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Abstract: Optical-based microwave electric field detection has emerged as a research hotspot due to its advantages of
high spatial resolution and immunity to electromagnetic interference. However, existing techniques are often limited by
their sensitivity or reliance on specialized fluorescent materials. Gold nanobipyramids (AuNBPs), serving as nanoprobes
with tip-enhancement effects and a well-defined three-level system, exhibit high sensitivity in their two-photon
photoluminescence (TPPL) process to phase perturbations and plasmon resonance changes induced by microwave fields.
By establishing a quantitative mapping model between microwave intensity and TPPL signal strength, we achieved an
absolute measurement of microwave field strength with a spatial resolution that breaks the 100-nanometer barrier. Through
comparative analysis of microwave responses under different pulse delays, we reveal that the microwave field primarily
modulates TPPL intensity by interfering with the coherent excitation pathway. The most significant response of TPPL

intensity to microwave power was observed near the zero-delay point, where the quantum coherence is strongest.
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1. Introduction

Microwave measurement technology, a cornerstone of the modern information society, plays an indispensable role
in high-speed communications, precision radar, Earth observation, and remote sensing "', Traditional microwave
detection primarily relies on electrical probes (e.g., dipole antennas, semiconductor probes) that measure field
strength via electromagnetic induction. However, limited by device size and electromagnetic coupling effects, the
spatial resolution of these methods is typically confined to the millimeter or even centimeter scale. This constraint
makes precise mapping and visualization of field distributions at micro- and nano-scales extremely challenging,
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severely hindering their application in frontier scenarios such as integrated circuit near-field analysis and biological
electromagnetic effect monitoring ¥

To overcome these limitations, optically read microwave electric field sensing techniques have been developed.
These methods leverage the nonlinear interaction between light and matter under a microwave field, converting
microwave signals into optical responses for measurement. They offer combined advantages of non-invasiveness,
high spatial resolution, and immunity to electromagnetic interference, making them an international research focus .
Existing optical approaches include polarization modulation based on electro-optic crystals, electromagnetically induced

B424and intensity detection based on fluorescent materials " ”. However, these

transparency based on Rydberg atoms,
methods face significant challenges: electro-optic crystals have limited sensitivity, atomic systems require complex
vacuum environments, and fluorescent probes are prone to photobleaching and rely on external labeling, complicating
their use in complex in-situ systems "*'". Therefore, there is a pressing need to develop a novel optical mechanism for
microwave field detection that combines high sensitivity, nano-scale spatial resolution, and label-free operation.

To overcome these limitations, optically read microwave electric field sensing techniques have been developed. These
methods leverage the nonlinear interaction between light and matter under a microwave field, converting microwave signals
into optical responses for measurement. They offer combined advantages of non-invasiveness, high spatial resolution, and
immunity to electromagnetic interference, making them an international research focus ™%, Existing optical approaches
include polarization modulation based on electro-optic crystals, electromagnetically induced transparency based on
Rydberg atoms, and intensity detection based on fluorescent materials " ”. However, these methods face significant
challenges: electro-optic crystals have limited sensitivity, atomic systems require complex vacuum environments, and
fluorescent probes are prone to photobleaching and rely on external labeling, complicating their use in complex in-situ
systems!"*'". Therefore, there is a pressing need to develop a novel optical mechanism for microwave field detection that
combines high sensitivity, nano-scale spatial resolution, and label-free operation.

2. Results and discussion

The presence of an intermediate state in the TPPL process of AuNBPs grants them excellent phase sensitivity and
nonlinear coherent enhancement effects under dual-pulse coherent excitation, as systematically studied in our prior
work "*'” The model is illustrated in Figure 1b. Experimentally, as shown in Figure 1a, Pulse 1 and Pulse 2, with
controlled delay and phase characteristics, excite the AuNBPs. The microwave signal is emitted from an antenna
connected to a microwave source, directed at the sample stage, with microwave-absorbing foam placed around to

prevent reflections that could alter microwave power.
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Figure 1. Schematic of the experimental setup and the DP-TPPL model for AuNBPs. (a) Experimental setup. Pulses with
controlled delay and phase excite AuNBPs; the TPPL signal is collected by an objective lens, filtered, and detected. DM:
Dichroic Mirror. (b) Coherent excitation DP-TPPL model for AuNBPs, illustrating the real intermediate state and the
coherence-dominated TPPL process. F1 and F2 represent the electric field vectors of the two pulses.
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We first verified that the microwave-affected photoluminescence from AuNBPs originates primarily from
TPPL, not second-harmonic generation (SHG). As shown in Figure 2, we compared the photoluminescence
spectra of AuNBPs excited by femtosecond lasers with different bandwidths: 800 nm, 15 fs (80 nm bandwidth)
and 1040 nm, 80 fs (10 nm bandwidth). Under 800 nm excitation at a very low pulse energy (< 0.625 pJ), the
signal is dominated by TPPL (Figure 2a). In contrast, 1040 nm excitation at a much higher pulse energy (100 pJ)
produces a prominent SHG signal (Figure 2b). For symmetric AuNBPs, the narrow-band 1040 nm laser requires
high energy, potentially causing deformation and breaking symmetry to generate SHG. The broadband 800 nm
laser provides efficient TPPL for microwave detection at ultralow pulse energies without damaging the particles.
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Figure 2. TPPL versus SHG in AuNBPs. (a) Spectrum under 800 nm, 15 fs excitation (0.625 pJ). (b) Spectrum under 1040
nm, 80 fs excitation (100 pJ).

Given their coherent response, we tested the microwave response of AuNBPs. Figure 3 shows that the TPPL
signal from AuNBPs (70 nm long axis, 20 nm short axis) responds mainly around 2.0 GHz at a fixed microwave

power of 10 dBm.
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Figure 3. Response of AuNBPs TPPL to microwave radiation at different frequencies (microwave power: 10 dBm).

A continuous frequency scan from 1.98 GHz to 2.06 GHz (Figure 4a) shows that the microwave field
attenuates the TPPL signal. Analysis of the intensity change Al (Figure 4b) reveals a characteristic peak that can
fit with a Gaussian lineshape (orange-red line), suggesting a direct relationship between the microwave response
and electron population.
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Figure 4. Response of AuNBPs TPPL to microwave frequencies in the 1.98-2.06 GHz range. (a) TPPL intensity vs.
frequency. (b) TPPL intensity change Al vs. frequency with Gaussian fit.

2.1. Mechanism of microwave response

The 2 GHz microwave photons possess negligible energy and cannot directly induce electronic transitions.
However, the oscillating electric field can perturb the relaxing non-equilibrium electron distribution created by
the femtosecond laser, altering the electron energy distribution or population, which in turn affects the radiative
recombination rate and modulates the luminescence intensity. Theoretically, after femtosecond excitation, the

electron system can be described by a Fermi-Dirac distribution with an elevated electron temperature 7:

JAE=0")=[1+exp((E-Ep)/(k,T.))] " (1)

Where 7, is on the order of hundreds of Kelvins and cools on a picosecond scale via electron-phonon
scattering.

The microwave field £, (f)=E,cos(w,,t) acts as a driving source, performing work on the electrons and
continuously perturbing their distribution. Within the relaxation time approximation, this process is understood via

a linearized Boltzmann equation:
06f /0t == 8f /T — eEpy(t) - v(0fo/0E) 2

Where 1 is the electron momentum relaxation time (~10-30 fs for gold).
This perturbation directly alters the hot electron population. The PL intensity Ipy (t) is proportional to the

product of the hot electron population 7,,(¢) and the radiative recombination rate /" d:

Ie () ¢ Toag * fi 4, D (E) - fe(E, t)dE 3)

The microwave-induced perturbation df to the distribution function thus directly modulates Ipy (t). Under
weak-field, low-frequency (wnw? < 1) conditions, the relative modulation depth can be estimated as
Alpy /Ipro % (|eEg|?Tt?) /(M kgT,) - Tefr/[1 + (0WmwTer)?]. This indicates that the modulation depth is
proportional to the microwave power (« |Eg|?) and is tightly linked to the characteristic temperature 7, and
effective lifetime 7.¢ (~hundreds of fs to ps) of the non-equilibrium electrons, explaining why this modulation is
observable only within the short temporal window following femtosecond laser excitation.

Based on this, we investigated the microwave power-dependent response. As shown in Figure 5, the TPPL
intensity of AuNBPs decreases gradually with increasing microwave power, following a Boltzmann function fit
with R* > 0.99.
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Figure 5. Power-dependent response of AuNBPs TPPL to 2.0 GHz microwave radiation. Blue dots: experimental data; red
line: Boltzmann function fit. Key fitting parameters xo and dx are indicated.

In Figure 5, A2 and A1l define the response range of the TPPL intensity. The parameters xo and dx are the
half-activation power and slope factor, respectively. Here, xo = 11.665 dBm, corresponding to an electric field
strength of approximately 0.849 V/m, which is lower than typical biological field strengths. A slope factor dx > 1
demonstrates the high sensitivity of AuNBPs for microwave measurement. The successful Boltzmann fit further
suggests that the microwave perturbation directly affects the electron population in the three-level system during
the TPPL process "'*. Our prior work confirmed that the DP-TPPL in AuNBPs, due to the intermediate state,
shows a sensitive phase response, allowing TPPL enhancement by two orders of magnitude via phase control 7.
Therefore, we studied the effect of microwave fields on TPPL intensity under different dual-pulse delays.

Green arrows in Figure 6 indicate the TPPL intensity with and without the microwave field at different
delays. Comparison shows that while single-pulse excitation involves the intermediate state, the microwave
influence time is limited (~15 fs pulse width), resulting in a small ratio al:a2 = 1.14. At longer delays (b, At = 83
fs), within the intermediate state lifetime, the microwave effect increases, yielding b1:b2 = 1.79. When the pulse
interval is further reduced to near zero delay (c), the microwave interaction time relative to case (b) is shorter, yet
the largest ratio c1:c2 = 1.90 is observed. This is because at zero delay, AuNBPs exhibit the strongest quantum
coherence under dual-pulse excitation, and this intermediate-state-dominated coherence is more susceptible to

microwave disruption, leading to a greater reduction in DP-TPPL ",
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Figure 6. Response of AuNBPs TPPL to 2.0 GHz microwave radiation at different time delays. al (a2): TPPL intensity
under single-pulse excitation without (with) microwave field (RF). b1, ¢l (b2, ¢2): DP-TPPL intensity at delays At = 83 fs
and At = 0 without (with) microwave field, respectively.
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3. Conclusion

This study developed a microwave electric field measurement method based on the dual-pulse two-photon
photoluminescence of gold nanobipyramids. Experimental results demonstrate that this method leverages the
plasmonic properties and three-level system of AuNBPs, enabling the detection of microwave fields via dual-
pulse femtosecond laser excitation. AuNBPs with dimensions of 70 nm x 20 nm showed a selective response
to a 2.0 GHz microwave frequency. The microwave electric field alters their plasmon resonance characteristics,
thereby affecting TPPL intensity. A quantitative relationship between microwave field strength and TPPL signal
was established via Boltzmann function fitting. Effective detection was achieved using 800 nm, 15-fs femtosecond
laser pulses at single-pulse energies below 0.625 pl, with a spatial resolution that reached the sub-100-nanometer
level. Compared to conventional methods, this approach is label-free and robust against interference. Experiments
with different pulse delays indicate that the microwave field primarily modulates the TPPL signal by affecting
intermediate-state population and the coherent excitation process, with the most significant response observed
near zero time delay. This work presents a novel detection tool for analyzing electromagnetic fields at micro- and
nanoscales.
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