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Xiao-Wei Song(宋晓伟)†, and Jing-Quan Lin(林景全)‡

School of Physics, Changchun University of Science and Technology, Changchun 130022, China
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Explicit visualization of different components of surface plasmon polaritons (SPPs) propagating at dielectric/metal
interfaces is crucial in offering chances for the detailed design and control of the functionalities of plasmonic nanodevices
in the future. Here, we reported independent imaging of the vertical and horizontal components of SPPs launched from
a rectangular trench in the gold film by a 400-nm laser-assisted near-infrared (NIR) femtosecond laser time-resolved pho-
toemission electron microscopy (TR-PEEM). The experiments demonstrate that distinct imaging of different components
of SPPs field can be easily achieved by introducing the 400-nm laser. It can circumvent the risk of sample damage and
information loss of excited SPPs field that is generally confronted in the usual NIR laser TR-PEEM scheme. The underly-
ing mechanism for realizing distinct imaging of different components of the SPPs field with two-color PEEM is revealed
via measuring the double logarithmic dependence of photoemission yield with the 800-nm and 400-nm pulse powers of
different polarizations. Moreover, it is found that the PEEM image quality of the vertical and horizontal components of the
SPPs field is nearly independent of the 400-nm pulse polarization. These results pave a way for SPPs-based applications
and offer a possible solution for drawing a space–time field of SPPs in three dimensions.

Keywords: femtosecond surface plasmon polaritons, two-color photoemission electron microscopy, near-field
imaging

PACS: 71.45.Gm, 73.20.Mf DOI: 10.1088/1674-1056/ac8921

1. Introduction
Surface plasmon polaritons (SPPs) are electromagnetic

waves transmitted at the metal–dielectric interface with a
speed near that of light and are capable of subwavelength
localization via metal nanostructures.[1,2] Signal processing
applications[3–5] are made possible by these remarkable prop-
erties. An accurate near-field imaging of the SPPs field
is a prerequisite for the precise application of SPPs. At
present, the techniques used for near-field imaging of SPPs in-
clude near-field scanning optical microscopy,[6] cathodolumi-
nescence microscopy,[7,8] fluorescence microscopy,[9,10] elec-
tronic energy loss microscopy,[11,12] and photoemission elec-
tron microscopy (PEEM).[13–15] Among them, PEEM can re-
solve SPPs with high spatial resolution without the use of
molecular reporters and scanning probes as required in nonlin-
ear fluorescence microscopy[9] and scanning near-field optical
microscopy,[16] respectively, which makes PEEM a powerful
tool for the investigation of SPPs. Crucially, due to specific
boundary conditions, SPPs is essentially transverse magnetic
wave with vertical and horizontal electric field components in
the propagation plane.[17] The horizontal and vertical compo-
nents of the SPPs field have different functionalities for differ-
ent application areas. For instance, it has been shown that the
vertical component of SPPs dominated the two-dimensional
plasmonic lens focusing performance and the pure SPPs inter-

ference pattern,[18–20] while the horizontal component of the
SPPs field is more significant in the SPPs super focusing by a
metallic cone.[21,22] Hence, distinct and independent imaging
of vertical and horizontal components of the SPPs field with
PEEM is necessary.

Several potential solutions have recently been pro-
posed for imaging the vertical and horizontal compo-
nents of SPPs field, including the utilization of the scan-
ning near-field microscope[23,24] and photoemission electron
microscope.[25–27] Specifically, Podbiel and co-workers visu-
alized the horizontal field component of SPPs via the inter-
ference patterns generated from the interaction between inci-
dent laser and SPPs using normal-incidence PEEM.[26] How-
ever, due to the absence of the electric field component verti-
cal to the sample surface for the probe laser, the observation
of the vertical component of SPPs is prohibitive in that case.
Qin and co-workers[27,28] achieved independent spatiotempo-
ral imaging of vertical and horizontal components of the SPPs
field with obliquely incident one-color TR-PEEM. However,
to capture the weak horizontal component of the SPPs field,
a relatively harsh experimental condition is indispensable for
that scheme. First, the silver sample, which has a lower work
function than the other precious metals, is utilized in that ex-
periment to obtain enough PEEM image brightness of the
SPPs, but the easily oxidized and chemically unstable char-
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acters of the silver material strongly restrict its application.
Secondly, the specified polarization angle (fixed at 45◦, for the
directional excitation of the SPPs field to increase the inten-
sity of the SPPs at a certain direction) and relatively higher
power of the femtosecond laser are needed simultaneously to
provide enough brightness of the PEEM image of SPPs. As
a result, the experiment was carried out at the risk of the po-
tential damage to the sample and also at the expense of SPPs
field information loss due to the limitation in the launching
direction of SPPs.

In this paper, to overcome the limitation of our previous
experiments with one-color PEEM, we carried out the distinct
imaging of the vertical and horizontal components of SPPs
launched from a trench with the 400-nm laser-assisted near-
infrared (NIR) femtosecond laser TR-PEEM imaging technol-
ogy (two-color laser PEEM technology). The pump–probe
setup consists of two spatially separated 800-nm laser beams,
where the pump laser is p-polarized and the probe laser is p/s-
polarized to visualize different components of SPPs. Addi-
tionally, the 400-nm pulse with different polarization direc-
tions is used to enhance the photoemission yield for better vi-
sualization of interference fringes caused by the interaction of
the 800-nm probe light with the SPPs. Experiments demon-
strate that an introduction of the 400-nm pulse in the spatially
separated TR-PEEM scheme allows distinct visualization of
the different components of the SPPs field, accompanying with
circumventing the risk of sample damage as well as the short-
coming of information loss of the excited SPPs field that is
generally confronted in the usual spatially separated one-color
IR laser TR-PEEM scheme. The underlying mechanism re-
sponsible for realizing distinct visualization of the different
components of the SPPs field by two-color PEEM is revealed
by obtaining the measurements of the double logarithmic de-
pendence of photoemission yield with the 800-nm and 400-nm
pulse powers of different polarizations. Moreover, we found
that the PEEM image quality of the vertical and horizontal

components of the SPPs field is nearly independent of the po-
larization of the 400-nm pulse which suggests the robustness
of this two-color scheme. Our results pave a way for the appli-
cation of the different components of the SPPs near field and
offer help for drawing the SPPs field in the three-dimensional
spatial-temporal domain.

2. Experimental setup
A rectangular 20 µm×1 µm trench coupling structure was

milled into a 120-nm thick gold thin film using focused ion
beam lithography. The inset of Fig. 1 displays the topography
of the trench structure imaged with PEEM under Hg lamp illu-
mination. Femtosecond laser pulses (76-MHz repetition rate)
were generated by a commercial titanium–sapphire femtosec-
ond oscillator (Coherent, Mira 900) with a central wavelength
of 800 nm (150-fs pulse width). A β -BaBO3 (BBO) crystal
was used for generating the second harmonic 400-nm pulse.
The 800-nm pulse and the 400-nm pulse are focused onto the
sample surface through two flanges of the PEEM with an in-
cident angle of 65◦ relative to the surface normal. The corre-
sponding attenuation plates and half-wave plates for 800-nm
and 400-nm pulses were used for independently adjusting their
power and polarization angle, respectively. The elliptically
shaped spot size of the red light is 50 µm×25 µm, and the
elliptically shaped spot size of the blue light is twice as large
as that of the red light at the sample position. A schematic
diagram of the two-color experiments is shown in Fig. 1. The
PEEM is utilized to directly image the interference patterns of
the SPPs near-field by collecting photoelectrons emitted from
the sample surface. The SPPs were excited by a p-polarized
800-nm pump pulse, which is detected at a remote position by
the 400-nm (p/s)-assisted p/s-polarized 800-nm probe pulse.
kL and kS denote the wave vectors of the in-plane incident
light and SPPs. Meanwhile, the laser power of the 800-nm
pump/probe pulse is 150 mW and 30 mW–120 mW, respec-
tively, while the 400-nm pulse laser power is 3 mW–14 mW.
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Probe spot

Au
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Pump spot

400 nm pulse: 
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o
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e-

Fig. 1. Schematic diagram of the two-color setup. The inset photo in the figure shows the topography of the sample under Hg lamp illumination.
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3. Results and discussion
Figure 2(a) depicts the photoemission interference pat-

terns obtained with monochromatic 800-nm pump–probe
pulses. A p-polarized pump laser at 800-nm excited the SPPs,
which were detected by the 800-nm p-polarized probe laser at
a distance of about 80 µm from the coupling structure. The
time that the SPPs and the probe pulse overlap in space is de-
fined as zero delays. The bottom of Fig. 2(a) is a vector figure
of the laser and SPPs field. Figure 2(a) clearly demonstrates
that we have imaged the vertical component of the field of
SPPs through a p-polarized 800-nm probe laser. Figure 2(b)
shows the photoemission interference patterns under the same
delay time except for the probe pulse is 800-nm s-polarized.
It shows that the interference patterns generated from the s-
polarized 800-nm probe light and the SPPs field are hardly
recognized, and accordingly, the spatiotemporal information
of the horizontal component of the SPPs field cannot be cap-
tured in this one-color PEEM scheme. This result could be
attributed to the following reasons. (i) The work function of
gold we used in this experiment is higher than that of sil-
ver used in our previous research in which a 3-photon pho-
toemission was realized and independently imaging of verti-
cal and horizontal components of SPPs had been successfully
achieved only by one-color 800-nm laser PEEM.[28] However,
a higher 4-photon nonlinear order (4PP) is required in the cur-

rent gold sample, resulting in fewer photoelectrons for SPPs
imaging. Moreover, it is known that the intensity of the hori-
zontal component of the SPPs field (ES.H in Fig. 2(a)) is much
smaller than the vertical component of the SPPs field (ES.V

in Fig. 2(a)),[28] which results in insufficient photoemission to
meet the needs of PEEM imaging for the horizontal compo-
nent of the SPPs being captured while the vertical component
of SPPs field can be captured as shown in Fig. 2(a). (ii) In our
previous experiment for spatiotemporal imaging of the vertical
and horizontal components of the SPPs field, the pump pulse
with a polarization angle of 45◦ off the main axis of the sam-
ple is used to directionally excite the SPPs towards one side of
the trench to facilitate the nonlinear multiple photon photoe-
mission imaging of the SPPs field. As a result, the previous
scheme is at the expense of information loss of the SPPs field
at the opposite side of the trench. In the current scheme of
SPPs field excitation from the trench, we do not intend to set a
special polarization direction of the pump pulse like the previ-
ous experiment[27,28] which can launches SPPs on both sides
of the trench, it gives more freedom to exploit the polariza-
tion direction of the pump pulse and thus offers more oppor-
tunity for SPPs applications such as multiplexing devices.[29]

To avoid CCD saturation from localized surface plasmon ex-
citation on the edges of the groove, we removed the groove
structure from the field of view of the PEEM image.
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Fig. 2. One-color photoemission interference patterns of the spatially separated pump–probe experiment at a 20 µm×1 µm trench structure. PEEM
image was obtained with (a) p-polarized and (b) s-polarized probe pulses, respectively. The white dashed rectangle represents the trench location, and
the yellow dashed ellipse represents the approximate location of the spatially separated pump and probe pulses.

To fully capture the SPPs field components from the
trench structure in the gold film sample, a two-color laser
PEEM scheme as shown in Fig. 1 has been employed in the
following investigation. In the two-color scheme, a femtosec-
ond laser at 400-nm wavelength is united with the probe pulse
at 800-nm wavelength for imaging the SPPs field. Figure 3(a)
shows the PEEM images obtained with an 800-nm p-polarized
pump pulse and an 800-nm p-polarized probe pulse assisted
by a 400-nm p-polarized one. In comparison to the results of

the one-color experiment shown in Fig. 2(a), the interference
fringes measured with two-color PEEM appear the same but
with an enhancement of photoemission yields. Importantly,
Figure 3(b) shows the PEEM image followed by an s-polarized
800-nm probe laser assisted with a p-polarized 400-nm laser
in the probe area. It displays that in the probe area, the s-
polarized 800-nm pulse interacted with the SPPs field, result-
ing in clear interference fringes. As a result of the superposi-
tion of the horizontal field component of SPPs and the probe
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pulse, interference patterns can be seen in the probe area of
Fig. 3(b), and the relevant vector figure of the laser field and
the SPPs field refer to the one at the bottom of Fig. 2(b). The
interference fringes in Fig. 3(b) indicate that the horizontal
component of the SPPs has been successfully captured. To
confirm the success in the visualization of the horizontal and
vertical components of the SPPs field in our case, we measured
the interference fringe drift between the two components of
the E-field captured by the s-polarized and p-polarized probe
lasers. Experimental results show that the peak spacing of
the interference fringes with p- and s-polarized probe pulses
are always ∆S/4 (The value of ∆S is 1.6 µm in the PEEM
image), indicating the phase delay between the horizontal
and out-of-plane components corresponding to the π/2 phase
difference.[17] Therefore, the horizontal and vertical compo-
nents of the SPPs field are successfully imaged in this two-
color PEEM scheme with noncollinear excitation mode. In
short, we have distinctly captured the spatiotemporal informa-

tion of the horizontal component of the SPPs field using the
s-polarized probe pulses with the two-color PEEM.

It is interesting to note that the vertical field component of
the SPPs field induces a far stronger photoemission intensity
than those induced by the horizontal component. This is due to
the reason we discussed above: the vertical component of the
SPPs field amplitude is much larger than that of the horizontal
component.[28] Moreover, due to Fresnel’s law of refraction,
the SPPs propagation direction has a certain angle with the y
axis, as shown in Fig. 1, and only the projection of the hori-
zontal component of SPPs onto the y axis can interfere with
the 800-nm s-polarized probe laser. Therefore, the above two
factors determine the difference in photoemission intensity of
the interference fringes corresponding to horizontal and verti-
cal components. It needs to be mentioned that the value of the
color bar is fine-tuned with different starting values in Fig. 3
to enhance the visibility of the interference signal.
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Fig. 3. Two-color laser PEEM images were obtained using the pump of a p-polarized 800-nm laser and the probe of (a) p-polarized 800-nm laser and
(b) s-polarized 800-nm laser, respectively. The approximate location of the 400-nm pulse is indicated by the blue elliptical dashed ellipse. The double
logarithmic dependence of photoemission yield with the single 800-nm laser power (c), with the s-polarized 800-nm laser power after introducing the
400-nm laser pulse (d), and with the 400-nm laser power (e). In measuring the dependence of power on photoemission yield, the photoemission yield
induced by the unchanged laser is deduced.

As shown in Figs. 3(a)–3(b), the assistance of a 400-

nm laser in the detection location plays a significant role in

the realization of distinct spatiotemporal visualization of ver-

tical and horizontal components of the SPPs field. To analyze

the underlying physics mechanism for realizing distinct spa-

tiotemporal visualization of the two components of the SPPs

field in this two-color laser PEEM scheme, we obtained the

double logarithmic dependence of photoemission yield with

the laser power (for 800-nm and 400-nm pulses, respectively)

under one- and two-color cases as shown in Figs. 3(c)–3(e).

Figure 3(c) shows the double logarithmic dependence of pho-

toemission yield with the one-color 800-nm laser power. It

is found that the slope value of the photoemission yield plot is

about 3.61, indicating at least four 800-nm photons are needed

to emit from the gold surface (corresponding to a 4-photon

photoemission process). It needs to mention that in our one-

color 800-nm pulse power dependence measurement, since the

s-polarized 800-nm pulse alone as probe light cannot induce

enough photoelectrons to satisfy PEEM imaging, we choose

the p-polarized 800-nm pulse case to reveal the nonlinear order
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of the photoemission process. Figure 3(d) shows the double
logarithmic dependence of photoemission yield with the 800-
nm s-polarized pulses with the presence of a −3-mW 400-nm
laser. It can be seen that the nonlinear order of the photoemis-
sion yield dependence on the 800-nm laser power under this
two-color case decreases from nearly 4 to a value of 1.27. Fig-
ure 3(e) shows the double logarithmic dependence of photoe-
mission yield with the 400-nm laser pulses with the constant
power of the 800-nm s-polarized pulse and corresponds to a
slope value of 1.40. Figures 3(c)–3(e) shows that the nonlin-
ear order of the photoemission is changed from four to nearly
three (one 400-nm photon with two 800-nm photons) with the
help of 400-nm light. The reduction of photoemission non-
linear order corresponds to an effective opening of the two-
color quantum channel for photoemission.[30,31] Specifically,
in single-color pulse excitation at 800 nm, the localized elec-
trons near the Fermi level of gold will be stimulated, via inter-

mediate states, to form photoelectrons by simultaneously ab-
sorbing 4 photons of 800-nm laser. In this case, the photoemis-
sion yield follows P ∝ E8

z , where Ez represents the z compo-
nent of the electric field derived from the 800-nm laser illumi-
nation. The photoemission induced by a two-color excitation
can absorb photons of different colors simultaneously.[31] As a
result, the dependence of photoelectron yield on Ez@800 nm
is dramatically reduced to P ∝ E4

z . More importantly, due to
the introduction of the 400-nm pulse, more possible quantum
channels emerge for the ejection of photoelectrons accompa-
nied by a decrement of the nonlinear order and an increase-
ment of the photoemission yield.[32,33] The reduction of the
nonlinear order of photoemission is accompanied by a great
enhancement of the photoelectrons yield that is essential for
readily imaging the horizontal component of the SPPs field
via the two-color scheme.
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Fig. 4. Two-color PEEM image was obtained with the probe of (a) p-polarized and (b) s-polarized 800-nm lasers assisted by s-polarized 400-nm pulses.
The double logarithmic dependence of photoemission yield with the 400-nm p-polarized and s-polarized laser powers from the bright and dark fringes
corresponding to (c) the vertical and (d) the horizontal components of the SPPs. During recording, the power of the 800-nm laser pulse was fixed.

The polarization angle of 400-nm light was further inves-
tigated on the photoemission interference patterns of the hori-
zontal and vertical components of the SPPs field. To this end,
we turned the polarization direction of the 400-nm laser from
p-polarized laser pulse to s-polarized laser pulse. Figures 4(a)
and 4(b) shows the photoemission interference patterns under
800-nm p-polarized and s-polarized probe pulses assisted with
400-nm s-polarized laser pulse. As far as we know the ab-
sorptivity of the gold film will vary with different polarization
directions of 400-nm laser for oblique incidence. To exclude
this influence, we utilized the same effective absorption power
by considering the absorptivity of the gold material on the 65◦

obliquely illuminated 400-nm laser with different polarization
angles. Compared with the results obtained with 400-nm p-
polarized laser pulse as illustrated in Figs. 3(a) and 3(b), the
interference patterns under 400-nm s-polarized laser illumi-
nation as shown in Figs. 4(a) and 4(b) are consistent except
for the enhanced photoemission yield of the SPPs interference
fringes.

We extracted the photoelectron yields in the same re-
gion under the 400-nm p-polarized and s-polarized pulses, re-
spectively, with the polarization of the 800-nm pulse kept un-
changed (either p-polarized for the vertical component or s-
polarized for the horizontal component of SPPs field). The re-
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sults showed that, for the p-polarized 800-nm laser probe case,
the photoelectron yields were 67829 (for p-polarized 400-nm
laser case) and 116184 (for s-polarized 400-nm laser case),
respectively, showing a nearly 1.71 times photoelectron en-
hancement for an s-polarized 400-nm pulse over a p-polarized
400-nm pulse. When the probe pulse was 800-nm s-polarized
pulse, the photoelectron yields were 24330 (for p-polarized
400-nm laser case) and 38140 (for s-polarized 400-nm laser
case), respectively, corresponding to a photoelectron yield en-
hancement of about 1.56 times. The above results show that
the brightness of the interference fringes under s-polarized
400-nm laser illumination is higher than that under p-polarized
400-nm laser illumination for both the vertical and horizontal
components of the SPPs field.

Further, for exploring the reason for the higher bright-
ness of the interference fringes under the assistance of s-
polarized 400-nm light than that of the p-polarized case, we
measured the 400-nm pulse power dependence of the photo-
electron yields from bright and dark fringes when the 800-nm
probe pulse is p/s-polarized, respectively, and the results as
shown in Figs. 4(c) and 4(d). Figure 4(c) displays the double
logarithmic dependence of photoemission yield with the 400-
nm laser power from bright and dark fringes with the fixed
p-polarized 800-nm probe pulse which represents the vertical
component of the SPPs. It can be seen that the slope values
of the photoelectrons from bright and dark stripes are 1.23
and 1.29, respectively, for the p-polarized 400-nm case, and
then decrease to 1.09 and 1.14 with the polarization of the
400-nm laser being adjusted to s-polarized one. As we dis-
cussed above, the lower the nonlinear order of the photoemis-
sion, the higher the photoelectrons yield is. Moreover, it has
been shown that under two-color femtosecond laser excitation,
the photoemission electrons can eject through two-color quan-
tum channels.[33,34] When the two-color quantum channel is
opened to a greater degree, the nonlinear order of photoelec-
trons will be dramatically reduced, resulting in a significant
increase in photoemission yields.[31] Consequently, the photo-
electron yields at the bright and dark fringes of the SPPs field
interference fringes with the help of 400-nm s-polarized pulse
illumination is higher than that with the 400-nm p-polarized
pulse owing to a greater open degree of the two-color quantum
channel. Figure 4(d) depicts the double logarithmic depen-
dence of photoemission yield with the 400-nm p-polarized and
s-polarized laser powers from bright and dark fringes when the
s-polarized 800-nm probe pulse is used. Likewise, the nonlin-
ear orders of the photoemission at the bright and dark fringes
of the interference fringes corresponding to the horizontal
component of the SPPs field are lower and corresponding to
a higher photoemission yield under the 400-nm s-polarized
laser case than that of the p-polarized 400-nm laser case. The
above results show that when s-polarized 400-nm light is used

to assist in imaging the horizontal and vertical components of
the SPPs field, the nonlinear orders of the photoemission at
the bright and dark fringes are lower, corresponding to an en-
hanced photoemission yield and brighter interference fringes.

It is important to emphasize that although the photoelec-
tron yield of the interference fringes of the SPPs field is higher
when s-polarized 400-nm laser light illumination, it does not
mean a better visualization of the PEEM image at this time.
Because the contrast of the bright and dark interference fringes
of the SPPs field is the fundamental standard to evaluate the
imaging effect of the SPPs field. Thus, to evaluate the PEEM
image’s visibility, the contrast of SPPs interference fringes
under 400-nm light in different polarization cases are taken
into consideration simultaneously. The contrast is obtained by
extracting the photoemission yield of the adjacent bright and
dark fringes when the 400-nm light is p/spolarized. The cal-
culation results show that the interference fringes contrast of
the vertical and horizontal components of the SPPs field are
1.25 and 1.20, respectively for the p-polarized 400-nm laser
case. When the 400-nm light is turned into s-polarization, the
contrast of the vertical and horizontal components of the SPPs
field are 1.19 and 1.20, respectively. The above results show
that the contrast of the interference patterns corresponding to
the vertical and horizontal components of the SPPs field is
nearly the same for the two polarization directions of the 400-
nm laser. No big change in the contrast can be explained as the
following. Changing the 400-nm pulse from p-polarization to
s-polarization reduces the nonlinear order of the photoemis-
sion significantly at both the bright and dark stripes. Increas-
ing the photoelectron yield at the dark and bright fringes at
the same time results in almost no change in the contrast of
the fringes. In short, the above results show that the polariza-
tion direction of the 400-nm light shows a negligible effect on
the imaging contrast of the horizontal and vertical components
of the SPPs field even though it affects the brightness of the
PEEM images. Thus, the independence of the 400-nm laser
polarization angle on the contrast offers the robustness of the
400-nm laser pulse assisted PEEM experiment on disclosing
the horizontal and vertical components of the SPPs field. Fur-
thermore, it can be noticed from Figs. 4(b) and 4(c) that the
slope value corresponding to the bright fringe is lower than
that of the dark fringe. It is attributed to a stronger 800-nm
light intensity for the bright fringes due to the constructive in-
terference and accordingly a stronger interaction between 400-
nm and 800-nm lasers. As a result, the bright fringe corre-
sponds to a greater open degree of two-color quantum channel
than the dark fringe. Since the light intensity associated with
bright and dark fringes has a different spatial distribution, the
open degree of the two-color quantum channel also varies spa-
tially.

107104-6



Chin. Phys. B 31, 107104 (2022)

4. Conclusions
In summary, we demonstrated the independent, spa-

tiotemporal visualization of the vertical and horizontal com-
ponents of SPPs launched from a rectangular trench with a
400-nm laser-assisted TR-PEEM. It is found that an introduc-
tion of the 400-nm laser pulse allows distinct imaging of the
two different components of the same SPPs field without the
risk of sample damage as well as the problem of information
loss of the excited SPPs field that is generally confronted in
the usual spatially NIR laser TR-PEEM scheme. Our exper-
imental results essentially showed that the vertical and hori-
zontal components of the SPPs field can be imaged no matter
whether the 400-nm pulse is p-polarized or s-polarized, show-
ing the robustness of the introduced 400-nm pulse in the exper-
iment. The underlying mechanism for realizing distinct imag-
ing of the different components of the SPPs field is revealed by
measuring the power dependence of the 800-nm light and 400-
nm light with different laser polarization directions. With the
help of the two-color NIR laser time-resolved PEEM scheme,
we have comprehensively captured spatiotemporal informa-
tion of the horizontal and vertical components of the SPPs
near-field from the noncollinear mode, and offer a possible
solution for drawing the SPPs field in the three-dimensional
spatial-temporal domain.

Acknowledgements
Project supported by the National Natural Science

Foundation of China (Grant Nos. 62005022, 12004052,
and 62175018), the Fund from Jilin Provincial Key
Laboratory of Ultrafast and Extreme Ultraviolet Optics
(Grant No. YDZJ202102CXJD028), Department of Sci-
ence and Technology of the Jilin Province, China (Grant
Nos. 20200201268JC and 20200401052GX), the “111”

Project of China (Grant No. D17017), and the Fund from the
Ministry of Education Key Laboratory for Cross-Scale Micro
and Nano Manufacturing, Changchun University of Science
and Technology.

References
[1] Bai M, Guerrero C, Ioanid S, et al. 2004 Phys. Rev. B 69 115416
[2] Gramotnev D K and Bozhevolnyi S I 2010 Nat. Photon. 4 83
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