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Abstract. We study carrier-envelope-phase-sensitive (CEP-sensitive)
photoemission from plasmonic nanoantennas excited with laser pulses of
varying incident optical intensities. The CEP-sensitive current exhibits
antiresonant-like features that we attribute to competing sub-optical-cycle
bursts of photoelectrons.

It has recently been shown that the electric field of ultrafast optical pulses can control
electrical currents around nanoscale vacuum electronic structures at frequencies exceeding
100 THz [1-4]. Such extreme electrical control requires optical-field emission, i.e. the
emission of sub-optical-cycle bursts of electrons via optical-field-driven tunneling. A
hallmark of optical-field emission is sensitivity of the total emitted current to the carrierenvelope phase (CEP) of the driving optical pulse. Such CEP-sensitive photocurrent has
been observed in the emitted electron spectra from isolated nano-tips [1,2], and more recently
in total current yields from nanoscale structures [2-4]. Here, we present a study of opticalfield-controlled, CEP-sensitive photoemission from nanoantennas performed under varying
optical intensity. We observed antiresonant-like behavior in the photocurrent’s CEP
response where at a critical intensity the CEP-sensitive photocurrent exhibited a significant
dip in magnitude as well as a dramatic 180∘ shift in phase. Using a quasi-static tunneling
model, we attribute this behavior to competition between sub-optical-cycle bursts of charge.
Our experimental approach followed earlier work [4] and is illustrated in Fig. 1a.
Arrays of gold nanotriangles were fabricated onto a transparent and conducting indium tin
oxide (ITO) film on a sapphire substrate. An ITO collector electrode was located across a
≈ 5 μm gap from the nanotriangle emitter array; micrographs are provided in Fig. 1b. The
nanotriangles were illuminated with tightly-focused (≈ 5 μm beam diameter) few-cycle laser
pulses (≈ 10 fs duration at a center wavelength of 1177 nm corresponding to
≈ 2.5 cycles). When excited by few-cycle laser pulses, the nanotriangles’ localized surface
plasmon resonance (LSPR) and sharp features result in enhanced local optical fields. Our
measurements indicate a field enhancement of ≈ 32, which agrees well with prior work under
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identical illumination conditions [4]. With incident pulse energies ranging between
50-160 pJ, we have enhanced peak fields of 18-32 V/nm (i.e. Keldysh parameters of
0.67-0.38). Such strong-fields lead to large photoemission currents (tens of nA).
Additionally, with such high fields the photoemission occurs in the strong-field regime where
the emission process resembles quasi-static optical tunneling, and the emitted current
becomes CEP-sensitive.

Fig. 1: a. Experimental setup. Few-cycle laser pulses of tunable pulse energy and peak field produce
photoemission currents from gold nanotriangles, and these currents are pulled from an emitter electrode
to a collector (emitter and collector currents are labeled 𝐼 and 𝐼 respectively). b. Optical and electron
microscope images of a nanotriangle emitter array. c. Measured CEP-sensitive current (𝐼CEP ) versus the
incident pulse energy. In the bottom panel, the relative phase of 𝐼CEP and the 𝑓CEO reference is displayed.
Simulated 𝐼CEP values (blue, dashed line) calculated using a quasi-static tunneling model show
remarkable agreement to the experimental data.

We stabilized the CEP of our few-cycle laser source by locking the carrier-envelope offset
frequency, 𝑓CEO , to a stable 100 Hz reference. We measured the CEP-sensitive component
of the emission current, i.e. the component of the current at 𝑓CEO , via lock-in detection in a
125 mHz bandwidth. In the top panel of Fig. 1c, the CEP-sensitive current, denoted 𝐼CEP , is
displayed versus driving pulse energy; in the bottom panel the phase of 𝐼CEP relative to the
𝑓CEO reference is also plotted. We see that 𝐼CEP displays antiresonant-like behavior: near
100 pJ pulse energies the magnitude of 𝐼CEP abruptly dips, and the phase of 𝐼CEP swings by
≈ 180∘ . To understand the origins of this behavior, we used a quasi-static tunneling model.
We started with cos2-shaped model pulses (10 fs duration and 1177 nm center wavelength)
and then filtered these pulses with the experimentally-characterized transfer function of the
plasmonic nanoantennas (the particles were modeled as resonators). Next, we calculated the
quasi-static Fowler-Nordheim (FN) tunneling currents driven by these filtered pulses with
varying CEP’s. After integrating the current over each pulse in both space and time, we then
calculated total emitted charge versus CEP and estimated 𝐼CEP . We repeated this process for
pulses of varying energy to build a simple model of our experiment. The model results are
plotted in Fig. 1c (blue, dashed curve) and show excellent agreement with the experimental
data.
To provide further insight into the antiresonant-like behavior, we removed the plasmonic
filtering from our quasi-static model and repeated 𝐼CEP calculations using a 10 fs duration
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cos2 pulse centered at 1177 nm (see waveforms in Fig. 2a). In Fig. 2a, the current profiles
from our quasi-static model are shown for two possible CEP phases, 𝜑CEP = 0 and 𝜑CEP =
𝜋 (red and blue curves respectively). For analysis purposes, half-cycle regions are highlighted
(red and blue regions). Note that the even half-cycles (red regions) exhibit peak yield at or
near 𝜑CEP = 0, and the odd half-cycles (blue regions) at or near 𝜑CEP = 𝜋. The magnitude
and phase of the calculated 𝐼CEP is plotted in Fig. 2b as a function of peak optical intensity at
the emitter surface. We found that the cause of the antiresonant-like feature in 𝐼CEP shown
in Fig. 2b is a transition from the photoemission being dominated by odd half-cycle
contributions to being dominated by even half-cycle contributions. This is evidenced in the
response of total charge yield as a function of 𝜑CEP before and after the dip in 𝐼CEP . For
example, at a peak intensity of 50 TW/cm charge emission, 𝑄, peaks at 𝜑CEP = ±𝜋 (blue
dot and top inset in Fig. 2b), and at 125 TW/cm it peaks at 𝜑CEP = 0 (red dot and bottom
inset in Fig. 2b). At a critical intensity near 80 TW/cm , the even half-cycle contributions
match those of the odd half-cycles, resulting in a sharp decrease in 𝐼CEP as the two are
separated in phase by 180∘ . As the critical intensity point represents the switch between even
and odd half-cycle dominance, the phase of 𝐼CEP also experiences a sudden 180∘ swing at
this point (right panel of Fig. 2b).

Fig. 2: a. Fowler-Nordheim tunneling emission (red and blue curves) from a cos2-shaped model pulse
(black curve) with 𝜑CEP = 0 (left panel) and 𝜑CEP = 𝜋 (right panel). Even half-cycles are shaded red,
and odd blue. Note that here we define 𝜑CEP = 0 to correspond to a negative peak field. b. The CEPsensitive current (left) and relative phase (right) for a cos2-shaped model pulse with 10 fs duration
exciting a gold surface (with work function 5.1 eV). The insets show the normalized charge (𝑄) emitted
for varying CEPs at two different intensities: 50 TW/cm and 125 TW/cm .

In summary, we measured CEP-sensitive photoemission currents from plasmonic
nanoantennas driven by few-cycle laser pulses with optical pulse energies ranging between
50-160 pJ. We observed antiresonant-like behavior in the CEP-sensitive current and attribute
this behavior to competing emission from different optical half-cycles of the driving laser
pulses. While we observed this behavior in total current yields from nanostructured devices,
we emphasize that this antiresonant-like behavior in strong-field photoemission is general in
nature and should be observable using other systems, such as atoms or molecules.
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