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Background Story & Motivation

𝐴𝑀𝐸 =
2Real(𝑬∗ ∙ 𝑯)

𝑬 2 + 𝛿 𝑯 2
Magnetoelectric response,

Magnetoelectric Response at Plasmonic Vortex Core???

Dai et al., Nature 588, 
616 (2020)

Dai et al., Nature Reviews 
Physics 4, 562-564 (2022)

𝑬 ∝ ෝ𝒙 + 𝑖𝜎ෝ𝒚 𝑒𝑖𝑘𝑧 + ෝ𝒙 + 𝑖𝜎ෝ𝒚 𝑒−𝑖𝑘𝑧

𝑯 ∝ ෝ𝒚 − 𝑖𝜎ෝ𝒙 𝑒𝑖𝑘𝑧 − ෝ𝒚 − 𝑖𝜎ෝ𝒙 𝑒−𝑖𝑘𝑧

265 nm

1 nm = 𝟏𝟎−𝟗 m

1 fs = 𝟏𝟎−𝟏𝟓 s



Collective oscillations of free electron 

density generated by light-matter 

interaction.

Surface plasmon polaritons (SPPs): 
Collective charge density fluctuations that can 

be excited by external optical fields at metal-vacuum 

interface.

Evanescent 

electromagnetic waves

Electron density wave

SPP dispersion relation, 

𝒌𝑺𝑷𝑷 = 𝒌𝟎
𝜺𝟏𝜺𝟐
𝜺𝟏 + 𝜺𝟐

Magnetoelectric Response at Plasmonic Vortex Core
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Photoelectric effect, Source: Wikipedia

𝐄 = 𝒉𝝂 − 𝝓

• Non-linear, two or more photon 

photoemission (mPP) process.

• PEEM imaging signal,

𝑰𝑷𝑬𝑬𝑴~න
−∞

𝐭

(𝑷𝒕𝒐𝒕𝒂𝒍(𝒙, 𝒚, 𝝉
′))𝟐𝒏𝒅𝝉′ .

• λL=550 nm (2.25 eV), for Ag, n=2, 

2PP process.

How Do We Generate and Image Plasmonic Vortices?

Interferometric Time Resolved Photoemission Electron Microscopy (ITR-PEEM)
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𝜏

Ag

• Normally incident

• Left Circularly polarized (𝜎 = −1)  

• Pulse duration <20 fs

• λL=550 nm center wavelength.

Among noble metals, Ag holds a unique place because its 

interband absorption starts only in UV range giving a low loss 

in visible spectrum.

λSPP=530 nm

• 100 nm Ag film on n-type Si(111) substrate

• A square shaped coupling structure

• Focused ion beam (FIB) lithography

• Dimension 30λSPP

SEM image of nanofabricated sample

Experimental method: Interferometric time-resolved  photoemission electron 

microscopy (ITR-PEEM)
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Schematic of NOPA process



𝜏 𝜏 +0.2 fs 𝜏 +0.4 fs 𝜏 +0.6 fs

Femtosecond time resolved imaging of Plasmonic Vortices

𝜏

Ag

A pair of identical pump-

probe pulses with pulse 

delay τ

Interference of  SPP generated 

by the pump and the optical 

field of delayed probe

𝛌𝐒𝐏𝐏 𝛌𝐒𝐏𝐏 𝛌𝐒𝐏𝐏 𝛌𝐒𝐏𝐏

Raw ITR-

PEEM data 

Pixel wise Fourier processing of the raw ITR-PEEM data

Extracted  images  

𝛌𝐒𝐏𝐏 𝛌𝐒𝐏𝐏 𝛌𝐒𝐏𝐏 𝛌𝐒𝐏𝐏

𝝉 𝝉+0.2fs 𝝉+0.4fs 𝝉+0.6fs

SPP

𝟏. 𝟎𝟔 𝝁𝒎

Ghosh et al., Applied Physics Reviews 8, 
041413 (2021)



Analytical Model

𝐸𝑧 = 𝐸0෍

𝑛=1

𝑄

𝑒𝑖𝜑𝑛𝑒−𝑖𝑘𝑆𝑃𝑃 sin 𝜃𝑛 𝑥+cos 𝜃𝑛 𝑦
𝜃𝑛 = −

2𝜋𝑛

𝑄
, relative angle of 𝑘𝑆𝑃𝑃 to the y axis

𝜑𝑛 =
2𝜋𝑛𝜎

𝑄
, relative phase of the nth SPP wave 

𝑘𝑆𝑃𝑃, SPP wave vector 

𝝈 = −𝟏

𝐸𝑥 = 𝐸0෍

𝑛=1

𝑄

𝑖 sin 𝜃𝑛 𝑒𝑖𝜑𝑛𝑒−𝑖𝑘𝑆𝑃𝑃 sin 𝜃𝑛 𝑥+cos 𝜃𝑛 𝑦

𝐸𝑦 = 𝐸0 ෍

𝑛=1

𝑄

𝑖 cos 𝜃𝑛 𝑒𝑖𝜑𝑛𝑒−𝑖𝑘𝑆𝑃𝑃 sin 𝜃𝑛 𝑥+cos 𝜃𝑛 𝑦

𝐻𝑥 = 𝐸0෍

𝑛=1

𝑄

𝑘𝑆𝑃𝑃cos 𝜃𝑛 𝑒𝑖𝜑𝑛𝑒−𝑖𝑘𝑆𝑃𝑃 sin 𝜃𝑛 𝑥+cos 𝜃𝑛 𝑦

𝐻𝑦 = 𝐸0 ෍

𝑛=1

𝑄

−𝑘𝑆𝑃𝑃 sin 𝜃𝑛 𝑒𝑖𝜑𝑛𝑒−𝑖𝑘𝑆𝑃𝑃 sin 𝜃𝑛 𝑥+cos 𝜃𝑛 𝑦

𝐻𝑧 = 0

Maxwell’s Equations 𝝀𝑳 = 550 nm

𝝀𝑺𝑷𝑷 = 530 nm

Ag

SPP

x
yz

Ghosh et al., ACS Photonics 10, 13-
23 (2023)
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SPP phase: colormap showing

phase of the out-of-plane SPP 

electric field (𝐸𝑧), along with 

SPP Poynting vector (kSPP) 

distribution (arrows), 

Colormap: 𝑅𝑒 𝑬∗ ∙ 𝑯 ,
Black arrows: E fields

Green Arrows: H fields

(Anti) Parallel E and H fields at Plasmonic Vortex Cores

𝑹𝒆 𝑬∗ ∙ 𝑯 is constant over the pulse 

duration (~20 fs in this case)!

Ability to study 𝑬∗ ∙ 𝑯 in subwavelength 

spatial and suboptical cycle time scaleScale bars represent, 
𝝀𝑺𝑷𝑷

𝟐
= 265 nm
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SPP phase: colormap 

showing phase of the out-

of-plane SPP electric field 

(𝐸𝑧), along with SPP 

Poynting vector (kSPP) 

distribution (arrows), 

Colormap: 𝑅𝑒 𝑬∗ ∙ 𝑯 ,
Black arrows: E fields

Green Arrows: H fields
𝐴𝑀𝐸 =

2Real(𝑬∗ ∙ 𝑯)

𝑬 2 + 𝛿 𝑯 2

Height: 12.5

Full Width Half Maxima: 10.34 nm

Quantification of Magnetoelectric Response from Plasmonic Vortices

Scale bars represent, 
𝝀𝑺𝑷𝑷

𝟐
= 265 nm
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SPP phase: colormap 

showing phase of the out-

of-plane SPP electric field 

(𝐸𝑧), along with SPP 

Poynting vector (kSPP) 

distribution (arrows), 

Colormap: 𝑅𝑒 𝑬∗ ∙ 𝑯 ,
Black arrows: E fields

Green Arrows: H fields
𝐴𝑀𝐸 =

2Real(𝑬∗ ∙ 𝑯)

𝑬 2 + 𝛿 𝑯 2

Height: 12.5

Full Width Half Maxima: 10.34 nm

Scale bars represent, 
𝝀𝑺𝑷𝑷

𝟐
= 265 nm



> 0

= 0

< 0

1 2

34

1 FWHM = 10.34 nm

2 FWHM = 10.07 nm

3 FWHM = 22.53 nm

4 FWHM = 7.42 nm

Hexagonal 

Symmetry

𝐴𝑀𝐸 =
2Real(𝑬∗ ∙ 𝑯)

𝑬 2 + 𝛿 𝑯 2



Verification from ITR-PEEM Data
Colormap: 𝑅𝑒 𝑬∗ ∙ 𝑯 ,
Black arrows: E fields

Green Arrows: H fields

𝐴𝑀𝐸 =
2Real(𝑬∗ ∙ 𝑯)

𝑬 2 + 𝛿 𝑯 2

𝜏

Ag

SPP

Extracting SPP E and H field 

components 

Excellent Match !

1.8

-1.8

𝝉

𝝉 + 𝝅

𝛌𝐒𝐏𝐏/𝟐

~ 55 nm

Scale bars represent, 
𝝀𝑺𝑷𝑷

𝟐
= 265 nm



Axion Response at Plasmonic Vortex Cores

Plasmonic vortex cores are strong, localized, 

and stable sources of  𝑬∗ ∙ 𝑯 response

Suitable platform for 𝑬∗ ∙ 𝑯 quasiparticle 

excitations for dressing axion electrodynamics

Investigation of Axion Response from 

Plasmonic Vortex Cores

IQ Initiative

GOAL: Axion Production Rate 

from Plasmonic Vortices



Axion Production Rate: General Set-up

• Axion Equations of Motion,

𝜕𝑡
2𝑎 − ∇2𝑎 +𝑚𝑎

2𝑎 = 𝑔𝑎𝛾𝛾𝑬
∗ ∙ 𝑯

• At classical level, this is a wave equation  with a source 𝑔𝑎𝛾𝛾𝑬
∗ ∙ 𝑯.

• When number of axion particle created is large, classical behavior is 

valid.

• When the number of axion particle created is small, a semi-classical 

approximation used: particle creation by a classical source.

• Mean number of particles created by a plasmonic vortex given by,

𝑁𝑎𝑥 = න
𝑑3𝑘

(2𝜋)3
1

2𝜔𝑘
ℱ(𝑬∗ ∙ 𝑯 ) 2

with 𝜔𝑘
2 = 𝒌 2 +𝑚𝑎

2



Source Modeling

Spatial Variation: Fourier Transformation Done Numerically

Time Variation: 𝑬∗ ∙ 𝑯 non-zero on femto-second time scale

𝑬∗ ∙ 𝑯

0 t(s)T=
20 × 10−15s

ℱ(𝑬∗ ∙ 𝑯 ) 2 ∝ 2
1 − cos(𝜔𝑘𝑇)

𝜔𝑘
2 𝒋(𝒌) 2



Axion Production Rate: From a single Plasmonic Vortex

𝝅

−𝝅

> 0

= 0

< 0

Begin with the simplest possible case:

Isolated Single Circular Vortex

𝑬𝒛 𝒓, 𝜽, 𝒛 = 𝟎 =

− 𝑬𝟎
𝟐𝒊𝝅𝑹𝒌𝑺𝑷𝑷

𝝎𝑺𝑷𝑷𝜺𝟎𝜺𝒅
𝒆𝒊𝒌𝑺𝑷𝑷𝒆𝒊𝜽𝑱𝟏(𝒌𝑺𝑷𝑷𝒓)

Deduce (𝑬∗ ∙ 𝑯 ) and 𝑵𝒂𝒙 Dai et al., Applied Physics Reviews 9, 
011420 (2022)

𝝈 = −𝟏

Ongoing Work!



Axion Production Rate: From a single Plasmonic Vortex

Parametrically, Axion Production Rate scales as ~𝑔𝑎𝛾𝛾
2 (

𝐸0𝐻0𝜋𝑅
2𝜅𝜋

𝜀0𝜀𝑑𝜔𝑆𝑃𝑃
)2

1−cos(𝜔𝑘𝑇)

𝜔𝑘
2 𝒋(𝒌) 2

𝑬𝟎~ 𝟏𝟎𝟗 V/m

𝑯𝟎~ 10 T

• Without need of 

external source!

• Simple setup



Summary & Future Scopes

We provide robust analysis of plasmonic supermagnetoelectric fields in a single vortex and vortex arrays 
launched within polygonal coupling structures that exhibit E||H field. The vortex cores appear as strong 
and stable source of (𝑬∗ ∙ 𝑯) response confined in subwavelength (<𝝀𝑺𝑷𝑷/2) scale. 

We experimentally verify the existence of strong, stable and localized (𝑬∗ ∙ 𝑯) response from plasmonic 
vortex cores in the visible regime by ultrafast microscopy imaging and achieved a focus of  (𝑬∗ ∙ 𝑯) on the 
length scale of 𝝀𝑺𝑷𝑷/10.

The ability to generate, design and image interactions of (𝑬∗ ∙ 𝑯) fields on nanometer (𝟏𝟎−𝟗 m) spatial and 

femtosecond (𝟏𝟎−𝟏𝟓 s) temporal scales provides an excellent opportunity to explore Axion physics beyond 
the Standard Model.

Immediate goal is to introduce a complete and accurate theoretical picture of axion production from 
plasmonic vortices by setting up the associated parameters with utmost precision.

Long term goal is to develop experimental methodology that can detect the interaction of (𝑬∗ ∙ 𝑯) fields 
from plasmonic vortices with “synthetic” axion matter. One candidate is topological insulators. 

Narang et al., Nature Reviews 
Physics, 2, 682-696 (2020)
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