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Active control of a plasmonic metamaterial for quantum state engineering
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We experimentally demonstrate the active control of a plasmonic metamaterial operating in the quantum
regime. A two-dimensional metamaterial consisting of unit cells made from gold nanorods is investigated. Using
an external laser, we control the temperature of the metamaterial and carry out quantum process tomography on
single-photon polarization-encoded qubits sent through, characterizing the metamaterial as a variable quantum
channel. The overall polarization response can be tuned by up to 33% for particular nanorod dimensions. To
explain the results, we develop a theoretical model and find that the experimental results match the predicted
behavior well. This work goes beyond the use of simple passive quantum plasmonic systems and shows that
external control of plasmonic elements enables a flexible device that can be used for quantum state engineering.
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I. INTRODUCTION

Metamaterials are artificially engineered materials that
provide optical, mechanical, or thermal responses beyond what
can be achieved by conventional materials [1–4]. In optics,
metamaterials have traditionally been made from metallic
nanostructures much smaller than the wavelength of interest,
with the collective behavior of many nanostructures giving rise
to the bulk response of the material [5]. The use of metal
in the design of optical metamaterials is mainly due to the
ability to modify the electric and magnetic resonances of
the nanostructures in the optical band easily using plasmonic
techniques [6]. However, the use of dielectric metamaterials
has also been considered for achieving similar resonance
behavior [7]. In recent years, researchers have studied in
great detail the electric and magnetic resonances of plasmonic
nanostructures, using them to design metamaterials for a wide
range of applications, including new types of lenses and
imaging devices [8], transformation optics components [9],
sensing platforms [10], and many others [11].

Most recently, studies have started to probe optical meta-
materials in the quantum regime [12–22], with applications in
quantum state engineering, such as entanglement distillation
[23,24], remote quantum interference [25], quantum state gen-
eration [26,27], and dissipative-based quantum state control
[28,29]. However, a highly desirable behavior of metamate-
rials is the ability to control their response. Much work has
been done in the classical regime in demonstrating metama-
terials that can be actively controlled [30–32]. Techniques
used include adding phase change materials [33–36], embed-
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ding liquid crystals [37–39], using mechanical deformation
[40–43], electrical stimulation [32,44], and exploiting thermal
effects [45–47]. In the quantum regime, there have not yet
been any studies showing the active control of a metamaterial.
Given the many quantum applications of metamaterials already
demonstrated, it is important to investigate the possibility of
active control and develop flexible components for quantum
state engineering tasks.

In this work we experimentally demonstrate the active
control of a metamaterial in the quantum regime. We investi-
gate a two-dimensional metamaterial, a metasurface [48–52],
that is comprised of unit cells made from gold nanorods
and whose usefulness was recently shown in an experiment
performing entanglement distillation of partially entangled
two-photon states [23]. Here we go beyond this work to
show how the response of this metasurface can be actively
controlled. Such control is useful in a real-world application
in quantum communication [53], where a single metasurface
whose properties can be tuned to cover a wide operating range
is desired in order to avoid the need to physically change the
metasurface being used. To provide this tunability, we control
the metasurface via its thermal response. We use an external
laser to vary the temperature optically and carry out quantum
process tomography on single photons sent through, with the
goal of characterizing the metasurface as a variable quantum
channel in the polarization basis. The process tomography
method provides full information about how the metamaterial
responds in the quantum regime under an external stimulus and
enables us to assess the quality of its quantum operation.

We find that with the correct nanorod dimensions one can
achieve tunability of the metasurface’s polarization response
by up to 33%. To help explain the results, a theoretical model
is developed and used. We find that the experimental results
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match well the predicted behavior. Overall, the result is rather
surprising given that we are increasing the amount of loss
in the nanorods by heating; one would expect the loss to
have a negative impact on the operation of the metasurface.
However, it is exactly the extra loss that changes the resonance
properties of the nanorods and modifies the bulk response of
the metasurface. Our work goes beyond previous studies using
simple passive plasmonic systems in the quantum regime and
shows that external control of plasmonic elements provides a
versatile metamaterial that can be used to carry out quantum
state engineering.

II. OVERVIEW

A diagram of the scenario for demonstrating the active
control of a metamaterial in the quantum regime is shown in
Fig. 1(a). Here a single-photon (red beam) and an external
control laser for heating (white beam) are incident on the
metamaterial. The inset shows the geometry of the nanorods
in each unit cell. In Fig. 1(b) the optical setup used is shown.
Pairs of photons are generated via parametric down-conversion
using a pump laser [54,55], with one photon of the pair acting
as a heralding photon (top path) and the other as a probe
photon (bottom path). Quantum information is encoded in the
polarization degree of freedom of the probe single photons,
with each photon representing a qubit. The qubits are encoded
in different states and then sent through the metamaterial. The
metamaterial is then characterized as a quantum channel as the
temperature is changed via the control laser. Further details of
the setup are given later in the experimental setup in Sec. IV.

III. THEORETICAL MODEL

Before introducing the experimental setup and analyzing
the results, we briefly summarize our theoretical model for
the temperature dependence of a given metamaterial. The
transmission response of the type of plasmonic metamaterial
fabricated and shown in Fig. 1(a) can be modeled as a
periodic array of nanoparticles in a planar rectangular lattice
with periods dx and dy . In the dipole approximation, each
nanoparticle representing a unit cell of the metamaterial is
modeled by a dipole with a polarizability tensor α, which
relates the dipole moment P to the local electric field E0, i.e.,
P = αE0 [56–59]. The plasmonic nanoparticles fabricated are
rodlike in shape and are well described as an ellipsoid with
semiaxes a, b, and c. This gives a diagonal polarizability tensor
with nonzero elements [59]

αi = 4πε0abc
εm − εd

3εd + 3Li(εm − εd )
, (1)

where ε0 is the free-space permittivity, Li (i = x,y,z) is the
geometrical factor [59], εm is the relative permittivity of gold,
and εd is the relative permittivity of the surrounding medium
(silica). To relate the semiaxes to the geometry of our nanorods
we set a = w/2, b = t/2, and c = l/2, where w, t , and l are the
nanorod width, thickness, and length, respectively, as shown
in the inset of Fig. 1(a).

The reflection and transmission through a given metamate-
rial nanorod array can be related to the polarizability tensor of
the nanorod unit cell and the interaction dyadic of the array, as

described in detail in Ref. [56]. For light with normal incidence
to the array and polarized in direction k we have

Tk = 1 + iμ0πf c

dxdy

αk

1 − βkαk

(2)

and Rk = Tk − 1, where μ0 is the free-space permeability,
f is the frequency of the propagating electromagnetic wave,
c is the speed of light in vacuum, and βk is the interaction
dyadic. Here we set βk = 0 due to the large nanorod spacing
considered in our experiment. Note that in the special case
of no absorption in the array, the relation |R|2 + |T |2 = 1
is satisfied. The final step is to introduce the temperature
dependence of the permittivities εd and εm, after which we are
in a position to model transmission through the metamaterial of
qubits encoded into single photons as horizontal and vertical
polarization states. We choose the vertical axis of the single
photons to be oriented along the long (length) axis of the
nanorods.

To model the temperature dependence of the silica substrate
we use the wavelength-dependent thermo-optic coefficient
dn
dT

, where n is the refractive index (εd = n2) and T is the
temperature [60,61]. The refractive index is related to the
thermo-optic coefficient by the relation

n(T ) = n(Tr ) + (T − Tr )
dn

dT
, (3)

where n(T ) is the temperature-dependent refractive in-
dex, which is also wavelength dependent, and Tr = 300 K
is a reference temperature. It is known that the refrac-
tive index of fused silica at Tr can be well described
by the Sellmeier equation n(Tr,λ) = [1 + A1λ

2/(λ2 − β2
1 ) +

A2λ
2/(λ2 − β2

2 ) + A3λ
2/(λ2 − β2

3 )]1/2, where the coefficients
are A1 = 0.696 166 3, A2 = 0.407 942 6, A3 = 0.897 479 4,
B1 = 0.068 404 3, B2 = 0.116 241 4, and B3 = 9.896 161 and
λ = 0.81 μm is the wavelength of interest [61]. We then
have dn

dT
= (GR + HR2)/2n(Tr,λ), with R = λ2/(λ2 − λ2

ig),
λig = 0.109 μm is the band-gap wavelength of silica, G =
−1.6548 × 10−6 K−1, and H = 31.7794 × 10−6 K−1 [60].
The temperature dependence of εd is shown in Fig. 1(c i) for
T = 300–350 K.

For the gold nanorods, the temperature dependence is
described using a modified Drude model, valid below the
interband transition frequency 2.4 eV (λ � 520 nm) [62–64],

εm(T ) = ε∞ − ω2
p(T )

ω[ω + iωc(T )]
, (4)

where ω is the angular frequency of the electromagnetic
field, ε∞ is the high-frequency permittivity of the metal, and
ωp(T ) and ωc(T ) represent the temperature-dependent plas-
mon frequency and collision frequency of the free electrons,
respectively. The plasmon frequency is given by ωp(T ) =
ωp(Tr )/[1 + 3γ (T − Tr )]1/2, where ωp(Tr ) is the plasmon fre-
quency at the reference temperature and γ = 14.2 × 10−6 K−1

is the thermal linear expansion coefficient. The collision
frequency results from a combination of electron-electron and
electron-phonon scattering, with ωc(T ) = ωe-e(T ) + ωe-ph(T ),
where ωe-e(T ) = π3	
[(KBT )2 + (h̄ω/2π )2]/12h̄EF and
ωe-ph(T ) = ω0[2/5 + 4(T/θD)5

∫ θD/T

0 z4(ez − 1)−1dz]. Here
kB is the Boltzmann constant, h̄ is Planck’s constant, θD is
the Debye temperature, EF is the Fermi-level energy for gold,

053810-2



ACTIVE CONTROL OF A PLASMONIC METAMATERIAL … PHYSICAL REVIEW A 97, 053810 (2018)

FIG. 1. Overview and experimental setup for demonstrating active control of a metamaterial in the quantum regime. (a) Pictorial
representation of one of the metamaterials used with a single photon (red) and an active control laser beam (white) sent through. The spot size of
the control and single-photon beams are the same in the experiment; however, the control beam is shown smaller for pictorial purposes. The inset
shows a three-dimensional figure of the nanorods in each unit cell (dimensions considered are given in the main text). (b) Experimental setup,
where a nonlinear BiBO crystal is pumped at 405 nm, producing pairs of photons at 810 nm via spontaneous parametric down-conversion. One
photon is detected at detector DA and heralds the presence of a single photon in the other arm. Here H is a half-wave plate, Q is a quarter-wave
plate, L is a plano-convex lens (f = 25 mm), PBS is a polarizing beam splitter, IF is an interference filter (λ = 810 nm and 
λ = 10 nm), and
DA and DB are single-photon detectors. (c) Temperature dependence of the permittivity εd of (i) the silica substrate and that of the gold used
for the nanorods (ii) Re[εm] and (iii) Im[εm].

	 is the Fermi-surface average of scattering probability, 


is the fractional umklapp scattering coefficient, and ω0 is a
constant. The following parameters are used for the above
equations: θD = 185 K, EF = 5.5 eV, 	 = 0.55, and 
 =
0.77 [64]. Furthermore, the following parameters are obtained
by fitting the experimental data for gold from Ref. [62] at the
reference temperature (λ � 600 nm) to Eq. (4): ω0 = 0.346 eV,
ε∞ = 8, and ωp(Tr ) = 53.41 eV. The temperature dependence
of εm is shown in Fig. 1(c ii) for Re[εm] and Fig. 1(c iii) for
Im[εm], for T = 300–350 K.

Using Eqs. (3) and (4) in Eq. (2), we are able to model the
temperature-dependent response of the metamaterial transmis-
sion. As an example, in Fig. 2(a) we show the transmission
|T |2 for horizontal and vertical polarized light over the wave-
length range 600–1000 nm for a metamaterial at two different
temperatures (T = 300 and 340 K). The dimensions used for
the simulation are chosen based on the size of the nanorods
fabricated (see Sec. IV) and given by dx = dy = 200 nm for
the period, t = 30 nm for the thickness, w = 46 nm for the
width, and l = 130 nm for the length. One can clearly see
the change in the transmission for vertically polarized light
as the temperature changes (lower solid and dotted curves),
whereas the transmission for horizontally polarized light is not
affected significantly (upper solid line). This contrast is due to
the dependence of the vertical transmission coefficient on the
plasmon resonance along the length of the nanorod, which is
relatively strong and can change significantly depending on the
value of the permittivity of the metal. On the other hand, for
horizontally polarized light, the plasmonic resonance is weak
along the width of the rod and so changes in the permittivity
do not have a significant effect. In Figs. 2(a)–2(c) and 2(g)
a vertical line marks the wavelength of interest for our ex-
periment (λ = 810 nm). In Fig. 2(d) we show the temperature

dependence of the transmission for λ = 810 nm over the range
300–350 K. In order to understand further how the transmission
changes depending on the nanorod dimensions, we show two
more examples of metamaterials in Figs. 2(b), 2(c), 2(e), and
2(f). The dimensions used are the same as the previous example
but with w = 47 nm and l = 140 nm for Figs. 2(b) and 2(e)
and w = 48 nm and l = 144 nm for Figs. 2(c) and 2(f). One
can see that, depending on the nanorod dimensions, the value
of the transmission for vertically polarized light can vary
significantly as the temperature is modified.

In Fig. 2(g) we show how deviations in the nanorod
dimensions (±2 nm for w, t , and l) affect the transmission of
vertically polarized light through the metamaterial at a fixed
temperature of 300 K. One can see that with only a small
deviation of 2 nm the transmission curve plotted as a function
of the wavelength of the incident light is shifted considerably
to the left (+2 nm) or to the right (−2 nm). This provides useful
information about how a realistic metamaterial might respond,
as consistency of nanorod dimensions across the array is hard
to achieve during fabrication. Based on the behavior seen in
Fig. 2(g), the result of this would be a linewidth broadening
and a shift of the wavelength where the transmission becomes
a minimum (the resonance wavelength).

IV. EXPERIMENTAL SETUP

In Fig. 1(b) the optical setup used in our experiment is
shown. Here single photons are generated using type-1 spon-
taneous parametric down-conversion. Pairs of single photons
at λ = 810 nm are produced at angles ±3◦ when a photon
from a pump laser at 405 nm is incident on a nonlinear BiBO
crystal [54,55]. The pump laser (200 mW) is rotated to vertical
polarization by a half-wave plate (HWP) and incident on
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FIG. 2. Temperature-dependent transmission response of meta-
materials with different nanorod dimensions (theory). In (a)–(f) the
period is fixed at dx = dy = 200 nm and the thickness is t = 30 nm.
In (a)–(c) the lower solid resonance curve is for vertical transmission
at T = 300 K and the lower dotted resonance curve is for vertical
transmission at T = 340 K. The horizontal solid line is for horizontal
transmission. The dimensions of the nanorods used are (a) width
w = 46 nm and length l = 130 nm, (b) w = 47 nm and l = 140 nm,
and (c) w = 48 nm and l = 144 nm. (d)–(f) Corresponding tem-
perature dependence over a range of 50 K at λ = 810 nm with the
nanorod dimensions chosen as those used in (a)–(c), respectively. (g)
Transmission response of a metamaterial with nanorod dimensions
corresponding to (a) in the middle and with ±2 nm added to the
length, width, and thickness.

the BiBO crystal (0.5 mm thickness). A single photon from
the pump produces two twin (idler and signal) horizontally
polarized photons. One photon is produced in arm A and the
other in arm B. The detection of a single photon in arm A
using a single-photon detector (Excelitas SPCM-AQRH-15)
heralds the presence of a single photon in arm B within an
8-ns coincidence window. A qubit is encoded onto the single
photon in arm B using a quarter-wave plate (QWP) and a
HWP. Here the polarization states |H 〉 and |V 〉 are used as
the orthogonal basis states of the qubit. This qubit is then sent
through the plasmonic metamaterial, after which the state of
the qubit is measured via a projective measurement using a
QWP, a HWP, and a single-photon detector [65]. A broadband
external control laser (Fianium WhiteLase micro) is used to
vary the temperature of the metamaterial by heating it with a
range of laser powers.

In order to quantify the performance of the metamaterial as
a quantum channel at different temperatures, quantum state
tomography is carried out on the output states of four dif-
ferent polarization-encoded qubits {|H 〉,|V 〉,|+〉 = 1√

2
(|H 〉 +

|V 〉),|R〉 = 1√
2
(|H 〉 + i|V 〉)} sent through, with the density

matrices reconstructed via projective measurements [65]. The
output of a given projective measurement is sent to a single-
photon detector and a coincidence between the detector in
the heralding arm A and the detector in arm B is measured.
Interference filters (810 ± 5 nm) are placed in front of each
detector to cut out photons of higher and lower frequencies
corresponding to unwanted down-conversion processes and
the pump beam, leading to ∼1000 coincidences per second
(for |H 〉 encoded and |H 〉 measured). The density matrices
obtained from quantum state tomography of the four probe
states are then used to reconstruct the quantum channel of the
metamaterial using quantum process tomography [66,67], the
details of which are discussed later.

Three different plasmonic metamaterials were used in this
study, each with a specific set of dimensions for the gold
nanorod unit cells. The metamaterials were fabricated on
an indium tin oxide (ITO)–coated fused silica substrate by
electron-beam lithography. A 5-nm thin layer of ITO was
deposited on a 5 × 5 mm2 silica substrate by electron-beam
evaporation and then a 200-nm-thick film of polymethyl-
methacrylate photoresist (MicroChem) was spin coated on
top of the ITO. Using electron beam writing (Raith e-line),
the photoresist was patterned and then developed, leaving a
mask. Subsequent gold evaporation and lift-off produced the
gold nanorod antenna arrays for the different metamaterials,
each with an area of 100 × 100 μm2. The nanorods had a
period of 200 nm, a thickness of 30 nm, a width between 50
and 70 nm, and a length between 100 and 130 nm. Specific
dimensions of a given metamaterial will be provided later. The
full 5 × 5 mm2 metamaterial sample consisting of an array of
metamaterials with different nanorod sizes is placed inside a
telescope system designed in such a way that the beam before
and after the (plano-convex) lenses (f = 25 mm) is collimated
and the beam between the lenses is focused to a spot size with
diameter �100 μm.

V. EXPERIMENTAL RESULTS

We now analyze our experimental results in light of the
theoretical model described. Here each of the three meta-
materials used has different nanorod dimensions for the unit
cells, as shown in the atomic force microscope (AFM) images
in Figs. 3(a)–3(c). The general trend in dimensions is the
same as that used in the theoretical model, i.e., the length
and width increase when going from Fig. 3(a) to Fig. 3(c).
Due to the background dielectric material not completely
encompassing the nanorods, as well as the presence of the
ITO bonding layer and differences in the permittivity of gold,
it is not possible to obtain an exact fit of our theoretical model
to the experimental transmission data. However, the general
trend seen in the experimental classical transmission results of
Figs. 3(d)–3(f) matches well that seen in the theoretical model
of Figs. 2(a)–2(c) at 300 K, also taking into account broadening
due to the fabrication process. The dimensions measured by
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FIG. 3. Temperature-dependent transmission response of meta-
materials with different nanorod dimensions (experiment). (a)–(c)
Atomic force microscope images of three metamaterials used in the
experiment. The period and thickness of the nanorods are approx-
imately equal, whereas the width and length increase from (a) to
(c). See the main text for dimensions. (d)–(f) Classical transmission
spectra of the metamaterials at T0 for horizontal (squares) and vertical
(circles) polarized light. (g)–(i) Transmission probabilities in the
quantum regime for single qubits encoded into the vertical polar-
ization of single photons as |V 〉 and sent through the metamaterials
as the temperature is changed. The five different temperature settings
are T0 = 295 K, T1 = 303 K, T2 = 319 K, T3 = 331 K, and T4 =
347 K, corresponding to values consistent with the range used in the
theoretical model. The values are determined by the laser power used
and are spaced apart by approximately 10 K.

the AFM are w � 50 nm and l � 100 nm for Fig. 3(a),
w � 60 nm and l � 110 nm for Fig. 3(b), and w � 70 nm
and l � 130 nm for Fig. 3(c). The thickness of the nanorods is
30 nm.

In Figs. 3(g)–3(i) we show the transmission results of
probing the metamaterials with single photons in the state |V 〉
in arm B as the temperature is increased. Here the transmission
is given by the ratio of heralded detection counts (coincidences)
when the state |V 〉 is sent through the metasurface and counts
when it is sent through the substrate only (no metasurface). It
represents the relative probability for a photon in the state |V 〉
to be transmitted through the metamaterial. The temperature
is changed by increasing the power of the control laser in four
steps, from 0 to 200 mW, which heats up the metamaterial.
The time between the control laser activation and the start
of measurements is 480 s for each temperature; however, a
steady-state response is reached within 240 s. For quantum
applications such as entanglement distillation [23,24], this
response time is practical as it is much shorter than the time
scale on which birefringent fluctuations would occur in a
realistic optical fiber quantum network [68]. The response time
could be made shorter, if needed for a given application, using
alternative heating methods [45–47]. Control via the laser

power gives five different temperature settings: T0 = 295 K,
T1 = 303 K, T2 = 319 K, T3 = 331 K, and T4 = 347 K, con-
sistent with the range used in the theoretical model. The values
are spaced apart by approximately 10 K and are determined by
the power set by the control laser software. They are measured
using a point-probe temperature sensor placed close to the laser
beam on the metasurface sample. Measurements are carried
out at the steady-state response time and the error in the
values is less than 1 K, consistent with ambient temperature
fluctuations.

At T = T0, one can see in Figs. 3(g)–3(i) that the pho-
ton transmission slightly deviates from that of the classical
transmission measured using vertically polarized light at λ =
810 nm, as shown in Figs. 3(d)–3(f). This deviation can be
attributed to the spot size of the beam; in the classical case the
spot is smaller and easier to align on the metasurface using a
CCD camera, whereas in the single-photon case the spot size
is comparable to the metasurface and alignment is achieved by
optimizing single-photon detection counts. As a result there
is some nonideal overlap of the beam and the metamaterial.
Regardless of this, the trend of the single-photon transmission
at T0 matches that of the classical case as the nanorod
dimensions increase. Moreover, as the temperature increases
one can see the effect on the transmission of |V 〉 states for
the three metamaterials considered. The largest change is
seen for the first metamaterial, shown in Fig. 3(g), where the
transmission changes from 0.48 to 0.32, corresponding to a
percentage change of 33%. The percentage changes for the
other two metamaterials are 14% and 5%. We also measured
the transmission of |H 〉 states through the metamaterials as
the temperature was changed and found that the transmission
remained roughly the same as when the states were sent
through the substrate only. The exact transmission values of
the |H 〉 state, as well as those of the additional probe states
|D〉 and |R〉, are combined with the values obtained for the
|V 〉 state to obtain a full characterization of the metamaterial
as a variable single-qubit quantum channel. The transmission
values are part of a larger set of projective measurements which
we use for quantum process tomography [66,67] at the five
different temperatures and discussed in detail next.

The four probe states sent through the metamaterial in the
quantum process tomography are |H 〉, |V 〉, |D〉, and |R〉.
From projective measurements on the outputs of these states
in the bases |H/V 〉, |D/A〉, and |R/L〉 we reconstructed their
density matrices using quantum state tomography [65]. Using
the density matrices, we then obtained the quantum process
matrices, or χ matrices, for the three different metamaterials
in our investigation [66]. The polarization response of the
metamaterials is such that they act as partial polarizers and are
well represented by a single Kraus operator K0 = |H 〉〈H | +√

TV |V 〉〈V | corresponding to a non-trace-preserving channel
[23], i.e., ρ → K0ρK

†
0 , where ρ is the qubit of the input single-

photon state in the polarization basis. This channel is equivalent
to the general quantum channel ρ → ∑

ij χijEiρE
†
j , where

the single-qubit Pauli operators Ei = I , X, Y , and Z provide
a complete basis for the Hilbert space and the elements of the
χ matrix are set to values that allow the general channel to
completely match the action of K0 [23].

The χ matrix obtained for the first metamaterial at T0 is
shown in Figs. 4(a) and 4(c). Figure 4(a) shows the real part
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FIG. 4. Quantum process tomography χ matrices for the first
metamaterial at two different temperatures T0 and T4. (a) and (c) Real
and imaginary parts of the experimental χ matrix at T0. (b) and (d)
Real and imaginary parts of an ideal partial polarizer χ matrix with
TV = 0.476. (e) and (g) Real and imaginary parts of the experimental
χ matrix at T4. (f) and (h) Real and imaginary parts of an ideal partial
polarizer χ matrix with TV = 0.324.

and Fig. 4(c) shows the imaginary part. The real and imaginary
parts of an ideal partial polarizer matrix χid with TV = 0.476
are shown in Figs. 4(b) and 4(d), respectively. The value
of TV has been found using the process fidelity FP (TV ) =
Tr(

√√
χχid

√
χ )2/Tr(χ )Tr(χid), which quantifies how close

the experimental channel is to an ideal channel of a partial
polarizer. We find a maximum of FP (TV ) = 0.935 ± 0.008
at TV = 0.476 ± 0.008, which shows that the metamaterial
represents well a partial polarizer for single photons with
a TV value consistent with the single-photon transmission
measured previously [see Fig. 3(g)]. The χ matrix for the first
metamaterial at T4 is shown in Figs. 4(e) and 4(g). Figure 4(e)
shows the real part and Fig. 4(g) shows the imaginary part.
The real and imaginary parts of an ideal partial polarizer
matrix with TV = 0.324 are shown in Figs. 4(b) and 4(d).
The value of TV has again been found by maximizing the
process fidelity, with a value of FP = 0.897 ± 0.005. The
process fidelities and corresponding TV values extracted for
all three metamaterials at all temperatures are given in Table I.
All process fidelities are above 89%, with TV consistent with
the values measured previously [see Figs. 3(g)–3(i)], showing
that the metamaterials act as variable partial polarizers in the
quantum regime. As a result, they can be used to induce a
temperature-controlled collective polarization-dependent loss
at the single-photon level for quantum information tasks, such
as entanglement distillation [23].

VI. SUMMARY

We investigated the active control of a plasmonic metamate-
rial in the quantum regime via its thermal response. Metamate-
rials with unit cells made from gold nanorods were probed with
qubits encoded into single photons. Using an external laser, we
controlled the temperature of the nanorods and substrate. We
then carried out quantum process tomography, characterizing
the metamaterials as variable quantum channels. It was found
that the overall polarization response of the metamaterials can
be tuned by up to 33% for particular nanorod dimensions. We
used a theoretical model to describe the thermal response of the
metamaterials and found that our experimental results matched
the predicted behavior well. Our work goes beyond previous
studies of simple passive plasmonic systems in the quantum
regime and shows that external control of plasmonic elements
provides variable metamaterials that can be used for quantum
state engineering tasks.
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