that cuts across the second Brillouin zone shows the LO mode in the first half and the TO mode in the second half in the simulation, while this asymmetric behaviour is not clearly seen in the experiment. LA and TA modes are also activated weakly at the middle of the ÎšÎš line in both experiment and simulation.


Extended Data Fig. 9 Momentum mapping of vibrations in graphite.
Shown are EELS spectra along two different directions: Î“ â†’ the third-closest Îš (â€˜Graphite asymmetric Î“Kâ€™; top four panels) and ÎšÎš (â€˜Graphite ÎšÎšâ€™; bottom four panels). Within each group of four panels, the top two exhibit the intensity colour map (left) and bubble plots (right) obtained by line shape analysis of the measured spectra (Exp.): the bottom two present intensity colour maps and bubble plots obtained by the simulation (DFPT).


Extended Data Fig. 10 Position mapping of vibrations in monolayer graphene.
a, An STEM image of free-standing graphene; it has two-, three- and four-layer regions as well as a single-layer region (b). c, Typical EEL spectrum at qÂ =Â 3.5Â Ã…âˆ’1 taken from a clean single-layer region where 16 pixels are integrated. The phonon response there consists of two broad peaks: peak A (between 60 and 100Â meV), which is related to the LA/ZO mode as well as the edge and sp3 defect contributions; and peak B (at about 200Â meV), which is related to the LO/TO mode. d, e, Corresponding position mappings of vibration modes A and B, respectively (dashed lines show information from b). The integration windows for the mappings are also shown by the light green and light blue stripes in c. f, Intensity profiles of vibration modes A and B along the orange line in a across the two impurity-decorated grain boundaries. The intensity of the LO/TO mode (B) is simply proportional to the layer number (the specimen thickness), while the lower-energy mode (A) clearly shows higher intensity at the edges of two- and four-layer regions. Interestingly, no obvious intensity enhancement can be seen at the edge of the single-layer region. In addition, we found intensity variations of the low-energy mode at grain boundaries, as shown in f, although their interpretation is more complicated because there must be contributions from different momentum transfers derived from domains with different orientations.
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