Charge dynamics electron microscopy: nanoscale imaging of femtosecond plasma
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S1. NUMERICAL SIMULATIONS

In this section, we summarize the details of the theoretical model used to simulate the experiment, leading
to the results presented in the main text.

A. Surface temperature dynamics

The electron temperature dynamics in a copper surface is calculated using the two-temperature model (TTM)
[1, 2]. Assuming that the lattice temperature is virtually unchanged (due to its much higher heat capacity),
this model can be written in the following simplified form:

ceaa—f = P (2,t) + V- [k VT — Go(T — Tp), (S1)
where T'(z,t) is the electron temperature at position z and time ¢, Ty is the ambient (and lattice) temperature,
e it the heat capacity of the metal (calculated from its electronic density of states [2, 3]), k. is its thermal
conductivity [4], G. describes the electron-phonon coupling [5], and P2P(z,t) is the power density absorbed
from the external illumination. Assuming a semi-infinite metallic layer at z < 0 with complex permittivity e
under illumination by a quasi-monochromatic pulse plane wave of central frequency wy, peaked at time ty, with
FWHM duration A, and fluence Fp, the absorbed power at the near-the-surface region is given by

Pabs(z’ t) — Iokolm{e} ‘T|2621m{6}koze_4 log(2)(t—t0)2/A2) (82)
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where kg = 2mc/wo, In = 24/log(2)Fy/(mA) is the peak intensity and |7|? is the transmittance coefficient
across the surface. The latter is determined by using a boundary-element method (BEM)[6, 7] to calculate the
field enhancement distribution on the inner surface of an infinitely long copper bar with the same geometrical
parameters as in the experiment, tilted 45° relative to the illumination direction (Fig. Sla). From the results
above, we construct a map of the surface temperature T'(s,t) of the copper bar as a function of time ¢ and
surface position s (parameterized as shown in Fig. S1a) for different pump-fluence values (Fig. Sld,e).
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FIG. S1: Numerical simulation details. a, Scheme of the simulated copper bar cross section, where the
characteristic lengths are indicated. The variable s represents the surface parameterization coordinate, ranging
from 0 to 1 along its perimeter. The pump beam and electron probe directions are also indicated. Also, b
denotes the impact parameter associated to the electron trajectory. b, Potential barrier associated with the
conduction band of the metal and magnitudes involved in the description of the electron emission process.
Here, E is the electron energy, Vj is the total barrier height, u is the chemical potential, ¢ = Vi — u is the work
function, and z is the position-dependent direction perpendicular to the surface. c, Individual contribution to
the probe-electron energy change by the image (green) and emitted (orange) charges, and corresponding net
energy change (red, right vertical scale), all for an impact parameter b=1 pum. d, e, Spatiotemporal map of
the electron temperature at the copper surface upon pump laser excitation, for two fluence values (126 and
189 mJ/cm?). The dashed vertical lines correspond to the parameterized position of the bar corners.

B. Electronic emission

We assume that the electron emission from the hot copper surface originates mainly in two different processes:
(1) direct thermionic emission and (2) three-photon photoemission. The former occurs while the copper surface
remains hot (4.e., in a ps timescale, as inferred from Fig. S1d,e), which allows some of the surface electrons with
thermally-heightened energy to overcome the potential barrier (see Fig. S1b) and escape. The latter occurs only
during the pumping time (< 100 fs) and is due to the absorption of three photons by one electron, providing
it with enough energy to overcome the potential barrier. The total electronic emission density per unit of time
and surface area as a function of the local and instantaneous electron temperature 7" is hence given by

P(T) = Pthermionic (T) + P3ppe(T)a (SS)

where Pihermionic and Psppe are the respective contributions from each of the two emission processes mentioned
above and described below.

We note that this model neglects other possible emission channels, such as electron tunneling. This mechanism
is relevant when the dimensionless Keldysh parameter n [8, 9] is < 1. Under the illumination conditions used
in this work, we obtain 1 ~ 10 — 20, and hence we neglect it. Additional mechanisms can also take place such
as, for example, photoemission of high-energy non-thermal electrons that are not considered in the TTM, but
we neglect them because we expect their effect to be a small correction to the emission by the two dominant
mechanisms mentioned above.
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1. Thermionic emission

We describe the copper surface as a step potential with a total barrier energy V;, as depicted in Fig. S1b.
Conduction electrons obey the Fermi-Dirac distribution

1
fur(B) = e~ (E+Vo—p)/ksT 4 1’

(54)

where F is the electron energy, T is the electron temperature, and p is the temperature-dependent chemical
potential. The work function is hence ¢ = Vy — p.

The probability per unit area P;permionic Of emitting an electron across the barrier due to thermionic emission
is given by

Pthermionic — % Z T(El)fu,T(E)(l/T)@(E)7 (85)

kK,

where k = k| + k2 is the electron wave vector, E = h?k? /2m* is the electron energy (measured with respect to
the vacuum level, see Fig. S1b), m* is the effective mass of the copper electrons, ©(FE) is the step function, the
factor of 2 accounts for spin degeneracy, A is the surface area, | = E cos? § is the electron energy perpendicular
to the surface, 6 is the emission angle with respect to the normal direction, 7 is the transmittance across the
energy barrier given by

WEVE+V,
(VE +VE + V)2’

7 = 2L/v is the time between two consecutive collisions on either side of the metal (spanning a total width L
used for quantization), with v = hk,/m*.

Transforming the sums in Eq. (S5) into integrals by performing the customary substitutions Zku —
A/(2m)? Jdk and >, — L/2w [dk], we can simplify the previous equation to Pihermionic =
[ dE [ df Pihermionic(T)O(E), where

T(E) = (S6)

m*

5 2hBEcos 0ferT(E cos®0) (S7)
7T

Pthermionic(T) =
represents the probability of thermionically emitting an electron of energy F along an angle 6 at a surface
position with temperature T

2. Three-photon photoemission

The three-photon photoemission is calculated using the well-known Fowler-Dubridge model, according to
which the emission probability is given by [10]

e \3 3hw — e
P3ppe(T) = azA (a> I3 T*F (kBT> ) (S8)

where A = 120 A/cm?K? is the Richardson constant, e > 0 is the electron charge, w is the pump frequency,
Lps is the absorbed power density, T is the local surface temperature, F(z) is the Fowler function [10], and
a3 represents the likelihood of the emission, which is a measured parameter that depends on the material
and pump characteristics. We set az ~ 0.5 x 1073% cm®/A3 as a suitable value for this parameter to explain
our experiments. This is one order of magnitude lower than previously reported estimates for three-photon
photoemission in copper [11, 12], which could be explained by saturation in the emission due to the high pump
fluences used in this work. A saturation effect on the photoemission current has been reported before in tungsten
samples under strong fluence illumination (= 10 mJ/cm?), which has been attributed to charge saturation from
space-charge accumulation outside the metal [13] Also, the presence of an oxide layer on the outer copper surface
could contribute to this reduction of az. Additionally, this parameter may be regarded as a way to include an
effective correction to the calculated values of the temperature and potential barrier height.

C. Charge dynamics

Using the functions in Eq. (S7) and (S8) together with the data from Fig. Sle,f, one can simulate the density
of electrons p.(R,t) photoemitted from the surface of the copper bar as a function of time, normalized per unit
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length along the extension of the bar. Importantly, the emission of electrons leaves an unbalance of charges inside
the copper, effectively resulting in the generation of a positive surface image charge density oy along the side
length of the copper bar, which depends on the distribution of electrons on the outside. This redistribution of
conduction electrons inside the metal rapidly follows the emitted electron dynamics, driven by internal screening
that takes a time of the order of the plasmon optical period (a few fs) to be established. In our simulations,
we calculate the surface density of these image screening charges by treating the metal as a perfect conductor
at constant potential in the presence of the emitted electrons, imposing total charge neutrality, and using a
boundary-element-method approach.

Numerically, the henceforth described electronic emission is implemented by discretizing both the time and the
copper surface position (here multiplexed by the label j), and, at each time step, calculating the corresponding
electronic emission probability P; (using Egs. (S7) and (S8)) as well as the average velocity v; associated with
electrons produced by each of the two processes described above. For simplicity, we assume that the emitted
electrons are ejected primarily along the perpendicular direction with respect to the metallic surface. While
we loosely refer to the emitted particles as electrons, in this model they rather correspond to effective electron
ensembles with charge ¢; = —eP; and mass m; = meF;.

Next, after each new time step dt, we calculate the Coulomb force f; exerted at each emitted electron j by
the remaining electrons and surface charges, and evolve its position and velocity accordingly, that is,

I'j (t -+ (;t) = I‘j (t) + Vj (t)ét, (Sg)
vi(t+ 6t) = v;(t) + a, ()6t (S10)

where a; = f;/m;. The reabsorption probability by the surface is modeled by introducing a probability R =
1—-T(EL) <1 (see Eq. (S6)) that reduces the fraction of electrons reflected upon collision with the surface;
electrons that are not absorbed are taken to be specularly reflected and their effective weight is renormalized
as Pj(t + (5t) == RPj(t)

In Fig. S2a, we show the behavior of the total number of emitted charges and free space charges as a function
of time, the latter is characterized by a strong increase right after the pump pulse, and a slow decrease over
a few ps due to the progressive electron reabsorption by the surface. This behavior is clear when analyzing
Fig. S2¢, which shows several snapshots of the spatial distribution of emitted and surface charge densities as
a function of time. Figure S2B shows the distribution of surface charge density along the copper surface for
a selected time instant, and it is characterized by a strong accumulation over the surfaces facing directly the
pump incidence (see Fig. Sla).

D. Energy variation of the probe electron

We now consider the process of probing the system by means of an e-beam electron moving at velocity v,
as indicated by the green arrow in Fig. Sla. Taking the nearest point to the copper bar along the electron
trajectory as rg, we describe the trajectory of the electron as rq(t) = ro + ve(t + 7), where 7 is the delay of the
probe electron with respect to the laser pump.

The energy variation of the probe electron along its trajectory is given by

AE = fe/dre cE(re,t) = —eve - /OO dtElre(t),t] = /OO dtT'(t), (S11)

— 00 — 00

where we define T'(t) as the rate of electron energy variation. Ignoring the effect of the currents produced by
the photoemitted electrons (due to their very low drift velocity), this electric field is produced by both the
photoemitted electrons, &, and the screening surface charges, &,, which give rise to two different contributions
for the electron energy variation rate, I'c(t) and T',(¢), respectively. More precisely,

ve - (re(t) - R)

Fe(t):2e2/d2Rpe(R,tr) P OEERE (S12)
! Ve - (re(t) — rs
Tw(t) :72L62/0 dsgs(&tr)ire((t)(t—)rSQ)’ (S13)

where R denotes the coordinates of the emitted electrons, r, stands for the coordinates of the point along the
surface corresponding to the parameter s, p, and os are the density of photoemitted electrons and screening
surface charges, respectively (see Fig. S2¢), L is the perimeter of the copper bar cross section, and ¢, is the
retarded time defined as t — |ro(t) — R|/c and ¢ — |ro(t) — rg|/c respectively. In order to account for the electron
wave packet time duration At, ~ 600 fs, we correct Eqs. (S12) and (S13) by performing a convolution with a
normalized Gaussian function G(t' —t) centered at ¢ with FWHM At, and adjusting the position of the electron
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FIG. S2: Plasma charge dynamics. a, Dynamics of the integrated density of emitted charges in free space
(solid curves) and total charges (i.e., accumulated emission, dashed curves) for two fluence values (126 and
189 mJ/cm?) as a function of delay defined with respect to the center of the pump laser pulse. b, Spatial
distribution along the surface of the image charge density (at the time instant when the integrated density is
maximum), for the same fluences as in (a). The dashed vertical lines correspond to the parameterized position
of the bar corners. ¢, Snapshots at selected delay instants (see labels) of the thermally emitted electron
distribution p., and associated surface density distribution o4 along the bar surface.
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FIG. S3: Energy variation of the probe electron. a, Electric field at the frame of the probe electron
along its trajectory as a function of position along the trajectory (vertical axis, with 0 representing the point
closest to the copper bar) and delay between the e-beam and pump-laser pulses. The electric field is chosen to
be positive if it points in the same direction as the electron velocity. b, Analogous to panel a, but showing the
electron energy variation along its motion. ¢, d Fourier transform of the temporal profile of the electric field
for impact parameters of 10 pm and 0.1 pum (see labels). All the results are calculated for an incident fluence
of 189 mJ/cm?. a and b are calculated for an impact parameter of 10 ym.

accordingly, ie., replacing I'(¢) in Eq. (S11) by

rav (1) = / dt' Gt = D). s - (S14)

— 00

where G(t) = (2/At,)\/log(2)/me410s()*/AtZ The broadening of the spectrum of the energy variation seen
in Fig. 2g of the main text is calculated by sweeping all values of At =t' —t and assigning to each value of the
energy variation given by AE = [* dt L(t)]y, (#)—re (t+at) @ corresponding weight G((At) (analogously to the
number of counts in the experiment).

A graphical representation of the net electric field acting on the probe electron along its trajectory is presented
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in Fig. 2b in the main text and Fig. S3a below, for two different impact parameters (0.1 and 10 pm, respectively).
The resulting accumulated energy variation is shown in Fig. 2f and Fig. S3b, respectively. These panels show
that, for both impact parameters, if the delay between the electron and the pulse is 2 0.5 ps, the probe electron
experiences in a first instance a significant deceleration as it approaches the emitted electron cloud (red region
in Fig. 2b and Fig. S3a), and a subsequent acceleration after it crosses the cloud (blue region in the same
panels). If the delay is large enough, the deceleration and acceleration compensate each other, resulting in
a negligible energy variation (see Fig. 2f and Fig. S3f for large position values). In contrast, if the delay is
small enough (< 0.5 ps), the deceleration of the probe electron is suppressed because it passes by the cloud
region before there is a significant number of emitted cloud electrons, resulting in a large net energy gain, as
observed in the experiments (corresponding to the bright red region in Fig. 2f and Fig. S3b). The electric
field and energy variation dynamics described above can be observed in Movie S1, where probe electrons for
different time delays and impact parameters are overlaid with the spatiotemporal plasma evolution. In the right
panel, their instantaneous electric field and energy variation are plotted as a function of the position along the
trajectory, for each time instant.

In Fig. S3c,d, we show the spectral profile of the electric field experienced by the probe electron for two
values of the impact parameter (0.1 and 10 pm, respectively), obtained by taking the Fourier transform of the
temporal profile of the field presented in Fig. 2b and Fig. S3a as a function of time delay, that is,

E(w) = [ T At Elra(t), e, (S15)

For delays 2 0.5 ps, the electric field exhibits a clear peak centered around 5 THz for both impact parameters.
In contrast, for delays < 0.5 ps, the peak frequency is lower because, in such case, the electron only undergoes
acceleration, and therefore, the field variation is milder.
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FIG. S4: Ultrafast e-beam interactions in CDEM under 126 mJ/cm? laser pulse. a, Simulated
electric field experienced by the e-beam as a function of delay and position along the trajectory (z =0
corresponding to the e-beam leveled with the tip of the metal corner in Fig. 1) for an e-beam—surface

separation of 100 nm. The inset shows the Fourier-transformed electric-field amplitude at a delay of 1 ps

(white dashed line), peaking at 6 THz. b, Transmitted electron spectra as a function of laser-e-beam delay for
100-nm e-beam-surface separation. ¢, Profiles extracted from c at selected delays (see labels). d, Variation of
the average e-beam energy and spectrum variance as a function of delay. e, Variation of the average e-beam

energy for different fluences. f, Calculated modification of e-beam energy AFE(z) as a function of both electron

position z and delay between optical and electron pulses as it experiences the effect of the electric field &,
plotted in b. g, h, i Numerical simulations based on microscopic theory corresponding to the conditions in b,
¢, and d respectively. j Fluence dependence of the maximum average e-beam energy from experiments (blue
square) and simulations (yellow triangles).
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MOVIE S1: Time evolution of the electron energy variation Left: spatiotemporal evolution of the
plasma density (in logarithmic scale), and real-time trajectory of probe electrons with varying impact
parameter (1.0 and 10.0 pm, respectively represented by cyan and pink) and time delay (0.5 and 2.0 ps). The
perimeter of the copper bar is marked by the dashed yellow curve. The extension of the probe electrons along
their trajectory is due to the pulse duration (600 fs FWHM). Right: instantaneous electric field £ along the
trajectory (top) and corresponding energy variation AE until that instant (bottom), for the electron
trajectories presented on the left panel (0.5 and 2.0 ps delay times respectively represented by solid and
dashed curves). In each moment, the time instant is indicated, with ¢ = 0 corresponding to the instant when
the pump pulse peak impinges on the copper bar. All data is for an incident fluence of 189 mJ/cm?.
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