science.sciencemag.org/content/372/6547/1181/suppl/DC1

Supplementary Materials for
Spatiotemporal imaging of 2D polariton wave packet dynamics
using free electrons
Yaniv Kurman†, Raphael Dahan†, Hanan Herzig Sheinfux, Kangpeng Wang, Michael Yannai,
Yuval Adiv, Ori Reinhardt, Luiz H. G. Tizei, Steffi Y. Woo, Jiahan Li, James H. Edgar,
Mathieu Kociak, Frank H. L. Koppens*, Ido Kaminer*
†These authors contributed equally to this work.
*Corresponding author. Email: kaminer@technion.ac.il (I.K.); frank.koppens@icfo.eu (F.H.L.K.)
Published 11 June 2021, Science 372, 1181 (2021)
DOI: 10.1126/science.abg9015

This PDF file includes:
Materials and Methods
Supplementary Text
Figs. S1 to S7
Table S1
Captions for Movies S1 to S4
References
Other Supporting Online Material for this manuscript includes the following:
(available at science.sciencemag.org/content/372/6547/1181/suppl/DC1)
Movies S1 to S4 (.mp4)

Materials and Methods
Experimental setup
The measurements were performed in an ultrafast transmission electron microscope (UTEM)
based on a JEOL JEM-2100 Plus TEM with a LaB6 electron gun and acceleration voltage of 40
kV–200 kV. We measured the electron–PhP interactions for both 80 kV and 200 kV. All the results
presented in this paper are for 200 kV electrons due to the shorter electron pulse duration which
increases the time resolution, and due to the larger electron energy that generates more counts per
electron.
The UTEM operates as a pump–probe setup driven by a 40 Watt, 1,030-nm, ~270-fs laser
(Carbide, Light Conversion) operating at a 1 MHz repetition rate and split into two pulses using a
beam splitter. One pulse is converted into ultraviolet (UV) using two stages of second-harmonic
generation and eventually excites the photo-electron probe. The second pulse is converted into
variable wavelengths in the IR range through a difference frequency generation (DFG) process in
an optical parametric amplifier (OPA, Light Conversion Orpheus). The temporal profile of the
laser pulse is characterized through an independent PINEM measurement on a metallic film, see
Fig. S3 (following an experiment similar to (45)). An additional spectral measurement was
acquired through a Michelson interferometer near the DFG. Noticeably, the pump pulse
experiences some distortion during its ~5-meter propagation until reaching the electron
microscope column, creating part of the chirp (46). The delay 𝜏 between the electron probe and
the IR pump is controlled by a motorized stage. The TM-polarized IR pump has a spot size with
standard deviation of ~30 𝜇m, a power of between 80 to 100 mW (fluence of ~2

(

)

) which is

too weak to create significant heating in the sample, especially due to the PhP increased heat
conductivity (47). This laser beam arrives in a side illumination, perpendicular to the direction of
motion of the electron (z). To prevent shadowing of the laser by the TEM grid and holder, our
sample was tilted at an angle of 20o. This tilt also allowed us to control the coupling of the laser
pulse into the PhP wavepacket.
The samples in our experiments are isotopically pure h11BN crystal flakes grown at
atmospheric pressure (48) (exfoliated on a 20 nm thick Si3N4 membrane, see sample preparation
below). We determine the sample thickness using the EELS log ratio technique without the laser
pump or a tilt (49), with the hBN inelastic mean free path taken from (50) and the Si3N4 mean free
path as the measured background.
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The electron zero-loss peak (ZLP) is 0.9 eV prior to the interaction. After the interaction of
the free electrons with the excited sample, the free electron energy spectrum is measured in a postcolumn EELS system with a spectrometer dispersion of ~0.1 eV (Gatan). To reduce the
isochromaticity effects we selected a smaller region of interest (< 15 𝜇𝑚, chosen by the
wavepacket propagation distance) compared to the whole acquired image area (35𝑋35 𝜇𝑚). The
EELS system includes a slit for producing energy-filtered transmission electron microscopy
(EFTEM) images. For each experiment, we choose the energy-filtering slit that maximizes the
measured signal, thus reducing the sensitivity to the drift of the zero-loss peak during the
measurement (typically ~0.25 eV along ~1.5 hours); see Fig. S4. This energy filtering optimization
facilitated a typical acquisition time of 100 seconds per frame, creating a movie of the
spatiotemporal dynamical in 100 minutes for a typical 60-frame measurement. Each slit choice
alters the nonlinear relation between the electron signal and the electric field of the PhP
wavepacket. The slit provides a sharp threshold above which the electric field can be measured,
which is useful for eliminating secondary wavepackets due to the imperfections of the IR laser
excitation (see Fig. S3).
Sample preparation
Samples were fabricated by a variation of the viscoelastic polydimethylsiloxane (PDMS)
dry transfer techniques (51,52). In the fabrication process, we mechanically exfoliate isotopically
pure h11BN crystals on viscoelastic PDMS tapes, commercially available from GELPAK. To
reduce the amount of chemical residue and to conserve the hBN crystal, no tape was used in the
exfoliation. Rather, exfoliation was performed directly with low retention PDMS (X0, in DGL or
PF format). The original crystal was exfoliated until the PDMS was visibly covered in hBN all
around, at which point a fresh PDMS sheet was used to pick up a portion of the hBN on the original
PDMS, and then, further exfoliation could be performed.
After 2–5 such rounds, a last round of exfoliation was performed directly on the stamp, by
attaching and separating it to one of the hBN covered PDMS sheets. By controlling the speed of
the exfoliation, especially in this last step, we change the prevalent physical process; at slower
speeds, flakes tend to move from one PDMS to another and at higher speeds they tend to exfoliate,
but at the risk that they apply strain and crack or break the flakes.
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To estimate the thickness of the hBN flakes on the stamp, we compared the optical contrast
of a set of flakes, transferred them to a Si/SiO2 chip, and measured, by atomic force microscope
(Park NX20), the thickness of the hBN flakes. Based on these measurements and linear
extrapolation, the on-stamp thickness can be estimated quickly and matched with good accuracy
to the EELS log ratio measurement.
The flake is then transferred to the Si3N4 membrane. We used commercially available 20
nm thick SiNx membranes (Norcada). A light oxygen plasma treatment was sometimes used to
promote the flakes’ tendency to stick to the membrane. To drop the flakes, the membrane was
heated to 60∘ C , after which the PDMS was slowly brought into contact with the membrane
window (see Fig. S7). We constantly tracked under an optical microscope the locations of the
flake, the membrane window, and the contact front between the PDMS and the membrane’s
support substrate. The PDMS was then lifted extremely slowly, leaving the hBN attached to the
Si3N4. In some cases, if the flake showed signs of not remaining connected to the membrane, the
temperature was raised up to 90∘ 𝐶 before the stamp was lifted.
Analysis of the measured PhP wavepacket
As the basis of our PhP wavepacket analysis, we assume that the coupling between the
laser and the PhPs occurs at the sample’s edge. There can be no coupling elsewhere, because the
PhP momentum is larger than that of a free-space photon at the same frequency. This momentum
mismatch forces a coupling through a spatial discontinuity, such as the edge of the sample. In our
samples, the only discontinuity that can compensate the momentum mismatch and enable PhP
coupling is the edge of the sample. The coupling can be modeled as if the laser induces a range of
dipoles along the edge of the sample, which together excite both the propagating PhPs and edge
modes (53). Using the side-illumination and the tilt of the sample (Fig. 1(a)), we can achieve
conditions where the PhP is excited from only a single edge of the flake. Moreover, the laser
excites the entire edge of the sample simultaneously and coherently to form a PhP wavepacket
which propagates perpendicularly to the edge.
In the analysis of the measured PhP wavepacket, we initially apply an edge detection
algorithm (Sobel) on the unfiltered electron image of the sample (Fig. S2(a-b)). Then, we extract
the location and direction of the specific edge to which the PhP is coupled. After identifying the
edge of interest, we start analyzing the filtered electron images. As shown in Fig. S2(c), we rotate
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the images so that the edge is along the x-direction and the propagating direction is toward the
minus y-direction and define the rectangular region that we aim to analyze (plotted in yellow).
Note that in this figure the circular spot of the electron beam covers an area smaller than the screen,
and therefore, it is focused to the area of interest to enhance the signal and reduce the integration
time and isochromaticity within this region. Inside each rectangular region of interest, the signalto-noise-ratio is largely reduced by averaging the signal along the edge (x-direction). Thus, we
extract the resulting signal for different time delays (Fig. S2(d)). Notably, to analyze the
evanescent decay of the field outside the sample, we normalize the counts outside the sample
relative to the counts inside the sample. The difference in normalization arises from the scattering
of electrons by the hBN flake. We account for this normalization difference using the difference
in the number of electrons in the zero-loss peak inside and outside the sample. For the 55 nm
sample, we find that this factor is 1.9.
Next, we analyze the signal in each time delay. We find that the measured wavepacket
inside the sample can be accurately approximated by a Gaussian shape, as in Fig. S2(e), or by a
double Gaussian, as in Fig. 4, with another exponential decay near the edge that correspond to the
higher branches. The ability to fit the signal to a Gaussian allows us to find the wavepacket’s
central location as compared to the edge of the sample (through the Gaussian peak), shown in Fig.
S2(f). The group velocity of the wavepacket is then extracted from a linear fit of the peak location
over a range of time delays.
In addition to the peak location, the Gaussian shape enables us to examine the broadening
over time and the overall wavepacket energy during its propagation, as plotted in Fig 3(e). In the
plot, we show the wavepacket normalized integrated signal, calculated as 𝐼 =

𝑎𝑐 erf

√

+

1 , where 𝑎, 𝑏, and 𝑐 are the Gaussian’s amplitude, center position (since the Gaussian can be
truncated at the edge), and width (standard deviation), respectively. 𝐼

corresponds to the

maximal energy during the measurement. Thus, the normalized integrated signal 𝐼/𝐼

utilizes

all the fitting parameters of the Gaussian. In addition, the wavepacket’s integrated signal can help
isolate the effects of the pumping pulse versus the decay caused by intrinsic polaritonic losses and
dispersion broadening.
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Theory of the electron–polariton interaction using the generalized continuous-PINEM
In this section, we develop the theory of the PINEM interaction for a pulsed-laser excitation
that has a significant bandwidth, so that the single-frequency PINEM theory (20, 21) is not
sufficient. We obtain the frequency-dependent laser excitation as the output of the Finitedifference time-domain (FDTD) simulations (Lumerical). We find the frequency dependency of
such excitations through a Fourier transform of the z component of the time-dependent electric
field 𝐸 (𝑧, 𝑡),
𝐸 (𝑧, 𝜔) = ℱ{𝐸 (𝑧, 𝑡)}.

(S1)

Under the commonly used PINEM approximations (20, 21), i.e., electron paraxiality and a small
electron recoil in photon absorption/emission, we can use the continuous PINEM theory from (42).
The theory defines a frequency-dependent PINEM coupling function (also Eq. (1) in the main
text):
𝑔(𝑥, 𝑦, 𝜔) =

𝑒
ℏ𝜔

𝑑𝑧 𝐸 (𝑥, 𝑦, 𝑧, 𝜔)𝑒

(S2)

,

where 𝑒 and 𝑣 are the electron charge and velocity, respectively, and ℏ is the reduced Planck’s
constant. Notice that the complex function 𝑔(𝑥, 𝑦, 𝜔) has units of (rad/sec)-1, since its magnitude
represents the spectral density of the interaction strength.
The frequency-dependent coupling coefficient enables us to derive the energy distribution of
the post-interaction electron. The electron energy Δ𝐸 is defined relative to its initial kinetic energy
𝐸 =𝑚 𝑐

1−

( / )

, where 𝑐 is the speed of light and 𝑚 is the bare electron mass. Using

the above definition of 𝑔, we can write the post-interaction electron wavefunction in the energy
domain as
𝑓 (𝑥, 𝑦, Δ𝐸) =

1
2𝜋ℏ

𝑑𝑡 𝑒

ℏ

∫

| ( , , )|

( , , )

.

(S3)

Eq. (S3) assumes a monoenergetic electron (𝐸 ) before the interaction (generalized below to the
realistic electron). The expression in Eq. (S3) shows that the typically required interaction strength
for an observable signal is ∫ |𝑔(𝜔)|𝑑𝜔 > 1, as found in the experiment. More precisely, the
typical mean electron energy change is ∫ ℏ𝜔|𝑔(𝜔)|𝑑𝜔 and needs to be at least comparable to the
width of the ZLP (0.9 eV). We note that in the special case of an excitation that is completely
monochromatic, Eq. (S3) becomes a sum of Bessel functions as in the common PINEM theory.
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Noticeably, 𝑓 (𝑥, 𝑦, Δ𝐸) incorporates the dependency on the spatial coordinates 𝑥, 𝑦, which carry
the information about the PhP wavepacket profile at each point in time.
The realistic electron is pulsed, which is essential for the spatiotemporal measurement.
Therefore, the pre-interaction electron is in fact a superposition of energy states, with a Gaussian
envelope:
𝜎
𝜋

𝐺(Δ𝐸, 𝜏 ) =

𝑒

ℏ

𝑒

(S4)

ℏ

where 𝜎 is the initial electron time width and 𝜏 is the time delay between the electron pulse and
the laser pulse. As a result, we coherently convolve the distributions of Eqs. (S3) and (S4) to reach
the total electron wavefunction in the energy domain,
𝑓

(𝑥, 𝑦, 𝜏 , Δ𝐸) = 𝑓 (𝑥, 𝑦, Δ𝐸) ∗ 𝐺(Δ𝐸, 𝜏 ).

(S5)

The expression in Eq. (S5) is the Fourier transform of the electron wavefunction in the time domain
𝜙

(𝑟⃗, 𝑡, 𝜏 ) = ∫

(𝑥, 𝑦, 𝜏 , Δ𝐸)𝑒

𝑓

𝑑Δ𝐸. We note that 𝜙

ℏ

contains the same

modulation as Eq. (2) in the main text. The eventual electron energy distribution (measured in
EELS) is |𝑓

| convolved with the incoherent electron energy width:
𝜌(Δ𝐸, 𝜏 ) = |𝑓

where 𝜌

(𝑥, 𝑦, 𝜏 , Δ𝐸)| ∗ 𝜌

(Δ𝐸)

(S6)

is the ZLP that describes the pre-interaction electron energy spectra. This expression

can also be generalized to account for incoherent broadening in the time domain, by using the
incoherent electron density in time and energy 𝜌

(𝑡, Δ𝐸) and convolving over both time and

energy. The overall electron pulse duration in our experiment is ~300 fs.
Throughout the paper, we use the theory above to convert the electric field from the FDTD
simulations into an EFTEM signal. The theory also enables to invert the process: to estimate the
field strength from the measurement, by using the system parameters (e.g., electron velocity and
energy slit), and other parameters such as the excitation laser frequency and PhP dispersion. The
EFTEM signal depends on the field strength, frequency, confinement, electron velocity, and
electron energy-filter cutoff. For calculating the electron–PhP coupling strength, at the parameter
range in our experiment, we can approximate the PhP field as an anti-symmetric evanescent field,
𝐸 (𝜔) = sign(𝑧)𝐸 𝑒

| |

, with 𝑘 =

𝑞 − 𝜔 /𝑐 and 𝑞 = 𝑞(𝜔) being the real part of the PhP

in-plane wavevector. We substitute the field into Eq. (S2) and find a Lorentzian response,
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𝑔(𝑥, 𝑦, 𝜔) = 𝐸 (𝑥, 𝑦, 𝜔)

2𝑒
ℏ𝜔

𝑑𝑧 𝑒

sin

𝜔
2𝑒
𝑣
𝑧 = 𝐸 (𝑥, 𝑦, 𝜔)
.
𝑣
ℏ 𝜔 + (𝑣𝑘 )

(S7)

From Eq. (S7), we can infer that for a constant field amplitude 𝐸 , modes with higher
confinement (smaller 𝑘 ) are harder to measure because 𝑔 is smaller. We note that the higher
branches remain visible despite stronger confinement, since 𝐸 is larger when the PhP are more
confined, which partially compensates for the weaker interaction at higher 𝑘 . Finally, Eq. (S7)
can help us to extract the PhP field strength in the experiment (1.5

for 𝑔 = 8, 𝑘 = 1 𝜇𝑚 ,

and 𝑣 = 0.7𝑐). We can also use this equation to deduce the optimal electron velocity for each
polariton measurement, 𝑣
𝑣

=

. For the 1st branch in the 55, 12, and 7.5 nm samples, we expect

≅0.9𝑐, 0.3𝑐, and 0.15𝑐 respectively. Generally, as the mode’s confinement increases, 𝑣

decreases.
Supplementary text
Comparison of PINEM and other nearfield imaging techniques
It is valuable to discuss our PINEM-based experimental capabilities in light of the state of the
art in nearfield optical microscopy of 2D polaritons. In the visible and near-IR regimes, recent
studies compared the PINEM capabilities with other nearfield imaging techniques (27,35,54). The
prospects of PINEM that were developed over the last decade now become of greater value when
applied to the challenge of imaging 2D polaritons in the mid-IR: specifically, the electron
penetration, non-destructive interaction, fs time resolution, and deep subwavelength spatial
resolution, all of which are especially advantageous for the unique circumstances of 2D polaritons.
In comparison with SNOM, the most influential technique in the field of 2D polaritons (6, 17, 18,
30), our approach images the field in a non-destructive manner. That is, the electrons perform a
“passive” measurement that can record the flow of light without altering it, as can occur when
nearfield microscope tips are used. Moreover, since the electron probes the field inside the sample,
it is not necessary to outcouple the light, and thus, the signal from higher PhP branches increases
dramatically. For this reason, all branches experience similar detection efficiencies as that of the
first-branch PhP, though most of the higher branches are measured as an exponential decay near
the edge.
We envision future experiments in which free electron probes are used for record-high
spatial resolution in nearfield optical microscopy, reaching single-nm resolutions and below
8

(considered beyond the reach of conventional nearfield imaging tips used in SNOMs). Single-nm
resolutions are of great importance for imaging polaritons of the highest confinement (e.g., Ref.
(40)), where new physics can emerge, such as the effects of optical nonlocality. The features in
the PhP wavepacket in our experiment were not sufficiently small to test this limit. A disadvantage
of the current PINEM approach is that the pulsed free electron does not sense the PhP phase since
it is averaged-out over the electron pulse duration (~300 fs). To measure the propagating
wavepacket phase as in SNOM, one could consider interference between two polaritons (26),
shorter electron pulse durations, or pre-bunched electrons, which were already shown to reach
attosecond timescales in electron microscopes (25, 55). Using attosecond electron probes would
open the possibility to measure the dynamics of plasmon polariton wavepackets in the visible
range.
Direct imaging of 2D polariton wavepacket dynamics could be considered in several other
nearfield imaging techniques that so far were not applied to the mid-IR frequencies, such as timeresolved photon tunneling microscopy (56) and time-resolved photo-emission electron microscopy
(TR-PEEM) (57,58), which were used for the analysis and the design of plasmonic nanocircuits
(59). Historically, the first method used to image the dynamics of propagating polaritons was based
on optical nonlinearities in the materials in which the polaritons propagated, specifically the
electro-optic effect (60, 61). It could be interesting to consider this approach for the observation
of wavepacket dynamics in 2D materials, especially in light of recent research on optical
nonlinearities in 2D materials (43).
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Fig. S1. Energy-filtered electron images in different time delays: showing the propagation of
a polariton wavepacket in a flake of hBN. The sample borders are marked by dashed lines, and
the wavepacket’s peak location by a blue arrow. The times are in units of ps. These images are the
top view of Fig. 1(d), and the average signal along the edge of the sample corresponds to Fig. 2(a).
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Fig. S2: Extraction of the group velocities from measurements. (a) TEM image of the h11BN
sample without electron energy filtering. (b) Edge detection of the sample obtained by applying
the Sobel algorithm to (a). We manually choose the edge in which we analyze the phonon-polariton
(PhP) propagation, depicted by the dashed pink line. (c) Energy-filtered image at 0.2 ps after the
initial arrival of the laser pulse, rotated so that the PhP propagation direction is along one of the
image axes (sample borders in black). We then choose the analyzed region (yellow) in which we
average the signal along the x-axis of the image. In this case, the yellow region width and height
are 9.3 × 10 μm, which are 115 × 124 pixels. We analyzed the propagation along the y-axis. The
orange scales in panels (a-c) denote 5 μm. (d) Averaged signal as a function of time delay 𝜏 and
distance from the chosen edge (yellow dashed line). (e) Signal from (d) at specific times 𝜏 ,
including the Gaussian fits of each curve. The fit includes a Gaussian plus an exponential decay to
include the higher-order modes and edge-effects. (f) Group velocity extraction through a linear fit
of the Gaussian peak location, as a function of the time delay (blue). For the fit, we exclude early
times (below 0.7 ps) in which the wavepacket is still accelerating. In addition, we exclude late
times (above 1.1 ps) in which the wavepacket experiences a deceleration. The group velocity in
this measurement is found to be 𝑣 = 5.5 ± 0.35 .
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Fig. S3: Extraction of the laser pulse excitation temporal profile. (a) The pulse duration at each
DFG center-wavelength (shown here for 6980 nm) was measured using a PINEM-type pumpprobe experiment on an independent sample (aluminum foil). The panel shows the map of electron
energy loss spectra (EELS) as a function of time delays 𝜏 between the excitation laser pulse and
the electron pulse, normalized so that the energy integral is unity ∫ EELS(𝜏 , 𝐸)𝑑𝐸 = 1 for each
time delay. (b) Normalized EELS measured data (orange) and fit (blue). In the fit, we extract a
single fitting parameter for each delay 𝜏 , the PINEM coupling ∫ 𝑑𝜔𝑔(𝜔, 𝜏 ), from which we
extract the PhP electric field intensity. The EELS is calculated by convolving the electron energy
width (zero-loss-peak, shown in inset, measured with no laser) with the PINEM discrete spectra:
EELS(Δ𝐸, 𝜏 ) = 𝜌 (Δ𝐸) ∗ ∑ 𝐽 2∫ 𝑑𝜔𝑔(𝜔, 𝜏 ) 𝛿(Δ𝐸 − 𝑛ℏ𝜔) with 𝐽 being the Bessel
function. In this case, ℏ𝜔 = 0.18 eV, the time delay 𝜏 is 122.5 ps, and the integrated coupling is
found to be ∫ 𝑑𝜔𝑔(𝜔, 𝜏 ) = 6.12 at the peak of the envelope. By repeating this fitting algorithm
for each 𝜏 , we reconstruct the entire laser pulse profile. (c) The reconstructed electric field of the
laser pulse as a function of time delay, normalized to its maximal value. This electric field is linear
with 𝑔, with the same pre-factor for all time delays. The red vertical line represents the field
threshold that can cause a PhP measurement for the slit that is chosen in the measurement in (d).
The field profile was reshaped by interactions with vibrational water molecules in air, which also
create a chirp (46). (d) A map showing the dynamics of the PhP wavepacket. The same data from
Fig. S2 (d), presented here to highlight the correspondence to the laser excitation in (c). The slit
that we chose imposes the field threshold represented by a red line in (c). The characteristics of
the laser excitation in each measurement of Fig. 3 were measured in a manner similar to that
presented here.
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Fig. S4: Effect of the energy filtering slit. (a) Electron energy loss with (orange) and without
(blue) the IR laser. (b) Signal-to-noise ratio (SNR) as a function of the slit width and its center
location. The center of the slit is chosen relative to the location of the electron ZLP. As in EELS,
the minus sign is related to gain. The SNR is defined as
𝑊 is the slit window and EELS
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This ratio gives additional weight to the number of electrons that are involved in the interaction
and thus combines the signal-to-noise ratio with a minimization of the integration time. In all our
measurements, we chose the slit that maximizes the S NR, a method we found to provide a good
indication for signal quality optimization. Importantly, the optimized 𝑆 𝑁𝑅 optimization provides
better measurement stability, reducing the sensitivity to the drift of the zero-loss peak during the
measurements. In this specific example, the optimal slit is centered at -3.05 eV and with a width
of 2.8 eV.
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Fig. S5. Numerical simulations that show the acceleration-deceleration phenomena – abrupt
changes in the group velocity. The numerical simulation models the entire experiment from the
PhP excitation and propagation (Lumerical), through the continuous-PINEM interaction (Eq.
(S6)), to the energy filtering with EFTEM, resulting in the measured electron signal. (a)
Wavepacket peak location according to our numerical simulation in a 55 nm sample. The different
curves correspond to varying different excitation properties: the pulse duration (b), chirp (c), and
spectra (d). In the set of simulations shown in panel (a), we varied the pulse duration and its chirp
while retaining a fixed central wavelength of 7 𝜇𝑚. The conclusion we draw from (a-d) is that as
the pulse duration increases, the group velocity becomes less stable and shows more abrupt
acceleration and deceleration. (e) Same as (a) with the corresponding excitation properties shown
in (f-h). In this set of simulations, we varied the chirp while fixing the pulse duration. The insets
in (e) and (f) correspond to a zoom-in of the corresponding figures. The conclusion we draw from
(e-h) is that, as the chirp increases, the group velocity shows stronger acceleration and deceleration.
(i) Wavepacket peak location according to our numerical simulation for a 20 nm sample with the
corresponding excitation properties shown in (j-l). In this set of simulations, we varied the
bandwidth and pulse duration of the excitation while fixing the pulse chirp and central wavelength.
The conclusion we draw from (i-l) is that a deceleration in the group velocities can occur also
without a chirp, but with a broadband excitation.
14

Fig. S6. Theoretical modeling of PhPs in hBN. (a) The imaginary and real part of each
permittivity component of an isotopically pure hBN (11B) flake. (b) The real and imaginary parts
of the PhP in-plane wavevector 𝑞 in an hBN sample with thickness of 55 nm. The dashed line
corresponds to Re(𝑞) of the 1st mode when neglecting the 20 nm Si3N4 membrane, showing that
the membrane cannot be neglected when modeling PhP modes of higher energies and wavevectors.
Interestingly, although Im(𝑞) is larger for the second branch, its quality factor, 𝑄 = Re(𝑞)/Im(𝑞),
is larger than the first branch since the ratio
of the second branch is larger. (c) Group
velocity of the first PhP mode as a function of excitation wavelength. (d) The density of polaritonic
states, showing the different PhP branches. (e) Coupling factors between the free-space photons
and the PhP as a function of wavelength. The total coupling factor 𝜂(𝜆) (green) is a multiplication
of the polaritonic density of states (red) by the inverse squared of the polariton momenta 𝑞
(purple). (f) Excitation spectra of the pulses for different DFG central-wavelengths. The solid
curves show the excitation spectra in vacuum 𝑆(𝜆), as estimated from a Michelson interferometer
setup. The dashed lines represent the effective PhP excitation spectra 𝑆 (𝜆) calculated using a
multiplication of the total coupling factor by the excitation spectra in vacuum, that is, 𝑆 (𝜆) =
𝑆(𝜆)𝜂(𝜆). These effective excitation spectra enable us to calculate a weighted average of the group
velocity through 𝑣 = ∫ 𝑆 (𝜆)𝑣 (𝜆)𝑑𝜆. The group velocities calculated using this method are all
within the errors of the measured velocities (as shown in Fig. 3).
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Fig. S7: Sample preparation – steps of the dry transfer process. (a) Pickup from the exfoliating
PDMS sheet by using a PDMS stamp. (b) A slow release of the flakes from the stamp to the Si3N4
membrane. (c) The remaining flake after the stamp was removed.
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Table S1: Excitation laser parameters. The laser pulses at the DFG output were characterized
spectrally through a Michelson interferometer.
𝝁𝒎
Sample Plot color
Central wavelength
Standard deviation [nm]
Group velocity
𝒑𝒔
in Fig. 3
[nm]
green
7140
60
0.87±0.043
7.5 nm
Blue
6850
120
0.84±0.16
Bright
6680
115
0.35±0.16
blue
12 nm
Yellow
7060
80
1.07±0.03
Dark red
6800
115
1.3±0.06
red
6980
50
5.5±0.35
Green
6730
115
6.1±0.16
55 nm
Blue
6560
150
6±0.18
Purple
6470
175
6.7±0.48
yellow
6250
190
4.9±0.47
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Captions for Movies S1 to S4
Movie S1. Video showing the evolution dynamics of a PhP wavepacket. The video is composed
of energy-filtered electron measurements with varying time delays. When the laser pump
illuminates the left edge of the sample, the wavepacket is formed and propagates toward the right
side of the sample. Here, the wavepacket is formed and remains “stuck” near the edge until a time
delay of 122.25 ps. Then, as the pump decays (estimated by the signal outside the sample), the
wavepacket begins to propagate along the sample and finally decays at a time delay of
approximately 123.25 ps. Bottom inset: image of the sample, acquired without energy filtering of
the electrons. Top inset: wavepacket’s signal averaged parallel to the sample’s edge versus the
distance from the edge.
Movie S2. Video showing the evolution dynamics of a multi-branch PhP wavepacket. The
video is composed of energy-filtered electron measurements with varying time delays. When the
laser pump illuminates the left edge of the sample, the wavepacket is formed and propagates
toward the right side of the sample. Here, a multi-mode wavepacket is formed, which then splits
into two distinct wavepackets (at delay time of 122.4 ps) having different group velocities. At time
123.1 ps, a second pulse begins triggering a second excitation at the left edge of the sample, while
the first wavepacket still propagates and reaches the right edge. Bottom inset: image of the sample,
acquired without energy filtering of the electrons. Top inset: wavepacket’s signal averaged parallel
to the sample’s edge versus the distance from the edge.
Movie S3. Simulation of wavepacket dynamics with long-pulse excitation. (a) FDTD
simulation of the z component of the electric field in a 55 nm thick, isotopically pure hBN flake
on top of a 20 nm Si3N4 membrane. (b) Excitation field profile as a function of time. A red dot
denotes the field at each time delay 𝝉𝒅 (between the electron pulse and excitation laser pulse). The
excitation used in the simulation is a dipole located on the left side of the sample. (c) Excitation
wavelength over time, showing the chirped profile of the excitation dipole. (d) EFTEM signal,
calculated based on the field in (a), extracted using the continuous-PINEM theory in the Materials
and Methods. (e) z component of the electric field at the surface of the hBN sample, related to an
SNOM measurement. (f) Wavepacket location (using the Gaussian fitting for each time point)
according to the free-electron probe signal (blue) and the expected SNOM signal (orange). The
comparative analysis of the two approaches provides similar results and a similar estimated group
velocity.
This simulation shows the S-trajectory, similar to that observed in some of our experiments. Thus,
the simulation helps explain the dynamics during the three stages of the wavepacket propagation.
In the first stage (<0.4 ps), the laser excitation is still on and the wavepacket remains near the edge
(having an extremely slow group velocity). In the second stage (~0.4 ps–0.6 ps), the wavepacket
propagates away from the edge at a relatively high group velocity for a limited time span, occurring
while the tail of the excitation pulse has not yet ended. In the third stage (>0.6 ps), the excitation
pulse has mostly ended and deceleration occurs, and therefore, the wavepacket reaches its steady
group velocity. We observe the dynamics of acceleration followed by deceleration only when the
excitation pulse is sufficiently long that the wavepacket already starts to propagate before the
excitation pulse ends. In that case, we see two parts of the wavepacket combine, creating a
temporary flat profile (at about 0.54 ps), which creates the impression of a high group velocity.
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Note that at some measurements, the first stage was not resolved; thus, it appears that there is only
an effect of deceleration, which is fully explained by a transition from the second to the third stage.
Movie S4: Simulation of wavepacket dynamics with short-pulse excitation. (a) FDTD
simulation of the z component of the electric field in a 55 nm thick, isotopically pure hBN flake,
on top of a 20 nm Si3N4 membrane. (b) Excitation field profile as a function of time. A red dot
represents the field at each time delay 𝝉𝒅 (between the electron pulse and excitation laser pulse).
The excitation used in the simulation is a dipole located on the left side of the sample. (c) Excitation
wavelength over time, showing the chirped profile of the excitation dipole. (d) EFTEM signal,
calculated based on the field in (a), extracted using the continuous-PINEM theory in the SM. (e) z
component of the electric field at the surface of the hBN sample, related to an SNOM
measurement. (f) Wavepacket location (using the Gaussian fitting for each time point) according
to the free-electron probe signal (blue) and the expected SNOM signal (orange). Unlike in
Supplementary video 2, here the comparative analysis of the two methods provides different group
velocities, which arise from the fact that the different probing methods weight each frequency
component differently.
This simulation shows the reduced-S trajectory, similar to that observed in some of our
experiments. Thus, the simulation helps explain the dynamics during the two stages of the
wavepacket propagation. In the first stage (<0.4 ps), the laser excitation is still on, and the
wavepacket remains near the edge (having an extremely slow group velocity), as in Movie S2. In
the second stage (>0.4 ps), the excitation pulse has mostly ended, and therefore, the wavepacket
reaches its steady group velocity. We observe this acceleration dynamics when the wavepackets
do not propagate considerably until the end of the excitation pulse.
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