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optical OAM beam can be utilized as an 
auxiliary dimension to further increase 
the capacity of information for various 
important applications, such as optical 
data storage and communications in both 
classical and quantum optical regime.[2] 
Besides optical systems, the OAM prop-
erties have also been investigated in elec-
tronics and acoustics, inspiring various 
revolutionary developments and potential 
applications like acoustic OAM[3–6] mul-
tiplexed communication, electron OAM 
spectrometer,[7–9] etc. The eigenstates of 
elementary particles with different topo-
logical charges are orthogonal to each 
other, making it possible to individually 
produce, evaluate, screen, and manipulate 
the OAMs of different orders with on-chip 
devices, which would be of interest and 
significant value for emerging OAM-based 
nanotechnologies.

Along with previous theoretical works, 
the wide interest has been increased on 
the generation of OAM beam and, so far, 
there are still limited ways to generate 

the optical OAM such as spatial light modulators, diffractive 
optical elements, combined cylindrical lenses, and plasmonic 
microcavity.[10–13] However, those conventional devices have 
drawbacks on modulation speed, limited orders or at macro-
scopic scale,[14] which poses limitations on the application of 
the emerging nanophotonic researches. On the other hand, the 

Twisted photon, associated with orbital angular momentum (OAM), is a 
physical notion that has long captivated the intriguing imagination and wide 
applications. Owing to the native orthogonality between different topological 
charges of the vortices, it will be of significant value to generate, access, and 
discriminate the vortex on integrated chips. Archimedean spirals or multiple 
split gratings are commonly employed to generate OAMs on plasmonic films. 
However, the single-crystalline plasmonic surface sets a very stringent condition 
of probing the on-chip OAM dynamics at sub-femtosecond scale. In previous 
reports, spins of the incident light and actual topological charge of the on-chip 
OAM generator are also hybridized due to the intrinsic spin-to-orbital angular 
momentum conversion, making the direct discrimination of plasmonic vortex 
impossible. Here, a paradigm of generating twisted surface plasmons is 
presented in a fully spin-controlled fashion. With the two-photon photoemission 
electron microscopy, the dynamics of OAM formation is demonstrated at 
subwavelength spatial resolution and sub-femtosecond temporal resolution 
simultaneously, revealing its OAM-dependent angular velocity. In addition, this 
scheme of twisting on-chip plasmons shows that the challenging crystalline 
requirement of the thin film can be significantly alleviated. The results open up 
a distinct way to multiplex, record, and read the information with plasmons.
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The orbital angular momentum (OAM) beam is attributed as 
light propagation in free space with twisted/helical wavefront. 
The phase profile of such twisted photon can be described by 
a mathematical form: exp(iϕl), where ϕ and l (any arbitrary 
integer) are azimuthal angle and topological charge of the light, 
respectively. Since discovery in 1990s,[1] it is believed that the 
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recent trend of metasurface, a 2D counterpart of bulk metama-
terials, has provided an unprecedentedly powerful tool for the 
light phase modulation,[15–19] which is especially advantageous  
for optical OAM generation as demonstrated both in far-field 
and near-field regions.[20–39] The near-field phase singularities 
can be effectively introduced by either the propagation distance 
(dynamic phase) in a curved plane structure as Archime-
dean spirals (ASs), whether segmented or continuous, or by 
the spin–orbit interaction (geometrical phase) in metasur-
faces.[40–46] However, in previous reports, the interplay of inci-
dent light with different spin angular momentum (SAM) and 
the geometrical charges of the OAM generator leads to the spin-
to-orbit conversion, making the direct discrimination of vortex 
being impossible. In addition, the dynamic observation and 
characterization of near-field OAM generation and evolution 
are rarely exploited, since it would require the very demanding 
experimental techniques, which are beyond the capabilities of 
most common tools like near-field scanning optical microscope 
(NSOM) or other near-field mapping technologies.[23,29,30]

The most recent progress in 4D microscopy has established 
the great ability to reveal the dynamics of electrons in both 
sub-femtosecond temporal domains and nanometer spatial 
domains,[47] which may provide an intuitive inspiration to probe 
the optical OAM. One of the examples is the photoemission 
electron microscopy (PEEM), which can uncover the near-field 
distribution of electromagnetic field by capturing the dynamic 
photoelectrons generated by the intensity dependent absorp-
tion of fs-pulse excitation photons.[48–53] With PEEM, it has been 
successfully demonstrated the direct near-field imaging and dis-
sected the dephasing time of plasmonic modes in Au nanoparti-
cles with a high resolution of 10 nm.[54–57] However, the single-
crystalline Au surface with discretized spiral slits is usually 

needed for the realization of dynamic near field distribution of 
surface plasmon polaritons (SPPs) propagating at the interface. 
This stringent requirement hinders development from probing 
the on-chip OAM dynamics at sub-femtosecond scale.

In this work, a paradigm of twisted surface plasmons based 
on the ASs and spiral-distributed nanoslit arrays (SDNAs) are 
numerically designed, and dynamic characterization of near field 
formation of OAM is simultaneously realized at subwavelength 
spatial resolution and sub-femtosecond temporal resolution 
by using the PEEM through two-photon nonlinear process. 
Unlike the previous approaches, our SDNAs are able to incor-
porate dynamic phase with geometrical phase, thus breaking 
spin-locked OAM generation restriction and producing both 
spin-dependent and independent OAM. It is worth mentioning 
that apart from static PEEM analysis, the time-resolved meas-
urement is also proceeded to observe the angular velocity of 
high order OAM of spirals, which is the key property for optical 
tweezer and rotation on the manipulation of micro/nanometer 
particles.[58–61] The series of angular velocity of different OAM 
orders are recorded, indicating OAM-dependent angular velocity. 
In addition, the direct near field intensity comparison of seg-
mented[27] and consecutive spirals using the materials with dif-
ferent domains or damping constants shows that the intensity 
of the consecutive one is 20% higher, which is sufficient to 
alleviate the challenging requirement of single-crystalline gold. 
Those demonstrations give a promising way to understand the 
underlying physical instinct for optical vortex in static and time-
resolved aspects. Our design also opens a new avenue to design 
fully spin-controlled fashion of OAM for the application in field 
of optical communications and quantum computing.

Figure 1a shows the schematic diagram of our ASs and 
SDNAs illuminated by the light with different SAM, i.e., 

Adv. Optical Mater. 2019, 7, 1801060

Figure 1. The schematic diagram of spin-dependent and independent effects in OAM generation. a) The segmented spiral structure yields the same 
order of optical vortex under different circularly-polarized illumination, while the consecutive spiral structure shows different OAM distributions, super 
focusing and optical vortex, under different circularly-polarized illumination. The inserted panels show the intensity profile of each spiral across the 
center of structure along x-axis. The top view SEM image of b) consecutive spiral and c) segmented spiral structure.
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the left-handed circular polarization (LHCP, σ = −1) and 
right-handed circular polarization (RHCP, σ = + 1). For ASs, 
the generated surface plasmons propagate in plane carrying a 
dynamic phase (due to the propagation length difference) at dif-
ferent positions along the spiral. On the other hand, the time 
retardation caused by the illumination with either RHCP or 
LHCP renders the additional geometrical phase (azimuthally 
angle related spin-dependent phase) to the surface plasmon in 
contrast to the radical polarization illumination where all the 
SPPs waves were excited simultaneously. Thus, the OAM of 
the twisted surface plasmons depend not only on the SAM of 
incident beam but also on the geometrical charges of the spiral 
given as dr/dθ = nλSPP/2π with n representing the geometrical 
charge, λSPP the wavelength of SPPs and dr/dθ the radial gra-
dient corresponding to the azimuthal position. The OAM in 
ASs can be described as the l = σ + n. As shown in Figure 1a, 
the structure with n = 1 will discriminate the OAM order with 
different SAM; the RHCP incidence will generate the OAM 
with l = 0 corresponding to the surface plasmon focusing; the 
LHCP incidence will give l = 2 as a surface plasmon vortex.

We note the difference of the generated OAM in consecutive 
ASs is fixed at a constant of two under circularly-polarized illumi-
nation of different helicities. It is because the azimuthally-related 
spin-dependent phase highly relies on incident spin states. The 
similar phenomenon of spin-discriminated OAM generation 
has also been demonstrated in the discretized spiral structure, in 
which the twisted wavefront is obtained by combining the dynamic 
phases and azimuthally-related geometrical phase from multiple 
pieces of spirals.[27] However, none of the above-mentioned case 
can provide a spin-unrelated OAM generation, let alone arbitrary 
orders, the case of which could be important for full manipula-
tion of OAM generation. To enrich the approach for OAM control, 
we proposed the SDNAs shown in Figure 1a,c to manipulate the 
OAM formation, which provides channels for both spin-related 
and spin-unrelated twisted surface plasmon excitations.

The SDNAs are composed of nanoslits residing along a 
spiral trajectory. The mainly difference from ASs is the tun-
ability of the orientation of the slits. The nanoslits rotate 
locally at an angle of ϕ (i.e., change of the orientation of the 
nanoslit), which can be arbitrarily tuned, thus introducing an 
additional spin-dependent phase into the incident circularly-
polarized beam. For example, if the orientation of nanoslits 
changes counter-clockwise with an angle of mπ, a spin-
dependent twisted wavefront (−2mπ) will be impressed into 
the converted cross-polarized beam, which is well-known as 
Pancharatnam–Berry phase (P–B phase). Thus, the resultant 
phase of the output signal will be determined by three factors: 
the intrinsic spin-related phase of the cross-polarized beam in 
the spiral (−2σπ), the P–B phase accumulation (2σmπ), and the 
dynamic phase (2nπ). As a result, the resulting OAM in SDNAs 
can be described as l = σ(m − 1) + n. As shown in Figure 1a, 
the structure with n = 1 and m = 1 will have same OAM order 
with different SAM; both circular illuminations result in l = 1.  
Figure 1b,c shows the top view of scanning electron microscope 
(SEM) images of ASs and SDNAs. These patterns are fabricated 
on same sample by using the focused ion beam (FIB). In addi-
tion, it should be highlighted that the generated OAM are not 
restricted to be spin-unrelated and when m ≠ 1, the generation 
will be spin-related as well (see Figure S1 in the Supporting 

Information), meaning the proposed SDNAs can provide a 
more flexible way to control the OAM generation.

The induced secondary electrons are of importance for the 
realization of near field distribution on PEEM. With the forma-
tions of surface plasmon vortex or focusing, the SPPs waves 
launched from the nanoslits are localized in the structural 
center with high enhancement. Then, in cooperation with the 
fs-laser illumination, this plasmonic characteristic enables us to 
release electrons from the metal surface through multiphoton 
photoemission process. Here, we use the two-photon PEEM 
technique to image different OAM near-field distributions. The 
operation mechanism of PEEM can be seen in Figure 2a, where 
the secondary electrons are induced on the metal surface and 
collected by the aperture under pulse laser illumination with 
time duration 100 fs at wavelength 800 nm. Then, they are 
guided via an energy analyzer to pass through the microchannel 
plate (MCP) for the electron multiplication. The electrons are 
then converted into photons when they cross phosphor screen. 
Finally, all the 2D distributed photons are captured by the 
detector (charge-coupled device camera) to display surface plas-
monic field. In order to demonstrate the spin-dependent and 
-independent effects, the ASs and SDNAs with certain dynamic 
phase, n = 1 are employed. The robust static PEEM results can 
be found in Figure 2b–e. For spin-dependent OAM, the effects 
of both surface plasmon focusing and vortex can be clearly 
observed in the structural center, as shown in Figure 2b,d. The 
SDNAs perform the ability on generating consistent OAM dis-
tributions, indicating a spin-independent feature, as shown in 
Figure 2c,e. For the sake of quantitative analysis, the intensity 
profile of each structure is extracted along x-axis range from −1.5 
to 1.5 µm where the spiral center is regarded as the origin. The 
relevant intensity profiles are shown in Figure 2f. As expected, 
the profile of surface plasmon focusing shows the strongest 
intensity among these results, and vortex (l = 2) shows two dis-
tinct peaks. The blunt peak in the case of superfocusing is due 
to strong signal from the strong photon-electron conversion pro-
cess, which leads the signal saturation in the PEEM measure-
ment. In the case of spin-independent cases (l = 1), the inten-
sity profile should manifest as surface plasmon vortex with l = 1  
rather than the super focusing. This is due to the extremely 
small numerical feature size (20 nm) which is nearly indiscern-
ible under PEEM measurement.

The realization of dynamically probing SPP waves propa-
gating on the metal surface is an emerging research area with 
tremendous potential to gain deep insight into the physical 
underlying of plasmonic instantaneous response. However, 
the stringent requirement of material properties, single-crystal, 
hinders this paramount development. To alleviate this problem, 
we proceed a systematically investigation for consecutive and 
segmented spiral with different material boundaries on inten-
sity magnitude that is a crucial factor for PEEM measurement. 
Also, we tune the decay rate (α) of Lorentz Drude model,

i

f

i
p

p

m m

p m
m

1
2

2

2

2 2∑ε ω
ω α ω

ω
ω ω ω

= −
+ Γ

+
− − Γ

, to investigate whether 

the grain boundary (sputtered gold film) is accessible for PEEM 
measurement. Generally, the segmented spiral, commonly used 
to demonstrate the OAM distribution either in far- or near-field, 
can produce high order OAM without any change of geomet-
rical size in contrast to the consecutive one. Comparing with  

Adv. Optical Mater. 2019, 7, 1801060
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consecutive spiral, although it possesses several superiorities, 
such as shorter propagating distance for SPP waves and ease 
of nanofabrication, even its intensity performance with single 
crystal boundary is intrinsically low than the consecutive one. 
This difference provides an access for consecutive spiral to alle-
viate the stringent boundary demand. The result of the intensity 
as function of OAM is shown in Figure 3a. Note that the pre-
sented intensity value is extracted by averaging the intensity of 
vortex along circular loop. (i.e., we set circular loop in accord-
ance with optical vortex radius to average intensity for vortexes). 
The serial blue circular dots with solid and dash line represent 
the OAM induced by LHCP and RCHP, respectively. The red cir-
cular dots represent that of segmented spiral. Next, we change 
the material property of consecutive spiral from single crystal 
boundary to grain boundary (sputtered) and compare their 
intensity by tuning the damping term, as shown in Figure 3b. 
With grain boundary α = 1, most OAM intensities of consecu-
tive spiral are still stronger than segmented one except for 
OAM = 1. When further increasing the damping term (α = 2),  
an evident decline of intensity can be seen, resulting in most 
OAM intensities of consecutive spirals being weaker than the 
segmented ones. Nevertheless, inferred from these simulation 
results, the stronger intensity performance of consecutive spirals 
provides an extra access to breach or alleviate the material limi-
tation. Besides of this, considering that the OAM intensity is 

a determinant factor whether and to which extent the OAM 
can be observed and distinguished in the read-out facilities, 
we believe our analysis of the intensity achieved in the dif-
ferent forms of OAM generator with different materials helps 
to loosen the previous stringent requirement of material 
choice, for example, the single-crystalline gold, for the practical 
applications.

The dynamic observation of SPPs wave propagation on 
metal surface remains of enormous interest to understand 
the underlying physics of plasmon, especially for high order 
OAM. Here, the dynamic optical vortex is performed by using 
interferometric pump–probe technique under PEEM measure-
ment, as shown in Figure 4a–f with time step 0.7 fs (Movie S1, 
Supporting Information). In the time-resolved measurements, 
ultrashort laser pulses (pulse duration: 7 fs, spectral range: 
650 to 1000 nm) are used. The Mach–Zehnder interferometer 
is employed to create phase-correlated pump and probe beam. 
To avoid the static pattern arising from the self-probing,[62] the 
initial radius r0 of this high order spiral is 10 µm. This distance 
is longer enough for the signal dominated by the interference 
between pump-generated SPPs wave and probe pulse. The near 
field intensity distribution is presented with field of view (FOV) 
of 20 µm, and the incident polarization is RHCP. The four 
lobes counter-clockwisely rotating with time in anticlockwise 
can be observed, which can only be seen in time-resolved 

Adv. Optical Mater. 2019, 7, 1801060

Figure 2. The schematic of PEEM and static measurement results of spin-dependent/independent results. a) The illustration of PEEM technique. The 
secondary electrons are excited by fs-laser and then guided via the energy analyzer into the microchannel plate (MCP), which enhances those electrons. 
Ultimately, phosphor screen converts these electrons into photons for imaging the near field OAM distribution. Note that photoemission with all the 
energies are collected and imaged in this work. b,d) The static PEEM results of spin-dependent spiral. c,e) The static PEEM results of spin-independent 
spiral. The various colors lines in figure (b–e) indicate the area where the intensity cross section is extracted for (f). f) Individual intensity cross section 
of each OAM distribution.
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Figure 3. The numerical comparison between consecutive and segmented spiral in different material boundary conditions. a) The intensity of inte-
grated near-field comparison of two spirals as a function of OAM order with single-crystal gold film. b) The intensity comparison of two spirals as a 
function of OAM order but in different material properties. The intensity of consecutive spiral is displayed with different damping coefficient, α = 1 and 
2 compared with the segmented one with single crystal gold film. “m Discrete” indicates the number of segments of the discrete spiral. The simulated 
field intensity of OAM order is presented at the bottom of each figure.

Figure 4. The time-resolved results of high order OAM for spin-dependent spiral. a–f) The time evolution of high order optical vortex from 31.5 to 35 fs.  
The white dashed cross lines indicate the structural center and the red arrows represent the rotational direction of one of lobes (intensity). The insets 
are the enlarged images of structural center and red circles point out the position of certain lobe.



www.advancedsciencenews.com www.advopticalmat.de

1801060 (6 of 7) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

measurement. Otherwise, the static measurement only present 
the time-average intensity distribution, resulting in the optical  
vortex looks as a doughnut. The white cross dash mark indi-
cates the center of the spiral, while the red arrows point out the 
rotating direction of one of the lobes along time. From PEEM 
patterns shown in Figure 4a–f, the angular velocity of this high 
order OAM can be directly obtained by tracking azimuthal 
shift of the solely lobe marked by red arrows. For example, 
in Figure 4a–f, the red arrow have rotated π degree in 3.5 fs, 
leading the angular velocity (ω) is 8.976 × 1014 rad s−1 (

t
d
d

ω φ= ,  

φ variation of angle). Moreover, the angular velocity of different 
order OAM (l = 2, 3, and 4) is extracted from the time-resolved 
results to observe the angular velocity variation in different 
OAM orders, which can be found in Figure S2 in the Sup-
porting Information. Besides, the revealed angular velocity 
dependent on the OAM order can be extremely important in 
various interdisciplinary technologies such as ultrafast optical 
manipulation for the magnetic domains,[63] the laser fabrication 
of metallic chiral nanoarchitecture with optical vortex,[64] and 
many other applications.[65]

In conclusion, the spin-dependent and -independent effects 
are numerically and experimentally demonstrated by judiciously 
coordinating the dynamic phase and spin-related geometrical 
phase. With the two-photon PEEM, the dynamics of OAM for-
mation is demonstrated at subwavelength resolution and sub-
femtosecond temporal resolution simultaneously. Through 
systematic investigation of the OAM intensity magnitude, the 
consecutive spiral with grain boundary is demonstrated; the 
various near-field OAM distributions can still be revealed by 
using PEEM. Our demonstrations open up an unlimited way 
to manipulate the OAMs, and potentially applications in terms 
of the quantum computation and on-chip communication are 
applicable.

Experimental Section
Fabrication of SDNAs and ASs: The gold film (grain boundary) 

with thickness 100 nm was deposited on the SiO2 substrate by using 
the sputter (CFS-4EP-LL, Shibaura). Then, the spiral patterns were 
fabricated by using the FIB with operational current of ion gun 0.78 pA 
and acceleration voltage 30 kV. The SDNAs consisted of nanoslits with 
length (L) 300 nm and width (W) 100 nm. The width of ASs was 400 nm.

PEEM Measurement: PEEM measurements were performed using 
a PEEM with an energy analyzer (Elmitec GmbH) that has a spatial 
resolution down to 4 nm. The femtosecond laser excitation source 
consisted of two mode-locked Ti:sapphire femtosecond laser systems 
with a repetition rate of 77 MHz. One source was a wavelength-
tunable (720–920 nm) system that delivered 100 fs laser pulses at a 
bandwidth of ≈15 nm. This source was used to perform the static PEEM 
measurements. The second source could deliver 7 fs laser pulses at a 
central wavelength around 840 nm at bandwidths above 200 nm, and 
at the sample position, the pulse duration was measured to be 7 fs  
by a simulated measurement outside of the PEEM chamber. This 
extreme ultrashort laser source was used for the time-resolved PEEM 
measurements. The sample was irradiated with femtosecond laser 
pulses at normal incidence. The diameter of focused beam spot on 
the sample was estimated to be 100 µm. The circular polarization of 
the laser beam was controlled by a λ/4 waveplate. In the time-resolved 
PEEM measurements, chirp mirror pairs and a wedge pair were used 
to compensate for the dispersion to obtain the shortest possible pulse 
duration inside the PEEM chamber. The interferometric time-resolved 

apparatus consisted of a Mach–Zehnder interferometer. Typically, 
time-resolved PEEM images were recorded by adjusting the delay time 
in increments corresponding to a π/2 phase delay (0.7 fs at a carrier 
wavelength of 840 nm). To facilitate two-photon photoemission, a 
submonolayer of Cesium was deposited on the top of the sample to 
lower the work function of the sample surface.

Simulation: The simulations for the discrete spiral, ASs, and the 
SDNAs were proceeded by using the commercial software COMSOL 
Multiphysics based on the algorithm of FEM (finite element method). 
The details of employed permittivity of gold film with grain boundary 
can be found in Figure S4 in the Supporting Information. For the 
single crystal, the adopted permittivity was −23.595–1.2031i at  
wavelength 800 nm.[66]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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