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Phonon dispersion relations are widely used to elucidate the vibrational properties of materials. As an
emerging technique, momentum-resolved vibrational spectroscopy in scanning transmission electron
microscopy offers an unparalleled approach to explore g-dependent phonon behavior at local structures.
In this study, we systematically investigate the phonon dispersion of monolayer graphene across several
Brillouin zones (BZs) using momentum-resolved vibrational spectroscopy and find that the optical phonon
signals vanish at the I" points with indices (7k0) satisfying & + 2k = 3n (n denoted integers). Theoretical
analysis reveals that the observed phenomena arise from the complete destructive interference of the scattered
waves from different basis atoms. This observation, corroborated by the study of diamond, should be a
general characteristic of materials composed of symmetrically equivalent pairs of the same elements.
Moreover, our results emphasize the importance of multiple scattering in interpreting the vibrational signals in
bulk materials. We demonstrate that the systematic absences and dynamic effects, which have not been much
appreciated before, offer new insights into the experimental assessment of local vibrational properties of

materials.
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Phonon dispersion relations are crucial for describing the
phonon-mediated behavior of materials. However, meas-
uring phonon dispersions at local structures remains
challenging in most vibrational spectroscopy methods,
such as optical spectroscopy [1-5], inelastic x-ray or
neutron scattering (IXS or INS) [6-8] and high resolution
electron energy-loss spectroscopy (HREELS) [9,10], which
typically suffer from insufficient spatial or momentum
resolution. For example, HREELS has been utilized to
measure the surface phonon dispersion of epitaxially grown
monolayer graphite, albeit with limited spatial resolution
[11]. Recently, significant advances in monochromated
scanning transmission electron microscopy (STEM) have
provided a unique approach to directly assess the local
vibrational properties of lattice imperfection and their
correlation with the atomic structure [12-27]. Vibrational
spectroscopy in STEM could balance the momentum,
spatial, and energy resolution, enabling the detection of
phonon modes and dispersion at structural imperfections
[15,18,22,28-30]. It is worth noting that phonon dispersion
obtained through momentum-resolved vibrational spectros-
copy in STEM exhibits variable intensities along phonon
branches and demonstrates different features on the same
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high-symmetry points in different Brillouin zones (BZs)
[31]. The interpretation of such features should take into
consideration the cross-section of inelastic electron scatter-
ing [28,29,32], which is not included in any calculations of
only the phonon dispersion.

To probe the material properties using vibrational spec-
troscopy in STEM, it is necessary to establish a compre-
hensive understanding of the interaction between the
incident electrons and crystal lattices. Several theoretical
methods have been developed for this purpose [29,32-39].
In particular, the method derived from the Van Hove
scattering formalism, originally designed for INS [40],
has gained popularity for elucidating vibrational signals
emerging at local structures [13,16,18,19]. The frequency-
resolved frozen phonon multislice (FRFPMS) method,
leveraging molecular dynamics and extending the frozen
phonon approximation, offers inherently high computa-
tional efficiency and accommodates the effects of dynami-
cal diffraction to interpret experimental vibrational
intensities [30,31,41,42]. Complementary with theoretical
simulation, Senga et al. discovered that vibrational signals
in graphite and graphene vanish in the long-wavelength
limit (¢ — 0) because of the perfect screening of the
ionic charge by the valence density in a semimetal [29].
However, since the perfect screening does not hold in a
scattering process with a finite momentum transfer, the
behavior of vibrational signals at the higher order I points
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is anticipated to differ from that observed at the central I
point, thus deserving a comprehensive investigation.
Here, we employed momentum-resolved vibrational
spectroscopy in STEM to investigate the vibrational signals
within different BZs in monolayer graphene and diamond.
The experiments were performed with a convergence
semiangle of 3.5 mrad under 60 kV, resulting in a probe
size of ~1.2 nm and a diffraction spot radius of 0.45 Al
[43]. Because of the extremely weak vibrational signals of
single-layered graphene, especially within the momentum
space beyond the first BZ, a slot-type EELS aperture with a
collection range of 7 x 112 mrad® was used to facilitate
high-efficiency parallel acquisitions along the I'-K-M-K-I"
direction in momentum space [44]. It is also worth
mentioning that a direct electron EELS detector was
employed to eliminate readout noise in our data [45,46].
The energy resolution in the experiments is around 16 meV,
sufficient to distinguish phonon modes in the acquired
phonon dispersions. From these experimental conditions,
we found that the optical phonon signals of graphene appear
or disappear at different I' points, forming a systematic
pattern in momentum space. The consideration of cross-
section of the inelastic scattering process within the Van
Hove formalism unveils that the complete destructive
interference of electron waves inelastically scattered by
different basis atoms in the graphene unit cell results in
the disappearance of the optical phonon signals at specific I"
points, indicating that this phenomenon should be a general
characteristic of materials composed of symmetrically
equivalent pair(s) of identical elements. This hypothesis is
confirmed by our joint experimental and theoretical inves-
tigation to diamond, another phase of elemental carbon. The
results for diamond also suggest that multiple scattering can
further modulate the vibrational signals of bulk materials.
Our study indicates that the systematic absences of optical
phonon signals and dynamical effects are critical factors in
the interpretation of vibrational spectroscopy, providing new
insights into the study of vibrational properties of materials.
Figures 1(a) and 1(b) present two distinct experimental
phonon dispersion diagrams of graphene (Fig. S1A [47]),
collected at different regions in momentum space as
indicated in Fig. 1(c). Notably, despite both being collected
along the I'-K-M-K-I" direction in momentum space and
correlated to the same vibrational modes in theory, these
two diagrams exhibit different features. For example, in the
upper panel of Fig. S1B, which displays the vibrational
spectra extracted from the corresponding M points of these
two phonon dispersion diagrams, the red curve shows a
prominent peak corresponding to the transverse acoustic
(TA) phonon mode, whereas the blue curve exhibits higher
intensity within the region of longitudinal acoustic (LA),
longitudinal optical (LO) and transverse optical (TO)
modes. The disparities in spectral characteristics observed
at the M and K points in graphene align with the calculated
vibrational spectra of hexagonal boron-nitride (h-BN), as
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FIG. 1. Momentum-resolved vibrational spectroscopy of gra-
phene at different momentum space regions. (a),(b) Experimental
phonon dispersion diagrams of graphene, collected from the
momentum spaces highlighted by red and blue rectangles in (c),
respectively. (c) Schematic of graphene diffraction pattern along the
[001] zone axis. The I' points exhibiting or not exhibiting optical
phonon mode signals are colored in red and blue, respectively. The
central I" point is shown in black. (d) Vibrational spectra extracted
from the highlighted I points in (a),(b). The spectra extracted from
(a) and (b) are colored in red and blue, respectively. The dashed line
in this figure indicates the energy of the TO-LO phonon modes at the
I" points. The signals in the energy-loss range of 100—150 meV in the
spectra of the I points are attributed to the surface phonon polaritons
(SPhPs) of the SisN, substrate, labeled as Si;sN, SPhPs.

reported by two of the coauthors of this work [31], which
can be explained by considering the scalar product of the
phonon polarization vector of the vibrational modes (e)
and the momentum transfers of the inelastically scattered
electrons (g) using the scattering cross-section within the
Van Hove formalism [29,32,40].

Regarding the I" points [Fig. 1(d)], the red curve presents
a prominent optical phonon peak at around 190 meV, while
the blue curve lacks this feature. However, the variability
in the visibility of vibrational signals at different I" points
cannot be attributed to the scalar product of e - g alone,
because there is always at least one optical phonon branch
that yields a nonzero scalar product e - g, except at the
central I' point where ¢q is zero. To explore the underlying
mechanism governing the behavior of the optical phonon
signals at the I" points, we gathered a series of phonon
dispersion diagrams collected from various momentum
regions and checked the visibility of the signals in each
diagram, as shown in Fig. S2 [47]. Based on the exper-
imental findings and the sixfold structural symmetry
inherent to graphene, a schematic in Fig. 1(c) denotes
the I" points in red or blue when the optical phonon peaks
are visible or invisible, respectively, delineating a system-
atic pattern in momentum space.
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FIG. 2. Simulation of the graphene vibrational signals at different I" points. (a) Reciprocal lattice of graphene along the [001] zone axis.
The selected I" points in the simulations are indexed. (b) Simulated vibrational spectra at the I" points highlighted in (a). The black solid line
visualizes the spectrum at (000), while the red and blue solid lines correspond to the mean spectra of their corresponding groups. The
shaded region around the mean indicates the spread of the corresponding group as it traces the minimum and maximum intensities.

To understand our experimental observations, we con-
ducted simulations of the vibrational spectra of graphene
using the FRFPMS method with parameters identical to
those in our experiments [31,41,47]. Figure 2 illustrates the
chosen I' points alongside their corresponding simulated
vibrational spectra. In line with the notation employed in the
experimental results, the simulated spectra from the red I
points exhibited very strong optical phonon peaks, while the
optical phonon signals in spectra from the blue I" points
almost vanish. The excellent agreement in the visibility of
optical phonon signals at the I" points between the simulated
and experimental results is intriguing. Our results reveal that
in monolayer graphene, the indices of I" points (2k0), where
optical phonon peaks are invisible, should satisfy

h+ 2k = 3n, (1)

where h, k, and n are integers.

To elucidate the factors contributing to the systematic
absences of the graphene optical phonon signals at different
I' points, we considered the double differential scattering
cross-section within the Van Hove formalism [29,32,401]:

&o 1+ (n(go,0))7
OQIES 2 alany) @ 0v)

6y e e 400 )
where v is the phonon band index, ¢ = G + ¢ is the
momentum transfer of the incident electron, G is a reciprocal
lattice vector and g, is a vector in the first Brillouin zone, R,
is the position of the  th atom in the unit cell, e+ f¢(q)
is its associated thermally smeared scattering factor, and
M, is its mass. Furthermore e.(qq,v) is the phonon
polarization vector at the x th atom in mode (go,v). It is
notable that the two carbon (C) atoms in the unit cell of
graphene have opposite phonon polarization vectors of the
LO and TO modes at the I" point (e, = —e;), but identical
thermally smeared scattering factor and the atomic mass.
Thus, for optical phonon modes of graphene at I" points,
Eq. (2) can be expressed as follows:

X

. (2)

d*c

iGR, _ ,—iG-R,|2
dQ(q)dE < S

x |q- e (go.v)[*|e”

For both LO and TO branches, the first factor of Eq. (3)
only vanishes at G = 0, i.e., the central I' point. At any
other I' point with G # 0, at least one of the eigenvectors
of these branches v has a nonzero component along the
momentum transfer ¢, as we mentioned above.

The second factor of Eq. (3) has a similar form to the
structure factor of graphene (Fg « e/¢®1 4 ¢/CR2) but with
a minus sign between the waves scattered at the different
basis atoms. By considering the indices of I" points (2k0)
and the positions of the two basis atoms of graphene, the
second factor of Eq. (3) can be rewritten as follows:

‘e—i(hb1+kb2)~Rl _ p—illby+kby) Ry |

=2 1—cos (2HE20) | @)

which equals zero when & and k satisfy & + 2k = 3n, where
n is an integer (see Supplemental Material for derivation
details [47]). This consideration of the double differential
scattering cross-section demonstrates that complete destruc-
tive interference of excitations of optical phonons from
different atomic sites takes place at the I points with indices
satisfying i + 2k = 3n, thereby giving rise to the systematic
absences observed in our experiments. This highlights an
importance of interatomic cross-terms in the transition
potential formulation of the inelastic phonon scattering,
where such cross-terms have been considered negligible [37].

Based on the above derivation, we conclude that the
symmetrically equivalent pair(s) of the same elements
contributes significantly to the systematic absences in
the optical phonon signals of graphene. However, for
materials with dissimilar element pairs, their basis atoms
have distinct weightings due to the variations in the
magnitudes of their phonon polarization vectors, atomic
masses, and thermally smeared scattering factor. Therefore,
in such cases, instead of complete disappearance, a reduc-
tion in the intensity of the vibrational signals should be
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FIG. 3. Momentum-resolved vibrational spectroscopy of diamond. Phonon dispersions and diffraction patterns obtained along the
(a) [001] and (b) [110] axes, respectively. The selected momentum space regions in the diffraction patterns are highlighted. (c) and (d)
are the vibrational spectra extracted from the I" points in (a) and (b), respectively.

expected, as shown in the simulated phonon dispersion of
hexagonal boron nitride (2-BN) [31]. It should be men-
tioned that the discussion here is restricted to impact
scattering and excludes any consideration of the SPhPs
appearing at I" points in experiment (Fig. S3) [57].

From the discussion above, it seems reasonable to infer
that the systematic absences could also manifest in other
materials that are composed of symmetrically equivalent
pair(s) of the same elements, such as diamond. Diamond
has a face-centered cubic lattice, composed of eight C
atoms in its conventional cell with a two-atom basis. The
phonon eigenvectors at the I" points for the two C atoms in
the basis are antiparallel. Applying the same derivation as
we have employed for graphene, the systematic absences of
optical phonon peaks in diamond are determined by the
rule that 7 + k + [ = 4n (see Supplemental Material for
derivation details [47]).

To verify our theory, we collected phonon dispersions
of diamond on two different zone axes of [001] and [110]
with sample thicknesses of 56 and 43 nm, respectively
(Fig. S4 [47]). Along the [001] axis, the optical phonon
signals at around 165 meV disappear at the (220) and (220)
spots but appear at the (020) spot, consistent with our
theoretical derivation [Figs. 3(a) and 3(c)]. However, along
the [110] axis, spectra collected at all I" points present
optical phonon signals, including the (220) point that
satisfies the h + k+ [ = 4n rule [Figs. 3(b) and 3(d)].
Furthermore, we observed that the kinematically forbidden
spot (002) is visible in our experimental diffraction pattern
along the [110] axis, which was captured from the same
sample region as for the phonon dispersion measurement,
suggesting strong multiple elastic scattering in the thick
diamond sample. Multiple scattering could explain the
discrepancies between the experimental results and theo-
retical derivation of the visibility of the optical phonon
peaks, as this factor is not included in the theory originating

from the Van Hove formalism [40]. For example, in the
[110] orientation, the optical phonon signals at the (220)
spot, which by the selection rule should vanish in diamond,
can result from a combination of an inelastic scattering
event to the (111) spot and a subsequent elastic Bragg
scattering event to the (111) spot. In contrast, introducing an
optical phonon peak for the (220) spot in the [001] orientation
from such a combination of events from zero-order Laue zone
(ZOLZ) diffraction spots is not feasible. The impact of
multiple scattering involving excitation of spots from
higher-order Laue zones (HOLZs) is negligible in practice,
as evidenced by the different visibility of the kinematically
forbidden spots in our experimental diffraction patterns along
different orientations. Specifically, the (002) spot in the [110]
orientation, which can be induced by a combination of
elastic scattering events to spots from ZOLZ, shows strong
contrast, while the (020) spot in the [001] orientation, which
requires a combination from HOLZ, is almost invisible.

To confirm the role of multiple scattering in the visibility
of the optical phonon peak at the (220) point, we first
performed FRFPMS simulations on a 50 nm thick diamond
specimen (Fig. 4 and Fig. S5 [47]). FRFPMS includes the
effects of dynamical diffraction along with the inelastic
phonon scattering events. Therefore, if visibility of the
optical phonon peak at the (220) spot is indeed arising
from multiple scattering, FRFPMS simulation should
capture this behavior. As shown in the phonon dispersion
[Fig. 4(a)] and the corresponding simulated spectra of the I'
points [Fig. 4(b)] in the [001] orientation, a clear and strong
optical phonon peak (around 165 meV) appears at the (020)
spot, while it becomes negligible at the (220) and (220) spots.
These results are highly consistent with our experiment,
except that minuscule optical phonon peaks are present in
the simulated spectra of the (220) and (220) spots. These
extremely weak optical phonon peaks at the (220) and (220)
spots, as well as the weak but nonzero intensity of the
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FIG. 4. Simulations of momentum-resolved vibrational spectroscopy of diamond. Simulated phonon dispersion plots for 50 nm thick
samples in the (a) [001] and (d) [110] orientations. (b) and (e) are simulated spectra of Bragg spots corresponding to (a) and (d),
respectively. (c) and (f) are the background-subtracted raw (unbroadened) fractional intensities of the optical phonon signals at the (220)
spot in the [001] and [110] orientations, respectively [59]. The red line in each panel is a linear fit of the data.

simulated zero-loss peak in the spectrum of the kinematically
forbidden spot (020), should be attributed to multiple scatter-
ing events from HOLZs and are likely below detection limits
in our experiments as we mentioned above. In the case of
diamond [110] orientation, Figs. 4(d) and 4(e) show that the
optical phonon peak intensities for the spots (113), (002),
and (111) are very similar, while the optical phonon peak at
the (220) spot is approximately 3 times lower, but still visible
which is in agreement with experiment.

Furthermore, we have also simulated the phonon dis-
persions for diamond at other thicknesses in both [001] and
[110] orientations. Given that the extinction distance of
diamond at the (111) spot under 60 kV is approximately
38 nm [58], we should qualitatively expect nonlinear
increases in the [110] orientation with varying sample
thickness due to multiple scattering effects. This is exactly
what our simulations show in Figs. 4(c) and 4(f): as sample
thickness increases from 10 to 60 nm, the optical phonon
signals at the (220) spot remain small and increase linearly
in the [001] orientation, while they exhibit significant
intensities and nonlinear growth in the [110] orientation,
highlighted by the deviations between the fractional inten-
sities at different thickness and their linear fits. For
instance, in the latter case, the signal intensity for a
10 nm thick sample is only 1/10th of that for a 50 nm
thick sample. Hence, our experimental and simulated

results demonstrate that dynamical effects should be
considered when interpreting experimental vibrational
spectroscopy data, especially for thick samples.

In summary, our systematic investigation of vibrational
signals in graphene, complemented with theoretical analy-
sis, has unveiled a phenomenon of systematic absences in
optical phonon modes that originate from destructive
interference of the inelastically scattered waves from
different basis atoms. Furthermore, our analysis on dia-
mond has confirmed these systematic absences at I" points
as a general characteristic in materials composed of
symmetrically equivalent pair(s) of the same elements.
The systematic absences also indicate that the vibrational
signals of the same phonon modes from different BZs are
not the same as those from the first BZ, which is usually
neglected in the previous studies. Moreover, it is worth
noting that the intensities of vibrational EELS in bulk
samples are also modulated by dynamical effects, which is
evidenced by the vibrational analysis on the diamond
samples with a relatively large thickness. Our study
demonstrates the importance of the systematic absences
and dynamical effects in the modulation of the vibrational
signals. Therefore, it is necessary to consider their impact
on the variations of vibrational spectroscopy at the local
structures of materials for a comprehensive understanding
of their vibrational properties, especially for thick samples.
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