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Abstract—A study of the resonant response of high-temperature
superconducting YBCO split-ring resonators (SRRs) deposited on
a single crystal MgO substrate is presented. Measurement of an
array of seven SRRs inside a WR-90 waveguide at temperatures
below the transition temperature of YBCO (Tc ≈ 90 K) shows a
stop band centered at around 8 GHz with a 1.6-GHz bandwidth,
which is also seen in the full wave simulation. An individual SRR
element is measured to investigate the temperature dependence
of the resonance frequency and quality factor. The single SRR
measurements show a small gradual shift in the transmission
resonance frequency as the temperature is lowered from 90.5 to
40 K, which can be attributed to the presence of kinetic inductance. The behavior of the measured resonance frequency versus
temperature is fitted to a model to study the kinetic inductance
and penetration depth. The quality factor is then calculated from
the measurements in the same temperature range. Finally, the
permittivity and permeability are extracted from the measured
scattering parameters.
Index Terms—High-temperature superconducting (HTS), MgO,
split-ring resonators (SRRs), YBCO.

I. I NTRODUCTION

T

HE demonstration of split-ring resonators (SRRs) having
a negative permeability by Pendry et al. [1] has led to
many interesting SRR based designs and applications, including negative index materials [2]–[5], electromagnetic cloaks
[6], [7], and filters [8]. SRRs have also been shown to exhibit
negative permittivity [9], [10]. These experiments used normal
conductors at room temperature. However, many of the demonstrated circuits exhibit significant loss, which can be reduced
by using superconductors. Ricci et al. [11]–[13] investigated
superconducting metamaterials made of Niobium (Nb) SRRs
deposited on single crystal quartz substrates and Nb wires.
Nb has a critical temperature (Tc ) of ≈9.2 K and requires,
e.g., the use of liquid Helium for cooling. Chen et al. [14]
studied the resonant properties of terahertz high-temperature
superconducting (HTS) Jerusalem cross metamaterial, made of
YBa2 Cu3 O7−δ (YBCO) with δ = 0.05 and has a Tc of 90 K.
The use of HTS in metamaterial designs is of interest since
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Fig. 1. Close-up photograph of the SRR unit cell with labeled dimensions,
where a = 10 mm, b = 7 mm, c = 4.4 mm, d = 1.5 mm, e = 0.5 mm, g =
1.6 mm, and w = 0.8 mm.

experiments can be carried out with liquid nitrogen or low cost,
low power cryocoolers.
In this paper, we investigate the resonant response of splitring resonators made of YBCO film deposited on a single
crystal magnesium oxide (MgO) substrate measured inside a
WR-90 X-band waveguide. We will begin by briefly discussing
the fabrication and geometry of the SRRs. Then, the cryogenic
measurement setup, which allows for precise temperature control and the ability to study the resonances as a function of temperature, is discussed. Measurement results for multiple rings
are compared to simulations. The temperature dependence of
the resonance frequency and quality factor is characterized for
a single SRR element. The behavior of the measured resonance
frequency vs. temperature is fitted to a model to study the
kinetic inductance and penetration depth. Finally, the effective
permittivity and permeability are extracted from the measured
scattering parameters.
II. HTS SRR FABRICATION AND M EASUREMENT S ETUP
The discovery of lanthanum barium copper oxide (LBCO)
[15] superconductor quickly led to the discovery of YBCO
[16], which has a Tc (≈92 K) above the boiling temperature
of liquid nitrogen. Each HTS SRR unit cell in this work is
made up of two 700 nm thick YBCO rings deposited on top
of a 500 μm thick square slab of MgO that has a nominal
relative permittivity of 9.7. The room temperature and subTc electric loss tangents of MgO are 9 × 10−3 at 10 GHz
[17] and 5 × 10−6 at 10.48 GHz [18], respectively. A 100 nm
passivation coating of cerium oxide (CeO2 ) material is applied
over the YBCO SRRs. A single photoresist mask was used in
the photolithography process of patterning each SRR unit cell.
A photograph of a unit cell, with the labeled dimensions, is
shown in Fig. 1.
The waveguide environment was chosen for measurements
because the waveguide components can easily be confined
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Fig. 3. (a) Placement of the HTS SRR array inside a WR-90 waveguide.
The single element is placed in the same way. (b) Measured and simulated
transmission (S21 ) coefficients of an array of seven HTS SRRs placed inside
a WR-90 waveguide. The measurements were taken at 77 K (solid blue) and at
room temperature (dashed green).
Fig. 2. (a) Sketch of the cryostat with waveguide components. (b) Photograph
of the waveguide setup that fits inside the cryostat.

into a cryogenic enclosure and thus can easily be temperature
controlled and calibrated. A vacuum sealed cylindrical cryostat
is used to confine and cool the waveguide components, which
include two aluminum waveguide to coaxial adapters and a
76.2 mm copper waveguide section for holding the HTS SRRs,
Fig. 2. The inner diameter of the cryostat is 74 mm and wide
enough to hold the waveguide components. Two feedthroughs
in the top metal lid allow the rigid copper coaxial cables to
connect to a vector network analyzer (VNA). The temperature
of the copper waveguide is monitored with an attached temperature sensor. Fig. 2(a) is a sketch that shows the placement
of the various components inside the cryostat along with the
gas flow directions. In the measurement presented here, a setup
with liquid helium is used to investigate a wider range of
temperature. Fig. 2(b) shows a photograph of the waveguide
unit that is placed in the flow-type cryostat. The temperature
of the waveguide components is regulated by a LakeShore 330
autotuning temperature controller and TRW flow control unit.
With this setup, we studied the HTS SRR in the temperature
range from room temperature to 40 K.
An Agilent 8722ES VNA was used for the measurements,
with the test input power level set to −10 dBm (0.1 mW).
The VNA was calibrated to the end of the waveguide adapters
with the Thru-Reflect-Line (TRL) method at room temperature,
where the reflect standard is a short. The phase error incurred

by twisting the coaxial cable in Fig. 2(b) is removed through
the calibration.
Note that the TE10 dominant mode excites an electric field
along the sides of the square and produces an electric resonance,
as explained in [9], [10]. Because of the metal wall boundary
conditions, the single SRR and its images form an infinite array.
III. M EASURED R ESULTS
An array of seven SRRs, placed inside a WR-90 waveguide
with orientation shown in Fig. 3(a), was simulated in Ansoft
HFSS, a full wave finite element method (FEM) solver. In the
simulation, the superconductor is modeled with a conductivity
of 1010 S/m and the MgO substrate with a relative permittivity
of 9.7 with a loss tangent of 10−6 . The dominant TE10 mode
was excited in the waveguide, which has an electric field in
the x direction (Fig. 3(a)), with a maximum in the middle
and zero on the side walls. The simulated magnitude of the
transmission coefficient (|S21 |) is plotted in Fig. 3(b) and
shows a pronounced wide stop band centered around 8 GHz.
Seven fabricated HTS SRRs were then placed inside a copper
waveguide and measured with a VNA. The measured |S21 | at
77 K, plotted together with the simulated result in Fig. 3(b), also
shows a wide stop band. A room temperature measurement was
also taken, shown as the dash curve in Fig.3 (b).
To study the temperature dependence behavior of the HTS
SRR, a single element was placed inside the waveguide and the
scattering coefficients were measured as the temperature was
varied. At temperature below Tc , the measured transmission
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Fig. 6. Quality factor versus temperature (K) for the measured HTS SRR
inside a WR-90 waveguide. It peaks around 42 000 at 87 K and saturates
around 5200.

Measurement of the transmission resonance (S21 ) at 85 K.

Fig. 7. Equivalent circuit model of the SRR, where the kinetic inductance LK
is temperature dependence.

Fig. 5. Circled points show the measured transmission resonance at 81 K. The
solid line is the Lorentzian curve fitted to the data.

resonances are sharp, as seen in Fig. 4. Due to the limitation
of the measurement instrument, it is not possible to fully
characterize the exact resonance frequency, minimum |S21 |,
and 3-dB bandwidth directly for each resonance curve. We
performed curve fitting to a Lorentzian distribution
1 B + C(f − f0 )
y(f ) = A −
2π (f − f0 )2 + D2

(1)

where A, B, C, D, and f0 are the fitting parameters. The term
with a C multiple is included to account for the asymmetry of
the resonance curves. Fig. 5 shows the measured |S21 | data and
the fitted data around the 8.513 GHz resonance at 81 K.
The fitting process was applied to the measured transmission
coefficients in the neighborhood of the resonance to give us an
expression for the curve, from which the resonance frequency,
minimum of |S21 |, and 3-dB bandwidth can be obtained. The
associated Q-factor is defined as fr /Δf3dB , where fr is the
resonance frequency and Δf3dB is the 3-dB bandwidth. Thus,
in Fig. 5, the fitted result (solid curve) gives fr = 8.5133 GHz,
Δf3dB = 1.36665 MHz, and Q = 6230. The process is repeated for measurements at other temperatures. The plot of
Q as a function of temperature is shown in Fig. 6. At 87 K,
we observed a peak in Q of around 42 000, which has to be
estimated from the measured data. This spike in the quality
factor is not expected. Further experiments are being carried out
to explain this unusual frequency response observed on several

samples. For comparison, a copper SRR on a Rogers TMM10i
substrate was fabricated and measured at room temperature.
This normal conducting SRR has Q = 220, which is much
lower than that of the HTS SRR when T < Tc . It should be
mentioned that we are studying the electric resonance rather
than the magnetic resonance, which is located at around 3 GHz.
Since this is below our waveguide cutoff frequency, we machined a planar probe setup for this measurement.
IV. T EMPERATURE D EPENDENT fr
The resonance frequency, fr , of a high temperature superconducting YBCO SRR is dependent on both the ring geometry
and temperature when the SRR is cooled below the critical
temperature of the superconductor. The split-ring resonator can
be modeled√by an equivalent
 LC circuit model, Fig. 7, where
fr = 1/2π LC = 1/2π (LG + LK )C.
The inductance of a superconducting SRR can be broken
down to a geometric inductance (LG ) and a kinetic inductance
(LK ). The geometric inductance is the conventional inductance
of the SRR structure and is temperature independent. Its value
can be estimated using the expression from Saha et al. [19]




4lav
LG = 0.000508lav 2.303 log10
− 2.853 (μH) (2)
w
where, using the dimensions in Fig. 1, lav = 4(b−2w−e)−g
is the average length of the strip in mm. We can approximate
the SRR with a simple single ring structure that has an effective
radius rm and the same LG . The inductance of this simplified
structure is approximated by [20] as
LG =

12.5πrm
× 10−6 = γμ0 rm
8 + 11 rwm

(3)
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where the effective radius of the ring, rm , and line width, w, are
in meters, and γ is the transform multiplier. Equation (2) was
used to solve for γ and rm .
The kinetic inductance can be understood by equating the
magnetic energy stored in an equivalent inductor, LK I 2 /2, to
the kinetic energy of the Cooper pairs in a superconductor [21].
The kinetic inductance is a function of the London penetration
depth, which depends on temperature, and can be approximated
as [22]
LK ≈ μ 0

t
μ0 2πrl
t
l
λ coth =
λ coth
w
λ
w
λ

(4)

where t is the thickness of the superconducting film, l is the
length of the strip, and λ is
the temperature dependent penetration depth, λ(T ) = λ(0)/ 1 − (T /Tc )2 . Brorson et al. [23]
estimated the absolute penetration depth λ(0) = 148 nm and
Shi et al. [24] found λ(0) = 198 nm for YBa2 Cu3 O7 . The value
of λ(0) depends on the quality and structure of the material and
typically lie in the range of 200–400 nm for practical materials.
It will be one of the fitting parameters in fitting a theoretical
model of the temperature dependence resonance frequency to
the measurements.
By assuming the simple LC model in Fig. 7 for the split-ring
resonator, the resonance frequency is given by
1
1

2π (LG + LK )C
⎧
⎪
⎪
⎨
2πrl λ(0)
≈ fG 1 +
⎪
⎪
⎩
γrm w 1 − T

fr =

⎢t
· coth ⎢
⎣

1−

T
Tc

λ(0)

• λ(0) = 363 nm. This is higher than published values of
148 nm [23] and 198 nm [24]. The slight damage of
the YBCO film from the photolithography process can
contribute to this higher value.
Finally, the kinetic inductance versus temperature is shown
as the solid green line in Fig. 8. It shows the expected behavior,
that LK increases with temperature. This also means the total
inductance (LG + LK ) increases and thus lowers the resonance
frequency. The kinetic inductance of this structure is very sensitive close to the Tc , and might be used for photon detectors [25].
V. E FFECTIVE C ONSTITUTIVE PARAMETER E XTRACTION

2

Tc

⎡

Fig. 8. Resonance frequency versus temperature. The red circle line and blue
dashed line represent measured and fitted resonance frequency, respectively.
The green solid line is the calculated kinetic inductance extracted from the
fitting process.

2

⎤⎫−1/2
⎪
⎪
⎥⎬
⎥
⎦⎪
⎪
⎭

(5)

where fG is the resonance frequency associated with just the
geometric inductance of the SRR. The critical temperature is
generally known for the superconductor, but will become a
parameter in the fitting process. The absolute penetration depth,
λ(0), is a second parameter. The resonance frequency fG is not
known exactly and is the third parameter. It should be close
to the measured low temperature resonance frequency. This
three-parameter function is fitted to the measured data through
a nonlinear least square method.
The measured resonance frequency as a function of the
temperature for the SRR structure is shown in Fig. 8 as the
red circles. As the temperature drops, the resonance frequency
increases until it saturates. The main contribution to this effect
is the kinetic inductance of the superconductor, which decreases
with temperature. The fitting is applied to the measured data
and the result is shown as the blue dashed line in Fig. 8. From
the fitted parameters, we can infer the following:
• Tc = 91.3 K. Above this temperature, the transmission
resonances are not clearly defined. This value is close to
the observed value.
• fG = 8.53 GHz. This is the resonance frequency with the
absence of the kinetic inductance.

Split-ring resonators have been shown to exhibit magnetic
resonances accompanied by a negative real permeability. As
mentioned earlier, they can also have electric resonances with
a negative real permittivity. Let us assume that our SRR inside
the waveguide can be considered an isotropic and homogeneous
material. By using the parameter extraction discussed by Weir
[26], the permittivity () and permeability (μ) are retrieved,
shown in Fig. 9. In the neighborhood of the resonance, discussed in Section III, Re[] is negative, which says that these are
electric resonances. In addition, although not easily discernible
from Fig. 9, the imaginary parts of μ and  approach zero closer
to the resonance as the temperature is lowered. The magnitudes
of the imaginary μ and  are also much smaller than those
extracted from the room temperature copper SRR on TMM10i
measurements.
VI. C ONCLUSION
An array of seven YBCO on MgO split ring resonators was
simulated and measured inside a WR-90 waveguide showing
a pronounced wide stop band centered around 8 GHz. Furthermore, a single element ring was measured for studying the
resonance frequency and quality factor versus temperature. By
fitting the behavior of the resonance frequency to an expression
that relates it to the penetration depth, kinetic inductance, and
critical temperature, we can infer their values. The fitted Tc of
91.3 K and fr of 8.53 GHz are close to the observed values.
The inferred λ(0) of 363 nm is higher than the values given by
Brorson and Shi. This can be attributed to the slight damaging
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Fig. 9. Extracted relative permittivity and permeability at (a) 89 K and
(b) 88 K.

of the YBCO film during the photolithography process. The
kinetic inductance was shown to saturate at low temperature and
vary greatly close to the Tc . The quality factor, saturating at >
5000, of these HTS SRRs was shown to be much higher than the
normal conductor samples. A peak of Q ≈ 42 000 was observed
around 87 K. Finally, we have shown that these HTS SRRs have
electric resonances and exhibit a negative permittivity in the
neighborhood of the resonance.
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