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Microwave analog of Stern-Gerlach effects using nonuniform chiral metamaterials
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This study observes microwave beam splitting dependent on circular polarizations through nonuniform chiral
metamaterials. Nonuniform chiral metamaterials with a gradation in refractive index are constructed using chiral
meta-atoms that exhibit optical activities at microwave frequencies. Microwave scattering far-field patterns by
the nonuniform chiral metamaterials demonstrate a deflection of microwaves, which transmit in a direction
perpendicular to the refractive index gradient. Furthermore, circularly polarized microwaves with opposite “spins
of light” go their separate ways in the nonuniform chiral metamaterials. This phenomenon is an optical analog

of the Stern-Gerlach effects for electrons.
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I. INTRODUCTION

The Stern-Gerlach (SG) experiment [1] is a milestone
in the history of quantum theory [2]. In the SG effects,
particles with opposite spins with nonzero magnetic moments
will go their separate ways in a nonuniform magnetic field.
Historically the SG effects demonstrated existence of an
electronic spin degree of freedom. The spin magnetic moment
is coupled to the magnetic field that breaks the time-reversal
symmetry. Once the existence of the electron spin was proved,
utilization of the spin-orbit interaction by breaking the space-
inversion symmetry was another way to obtain spin-dependent
phenomena.

In an analogy between electrons and photons, optical
analogs of the SG effects are of great interest. A similar
effect for unpolarized light was experimentally observed as
the electromagnetically-induced transparency (EIT) enhanced
deflection [3]. The spatial motion of light in the EIT atomic
ensemble has been explained by a semiclassical theory based
on the spatial dependence of the refractive index [4] and by a
fully quantum approach [5]. The EIT-enhanced deflection of
nonpolarized light cannot be, however, explained as an optical
analog of the SG effects because only one component of “the
spin” is available [6]. An atomic beam SG analog is only
applicable for light in polarized materials. The decomposition
of a light ray into two rays dependent on the polarization is
classically formalized by assigning two different refractive
indices of the materials for different polarization.

Chiral material with broken space-inversion symmetry
is characterized by two indices of refraction: one for left-
handed circularly polarized (LHCP) and one for right-handed
circularly polarized (RHCP) light. Linearly polarized light is
regarded as a coherent superposition of LHCP and RHCP light.
Fresnel’s theory of optical rotation indicates that a difference
in the refractive indices causes the waves to acquire phase
difference as they propagate through chiral medium, that
is to say, optical activity [7-9]. Furthermore, when linearly
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polarized light is incident from an achiral medium to a chiral
medium, the light will split into two beams: one LHCP
and the other RHCP [10]. Such a split of light into two
beams was experimentally demonstrated using light reflection
and refraction with an oblique incidence into a uniform
chiral liquid containing natural chiral molecules [11]. While
refraction into uniform chiral media with an oblique incidence
corresponds to transmission into nonuniform chiral media with
a normal incidence, direct observation of the SG effects for
light is lacking because it is a challenge to prepare nonuniform
chiral media using natural chiral molecules.

This paper reports a microwave analog of the SG ex-
periment using nonuniform chiral metamaterials. Metamate-
rials and metasurfaces enable us to realize unusual optical
properties with well-designed subwavelength-sized structures
[12-17]. Previously we have studied optical activities of a
Cu chiral structure—chiral meta-atom—at microwave fre-
quencies [18,19]. Here, the chiral meta-atoms are used to
construct nonuniform chiral metamaterials with refractive
index gradient. An atomic beam, electron spin, gauge field,
and the nonuniform magnetic field in the original SG ex-
periment correspond, respectively, to a microwave, circular
polarization, electromagnetic induction by chiral materials,
and the nonuniform distribution of the chiral meta-atoms in our
experiment. Microwave scattering far-field patterns through
nonuniform chiral metamaterials with normal incidence are
measured as a function of frequency and deflection angle
in free space. Transmitted microwaves are deflected by the
nonuniform chiral metamaterials. Moreover, LHCP and RHCP
microwaves go their separate ways in the nonuniform chiral
metamaterials. The splitting is traced back to “magnetic field”
for microwaves. Since materials are regarded as fields by
electromagnetic waves, the present study is one further step for
synthetic gauge fields for light [20-25] using metamaterials.

This paper is organized in six sections. Section II describes
the theoretical background of the SG effects for light.
Section III details the experimental procedures including
preparations of uniform/nonuniform chiral metamaterials and
measurements of microwave scattering far-field patterns in the
free space. Section IV illustrates the experimental results of
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the microwave transmission amplitude patterns through uni-
form/nonuniform chiral metamaterials received by a rectangle
horn antenna or LHCP/RHCP antenna. Section V presents
discussion on microwave amplitude difference patterns and
the SG effects for microwaves using nonuniform chiral
metamaterials, and conclusions are given in Sec. VI.

II. THEORETICAL BACKGROUND

In this section, we present theoretical background of the
SG effects for light. Maxwell equations for plane waves are
written as

k x EG) = wB(), (1)
k x H(F) = —wD(F), 2)
where l_é E and H are the wave vector, the electric field, an_gl
the magnetic field, respectively. The electric flux density D

and the magnetic flux density B in isotropic chiral media are
given by constitutive equations,

D =eocE —i2H, A3)

a |

-

B = poudi + éE @)

where ¢ and u are the electric permittivity and magnetic perme-
ability of the media, respectively. &y and w are, respectively,
the electric permittivity and magnetic permeability of vacuum.
The chiral parameter & gives rise to electromagnetic induction
in the media, resulting in optical activities. The speed of light
in vacuum is represented by ¢ = \/E:W

For simplicity, we assume electromagnetic waves propa-
gating direction to be parallel to the z direction; k = (0,0,k).
The eigenmodes are written as E = \/%(E , £iE,0), where +
and — represent left- and right-handed circular polarizations,
respectively. These states correspond to ‘“‘spin states” of
photons. Given Egs. (1)—(4), the dispersion relation is obtained
to be

2
CenFohe? K> =o. (5)
C C

The refractive index n = c|l€| /w is calculated to be
i = ng — £k, (6)
ng = ng + £k, @)

where ng = /¢ /i, the higher order terms of & are neglected,
the subscripts L and R correspond to left- and right-handed
circular polarizations, and k = k/|k| = sgn(k). As shown in
Fig. 1(a), the dispersion curve in the chiral media splits for each
polarization state; wy (k) # wr(k). Given the time-reversal
symmetry, the dispersion satisfies the relation,

wL(k) = wr(—k), wr(k) = oL(—k). ®

This implies that a mode with (w, k, R) has always its
counterpart with (w, —k, L) of the different polarization
propagating to the opposite direction. Such a dispersion
is analogous to that in electronic systems with spin-orbit
interactions.
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FIG. 1. Dispersion relations in (a) chiral and (b) magneto-optical
media. (c) A normal incidence to a medium with the refractive index
gradient n(x) in a direction perpendicular to the incident direction.

It is useful to compare this case with a distinct case in which
the time-reversal symmetry is broken but the space-inversion
symmetry is unbroken, i.e., magnetic systems. In magnetic
systems, when electromagnetic waves propagate parallel to
the magnetization and/or the external magnetic field, the
dispersion relation splits with circular polarizations as shown
in Fig. 1(b). These are so-called magneto-optical effects.
From the space-inversion symmetry, the dispersion satisfies
the relation

wL(k) = oL(—k), wr(k) = wr(—k). €))

It is analogous to electronic dispersions split by the Zeeman
effect under the magnetic field.

If incident direction is fixed to k > 0, both dispersion rela-
tions in Figs. 1(a) and 1(b) look indistinguishable. Therefore,
refraction phenomena in the chiral media can be an optical
analog of the atomic beam SG effects in the sense that a beam
refracts and splits into two beams with different polarizations.
Refraction with a normal incidence requires a nonuniform
medium. Suppose a nonuniform medium with the refractive
index gradient n(x) in a direction perpendicular to the incident
(+4z) direction as shown in Fig. 1(c). The variables ¢ and
w correspond, respectively, to thickness and width of the
medium. In the medium, white color represents a smaller
refractive index region, whereas dark blue color represents a
larger refractive index region. The amount of refraction angle
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FIG. 2. Schematics of (a) uniform and (b) nonuniform chiral metamaterials consisting of chiral meta-atoms.

0 through the medium is calculated to be

t
0~ An—, (10)
w

where An is total variation of the refractive index in the x
direction. In a chiral medium, the refractive index depends
on the circular polarization states. The split angle of each
polarized beam on the first order of £ is obtained to be

t
Or — O =208 —, Y
w

where A£ is variation of the chiral parameter.

As represented in Egs. (6) and (7), the refractive indices
have two terms: 1y and £k. In the present experiment, we
embody the spatial variation of these terms in metamaterials.
The spatial variation refracts the beam, but the two terms affect
the beam in a different way. The gradient in the first term
bends the center of gravity of the beam and gives effectively
nonzero incident angle. The spatial derivative of the second
term causes a split of the beam depending on polarization
states, corresponding to the optical analog of the SG effects.

III. EXPERIMENTAL PROCEDURES

A 0.55 mm diameter Cu wire was coiled clockwise four
times round the thread groove of a right-handed screw to form
the Cu right-handed chiral meta-atom. The weight of all chiral
meta-atoms is identically 76 mg. The length of the meta-atoms
was 10.5 mm, which is much smaller than the frequency of
microwave we use in the measurements. As illustrated in Fig. 2,
the meta-atomsina9 x 13 square lattice array were juxtaposed
in a polystyrene foam plate of 200 mm x 200 mm x 15 mm.
The meta-atom’s chiral axis is normal to the plate surface. The
spacing between the meta-atoms was 15 mm. A polystyrene
foam plate contains 117 chiral meta-atoms to be a chiral
metalayer. Four chiral metalayers were stacked to construct
chiral metamaterials. In order to construct uniform chiral
metamaterials, other polystyrene foam plates having 15 mm
thickness were inserted between the metalayers as spacers
[Fig. 2(a)]. Contrastingly, nonuniform chiral metamaterials
were embodied with a gradual increase in the polystyrene
foam spacers’ thicknesses [Fig. 2(b)]; in other words, 10, 15,
and 20 mm thickness polystyrene foam plates were inserted in

a nonuniform chiral metamaterial to mimic the SG-like fields
for microwaves.

The chiral metamaterials were put onto a rotation stage.
A rectangle horn antenna for microwave emission (Keycom
RH187S) was also mounted on the rotation stage. The
transmitted microwaves are linearly polarized. As illustrated
in Fig. 2, the chiral axis is along the incident electric field
oscillation direction in the present free-space experiment, so
that the ac electric fields excite a resonance in the chiral
meta-atom, called chiral resonance, due to electromagnetic
induction. The metamaterials were irradiated by microwaves
with the normal incidence as shown in Fig. 2, i.e., the
microwave incident angle to the metamaterials was always 0°.
The transmitted microwaves through the metamaterials were
received by another rectangle horn antenna (ETS-Lindgren
3115) for linearly polarized microwaves or antennas for
LHCP/RHCP microwaves at the fixed position about 2.5 m
away from the metamaterials. Scattering far-field patterns were
measured while the emission antenna mounted on the stage
together with the metamaterial was rotated from 0 to 180°.
The angle of 90° corresponds to the transmitter antenna to be
straight to the receiver antenna. The microwave source and
detector in the frequency range between 4.7 and 6 GHz was
an Agilent PNA N5224A vector network analyzer.

IV. EXPERIMENTAL RESULTS

A. Uniform chiral metamaterials

Figure 3 shows transmission amplitude spectra between 4.7
and 6 GHz through uniform chiral metamaterials at a rotation
stage angle of 90°. In Fig. 3(a) microwaves are received by a
rectangle horn antenna. The red spectrum corresponds to the
co-polarization configuration, in which the polarization plane
of an electric field in the transmitter rectangle horn antenna is
parallel to that in the receiver rectangle horn antennas. This
configuration results in almost perfect transmission without
any samples between antennas. However, Fig. 3(a) obtained
with the chiral metamaterials highlights that transmission is
suppressed between 4.9 and 5.5 GHz. In the suppressed region,
a dip emerged at approximately 5.2 GHz. This dip is traced
back to the chiral resonance [18,19,26]. The transmission
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FIG. 3. Transmission amplitude spectra of uniform chiral meta-
materials between 4.7 and 6 GHz at 90°. (a) Red and blue spectra
correspond to microwaves received by a rectangle horn antenna in
co- and cross-polarization configurations, respectively. (b) Green and
yellow spectra correspond to microwaves received by LHCP and
RHCP antennas, respectively.

suppression between 4.9 and 5.5 GHz is thus caused by
the rotation of the microwave polarization plane through the
transmission, i.e., optical activities.

The blue spectrum in Fig. 3(a) corresponds to the cross-
polarization configuration. In the cross-polarization config-
uration, the polarization plane of an electric field in the
transmitter is normal to that in the receiver antennas. The
cross-polarization configuration corresponds to cross Nicol
configuration in optics. Hence, if there is nothing between
the antennas, no transmission is observed. This configuration,
however, enables us to observe the optical activity of the chiral
metamaterials. Indeed in Fig. 3(a) transmission amplitude
between 4.9 and 5.5 GHz in the cross-polarization (blue) is
larger than that in the co-polarization (red) because of the
rotation of the polarization plane due to the optical activities
by the chiral metamaterials. A dip is seen at approximately
5.2 GHz also in the blue spectrum.

Figure 3(b) illustrates microwave transmission amplitude
spectra received by circularly polarized antenna. The green
and yellow spectra correspond to the spectra received by
LHCP and RHCP antennas, respectively. The LHCP antenna
(green) received large transmission between 4.9 and 5.5 GHz
rather than the RHCP antenna (yellow). This result sounds
contradictory since the chiral meta-atoms in the metamaterials
are right-handed. However, this is reasonable because a LHCP
antenna means that the direction of time-variant electric field
is left-handed, bringing about a right-handed space-variant
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electric field. Additionally green and yellow spectra highlight
a dip approximately 5.2 GHz. These results indicate that
the chiral metamaterials have a resonance at approximately
5.2 GHz and demonstrate the optical activity around the
resonance frequency.

Figure 4 demonstrates the scattering far-field patterns of
microwaves received by arectangle horn antenna after uniform
chiral metamaterials. Vertical and horizontal axes are assigned
to frequency and stage rotation angle, respectively. Vertical
broken lines indicate a stage rotation angle of 90° correspond-
ing to microwave scattering received by the antenna to be
straight to the transmitter antenna. Figure 4(a) corresponds to
a far-field pattern in the co-polarization configuration. Below
4.9 GHz and above 5.5 GHz transmission is observed around
90°. Transmission between 4.9 and 5.5 GHz is suppressed
owing to the optical activity of the chiral metamaterials as
shown in Fig. 3. Contrastingly, as demonstrated in Fig. 4(b),
the cross-polarization configuration results in a microwave
transmission between 4.9 and 5.5 GHz around 90° due to
the optical activity except for the resonance frequency at
approximately 5.2 GHz.

The far-field patterns shown in Fig. 5 were measured by a
LHCP/RHCP antenna after uniform chiral metamaterials. Fig-
ure 5(a) corresponds to a far-field pattern received by the LHCP
antenna. Around 90°, microwave transmission is observed
between 4.7 an 6.0 GHz except for the resonance frequency
at approximately 5.2 GHz. Given that the LHCP antenna
receives space-variant RHCP microwaves, the transmission
is observed in the optical activity region between 4.9 and
5.5 GHz in Fig. 5(a). In sharp contrast in Fig. 5(b), the RHCP
antenna cannot receive microwaves in the optical activity
region. Notably, the far-field patterns in Fig. 4 and Fig. 5
are symmetrical with the stage rotation angle of 90° because
the refractive index in the chiral metamaterials is uniform.
However, the far-field patterns become asymmetric when the
microwaves scattered by nonuniform chiral metamaterials
with a refractive index gradient as shown in the following.

B. Nonuniform chiral metamaterials

Figure 6 illustrates microwave scattering far-field patterns
through nonuniform chiral metamaterials measured by the cir-
cularly polarized antennas. Transmission amplitude is plotted
as a function of the rotation stage angle (horizontal axis) and
frequency (vertical axis). Figures 6(a) and 6(b) correspond
to the far-field patterns of a nonuniform chiral metamaterial
with spacers of 10, 15, and 20 mm thickness from the 180°
side; in other words, a gradated chiral metamaterial with a
higher density of the chiral meta-atoms in the 180° direction.
Out of the optical activity region between 4.9 and 5.5 GHz,
far-field patterns received with the LHCP [Fig. 6(a)] and
RHCP [Fig. 6(b)] antennas are similar. Below the optical
activity region, the microwaves transmit and deflect in the 180°
direction. On the other hand, the transmitted beam shifts in the
0° direction above the optical activity region. These deflections
are caused by the refractive index gradient perpendicular to
the microwave propagation in the metamaterials. Above the
chiral resonance frequency at approximately 5.2 GHz, the
electric permittivity of the metamaterials becomes negative
and the beam deflects in the opposite direction to the
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FIG. 4. Microwave scattering far-field patterns of uniform chiral metamaterials. Transmission amplitude is plotted as a function of rotation
angle (horizontal axis) and frequency (vertical axis). Vertical broken lines indicate 90°. Microwaves are received by rectangle horn antenna in

(a) co- and (b) cross-polarization configurations.

metamaterials with positive permittivity below the chiral
resonance frequency.

In the optical activity region, the far-field patterns are very
different between the LHCP [Fig. 6(a)] and RHCP [Fig. 6(b)]
antennas. Figure 6(a) demonstrates the high transmission of
microwaves in the optical activity region between 4.9 and
5.5 GHz. In contrast, the RHCP antenna does not receive large
transmission as shown in Fig. 6(b). The far-field pattern in
the optical activity region is asymmetric due to the refractive
index gradient in the chiral metamaterials. Just below the chiral
resonance frequency of approximately 5.2 GHz, the LHCP
antenna detects microwaves around 140° because of a higher

(a) LHCP antenna
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density of the chiral meta-atoms in the 180° direction. On the
other hand at approximately 5.3 GHz just above the chiral
resonance frequency, microwaves are detected at around 50°.
While the density of the meta-atoms is higher in the 180°
direction, the permittivity becomes negative above the chiral
resonance, leading to a deflection into the 0° direction.
Figures 6(c) and 6(d) correspond to far-field patterns
through inverted nonuniform chiral metamaterials with 10, 15,
and 20 mm thick spacers from 0°; in other words, a gradated
chiral metamaterial with a higher chiral meta-atom density
in the 0° direction. The flip of the refractive index gradient
direction brings about mirror images of the transmission
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FIG. 5. Microwave scattering far-field patterns of uniform chiral metamaterials received using (a) LHCP and (b) RHCP antennas.
Transmission amplitude is plotted as a function of rotation angle (horizontal axis) and frequency (vertical axis). Vertical broken lines indicate

90°.
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FIG. 6. Microwave scattering far-field patterns of nonuniform chiral metamaterials received using LHCP [(a) and (c)] and RHCP [(b) and
(d)] antennas. (a), (b) Density of chiral meta-atom is higher in 180°. (c), (d) Density of chiral meta-atom is higher in 0°.

patterns by comparing Figs. 6(a) and 6(c) and Figs. 6(b) and
6(d). In the optical activity region between 4.9 and 5.5 GHz,
microwave transmission is high around 50° just below the
chiral resonance frequency, whereas the transmission is high
around 140° just above the chiral resonance frequency. These
results demonstrate that microwaves feel the refractive index
gradient in the nonuniform chiral metamaterials and are
deflected in to the direction of a higher refractive index due to
a higher meta-atom density.

V. DISCUSSION

Figure 7 shows the amplitude difference between trans-
mitted microwaves received by LHCP and RHCP antennas
after the uniform chiral metamaterial. The pattern is plotted
as a function of stage rotation angle (horizontal axis) and

frequency (vertical axis). The vertical broken line indicates the
rotation angle of 90°, while the horizontal broken line indicates
5.2 GHz, which corresponds to the chiral resonance of the
meta-atoms. Red color is assigned to amplitude difference
above 15 dB corresponding to a higher transmission detected
by the LHCP antenna. On the other hand, blue color is
assigned to amplitude difference below —15 dB corresponding
to a higher transmission detected by the RHCP antenna. We
see that the LHCP antenna received intense microwaves at
a frequency just below 5.2 GHz around the rotation angle
of 90°. This result is consistent with the spectra measured
in Fig. 3(a). Notably in Fig. 7 the amplitude difference
pattern is symmetric by the uniform chiral metamateri-
als. Contrastingly, nonuniform chiral metamaterials cause
asymmetric patterns in amplitude difference as highlighted
in Fig. 8.
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FIG. 7. Amplitude difference between transmitted microwaves
measured by LHCP and RHCP antennas after uniform chiral
metamaterial is plotted as a function of stage rotation angle (hor-
izontal axis) and frequency (vertical axis). Red color corresponds
to high transmission detected by LHCP antenna, while blue color
corresponds to high transmission detected by RHCP antenna. Vertical
broken line indicates 90°. Horizontal broken line indicates chiral
resonance frequency of 5.2 GHz.

Figure 8 plots a similar amplitude difference transmission
pattern but through the nonuniform chiral metamaterial.
Figure 8(a) corresponds to metamaterials with a high density of
meta-atoms in the 0° direction. The most striking asymmetric
pattern is observed at approximately 5.35 GHz in the optical
activity region. Strong transmission around 120° is measured
with the LHCP antenna. On the other hand, the RHCP antenna
detects transmission around 60° at the same frequency.

By reversing the gradient direction, the asymmetric pattern
is flipped as shown in Fig. 8(b). At approximately 5.35 GHz,
strong transmission around 70° is measured by the LHCP
antenna while transmission around 120° is detected by the
RHCP antenna. Figure 8 demonstrates that circularly polarized
light with opposite “spins” go their separate ways in the
nonuniform chiral metamaterials. In other words, we have ob-
served directly the SG effects for microwaves by nonuniform
chiral metamaterials.

The original SG experiment using an atomic beam [1]
showed that particles with opposite electron spins with nonzero
magnetic moments went their separate ways in a magnetic field
gradient perpendicular to the atomic beam. In the optical ana-
log demonstrated in this paper, LHCP and RHCP microwaves
are deflected by the refractive index gradient perpendicular
to the microwave propagation realized by nonuniform chiral
metamaterials. As represented in Eqs. (6) and (7), LHCP and
RHCP microwaves feel different values of &, resulting in
propagations in their separate ways. The splitting is traced back
to “magnetic field” for microwaves because the gauge field
and nonuniform magnetic field in the original SG experiment
correspond to electromagnetic induction by chiral materials

PHYSICAL REVIEW B 96, 165425 (2017)
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FIG. 8. Amplitude difference pattern measured by LHCP and
RHCP antennas after nonuniform chiral metamaterial is plotted as
a function of angle (horizontal axis) and frequency (vertical axis).
Meta-atoms concentrations are dense in the 0° (a) and 180° (b).

and the nonuniform distribution of the chiral meta-atoms in
the present experiment, respectively. In this way, the present
experiment is an evidence of synthetic magnetic field for light
[20-25] at room temperature using metamaterials.

Notably, a similar behavior of microwaves can be realized
using graded anisotropic materials. However, in anisotropic
materials, circular polarizations are not eigenstates. We uti-
lized chiral metamaterials to make a direct analogy between
circular polarizations (LHCP and RHCP) of microwaves and
spins (up and down) of electrons. Additionally, our optical
analog of Stern-Gerlach effects by nonuniform metamaterials
is applicable to other metamaterials, for example, magneto-
optical metamaterials [27]. Last but not least, we notice that
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an optical SG effect has been reported [28]. In the optical SG
effect, a metastable He atoms beam interacts with a resonant
laser field with a well-defined intensity gradient perpendicular
to the atomic beam. The optical SG effect is thus completely
different from what we observed in the present study.

VI. CONCLUSION

In conclusion, a microwave analog of the SG effects was
realized using nonuniform chiral metamaterials. Nonuniform
chiral metamaterials with a refractive index gradient were
constructed using the chiral meta-atoms that exhibit optical
activities at microwave frequencies. Microwave scattering

PHYSICAL REVIEW B 96, 165425 (2017)

far-field patterns with a normal incidence into nonuniform
chiral metamaterials highlight a deflection of transmitted
microwaves. Moreover, circularly polarized microwaves with
opposite “spins of light” go their separate ways in the
nonuniform chiral metamaterial. The splitting is traced back to
magnetic field for microwaves. The present study thus opens
a way for synthetic gauge fields for light using metamaterials.
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