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ABSTRACT

We investigate the ultrafast electron dynamics triggered by terahertz and optical pulses in thin platinum and gold films by probing their
transient optical reflectivity. The response of the platinum film to an intense terahertz pulse is similar to the optically induced one and can be
described by a two-temperature model with a 20% larger electron-phonon coupling for the terahertz-driven dynamics compared to the opti-
cally induced one, ascribed to an additional nonthermal electron-phonon coupling contribution. Surprisingly, gold films exhibit a much
smaller terahertz pulse-induced reflectivity change and with a sign opposite to the optical case. We explain this remarkable observation with
field emission of electrons due to Fowler-Nordheim tunneling, enabled in samples with thicknesses below the structural percolation thresh-
old, where nanostructuring promotes near-field enhancement. Our results provide a fundamental insight into the ultrafast processes relevant
to modern electro- and magneto-optical applications.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0068086

The advent of intense single-cycle terahertz (THz) radiation sour-
ces has opened new avenues for the exploration of the light-matter
interaction with accessible electric fields of the order of MV/cm at
photon energies in the meV range. With the emergence of these sour-
ces, it is now possible to study the THz-driven ultrafast dynamics of
coupled degrees of freedom in condensed matter systems.' ~ Efforts
under way are aiming, using near-field enhancement in metamateri-
als,” to reach local electric field strengths of the order of 100 MV/cm
(1V/A), comparable to that of the interatomic fields. Metals provide
an excellent medium to investigate THz-induced coupled many-body
dynamics, thanks to the presence of multiple degrees of freedom able
to interact with THz radiation, including free electrons, phonons, and
magnons in magnetic materials. A variety of THz-driven physical pro-
cesses ranging from ultrafast demagnetization in magnetic thin films’
to field emission in nanotips have been recently reported in the litera-
ture,” which were earlier observed only in the optical regime.”'’
Hence, one can now perform ultrafast studies with electromagnetic
pulses with comparable intensity but in two regions of the electromag-
netic spectrum that differ in frequency by three orders of magnitude.

This is expected to provide unprecedented insight into the fundamen-
tal understanding of the light-matter interaction.' "'

Optically induced ultrafast dynamics in metals is usually dis-
cussed using a phenomenological two-temperature model (2TM)."”
This model is, in principle, applicable to dynamics driven by THz radi-
ation as well, since it does not rely on the specific mechanism of excita-
tion but only on the total energy deposited by radiation into the
material. According to the 2TM, ultrafast pulses directly excite ener-
getic electrons, which, within tens of femtoseconds, thermalize via
electron—electron collisions to a Fermi-Dirac distribution at a higher
temperature. Only at later times (hundreds of femtoseconds), they
thermalize with the lattice. However, time-resolved photoemission
spectroscopy measurements have shown that the 2TM assumption of
distinct time scales is not always valid, and the nonequilibrium elec-
tron population can exist for up to 1 ps in materials such as gold.'*"”
No data exist for the case of THz-driven excitations. Even more
fundamental approaches, such as the one offered by the Fermi liquid
theory, which correctly describe eV excitations with the characteristic
77! ~ (E — E)® dependence, break down when the photon energy is
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FIG. 1. (a) Geometry of the experimental setup to measure the transient reflectivity.
The plane of incidence is marked in blue. (b) Autocorrelator trace of the 800 nm
pump intensity. (c) Temporal profile of the electric field of the THz pulse. The sym-
bols in panels (b) and (c) are the measured data. The solid line in panel (b) is the
best fit obtained with a Gaussian function, and the line in panel (c) is a guide to the
eye.
lowered toward the meV range.'”"” In fact, in this energy range, more
correct models of ultrafast electron dynamics must also include a tem-
perature dependent term, which prevents an indefinite slowdown of
the relaxation with lowering photon energy.'®

In this Letter, we compare the dynamics induced by THz and
near-infrared radiation in 10-nm-thick platinum and gold films, two
metals that are neighbors in the periodic table with very different band
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structures. Both materials are of broad current interest in condensed
matter physics.'” ' Platinum is widely used in magnetic and
magneto-optical experiments and is a key material in spintronics due
to its large spin-orbit coupling. Gold is essential in plasmonics and for
the fabrication of metamaterials, thanks to its low Ohmic losses.”> *
By performing time-resolved reflectivity measurements using 800 nm
probe pulses and by simulating the dynamics using a 2TM, we gain a
detailed understanding of the dynamics at play, which we expect to be
relevant for other metals with similar electronic configuration.

The 800nm pump-probe experiments are performed with the
pump derived from the fundamental of an amplified Ti:sapphire laser
with the geometry sketched in Fig. 1(a). The temporal profile of the
pump pulse intensity measured using an autocorrelator is shown in
Fig. 1(b). The THz pump-optical probe experiments are conducted
with the THz field with a peak amplitude of approximately 1 MV/cm,
as shown in Fig. 1(c), where the electro-optical sampling signal of a
50 um thick GaP crystal is shown.” The incident fluence is around 2.5
mJ/cm? for both THz and 800 nm pumps. The change in reflectivity of
the 800 nm probe is measured using a silicon photo-detector. Further
details of the setup are given in the supplementary material.

Figures 2(a) and 2(b) show the transient reflectivity in platinum
and, respectively, gold. For both materials, the reflectivity change
caused by the THz (800 nm) pump is shown by gray (orange) symbols.
The continuous lines in Figs. 2(c) and 2(d) show the 2TM simulation
results. The calculated absorbance of both pumps as a function of the
sample depth is given in the insets. Both calculations are based on the
transfer matrix method, implemented using the open-source simula-
tion package NTMpy.”* The material parameters and other simulation
details are provided in the supplementary material.

We first discuss the results for platinum in Fig. 2(a). The tran-
sient reflectivity shows a qualitatively similar response for both THz
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TABLE . Electron—phonon coupling G extracted from the data in Fig. 2 using 2TM simulation and the corresponding values from the literature. In Ref. 27, the pump wavelength
used was 400 nm, and in Ref. 28, it was in the range 780-880 nm, while Refs. 29 and 30 are theoretical works where a wavelength-independent G is computed.

Gru, (W/m® K)

Ggoo (W/m® K) G " (W/m® K)

Platinum

(11.2 £0.1) x 10
Gold

(9.3£0.1) x 10"
(22 +0.1) x 10'°

(2.5-11) x 107
(2.1 £0.3) x 10*°

pump and 800 nm pump with a maximum relative change reaching
approximately 0.1% after less than 1 ps. After that, the reflectivity rap-
idly relaxes to 0.05% after a couple of picoseconds, followed by a slow
recovery toward equilibrium at much longer times. The absorbed flu-
ence is similar for the two different pump energies, and it leads to a
maximum temperature change of approximately 250 K according to
2TM simulations. These simulations capture the time dependent opti-
cal response, allowing us to extract the electron-phonon coupling G
for the two cases, as shown in the first row of Table I. The electro-
n-phonon coupling extracted for the THz-induced dynamics GhY, is
about 20% larger than the one for optical frequencies G&Y,. This is a
relevant finding, since G is usually assumed to be independent of the
pump wavelength in the optical region.

Moving to the gold response in Fig. 2(b), we note that for the
800 nm pump, the initial transient decrease in reflectivity also occurs
within less than 1 ps and reaches a similar maximum relative variation
of 0.1% comparable to the response of platinum. The subsequent
recovery toward equilibrium is, on the other hand, much slower than
for platinum; the electron-phonon coupling extracted from these data
using 2TM simulations is indeed 50 times smaller. The same model
returns a maximum temperature increase of approximately 450 K.
Aside from these quantitative differences, the transient reflectivity
with the 800 nm pump is qualitatively similar for the two metals. On
the contrary, the reflectivity change in gold driven by the THz pump,
shown by the gray symbols, is much different: it is more than an order
of magnitude smaller in amplitude, and opposite in sign, ie., it is a
positive variation rather than a negative one. Before going into a
detailed explanation, we point out that the size of the effect is not a
trivial effect due to a smaller pump absorption. The inset of Fig. 2(b)
shows, in fact, that the expected absorbance of THz radiation would
be even slightly larger for THz than that for the 800 nm light. Hence, a
different mechanism must be in place when intense THz fields are

used, and which, crucially, also needs to explain the increase in the
transient reflectivity.

To gain insight into all the data presented so far, we plot in
Figs. 3(a) and 3(b) the electronic and the phonon density of states
(DOS) for the two materials. The orange and gray shadings, respec-
tively, represent the initial bandwidth of the nonthermal electrons
excited by the 800 nm pump and the THz pump. The 800 nm pump
excites electrons up to 1.55eV away from the Fermi level, whereas the
THz pump up to a maximum of 30 meV. It is known that electron
scattering occurring in proximity of the Fermi level contributes the
most to the electron-phonon coupling,”** For the 800 nm excitation,
the majority of the nonthermal electrons are far from the Fermi level,
so the contribution of electron-phonon coupling to their relaxation is
initially negligible and becomes effective only after they thermalize."”

First, we apply these general observations to the case of platinum,
where the two excitations give rise to similar dynamics. The material
has a comparatively large number of available electronic states with
localized d character around the Fermi level. This electronic configura-
tion leads to a relatively large density of excited electrons, which, in
turn, enhances the scattering with phonons for both 800 nm and THz
induced dynamics. For the case of terahertz fields, the characteristic
energy of the excited electrons is lower than for the 800 nm one,
requiring fewer electron—electron scattering events to thermalize to the
Fermi energy. Consequently, the contribution of electron-phonon
scattering is larger,”'” explaining the observed G5, > Ght,.

For the case of gold, the situation is remarkably different. The
phonon DOS is similar to that of platinum. However, the electronic
DOS is substantially different. In particular, the density of states within
about 1 eV from the Fermi level is dominated by itinerant s-states with
a negligible contribution from the localized d-states and, importantly,
a much reduced density of available states. These two facts result in a
much weaker electron-phonon coupling, consistent with the observed
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Git < G, (see Table T). However, this observation by itself does not
provide an explanation for neither the much weaker THz-induced
reflectivity change nor its opposite sign compared to the 800nm
pump, which is the most striking result in Fig. 2 and in clear contrast
with the 2TM calculations. We note, in particular, that for thermalized
electrons, a THz-induced increase in the transient reflectivity would
imply a decrease in temperature in an apparent violation of the conser-
vation of energy. 2TM simulations predict for gold a comparable
electronic temperature change for both optical and THz pumps [Fig.
2(b)], confirming the breakdown of the model, and suggesting that a
mechanism other than thermalization must also be at play.

We argue that our observations relate to the emission from the
gold film of electrons accelerated by the strong THz electric field.
Qualitatively, this mechanism is understood assuming that the THz
field tilts the potential barrier, in turn enabling electron tunneling into
the vacuum without sample heating. Electron emission has already
been observed in nano-tips and metallic metasurfaces made of gold,
tungsten, and other materials,”*”*° where the near-field enhancement
helps reaching the threshold of emission. More recently, THz-driven
electron emission was observed from a gold surface using a peak elec-
tric field as low as 50 kV/cm without any local enhancement, although
the thickness and other characteristics of the sample were not
reported.”””” The observation of field emission in ultrathin gold films
deposited on a solid substrate is, however, still missing, a geometry
that is the most relevant for many applications. Field-induced electron
emission is explained by the Fowler-Nordheim model of quantum
mechanical tunneling.”” The probability of field emission for THz elec-
tric fields of frequency fand peak amplitude Eyyy, is related to the value
of Keldysh parameter '’ y, = 27f/2m¢p [ eEry,, where ¢, m, and e are
the work function, the mass, and the charge of the electron, respec-
tively. Field emission is dominant for y, < 1, whereas photoionization
dominates for y;, > 1. For our experimental parameters and ¢ = 5.2
eV, 7, = 1.2. When y; =~ 1, the dominant physical effect is less obvi-
ous. Uiberacker and coworkers' have reported field emission for a
value of Keldysh parameter as high as three.

To further test our hypothesis, in Fig. 4 we zoom in on the initial
transient response to the THz field of the evaporated gold film described
thus far, together with the response of a sputtered gold film. By overlay-
ing the square of the measured THz electric field Etyy, on the evaporated
gold data, it is clear that the time profile of the initial transient reflectiv-
ity goes as E3y,. Since the Fowler-Nordheim tunneling current is also
proportional to E2,; . this further supports the argument that the THz
induced transient reflectivity in evaporated gold is dominated by elec-
tron field emission. The sign of the effect, i.e., the transient increase in
the reflectivity in the first 500 fs, is expected when the plasma frequency
decreases. This is, in turn, compatible with a Drude-Lorentz picture
when the electron density reduces, as it would be the case when electron
field emission occurs. The rather laborious algebraic derivation is pre-
sented in the supplementary material.

In addition, we also observe a rectification behavior, modeled
with a Gaussian-like shape mimicking the terahertz field carrier enve-
lope. Such behavior flips its sign when we change the polarization of
the THz pump pulse by 180°, as shown in the inset of Fig. 4. This rec-
tification effect is thought as the net normal component of the THz
electric field arising due to the slight asymmetry of the film interfaces
(air/gold and gold/substrate). The subsequent decrease in reflectivity
at later times is understood as the thermalization of electrons with the
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FIG. 4. Symbols: Experimental transient reflectivity of gold in the first 2 ps excited
by the terahertz field Eqy,. Gray solid line: E%Hz, with Ery, measured independently
using electro-optic sampling in a GaP crystal. Blue solid line: THz field rectification
modeled as a scaled Gaussian envelope of Ery,. Green solid line: fit of the data
including adding up E2,,, rectification signal, and an exponential recovery. Inset:
same as the main panel but with the THz pump field polarity reversed by 180°.
Images: AFM scans of the evaporated (top) and sputtered (bottom) gold films. The
scale bar is 500 nm for both films.

lattice, observed in all other samples as well. However, the effect is
now significantly reduced, since most of the energy from radiation has
already been transferred into kinetic energy of the emitted electrons
that have left the sample. A good fit to the data is obtained when the
three effects: electron field emission, rectification, and thermalization
are considered. Crucially, we notice that all these effects are gone, and
the conventional 2TM behavior is recovered in the sputtered film,
where we also find a 30% larger G value as compared to 800 nm radia-
tion, similarly to what observed in the case of platinum.

The 2TM-like behavior in the sputtered gold film with much
lower roughness than the evaporated one, clearly shown by the atomic
force microscopy (AFM) images in Fig. 4, suggests that the micro-
scopic structure of the gold film plays a key role. It has been reported
that nm-scale inhomogeneity in metals leads to near-field enhance-
ment of electric fields"*"” and that metamaterials comprising nm gaps
work effectively in enhancing THz fields.”* A larger local THz electric
field lowers 7y further into the field emission regime. We stress that
selfnanostructuring is a well-known property of thin gold films below
a critical thickness of the order of 10 nm, not a sign of lower quality
samples. The films are homogeneous at spatial scales comparable with
the wavelength of visible and terahertz light. In fact, the transient
reflectivity induced by 800 nm light in Fig. 2(b) shows the expected
response for gold. We show in the supplementary material that a
thicker gold film (50 nm, above the percolation threshold) deposited
by evaporation shows no measurable field emission nor negative tran-
sient reflectivity.

Appl. Phys. Lett. 120, 021601 (2022); doi: 10.1063/5.0068086
© Author(s) 2022

120, 021601-4


https://www.scitation.org/doi/suppl/10.1063/5.0068086
https://www.scitation.org/doi/suppl/10.1063/5.0068086
https://scitation.org/journal/apl

Applied Physics Letters

Finally, the field emission probability decreases also with the
character of the accelerated electrons. Theoretically, the tunneling
probability for d-electrons is approximately three orders of magnitude
lower than that of s-electron with the same energy.”” This is due to the
larger scattering cross section of d-electrons, which prevents them
from being accelerated at large enough energies, and instead to first
scatter and thermalize with the lattice. Pt has a relatively large density
of d-states around the Fermi level, as shown in Fig. 3(a), and hence,
electron field emission is expected to be much reduced in this material,
even in the presence of nanostructuring.

In summary, we studied the THz and 800 nm induced electron
and lattice dynamics in gold and platinum thin films measuring their
transient optical reflectivity. Platinum showed a comparable response
to both THz and optical pumps with 2TM simulations returning a
20% larger electron-phonon coupling G, when the material is excited
by terahertz fields rather than with optical ones. We explain this evi-
dence introducing an additional coupling channel only available when
nonthermal electrons are excited close to the Fermi level. Hence, the
common assumption of wavelength-independent G is not correct
when pump wavelengths differing by orders of magnitude are consid-
ered. In gold, we found that the 2TM breaks down when nanostruc-
tured films are excited with intense terahertz fields. We propose that
electronic field emission within the Fowler-Nordheim model can
explain the experimental observations. We anticipate that our results
will be highly relevant for many ultrafast experiments in magnetism
and optics, where platinum, gold, or any metallic thin films with simi-
lar properties are incorporated as a part of heterostructures or in
metamaterials.

See the supplementary material for (i) pump-probe setup details,
(ii) two-temperature model simulations, (iii) sample characterization
using THz time-domain spectroscopy, (iv) derivation of the relation-
ship between transient optical reflectivity and material properties, (v)
THz transient reflectivity in 50 nm films, and (vi) atomic force micros-
copy measurements.
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