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Abstract: We present 2D measurements of the full THz electric field 
behind a sample consisting of multiple slits in a metal foil. Our 
measurements, which have a sub-wavelength spatial, and a sub-period 
temporal resolution, reveal electric field lines, electric field vortices and 
saddle points. From our measurements we are able to reconstruct the 
magnetic field and, finally, the position and time-dependent Poynting vector  
which shows the flow of energy behind the sample. Our results show that it 
is possible to study the flow of light near sub-wavelength plasmonic 
structures such as slit-arrays and, by implication, other metamaterial 
samples.  
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1. Introduction 

In Maxwell’s electromagnetic theory of light [1], a point x  in space is characterized by the 

time-dependent electric and magnetic field vectors ),( txE and ),( txH respectively. Poynting 
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[2] later derived his energy conservation theorem equating the energy flow S  with the cross 

product of these two vectors: ),(),( txHtxES ×= . Advances in metamaterials research [3-6] 
demand precise knowledge on how these three vectors behave both in time and in space, since 
they all behave in a non-trivial manner near sub-wavelength structures. While the full 
electromagnetic field can be calculated with the highest degree of precision using such 
theoretical tools, such as the finite-difference-time-domain method [7], experimentally 
capturing the vectorial electrodynamics of light has remained a formidable challenge. In 
principle, one would like to plot the electric field, magnetic field, and Poynting vectors with 
subwavelength spatial resolution and sub-cycle temporal resolution in the broadest possible 
spectral range [8]. Such vector spatiotemporal microscopy would allow full-diagnostics of the 
metamaterial performance in time and space, which is essential for the realization of many 
proposed applications of these new classes of materials [3-5]. A pioneering work in the 
microwave range, using electro-optic crystals, measured all three electric field components [9]. 
Earlier, an electro-optic sampling techniques has been developed to measure fringing fields of 
high-frequency electrical circuits with a high spatial resolution [10], which can be extended to 
field mapping of all three components.  

Increasingly, methods developed in the THz frequency range of the electromagnetic 
spectrum are applied to the study of, for example, the extraordinary transmission [11] of light 
through sub-wavelength arrays of holes in metal films or foils [12-15]. This is especially true 
for terahertz time-domain spectroscopy (THz-TDS), which is a spectroscopic technique 
capable of measuring the phase and amplitude of the electric field in an ultra-wide THz 
bandwidth [16-21]. This contrasts sharply with techniques developed for the visible and near-
infrared region of the spectrum, which are typically based on intensity measurements in a 
relatively limited frequency range. An additional advantage of using THz light instead of 
visible light is that structure dimensions can be scaled up by a factor proportional to the THz-
to-visible wavelength ratio, although it must be realized that this property is by no means 
unique to the THz frequency range [22]. Ideally, the effects of a structure on the 
electromagnetic field are most directly observed in the near-field of the structure. For a single, 
isolated, sub-wavelength-sized object, this is in fact the only way, since the diffraction limit 
implies that such an object will have little discernible effect on the far-field.  For visible-, or 
near-IR light, near-field studies of small objects are typically performed using a sub-
wavelength near-field detector, such as a tapered optical fiber [23]. More recently, near-field 
techniques have been reported, based on the use of dynamic apertures [24], static apertures 
[25], metal tips [26]. These methods, however, operate in a fairly narrow bandwidth, they 
typically measure intensity instead of field, and they don’t allow a clear separation between 
the three orthogonal vector components of the electric field. We note that in a very recent 
paper, a measurement of the three vector components of the THz electric field at a single point 
was reported and the extent of the electric field into free space of a surface plasmon at this 
location was measured [27].  

Here, we report on the development of a new type of near-field vectorial Fourier 
Transform 2D microscopy [28] which fully utilizes the advantages of terahertz time domain 
spectroscopy (THz-TDS) [29-31]. Using a sample consisting of multiple sub-wavelength-
sized slits in a metal foil, we show how we can measure the full electric field vector in an 
entire region of space behind the slits, with a sub-wavelength spatial resolution and a sub-
period temporal resolution. From our measurements of the full electric field, we obtain the 
time-dependent magnetic field vectors, and finally the Poynting vectors in the same region of 
space. Together, these constitute and characterize the complete electromagnetic field near the 
slits, in the frequency range of 0.05 to 1.5 THz. The general applicability of our method may 
lead to an improved understanding of the flow of light near, for example, metamaterials.  

2. Experiments and results 

Figure 1(a) shows the schematics of our terahertz vector microscope. An x-polarized terahertz 
beam is incident upon a single slit sample with a slit width of 50 mμ . Around the exit side of 
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the slit, electric field vectors have a strong positional dependence. Each of the vector 

components of the electric field )],,0,(,0),,,0,([),,0,( tzxEtzxEtzxE zx=
�

 is detected 
using the electro-optic sampling technique [32] in which a THz electric field induces a 
refractive-index change in an electro-optic (EO) material at visible–near-IR frequencies that is 
proportional to the instantaneous field. This refractive-index change affects the ellipticity of a 
circularly polarized, synchronized, ultrashort probe laser pulse which is focused to a small 
spot less than 10 mμ  on the front surface of the EO-crystal, using a reflective objective. The 
probe pulse, reflected from the front surface, is sent to a standard differential detection setup 
which measures the ellipticity of the probe beam. By varying the time-delay between the 
probe pulse and the THz pulse, the full electric field as a function of time is obtained. Two 
different EO-crystals with a thickness of 300 mμ  are used. The vertical electric-field 
component Ez is detected using a (001) oriented GaP crystal, while Ex is detected using a 
(110) GaP crystal [33, 34]. The Ey component is measured by rotating the (110) crystal by 90 
degrees but due to the incident polarization being along the x-axis, an Ey component is neither 
expected, nor measured. The crystals are initially in near-contact with the sample, with an air-
gap of about 50 mμ  separating the crystals from the sample. The EO crystal is raster-scanned 
in the x-z-plane with a step size of 20 mμ  and at each pixel, the temporal evolution of the 
electric field is measured. 
 

 
Fig. 1. (a). Schematic of the terahertz near-field microscopy setup. Electro-optic sampling is 
used to detect the real-time electric field at each position. We raster-scan the sample first to 
obtain data along the x-axis and then move the sample upward. We use two GaP crystals with 
their crystal orientation along the (110) and (001), respectively to detect the x- and z- 
components of the electric field. (b). The near-field Ez time-traces measured at two equal-
distance points (red: left side; blue: right side) 400 mμ  away from the slit, along with their 

FFT spectra and phase. (c). Ex amplitudes at a fixed time, 1.4 ps, 2.1 ps, and 3.2 ps, 
respectively, when the bulk of the terahertz pulse has passed through the slit. An Ex movie for 
terahertz pulse emanating from a single slit in real time (2.458 MB) is shown. (d). Ez amplitude 
at a fixed time, 1.4 ps, 2.1 ps, and 3.2 ps. An Ez movie for terahertz pulse emanating from a 
single slit in real time (3.146 MB) is shown. (e). Fourier-transformed images at temporal 
phase 'tω =0, obtained from the movie captured in (c)., at the frequencies of 0.3 THz, 0.5 THz, 
and 1.2 THz. The black lines are Ez fields at z=0.  
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A Fast Fourier Transform (FFT) of the raster-scanned time traces at every pixel results in 
images at each frequency component at a zero temporal phase, 0'=tω  over the entire spectral 
range, complete with amplitude and phase: 

')',,0,(
2

1
),,0,( 'dtetzxEzxE tiω

π
ω ∫=          (1) 

The experimental image reconstruction based on Eq. (1) can plot the steady-state images 
at each frequency component from the time-domain signal. Two examples of time-traces for 
the THz near-field Ez component measured in this way are shown in Fig. 1(b). The blue line 
represents the trace with the microscopic objective positioned 400 mμ  away from the right 
edge of the slit, while the red line represents a measurements obtained 400 mμ  from the left 
edge of the slit. The two time traces show a phase difference of 180 degrees while their 
spectra, obtained by transforming the time traces, are practically identical (middle curves). 
The phase keeps increasing with increasing frequency, a clear indication that we are dealing 
with a propagating wave. 

Figures 1(c) and 1(d) capture the out-going electric field profiles at three selected times, 
emphasizing the progression of the wave fronts, for both the Ex (c) and the Ez (d) components 
(see online supporting materials for more details). It is interesting to note that the Ez 
component is anti-symmetric while the Ex component is symmetric with respect to the slit 
axis. This difference originates from the normal-incident nature of the experimental geometry, 
with the incident polarization along the x-axis. Another point of interest is that exactly at the 
metal surface, the horizontal electric field Ex should be zero whereas it is non-zero in our 
experiments. This is easily explained by realizing that at z=0 we still have the air-gap between 
the EO-crystal and the sample, which implies that we measure the field a short distance away 
from the surface rather than exactly at the surface.  

Generally, the maximum response of the (001) and (110) crystals to the THz electric field 
should be the same [33]. However, to allow for possible differences in the response of the 
crystals, we assume they are the same to within a scaling factor only. This scaling factor must 
be determined before the vector field can be plotted. Fortunately, we can use the property of 
light that in the far-field zone, away from the single slit [Figs. 1(c) and 1(d)], the electric field 
vector should be tangential to the wave-front. The scaling factor is simply adjusted until this 
condition is met. 

Figure 1(e) shows such Fourier-transform microscope images for selected frequencies for 
the Ez component. As expected, with increasing frequency, the wave-fronts of the traveling 
waves become more closely spaced, which demonstrates that our novel concept works.  

We also imaged the transmission through a multiple slit sample with a periodicity of 
500 mμ , where a far-field transmission spectrum shows an enhanced transmission [11] peak 
at about 0.5 THz [35]. The out-going time-traces at each position are again Fourier-
transformed to generate images at each frequency. The  image of Ex at 0.5 THz is dominated 
by an out-going traveling wave, distorted in the near-field by a smaller standing wave 
component [Fig. 2(a)], as can be seen by varying  the temporal phase tω  from  0 to π , where 

tiezxEtzxE ωωω −⋅= ),,0,(),,,0,( . In stark contrast, Ez is dominated by the evanescent 
standing wave components [Fig. 2(b)]. The surface-bound field can be thought of as the first 
order diffraction, which is evanescent  because the frequency is below the Rayleigh minimum 
at 0.6 THz. Equivalently, it can also be viewed as the z-component of the designer surface 
plasmon electric field [36, 37]. At a larger frequency of 1 THz, the Fourier-transformed 
images are dominated by the interference between the 0th and 1st order diffractions, as can be 
explicitly visualized in Figs. 2(c) and 2(d). It is thus clear that any frequency component over 
the broad terahertz spectral range can be imaged with full information on amplitude and 
phase. We now show that we can use this information to construct vectorial images of the 
electromagnetic field through the multiple slit structure. 
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Fig. 2. (a). Fourier-transform Ex images at 0.5 THz at tω =0, π /2, and π . (b) Same as (a) 
except that we now measure Ez. (c) Same as (A) except that the frequency is 1 THz. (d) Same 
as (b) except the frequency is 1 THz. 

 
Figure 3 shows a Fourier-transformed steady state electric field vector image at 1 THz, 

fixing the temporal phase tω  at zero. At this frequency, the electric-field pattern is dominated 
by the interference between the 0th, and the 1± st order diffractions and two salient features are 
apparent: an electric field saddle point and an electric field vortex around a null electric field 
point. We can understand the saddle point and the vortex point in the following way. Around 
the null electric field point located at ),0,( 00 zx , both the vortex and the saddle point, with the 

forms tiexxzztzxE ω−−−−∝ ))(,0,(),,0,( 00  and tiezzxxtzxE ω−−−−∝ ))(,0,(),,0,( 00 , 

respectively, satisfy the divergence equation 0E∇ ⋅ =
���

. However, these regions are expected 
to have different curls. Since we measure the field, rather than intensity, we can directly apply 
the Maxwell-Faraday equation: 

),,0,(
),,0,(

tzxEc
t

tzxH �

×∇⋅−=
∂

∂
      (2),  

 to obtain the magnetic field at each position. Taking the curl to access the magnetic field 
is possible because our THz-TDS setup provides information on both the amplitude and the 
phase of each electric field component. We note that direct measurements of the magnetic 
field are usually extremely difficult, but our measurements of the full time-dependent electric 
field make such measurements superfluous. At optical frequencies, it has recently been shown 
that it is possible to locally measure the polarization direction with 100 nm resolution [38] but 
without the phase information, it is impossible to deduce the magnetic field profile. 
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Fig. 3. Electric field vector mapping at 1 THz. An expanded view of the parts enclosed by the 
red-box regions can be seen in the lower part, showing saddle-point-like and vortex-like 
features. A Fourier-transformed electric field vector movie at 1 THz running the temporal 
phase, for light emanating from the multiple slit sample (3.026 MB) is shown. 

 
By symmetry, we have only the y-component magnetic field, which is plotted in Fig. 4(a) 

together with the electric field vectors at the frequency of 1 THz. The experimentally obtained 
magnetic field profile, while noisy due to errors introduced when taking the derivative, reveals 
interference between the 0th and the 1± st diffraction orders. Now that we have the electric and 
magnetic field vectors at each position and in time, we can experimentally obtain the Poynting 

vector HES ×=  [39]. Our method provides a more direct measurement of power flow at 
each position, at a time, than the single component measurement recently performed in the 
microwave region [4]. 

In Fig. 4(b), the Poynting vector at 1 THz at a temporal phase, 0'=tω  is plotted. The 

experimental Poynting vectors S
�

show complicated energy flow at this frequency, as clearly, 

S∇ ⋅
��

 is generally non-zero in Fig. 4(b). Non-zero divergence can be understood in connection 
with the changing local electromagnetic energy since the continuity equation must hold: 

u
S

t

∂∇ ⋅ +
∂

��

=0, where u is the electromagnetic energy density [2]. The time-dependent movies 

for S
�

, are in good agreement with the FDTD theory, as shown in the supporting material 
movie. The Poynting vector images are a sensitive function of both the frequency and time, 
which we can access in the full broad terahertz frequency range through our Fourier-transform 
imaging method. 
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Fig. 4. (a). Magnetic field profile at 1 THz plotted together with the electric field vectors. A 
movie at 1 THz running the temporal phase, for light emanating from the multiple slit sample is 
shown (3.527 MB). The black line denotes the electric field and the background color 
represents the magnetic field. (b). Poynting vectors at 1 THz calculated from the results shown 
in (a). A Poynting vector movie at 1 THz running the temporal phase, for light emanating from 
the multiple slit sample (1.551 MB) is shown. 

 
The time-averaged Poynting vectors at 1 THz, both from the experiment Fig. 5(a) and 

from the calculations Fig. 5(b), are plotted. The time-averaged Poynting vector images at 1 
THz are concentrated around the slit axes, even as we move away from the near-field zone, 
suggesting that the propagating diffraction orders 0, +1 and -1 generate Poynting vector 
images that confirm to our macroscopic intuition. While the theory is largely consistent with 
experiment, there exists a modulation along the z-axis in the experimental data, which is 
absent in the theory. This is most likely due to etalon (or waveguide) effects between the 
sample and the crystal. The modulation period is approximately half the wavelength but this 
modulation is largely absent in the original (before taking the Fourier-transform), pulsed data, 
because in the time-domain data, all frequency components contribute and the waveguide 
effect averages out. That our Fourier-transformed, time averaged Poynting vector plots show 
these etalon effects, again demonstrates the validity and sensitivity of our technique. 
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Fig. 5. (a). Time-averaged 2D Poynting vector behind the multiple slit sample at 1 THz,  
obtained from the 2D electric field vectors measured in the x-z-plane behind the slit sample and 
from the corresponding magnetic field vectors calculated from the electric field data. (b) FDTD 
simulation for time-averaged Poynting vector from the multiple slit sample, also at 1 THz. 

 

3. Conclusion 

In conclusion, our vector microscope accesses ),( txE , ),( txH , and ),( txS  experimentally in 
the broad frequency range between 0.05 and 1.5 THz.  We expect that the vectorial Fourier-
transform microscopy will be an invaluable imaging tool that visualizes electric field, 
magnetic field, and Poynting vectors around metamaterials. Considering that THz-TDS 
techniques, operating up to 70 THz [40] have been demonstrated, we expect that our approach 
can be extended to the mid-infrared. The results of our measurements are directly relevant to 
other frequency domains, such as the visible and microwave regimes [4, 41]. 
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