This article has been accepted for publication in IEEE Transactions on Applied Superconductivity. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TASC.2023.3247979

3EP02D-10 [E30] - TES Workshop: Kinetic Inductance Detector Physics | 1

Effect of magnetic fields on superconducting
microwave coplanar resonators

A. Roitman, A. Shaulov and Y. Yeshurun

Institute of Superconductivity and Institute of Nanotechnology, Department of Physics,
Bar-llan University, Ramat-Gan, 5290002 Israel

Abstract— Coplanar microwave resonators made of
NbN and YBa,Cus;O7.; show similar behavior under
the influence of magnetic field. In particular, the two
resonators exhibit marked difference between zero-
field-cooled (ZFC) and field-cooled (FC) measure-
ments, which is attributed to the presence of screen-
ing currents in ZFC but not in FC measurements.

. INTRODUCTION

uperconducting microwave resonators play an im-

portant role in a vast range of applications, such as
guantum bits[1], [2], parametric amplifiers[3], [4], su-
perconducting quantum interference devices [5], [6] and
microwave kinetic inductance detectors (MKIDs) [7]-[9]
designed as a microwave LC resonance circuit in which
the inductance part includes the kinetic inductance, Ly,
of the superconductor. In a previous work [8] we report-
ed on fabrication of YBa,CuzO7.; (YBCO)-based MKID,
focusing on its behavior in magnetic field. It is well
known that MKIDs are extremely sensitive to magnetic
fields to a degree that a significant shift in the resonance
frequency can be caused by changing the direction of the
dewar relative the earth's magnetic field [10], [11]. Thus,
it is important to understand the origin of the magnetic
field effect in order to better design MKIDs in which this
effect is minimized. The present article describes a con-
tinuation of the study of YBCO to a NbN-based MKID,
comparing their behavior in magnetic field. The two ma-
terials are substantially different in structure, critical
temperature, T. (84 K compared to ~13.5 K in our
YBCO and NbN samples, respectively), critical fields
(estimated as 100 T and 10 T, respectively [12]) and in
the symmetry of their order parameter (d-wave and s-
wave, respectively). And yet, as we report below, the
behavior of the YBCO and NbN resonators in magnetic
field is qualitatively similar. In particular, in zero-field-
cooled (ZFC) measurements (in which the superconduc-
tor is cooled in zero field from above T and the magnet-
ic field is changed at low temperatures), the presence of
screening currents arising from induction gradients gives
rise to a sharp decrease of the resonance frequency, f;, at
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low fields, up to the full penetration field, after which f;
continues to decrease only gradually due to the increase
in the density of vortices. In contrast, in field-cooled
(FC) measurements (in which the change in the magnetic
field is done above T¢) screening currents are absent and,
as a result, f;, exhibits only a gradual decrease with field
in the entire field range.

Il. EXPERIMENTAL

Our fabricated resonator consists of a rewound spiral
CoPlanar Waveguide (CPW) with length of 11 mm,
yielding a resonance frequency of ~5 GHz as calculated
using SONNET electromagnetic simulation soft-
ware[13]. The resonator is coupled to a CPW 50 Ohm
transmission line forming a microwave Kinetic induct-
ance detector. An optical picture of the fabricated
MKID, including the relevant dimensions, is presented
in figure 1. Using the same layout of figure 1, we pat-
terned MKIDs from thin films of NbN and YBCO. The
50 nm thick M-Type YBCO film purchased from Ceraco
Ceramic Coating GmbH [14] was deposited on MgO
substrate with in-situ deposition of gold layer to protect
the YBCO. Deposition of 300 nm NbN on R-cut sap-
phire was done in our Nano Center, using DC reactive
magnetron sputtering. The YBCO pattering was made
using e-beam lithography followed by Ar ion milling
and gold etch processes. The NbN pattering was made
using Maskless Laser Aligner (MLA) followed by Reac-
tive lon Etching (RIE) in a combination of BClz and Cl..

The fabricated MKIDs were inserted into a 9 T "Quan-
tum Design" Physical Properties Measurement System
(PPMS). The superconducting critical temperatures, T,
were measured using the internal current source and
voltage-meter of the PPMS, yielding T."8°© = 84 K and
TMNPN = 13,5 K (similar to previously reported values,
see, e.g., [15]-[17]). The resonance frequency, f;, and
the quality factor, Qi, were measured using Keysight
Vector Network Analyzer (VNA) while applying mag-
netic field perpendicular to the MKID plane.
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Figure 1. Optical picture of the fabricated MKID. The
YBCO and NbN MKIDs have similar dimensions. (Supercon-
ducting material in white, substrate in black).

In ZFC measurements, the device was cooled in zero
field to the measurement temperature and then the field
was applied and ramped up to 5 T. In the FC measure-
ments, the field was applied at a temperature above T
and then the device was cooled down to the measure-
ment temperature with the field on. Heating the device to
above T¢ and cooling it down to the desired temperature
with the field on, was repeated for each field.

Il. RESULTS

Figures 2a and 2b describe the temperature dependence
of f,, in the NbN and YBCO resonators, respectively,
measured in zero magnetic field. Apparently, the two
resonators exhibit a similar behavior, namely f, decreas-
es monotonically with temperature. The inset in the two
figures describe the temperature dependence of the
quality factor, Qj, in these two resonators, measured in
zero field. Note that the value of Q;at low temperatures
are in excess of 104 in accordance with previously re-
ported values, see, e.g., [16], [17]. The behavior of Q;is
similar to that of f,, namely it decreases monotonically
with temperature. Also note that in contrast to YBCO, Qi
for NbN does not show a saturation at low temperatures.
This may be due to experimental limitations of our sys-
tem which prevents cooling down the NbN to achieve
same reduced temperature as the YBCO.

The field dependence of f, for NbN and YBCO resona-
tors is presented in figure 3a and 3b, respectively. In the
insets to figure 3, the field dependence of Q;, measured
in ZFC and FC, is presented. The behavior of the two
resonators is again qualitatively similar, exhibiting a
substantial difference between the FC and ZFC meas-
urements. While the FC measurements show gradual de-
crease in f; with increasing field, the ZFC measurements
show initially a slow decrease of f;, followed by a sharp
decrease after which f; continues to decrease gradually.
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The sharp drop of f; starts at ~40 Oe and ~70 Oe for the
NbN and YBCO based resonators, respectively, and it
ends at 105 Oe and 135 Oe, respectively. The insets to
Figures 3a and 3b present the field dependence of Q;j in
ZFC and FC measurements. The behavior of Qj in
YBCO is similar to that of f;, exhibiting lower values of
Qi in ZFC as compared to the FC data. This difference is
not observed in NbN (inset to figure 3a), probably due to
the lower absolute temperature value the influence of the
screening currents on the quasiparticle density is less
significant.
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Figure 2. Dependence of the resonance frequency measured
in zero field on the reduced temperature, t=T/T., for (a) NbN-
based (T. = 13.5 K) and (b) YBCO based (T. = 84 K) MKID.
(The data for YBCO is based on Ref [8]). The solid lines are
fits of Eq. 2 to the data with y as a fitting parameter. Note the
different y values found for the low-T. and high-T. materials.
Insets: Quality factor Q; versus temperature.
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Figure 3. Resonance frequency as a function of reduced
magnetic field, H/Hc, in FC (upper curve) and ZFC measure-
ments (lower curve) for (a) NbN at reduced temperature, t =
0.26 and (b) YBCO at t = 0.24. The critical field H is esti-
mated as 10 and 100 T for NbN and YBCO, respectively. (The
data for YBCO is based on [8]). The insets present the field
dependence of Q; in ZFC and FC measurements.

IVV. DISCUSSION

The temperature and field dependence of f; stem from
the temperature and field dependence of the kinetic in-
ductance, which is directly related to the London pene-
tration depth, A. Theoretically,

@ A= 4, (1 - (Tzc)y)_os

where %o is the London penetration depth at T=0 and v is
found experimentally to be 1.5-3 [18] for high-T. mate-
rials such as YBCO and ~4 for low-T. superconductors
such as NbN [19]. A depends also on the magnetic field,
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and basically increases as the field increases [20]. As
shown in [8], the relation between A and f; for half-
wavelength resonator is:

@ f = .

= 1
21JCLR(0)[W+X]

where | is the length of the resonator, C and Lk(0) are the
capacitance and kinetic inductance per unit length, re-
spectively, and = Lw/ Lk(0), where Ln is the magnetic
inductance. We simulated the resonators using SON-
NET, taking surface inductance, Ls = Lyw/l = poA?/d (w
and d are the width and the thickness of the wire), values
of LNN = 0.8 pH/square and Ls"B© = 1.31 pH/square,
yielding Ynon = 3.6 and Xveco = 2.2. The solid lines in
figure 2a and 2b show a fit of Eq. 2 to the H = 0 data,

yielding Ynon = 3.9 and Yveco = 2.6. While Ynon is close

to that predicted by the two-fluid model, Yyeco deviates
from this prediction as was found experimentally in oth-
er YBCO films, see e.g. Ref. [21].

The field dependence of f; and Qi has been commonly
ascribed to the presence of Abrikosov vortices and losses
associated with their motion [22]-[25]. As the field in-
creases the number of vortices increases, giving rise to a
decrease in f; and Qi. This scenario explains well the
measured gradual decrease of f, and Qi with increasing
field in the FC procedure, see Fig. 3. To explain the ZFC
behavior of f; and Qi one must consider, in addition to
vortices, the influence of screening currents on Lx. The
origin of the screening current is the non-uniform induc-
tion distribution across the resonator in ZFC (but not
FC) measurements. The influence of the screening cur-
rents is mainly pronounced at low fields up to the full-
penetration field, Hp, causing a sharp decrease of f, up to
Hp. Above H,, the influence of the screening current satu-
rates and from now on one observes only the influence
of vortices. As a result, the sharp fall is followed by a
moderate decrease, similar to that observed in the FC da-
ta. In Ref [8] we ascribed the linear dependence to the
fact that YBCO is d-wave superconductor. Our meas-
urements in NbN (s-wave superconductor) which also
exhibit linear dependence of f; on the field, clearly show
that the symmetry of the order parameter does not play a
role.

V. CONCLUSIONS

The important role of screening currents in determining
the field dependence of f; was first demonstrated in our
ZFC measurements of YBCO based MKID [8]. The pre-
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sent article describes a continuation of that work, show-
ing similar results in NbN MKID although, compared to
YBCO, it has a substantial different structure, critical
temperature, critical field and order parameter sym-
metry. The role of screening currents on the Kinetic in-
ductance is apparent in the ZFC data. In FC measure-
ments, where induction gradients are absent, the reso-
nance characteristics are controlled only by vortices, ex-
hibiting a moderate decrease with field.

ACKNOWLEDGMENT

This work was supported in part by the Israel Innovation
Authority and by ELTA Systems LTD. The authors
acknowledge important discussions with I. Finkelman,
G. Lukovsky, N. Maskil and N. Teneh.

REFERENCES

[1] S. V. Kutsaev et al., “Niobium quarter-wave resonator with the opti-
mized shape for quantum information systems,” EPJ Quantum Tech-
nol., vol. 7, no. 1, p. 7, Dec. 2020, doi: 10.1140/epjqt/s40507-020-
00082-8.

[2] S. Richer, N. Maleeva, S. T. Skacel, I. M. Pop, and D. DiVincenzo,
“Inductively shunted transmon qubit with tunable transverse and lon-
gitudinal coupling,” Phys. Rev. B, vol. 96, no. 17, p. 174520, Nov.
2017, doi: 10.1103/PhysRevB.96.174520.

[3] M. R. Vissers et al., “Low-noise kinetic inductance traveling-wave
amplifier using three-wave mixing,” Appl. Phys. Lett., vol. 108, no. 1,
p. 012601, Jan. 2016, doi: 10.1063/1.4937922.

[4] M. Malnou et al., “Performance of a Kinetic Inductance Traveling-
Wave Parametric Amplifier at 4 Kelvin: Toward an Alternative to
Semiconductor Amplifiers,” Phys. Rev. Applied, vol. 17, no. 4, p.
044009, Apr. 2022, doi: 10.1103/PhysRevApplied.17.044009.

[5] J. A. B. Mates, G. C. Hilton, K. D. Irwin, L. R. Vale, and K. W.
Lehnert, “Demonstration of a multiplexer of dissipationless supercon-
ducting quantum interference devices,” Appl. Phys. Lett., vol. 92, no.
2, p. 023514, Jan. 2008, doi: 10.1063/1.2803852.

[6] Y. Nakashima et al., “Readout of X-ray Pulses from a Single-pixel
TES Microcalorimeter with Microwave Multiplexer Based on
SQUIDs Directly Coupled to Resonators,” J Low Temp Phys, vol.
193, no. 3-4, pp. 618-625, Nov. 2018, doi: 10.1007/s10909-018-
2030-0.

[7] G. Ulbricht, M. De Lucia, and E. Baldwin, “Applications for Micro-
wave Kinetic Induction Detectors in Advanced Instrumentation,” Ap-
plied Sciences, vol. 11, no. 6, p. 2671, Mar. 2021, doi:
10.3390/app11062671.

[8] A. Roitman, A. Shaulov, and Y. Yeshurun, “Characterization of
YBa2Cu307-5 coplanar resonator for microwave kinetic inductance
detectors,” Supercond. Sci. Technol., vol. 36, no. 1, p. 015002, Jan.
2023, doi: 10.1088/1361-6668/ac%eea.

[9] P. K. Day, H. G. LeDuc, B. A. Mazin, A. Vayonakis, and J. Zmuidzi-
nas, “A broadband superconducting detector suitable for use in large
arrays,” Nature, vol. 425, no. 6960, pp. 817-821, Oct. 2003, doi:
10.1038/nature02037.

[10] P.R.Maloney, N. G. Czakon, and P. K. Day, “The MKID Camera,”
AIP Conference Proceedings, vol. 1185, no. 176, Dec. 2009, doi:
10.1063/1.3292309.

[11] B. A. Mazin, B. Young, B. Cabrera, and A. Miller, “Microwave Ki-
netic Inductance Detectors: The First Decade,” presented at the THE
THIRTEENTH INTERNATIONAL WORKSHOP ON LOW TEM-
PERATURE DETECTORS—LTD13, Stanford (California), 2009, pp.
135-142. doi: 10.1063/1.3292300.

[12] C. P.Poole, Handbook of superconductivity. San Diego, CA: Academ-
ic Press, 2000.

[13]  “Sonnet Software.” https://www.sonnetsoftware.com/ (accessed Aug.
21, 2022).

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

“Ceraco Ceramic Coating.” https://www.ceraco.de/ybco-films/film-
types/ (accessed Jul. 05, 2022).

B. Abdo, E. Segev, O. Shtempluck, and E. Buks, “Nonlinear dynamics
in the resonance line shape of NbN superconducting resonators,”
Phys. Rev. B, vol. 73, no. 13, p. 134513, Apr. 2006, doi:
10.1103/PhysRevB.73.134513.

F. Mazzocchi et al., “Design of NbN Based Kinetic Inductance Detec-
tors for Polarimetric Plasma Diagnostics,” IEEE Trans. Appl. Super-
cond., vol. 31, no. 7, pp. 1-7, Oct. 2021, doi:
10.1109/TASC.2021.3102392.

S. Ariyoshi et al., “NbN-Based Microwave Kinetic Inductance Detec-
tor with a Rewound Spiral Resonator for Broadband Terahertz Detec-
tion,” Appl. Phys. Express, vol. 6, no. 6, p. 064103, Jun. 2013, doi:
10.7567/APEX.6.064103.

0. G. Vendik, L. B. Vendik, and D. 1. Kaparkov, “Emperical Model of
the Microwave Properties of High-Temperature Superconductors,”
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECH-
NIQUES, vol. 46, no. 5, p. 10, 1998.

M. Tinkham, Introduction to superconductivity, 2nd ed. New York:
McGraw Hill, 1996.

J. E. Sonier et al., “Magnetic field dependence of the London penetra-
tion depth in the vortex state of YBa 2 Cu 3 O 6.95,” Phys. Rev. B,
vol. 55, no. 17, pp. 11789-11792, May 1997, doi:
10.1103/PhysRevB.55.11789.

E. II’ichev, L. Dorrer, F. Schmidl, V. Zakosarenko, P. Seidel, and G.
Hildebrandt, “Current resolution, noise, and inductance measurements
on high- T ¢ dc SQUID galvanometers,” Appl. Phys. Lett., vol. 68, no.
5, pp. 708-710, Jan. 1996, doi: 10.1063/1.116599.

D. Bothner et al., “Magnetic hysteresis effects in superconducting co-
planar microwave resonators,” Phys. Rev. B, vol. 86, no. 1, p. 014517,
Jul. 2012, doi: 10.1103/PhysRevB.86.014517.

C. Song et al., “Microwave response of vortices in superconducting
thin films of Re and Al,” Phys. Rev. B, vol. 79, no. 17, p. 174512,
May 2009, doi: 10.1103/PhysRevB.79.174512.

P. Lahl and R. Wordenweber, “Nonlinear microwave properties of
HTS thin film coplanar devices,” IEEE Trans. Appl. Supercond., vol.
13, no. 2, pp. 2917-2920, Jun. 2003, doi:
10.1109/TASC.2003.812046.

D. Bothner et al., “Reducing vortex losses in superconducting micro-
wave resonators with microsphere patterned antidot arrays,” Appl.
Phys. Lett., vol. 100, no. 1, p. 012601, Jan. 2012, doi:
10.1063/1.3673869.

Authorized licensed use limited to: Bar Illan University. Downloaded on February 23,2023 at 08:52:41 UTC from IEEE Xplore. Restrictions apply.



