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ABSTRACT: Increasing the complexity of a light field through the
advanced manipulation of its degrees of freedom (DoFs) provides new
opportunities for fundamental studies and technologies. Correlating
polarization with the light’s spatial or spectral shape results in so-called
spatial or spectral vector beams that are fully polarized and have a spatially or
spectrally varying polarization structure. Here, we extend the general idea of
vector beams by combining both approaches and structuring a novel state of
light in three nonseparable DoFs, i.e., space, wavelength, and polarization.
We study in detail their complex polarization structure, show that the degree
of polarization of the field is only unveiled when the field is narrowly defined
in space and wavelength, and demonstrate the analogy to the loss of
coherence in nonseparable quantum systems. Our work extends the toolbox
of structured light and might inspire new applications benefiting from the
quantum-like features of nonseparable light fields.
KEYWORDS: vector beam, nonseparability, pulse-shaping, structured light

■ INTRODUCTION
Increasing the complexity of a light field and the control of
different degrees of freedom (DoFs) is beneficial for advancing
research and technology. Increasingly complex structures
realized by combining several DoF’s have been studied in a
myriad of experiments over the last decades, and the enhanced
understanding of the interplay of the DoFs has already enabled
novel photonic technologies.1−6 Initially, many experiments
have studied structuring transverse light fields and shaping the
temporal profile of pulses, both in their scalar forms, i.e., with a
uniform polarization structure.7,8 The complexity of the light
field’s structure was further increased by including the
polarization domain, leading to beams with spatially nonuniform
polarization distributions, i.e., spatial vector beams, as well as a
temporally varying polarization vector across the pulse duration.
Over the last years, this approach has been extended to combine
all DoFs, e.g., the study of advanced spatiotemporal pulses of
vectorial light fields,9 or the adaptation of established concepts
such as complex transverse spatial fields to the spatiotemporal
domain.10,11 Interestingly, the focus in most of the research
efforts has been to generate complex polarization and spatial
patterns over the temporal domain of light with much less
attention to studying structured light fields in the time’s
complementary DoF, i.e., the spectral domain. Correlating
polarization with the wavelength of a light pulse, for example,
can be used for advanced sensing and pulse characterization
schemes.12−16

Here, we extend the idea of spatial and spectral vector beams
by combining all three DoFs, namely, polarization, space, and
wavelength of the light field. We term such light pulses
spatiospectral vector beams (SSVBs), which are light fields
with a varying polarization structure in space as well as
wavelength as shown in Figure 1a. Using a simple setup
consisting of only three optical elements placed along a single
beamline, we are able to generate highly complex pulses of light
for which any given wavelength (or transverse angular position)
shows a different spatial (or spectral) polarization pattern. We
further show that all three DoFs are nonseparable, and the
complex vectorial nature of the light field can only be observed
when all DoFs are resolved. By integration over the light’s
transverse spatial extent or wavelength spectrum (or both), the
beam would be seemingly unpolarized. Finally, we detail the
analogy of such complex structured light fields to a tripartite
Greenberger−Horne−Zeilinger (GHZ) state, where the DoFs
of the classical light field play the role of the different quantum
particles in the GHZ description.
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■ METHOD
We consider an SSVB of the form

= [ + ]E r
I

S r F S r F( , )
2

( ) ( ) ( ) ( )0
1 1 1 2 2 2 (1)

where r ⃗ is the position vector, λ is the wavelength, I0 is the total
field intensity, S1,2 and F1,2 are normalized spatial and spectral
basis functions, respectively, and ϵ1̂,2 are unit polarization
vectors. We assume orthogonal polarization vectors with ϵî·ϵĵ =
δij, but allow for the spatial and spectral functions to have
nonvanishing overlap. Thus, the function can describe a light
field with nonseparable polarization, space, and wavelength for
zero overlap.

As a measure of the degree of tripartite nonseparability of field
(eq 1), we consider the degree of polarization (DoP) of the light
field. As we detail in the Supporting Information,19 the DoP is
given by
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where Λij
S = ⟨Si, Sj⟩ΩdS

and Λij
F = ⟨Fi, Fj⟩Ω dF

(j = 1, 2) are the inner
products between the spatial and spectral basis functions over
finite regions ΩS and ΩF in space and wavelength, respectively.
Experimentally, the DOP can be retrieved from the Stokes
parameters resulting from intensity measurements integrated
over ΩS and ΩF.

Note that when integrating over the complete spatial and
spectral DoFs ( =S

2 and =F ), eq 2 yields D = |Λ12
S Λ12

F |.
Thus, when either the spatial or the spectral basis functions are
orthogonal, the measured light field is seemingly unpolarized.
The same argument holds for space- or wavelength-only
measurements, which yield reduced degrees of spatial and
spectral coherence, respectively. Only joint measurements of the
three DoFs unveil the full coherence of the input field, which is a
signature of tripartite nonseparability. The apparent decoher-

ence of the field (eq 1) upon partial tracing of one DoF is a
byproduct of its mathematical similarity to the GHZ states.20−22

Classically, such a tripartite nonseparable behavior can also be
explained in an intuitive way. At any point in space where both
spatial basis functions are nonvanishing, the polarization is
spectrally nonuniform, i.e., a spectral vector beam.15 Similarly, at
any wavelength present in both spectral basis functions, the
polarization is spatially nonuniform, i.e., a spatial vector beam.23

Lastly, measuring the linear polarization state of the light field
leads to a strong correlation between spatial and spectral
structures. In other words, specifying one DoF can project the
remaining two in a bipartite nonseparable field, which we will
explore in more detail in the Results section. We note that a
related behavior has been observed using multiple beams, each
with a spatially varying polarization.24

Experimental Generation. To create an SSVB, we use the
process shown in Figure 1. First, Fourier-limited laser pulses
with a duration of τ = 220 fs and centered at a wavelength of 780
nm are linearly polarized. The polarization is chosen to be
diagonal with respect to the fast and slow axes of a 2 mm long
birefringent BaB2O4 (BBO) crystal with the optical axis oriented
23.4° from the propagation direction. The propagation through
the birefringent crystal coherently splits each pulse into two
trailing pulses with equal intensities, linearly polarized along the
crystal’s fast ( f) and slow (s) axes, producing a spectral vector
beam.15 The field at this stage is

= [ + ]E r
I

S r F e e e( , )
2

( ) ( ) ei c t
f

i c t
s

0
0 0

/ /

(3)

where S0(r)⃗ is a Gaussian transverse spatial profile, F0(λ) is the
spectral function, c is the speed of light, and δt is the birefringent
time delay. A subsequent quarter-wave plate oriented at 45° with
respect to the fast axis of the crystal transforms the field’s
polarization components ef̂ and eŝ to left and right circular
polarizations, i.e., eR̂ and eL̂, respectively. We set the time delay to
δt ≈ τ by choosing the appropriate crystal length and fine-tuning
the crystal rotation, which ensured that the resulting linear
polarization state in the wavelength domain rotates approx-
imately once within one spectral bandwidth. This beam is
nonseparable in wavelength and polarization, but still has only a
single transverse structure, i.e., a Gaussian mode.

Next, we correlate the spatial DoF with polarization using an
m = 1 zero-order vortex half-wave retarder. The vortex retarder
has a constant half-wave retardance across the clear aperture
with the fast axis oriented along θ = ϕ/2, where ϕ is the
azimuthal angle. Upon transmission, the left and right circular
polarization components change their handedness and acquire
an azimuthally varying phase from 0 to 2π,25 resulting in

= [ + ]E r
I

S r F e e e e( , )
2

( ) ( ) e ei i c
L

i i c
R

0
0 0

/ /

(4)

The field (eq 4) is exactly of the intended form of the SSVB
(eq 1), provided that we identify S1, 2(r)⃗ = S0(r)⃗e±iϕ and F1, 2(λ)
= F0(λ)e±iπτc/λ. Note that while the spatial basis functions are
mutually orthogonal ( S S,1 2 2 = 0), the overlap between the
spectral basis functions is nonvanishing ( F F e, 1/1 2

2). The
spectral overlap limits the quality of our SSVB and is the cost of
the simple method to produce it. We note that the
aforementioned limitation can be overcome by more advanced
pulse-shaping techniques to generate orthogonal temporal or

Figure 1. Conceptual idea. A simple generation scheme consisting only
of a birefringent crystal, a quarter-wave plate (QWP), and a vortex-
retarder generates a complex light field where polarization, wavelength,
and space are correlated. The colors in the insets symbolize the different
wavelength components of the light field. (a) Poincare ́ sphere
displaying that the light field is diagonally polarized. (b) Poincare ́
sphere of the light field shows that each wavelength component has a
different linear polarization. (c) The higher-order Poincare ́ sphere17,18

illustrates that each wavelength has a different spatial polarization
pattern.
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spectral modes;7,26 however, they lead to the same arguments as
presented here.

■ RESULTS AND DISCUSSION
Characterization. To characterize the SSVB (eq 4), we

performed both individual and joint measurements of its
polarization, wavelength, and spatial profile. In the first set of
measurements, we used the experimental setup depicted in
Figure 2a). We send the SSVB through a spatial mask
comprising two diametrically opposite 0.2 mm wide apertures
centered at the azimuthal angles ϕp and ϕp + π, which roughly
corresponds to two 17° wide slits and projects the field onto
approximately E⃗(ϕp, λ).

We characterize the resulting field with spectrally resolved
polarization tomography, where the Stokes parameters are
measured with a spectrometer, as shown for ϕp = 80° in Figure
2b with the corresponding wavelength-dependent polarization
ellipses in Figure 2c. In Figure 2d, we show different rotation
angles of the spatial mask, which display a linear shift of the
spectral-polarization structure. Note that the measured polar-
ization states shown in Figure 2c,d) are not strictly linear, as
expected from eq 4, but consist of elongated ellipses. This results
from the nonzero overlap of the spectral basis functions in our

scheme and experimental imperfections such as the finite area of
the spatial slits.

In the second set of measurements, we project the SSVB onto
wavelength instead of space using the setup depicted in Figure
3a. A monochromator consisting of a diffraction grating, a
mirror, and a tunable rectangular slit selects a central wavelength
λp, which projects the field onto approximately E⃗(r,⃗ λp). The
projection resolution is fixed by the minimum bandwidth of
around 2.1 nm of the monochromator. We characterize the
spectrally filtered field through spatially resolved polarization
tomography in which the Stokes parameters are measured with a
CMOS camera. In Figure 3b, we show the polarization-resolved
images obtained at λp = 785.5 nm with the corresponding spatial
vector beam in Figure 3c. The spatial vector beams retrieved for
different wavelengths are shown in Figure 3d, and, to help
visualize the wavelength dependence of the retrieved field
structures, the related images obtained at a fixed horizontal
polarization are additionally shown in Figure 3e. The polarized
images show a two-lobe structure that rotates across the
spectrum, as expected from eq 1.

We further study that partially resolving the spatial and
spectral domains can be used to control the DoP of the laser
beam. To this end, we performed polarization measurements for

Figure 2. Spectrally resolved measurements of the generated SSVBs. (a) The measurement setup filters space by using a spatial mask. The inset shows a
microscope image of the center of the slit mask made from black cardboard by using a simple laser cutter. Subsequently, it filters polarization using a
half- and quarter-wave plate followed by a polarizing beam splitter (PBS). The final data acquisition is done in the spectral domain using a
spectrometer. (b) Polarization-resolved spectral measurements with a spatial mask rotation angle of 80°. The letters “H”, “V”, “D”, “A”, “R”, and “L”
refer to the measurements corresponding to the projection on horizontal, vertical, diagonal, antidiagonal, left-circular, and right-circular polarizations,
respectively. (c) Reconstructed polarization ellipses over wavelength. The colors refer to the polarization ellipse rotation angle and are included for
better visibility of the changes in polarization. (d) SSVB at different spatial mask rotation angles.

Figure 3. Spatially resolved measurements of the generated SSVB. (a) The measurement setup filters wavelength and polarization using a
monochromator, wave plates, and a polarizing beam splitter (PBS). The data are acquired in the spatial domain with a camera. (b) Polarization
measurements at a wavelength filter centered at 785.5 nm. The letters “H”, “V”, “D”, “A”, “R”, and “L” refer to the measurements corresponding to the
projection on horizontal, vertical, diagonal, antidiagonal, left-circular, and right-circular polarizations, respectively. (c) Reconstructed SSVB from the
polarization measurements shown in (b). The color corresponds to the rotation angle of the polarization ellipses and acts as a guide for the eye. (d) The
SSVBs at varying wavelength filter positions. (e) Projection of the vector beam on the horizontal polarization at varying wavelength filter positions.
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different spatial and spectral bandwidths. We repeat the
measurements shown in Figure 3a with different spectral
resolutions at λp = 779.75 nm by changing the width of the
rectangular slit in the monochromator. Then, a computational
spatial mask with varying angular slit widths is added to the
images in postprocessing, simulating the physical mask used in
Figure 2a. From the measured Stokes parameters for each
setting, we retrieve the DoP values shown in Figure 4. By

increasing the bandwidth of the wavelength filter or the slit
width of the spatial mask, thereby averaging over the two DoFs,
the beam’s DoP decreases substantially. The initial DoP of 0.95,
measured with a wavelength filter bandwidth of 2.1 nm and a
spatial slit mask 0.16 rad wide, drops down to 0.04 when both
wavelength and spatial filters are completely removed, showing
excellent agreement with the simulations (see Supporting
Information19). Without resolving all DoFs, we thus have a
seemingly unpolarized light field. Moreover, note that the
minimum DoP obtained for spatially resolved measurements is
non-negligible (∼0.2), which agrees with the estimated overlap
between the spectral basis functions of 1/e2.

Analogy with Quantum Mechanics. As has been already
recognized, classical nonseparable light fields share a mathe-
matical similarity with entangled quantum states.27−29 In
contrast to manifold discussions of two nonseparable DoFs of
light and the analogy to Bell states,30,31 SSVBs are mathemati-
cally similar to the description of three-particle GHZ states. The
GHZ state has the form

| = | + |1
2

( 000 111 )
(5)

where |0⟩ and |1⟩ denote the two possible states of each quantum
system expressed in terms of qubits in the computational or z
basis. The mutually unbiased bases to z are the x and y bases,
defined in the Dirac notation as |± = | ± |x ( 0 1 )/ 2 and
|± = | ± |y i( 0 1 )/ 2 , respectively.

To demonstrate the nonseparability of the SSVB, we closely
follow the GHZ argument,21 which focuses on the simultaneous
measurements of all three qubits in the x basis (xxx
measurement). In the original GHZ argument, the two possible
measurement outcomes in each basis are ascribed to the values
+1 and −1. Together with the assumption of a local realistic
theory, it is possible to show that classical correlations require
the product of the measurement outcomes in the x basis to be
+1, while for quantum correlations the outcome will be −1. By
adapting these ideas to SSVBs and showing a similar behavior,

we can use the GHZ argumentation to demonstrate the
nonseparability of the classical light field.

We assign the notation in eq 5 to the SSVB by representing
the spatial, spectral, and polarization modes as the first, second,
and third entries of the state vector, respectively. For the spatial
DoF, the z basis is formed by the spatial functions S1,2(r)⃗ = S0(r)⃗
e±i ϕ, which contains counter-rotating spiral wavefronts carrying
opposite orbital angular momenta,32 and indistinguishable
intensity profiles. On the other hand, the x (y) basis modes
have two-lobe structures oriented along 0° and 90° (45° and
−45°)33 and can be distinguished by narrow slits oriented along
these directions.34,35 We implement these slits using the spatial
mask already presented in the measurements of Figure 2.

In the wavelength domain, the z basis is formed by the spectral
functions F1,2(λ) = F0(λ)e±iπτc/λ, which cannot be distinguished
by measurements of the spectral amplitude. On the other hand,
the modes composing the x basis are F1x ∝ F0(λ) cos(πτc/λ) and
F2x ∝ F0(λ) cos(πτc/λ − π/2), while those of the y basis are F1y ∝
F0(λ) cos(πτc/λ − π/4) and F2y ∝ F0(λ)cos(πτc/λ − 3π/4). In
analogy to the spatial domain, we measure in the x and y bases by
choosing, in postprocessing, four wavelengths spaced by 1/τ at
which the intensity difference between the horizontal/vertical or
diagonal/antidiagonal polarization components is maximized.

Lastly, for the polarization DoF, we define the z basis vectors
as the left and right circularly polarized components of the light
field. Consequently, the x basis corresponds to horizontal/
vertical linear polarizations, and the y basis corresponds to
diagonal/antidiagonal linear polarizations. A graphical overview
of the chosen bases is given in the Supporting Information.19

Figure 5 shows the measurement results for all terms of the
normalized state (eq 5) written in the x and y bases. More
information on the normalization procedure can be found in the
Supporting Information.19 Clearly, the xxx measurements show
that the product of the three outcomes mostly yields +1, with a
small contribution of −1 due to experimental limitations and
imperfections. We regard this result as an interesting way to
show the nonseparability between polarization, spatial profile,
and wavelength by exploring the mathematical isomorphism
with the GHZ state.

■ CONCLUSION
In this article, we introduced and experimentally realized a light
field with a complex polarization structure in space as well as
wavelength: a spatiospectral vector beam. Our measurements
show that the SSVB is well-defined in its three DoFs if, and only
if, they are measured jointly, while individual measurements
result in apparent incoherence, i.e., a reduced degree of
polarization, similar to the loss of coherence in nonseparable
quantum systems.

In the future, it will be interesting to extend the concept
further to more complex spatiospectral patterns, e.g., by
including spatial Poincare ́ beams36 or studying SSVBs in the
context of optical skyrmions.37 Not only do SSVBs contribute to
a better understanding of the complex interplay between
different DoFs, they might also enable applications benefiting
from the complex correlations and simple generation. In
contrast to earlier work, where spatial and spectral vector
beams have been used for high-speed tracking of changes in
space38 and spectrum,15 the presented light fields could allow a
fruitful combination of the two, leading to novel schemes for
advanced sensing methods in all optical domains simulta-
neously.

Figure 4.DoP as a function of the spatial and spectral filter bandwidths.
As both filters are enlarged, the DoP decreases due to the
nonseparability of space, wavelength, and polarization.
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Furthermore, it will be interesting to study the possible
benefits of SSVBs in nonlinear light−matter interactions of
structured light.39 This is particularly promising in quantum
optical experiments, where the classical correlations of non-
separable light fields can convert to quantum correlations
between different photons.40 In this regard, the use of SSVBs in
the generation of complex entangled states in multiple DoFs is a
natural direction for future research.41,42 Finally, the similarity of
classical nonseparability and quantum entanglement might be
beneficially utilized in quantum information applications, as has
already been shown for spatial vector beams in quantum
communication.43
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