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ABSTRACT

We investigate the performance of niobium nitride superconducting coplanar waveguide resonators toward realizing hybrid quantum
devices with magnon-photon coupling. We find internal quality factors ~ 20 000 at 20 mK base temperature, in zero magnetic field. We find
that by reducing film thickness below 100 nm, an internal quality factor greater than 1000 can be maintained up to a parallel magnetic field
of ~ 1T and a perpendicular magnetic field of ~ 100 mT. We further demonstrate strong coupling of microwave photons in these resonators
with magnons in chromium trichloride, a van der Waals antiferromagnet, which shows that these cavities serve as a good platform for study-
ing magnon-photon coupling in 2D magnonics based hybrid quantum systems. We demonstrate strong magnon-photon coupling for both

optical and acoustic magnon modes of an antiferromagnet.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0029112

Superconducting coplanar waveguide (SCPW) resonators are of
interest as elements of architecture for hybrid quantum systems and
quantum computation related studies. The two dimensional (2D)
structure, scalability, and control over impedance across varying length
scales for SCPW provide a natural way to couple them with various
mesoscopic systems. They have been used for making kinetic induc-
tance detectors' and parametric amplifiers>” and have been coupled to
superconducting qubits,” nano-mechanical resonators,”” spin ensem-
bles,” "' and quantum dots.”"” They have become an important com-
ponent for realizing hybrid quantum devices.

For application of SCPW resonators in hybrid quantum devices
involving electron spin resonance (ESR) systems,”'*'* nitrogen
vacancy (NV) centers,”” and different topological systems,'” ' perfor-
mance under magnetic field is additionally required. Furthermore,
with the advent of 2D magnetic materials” and possibility to utilize
their unique properties in hybrid quantum designing schemes,
~ 100 mT magnetic field in arbitrary directions is required. This addi-
tional requirement for the SCPW resonators necessitates the use of
type-II superconductors having high upper critical magnetic field

(Hc) like Mo-Re, TiN, Nb-Ti-N, and NbN.*" ** In the presence of
magnetic field, flux vortices are generated in these materials which
cause dissipative vortex motion in the presence of high frequency
oscillatory currents. Moreover, reduction in Cooper pairs due to the
formation of normal cores of the vortices causes an increase in kinetic
inductance which cause a decrease in resonance frequency.”® Control
over this kind of vortex induced dissipation can be achieved through
the introduction of pinning sites to trap the vortices which can either
be done by utilizing intrinsic disorder’” or by fabricating artificial pin-
ning sites.” >’

Niobium nitride (NbN) is a disordered type-II superconductor
with a high transition temperature (T¢ ~ 16.8 K), high upper critical
magnetic field (Hey ~ 15T), small coherence length (=~ 5nm), and
large penetration depth (=250 nm).”" > NbN thin films of varying
thicknesses with moderately high T can be realized, which are also
stable in ambient condition and robust with respect to thermal cycling
from room temperature to cryogenic temperatures. Another interest-
ing property of NbN is that its T depends mainly on the carrier
density (and not disorder) for samples with T > 10 K.’' This makes
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NbN a potential candidate for reducing dissipation due to vortices by
utilizing inherent disorder.

In this work, we fabricate and probe the properties of NbN
SCPW resonators. Traditionally, SCPW resonators are fabricated by
careful substrate surface preparation followed by the deposition of
superconducting films. Subsequently, etching processes are used to
pattern the resonator. Here, we intentionally use a simple liftoff based
fabrication process. The motivation behind this approach is twofold:
(a) it helps to establish baseline properties and (b) it opens up the pos-
sibility to integrate exfoliable materials into microwave circuitry. For
these resonators, we observe the internal Q; of ~2 x 10* at 20 mK
temperature and zero magnetic field. We study the magnetic field
dependence of quality factor and resonance frequency dispersion of
these resonators, primarily for two different thicknesses () of the NbN
thin film. We find that Q; is higher than 1000 for in-plane fields of ~ 1
T and perpendicular fields of ~ 100 mT. Few 100 mT is often the mag-
netic field range around which many materials show ferromagnetic,
antiferromagnetic, and electron spin resonances.”' " For example,
using average g-factor of 2.2 for chromium trihalides,”” we find that
approximately 160 mT magnetic field is required for resonant cou-
pling of the magnons in these materials with microwave photons in a
resonator with resonance frequency around 5 GHz. This makes NbN
SCPW resonators an optimal platform for studying collective spin
oscillations in different materials. Here we demonstrate coupling
between a cavity mode in an NbN SCPW resonator and antiferromag-
netic resonance (AFMR) modes in a chromium trichloride (CrCls)
crystal — a van der Waals antiferromagnet.”*°

We use intrinsic silicon as substrate for fabrication of the SCPW
resonators (we also fabricated resonators on sapphire substrate
and the corresponding characterization data are included in the
supplementary material). First, the wafers are spin-coated with a
bilayer resist consisting of EL9 and PMMA 950 A2. Subsequently, the
resonator pattern is made by electron beam lithography and develop-
ing in a solution of MIBK and IPA in 1:3 volume ratio. NbN is then
deposited by reactive DC sputtering with a niobium (Nb) target at a
sputtering power of 230 W in the presence of continuous flow of 11
sccm of nitrogen and 70 sccm of argon at a sputtering pressure of
6.5 x 107> mbar and temperature of 120°C.”" After sputtering, lift-
off is done in acetone to remove the remaining resist along with the
excess NbN film on top of them. On an NbN film of thickness
80 nm, transport measurements provide the following: T¢ ~ 12.5 K,
He>14 T, RRR~ 0.9 and room temperature  resistivity
~1.95 uQ m. Variation of resistivity with temperature for the NbN
film on the intrinsic silicon substrate is shown in Fig. 1. The inset of
Fig. 1 shows the SEM image of an NbN film where disorder is clearly
visible.

The SCPW resonators are designed in a half-wave single port
configuration. Figure 2(a) shows the SEM image of the device. The
resonator has a trace width of 28 pm and has been designed from a
section of coplanar waveguide with characteristic impedance of 46 Q
on intrinsic silicon, neglecting the surface impedance of the supercon-
ducting film. A coupling capacitor is made between input port and the
resonator for coupling microwave power in-and-out of the resonator.
The measurements are done in a dilution fridge, and a sufficient num-
ber of attenuators are kept at different plates of the fridge in the input
line to ensure proper thermalization of microwave photons reaching
the sample (more details in the supplementary material).
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FIG. 1. Variation of resistivity of a 80 nm thick NbN film deposited by sputtering on
intrinsic silicon with temperature (inset: SEM images of top and cross sectional
views of an NbN film).

Ratio of reflected to input signal for a one-port capacitively cou-
pled resonator in reflection geometry, as seen in Fig. 2(a), is described
by the reflection coefficient S;;. Within the linear response of the reso-
nator, Sy, as a function of frequency, f (= 52), for a half-wave single
port resonator, can be modeled by

Qi

=1-3 :
2 (Qi+ Qe) +iQiQe

Su() o=, W)

[@0)

where Q; is the internal quality factor, Q, is the external quality factor,
and fy (= $2) is the resonance frequency.” Figure 2(b) shows the rep-
resentative measurement of the real part of S;; taken at 20 mK and
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FIG. 2. (a) SEM image of an NbN SCPW resonator (inset: zoomed in image of coupling
capacitor). (b) Real part of S;1 measured at 20 mK temperature along with fitting function.
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zero magnetic field, along with the fitted curve using Eq. (1). This
allows us to extract the Q; for various studies done in this work. We
find maximum Q; ~ 22000 at 20 mK temperature and zero magnetic
field. We note that Q, determines the coupling of the resonator to the
external measurement circuitry. We have studied resonators which are
designed to be overcoupled (Q; > Q,) and undercoupled (Q; < Q,) at
base temperature and zero magnetic field to capture variation of Q; in
regimes with different internal loss rates. We have used the in-phase
response (real part of Sj;) to extract out the resonator parameters

(details in the supplementary material).
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As our primary motive is to develop these resonators for magnon
coupling experiments,”***” it is imperative to characterize their
response in magnetic field. Although the resonance frequency of a
magnon mode depends on the geometry and the material properties,
usually a magnetic field of ~100mT could be sufficient to obtain
magnon modes near 5 GHz.>**® Magnetic field dependence of the res-
onators in orientations parallel (Bp.r) and perpendicular (Bperp) to the
SCPW plane has been shown in Fig. 3. Figures 3(a) and 3(b) show the
color-scale plots of | Sy, |* as a function of frequency and magnetic field
for an NbN SCPW resonator, with a film thickness of 72 nm, on the
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FIG. 3. Characterization of NbN resonators as a function of magnetic field. (a) and (b) Color-scale plots showing variation in |S14 |2 for an NbN SCPW resonator with an NbN film
thickness of 72 nm, with frequency and magnetic field for field orientations parallel and perpendicular to the SCPW plane, respectively. (c) and (d) Variation of Q; with magnetic field
for film thicknesses of 217 nm and 72 nm on the intrinsic silicon substrate, for parallel and perpendicular field orientations, respectively. These resonators are overcoupled, Q; > Q,
at zero magnetic field; Q; reduces with increasing magnetic field due to vortex induced losses and eventually goes to the undercoupled regime, Q; < Qe; in undercoupled regime
[Si1 |2 shows a dip at resonance frequency, while for Q; > Q., change in | Sy |2 is minimal. Although @; can be tracked up to large magnetic field range using this choice of Q, it
gives rise to high error-bars in fits for Q; when Q; > Q. (near zero field). Another set of resonators with Q; < Q. are studied to accurately determine Q; near zero field.
Dependencies at lower fields are more accurately calculated using these undercoupled resonators having a film thickness of 80 nm and are shown in (e) and (f) for parallel and per-
pendicular magnetic fields, respectively; here the error-bars have reduced to size comparable to the markers. Measurements were performed at 20 mK temperature.

Appl. Phys. Lett. 117, 263101 (2020); doi: 10.1063/5.0029112
Published under license by AIP Publishing

117, 263101-3



Applied Physics Letters ARTICLE

intrinsic silicon substrate, for field orientations parallel and perpendic-
ular to the SCPW plane. These measurements have been done in zero-
field-cooled condition to address magnetic field induced losses while
continuously varying magnetic field, as is required in many applica-
tions. Note that here the cavity is designed to be overcoupled at zero
magnetic field. In the overcoupled regime, |S);|* shows small variations
(however, the resonance feature can be clearly seen in the phase
response); hence, resonance dip is not visible at zero magnetic field. The
dip starts appearing as vortex induced losses show up at higher fields.

Figures 3(c) and 3(d) show the Q; values extracted from fit using
Eq. (1) for resonators in magnetic field orientation parallel and per-
pendicular to the SCPW plane, respectively. Resonators in parallel field
show a slower decrease in Q;. This agrees with the fact that all the films
have thicknesses below penetration depth, whereas, for perpendicular
field, the rate of degradation of Q; is much faster due to the dominant
role of vortex dynamics induced losses over quasiparticle losses."’

Comparing the data for variation with magnetic field parallel to
the SCPW plane, shown in Fig. 3(c) for 217 nm and 72 nm thick NbN
films, we note that the degradation of Q; is slower for the thinner film
as dissipation due to vortex dynamics plays a lesser role and only qua-
siparticle losses are important; while for the thicker film this is not the
case and there is an early onset of vortex dynamics induced losses.
NbN films with smaller thicknesses maintain higher Q; (>10°%) up to
higher parallel magnetic field By, = 1 T due to lower flux creep. For
orientation of magnetic field perpendicular to the plane of the film,
Q; >10? is observed up to Bper, =~ 100 mT field.

In Figs. 3(c) and 3(d), the resonators are overcoupled (Q; > Q.)
at zero field. The choice of Q, for this is good for tracking Q; up to
larger field range, but it leads to high error-bars in fits for Q; in regime
of low internal loss, which is realized near zero magnetic field. So, for
determining Q; more precisely in the low magnetic field regime, we
fabricated another set of resonators with lower coupling capacitor
such that Q; = Q, at zero field. Figures 3(e) and 3(f) show the result
of analysis for Q; with this Q,, and we notice that these results are
consistent and have smaller fitting errors (additional details in the
supplementary material).

The near quadratic and linear dispersion trends in Figs. 3(a) and
3(b), in orientations parallel and perpendicular to the magnetic field,
respectively, are well described by Abrikosov-Gor’kov (AG) theory."’
For SCPW resonators, the resonance frequency of the fundamental

mode can be written as fy = %, where 8 = ﬁ with I, C, and L;

being the length, capacitance per unit length, and inductance per unit
length of the resonator. The total inductance contains contribution
from the geometric inductance (Lg, per unit length) and the kinetic
inductance (Ly, per unit length). As the shift in resonance frequency
comes from the kinetic inductance part, it is straightforward to obtain
ALg _ 28 A

Lo = F-RL ko’
from its B = 0 T value (here Af; is shift in resonance frequency from
its value at base temperature and zero magnetic field, foo). Now we
use the fact that for T < T¢, Ly o Tic, and kpATc = — %, where o is

the half of depairing energy and for a thin film in perpendicular mag-
netic field case, it can be written as o = DeB., where D is the the
electronic diffusion constant and e is the magnitude of electron

where A represents change in associated quantity

charge.""** Using this formalism, we fit a straight line 2—{‘]’ = —kBperp
to the dispersion (details in the supplementary material) and find D

scitation.org/journal/apl

from the relation D = & lﬁzf;zTLC . We find D &~ 5 x 10 * m?s™! which
078

is close to the values reported previously.*’

We observe a weak hysteresis in the measurement depending on
the sweep direction of the magnetic field (details in the supplementary
material). All the measurements presented in Fig. 3 were recorded
consistently with an upward sweep direction of the magnetic field. In
parallel field orientation, a misalignment between the direction of the
magnetic fleld and the plane of the superconducting film can also
cause losses due to a non-zero out of plane component of the magnetic
field. In our experiment, we estimated this misalignment to be less
than 1° as the shift in resonant frequency remains flat for parallel mag-
netic field up to ~ 0.8 T. We also characterized the resonators as a
function of temperature and microwave power, and the details are
provided in the supplementary material.

For application of the NbN SCPW resonators toward cavity mag-
nonics devices, we investigated their coupling with magnons in CrCl;
crystal, a van der Waals antiferromagnet. First, the microwave absorp-
tion spectroscopy of CrCl; was performed using a 20-30 pm thick
CrCl; crystal flake placed on a coplanar waveguide type transmission
line made out of copper on a printed circuit board (PCB) (measure-
ment setup shown in supplementary material). The crystal was trans-
ferred to the PCB inside a glovebox and covered with Apeizon N
grease to protect against ambient. This measurement was done in a
cryostat under continuous flow of helium vapor at a temperature of
1.5 K. On applying a magnetic field oriented parallel to the plane of
the PCB and perpendicular to the direction of RF current in the trans-
mission line, we observe two symmetry protected antiferromagnetic
resonance modes in the presence of a mode-crossing in the transmis-
sion spectra as shown in Fig. 4(a). The linearly dispersing mode (f,)
has been identified as the acoustic mode and the downward-going
mode (f,) has been identified as the optical mode. The two modes get
excited when certain symmetry rules are satisfied. These modes and
the symmetry arguments have been studied in detail in Refs. 34 and
36. In our experiments, the DC magnetic field is always applied in the
plane of the sample and perpendicular to the direction of the RF cur-
rent.”"’® Using the derivative divide method,"" the data in Fig. 4(a)
have been analyzed, and the linewidth of the acoustic and optical
modes has been determined as - &~ 0.33 GHz and £ ~ 0.42 GHz,
respectively. The variation in these linewidths with magnetic field is
found to be small.”® We note that the optical mode has a broader line-
width compared to the acoustic mode.

After this, we placed a similar crystal flake at the current antinode
of the NbN resonator on an intrinsic Si chip inside glovebox and simi-
larly covered with Apiezon N grease. This measurement was done in
the dilution fridge, and the grease provided additional benefit of good
thermal anchoring of the crystal to the 20 mK plate temperature. On
applying magnetic field parallel to the SCPW plane and perpendicular
to the RF current direction at the current antinode, we observe forma-
tion of avoided crossing between the cavity mode and each of the two
AFMR modes in the measured [S;; |2, as shown in Fig. 4(b). This is the
signature of strong magnon-photon coupling between microwave
photons in the NbN resonator and antiferromagnetic magnons in
CrCls. Figure 4(c) shows line-plots at different magnetic fields.
Frequency dispersion of the modes in Fig. 4(b) and broader linewidth
of the hybrid mode associated with the optical AFMR mode in
Fig. 4(c) agree with the results from the transmission spectroscopy
measurement using the copper transmission line.
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FIG. 4. Strong coupling between magnon modes in CrCl; and photon mode in NbN resonator. (a) Transmission spectra showing magnetic field dlsperS|on of acoustic (f;) and
optical (f,) AFMR modes in a CrCl; crystal flake placed on a copper coplanar waveguide transmission line. (b) Color-scale plot of the normalized |S11\ with magnetic field and
frequency for a CrCl; crystal flake placed at the current antinode of an NbN SCPW resonator. The plot range is same as the gray dashed rectangle in (a) and shows the
hybridization of the cavity mode with the acoustic and optical AFMR modes in CrCl; due to strong magnon-photon coupling. (c) Line-plots at three different fields (correspond-
ing to dashed lines of same color in (b)). Offset of —7 dB has been added in consecutive plots for clarity. Line-shapes of upper hybrid modes, formed due to hybridization of
cavity mode with acoustic and optical AFMR modes (orange and magenta, respectively), agree with the relatively broader linewidth of optical mode compared to acoustic
mode, as apparent from (a). (d) Plot of calculated \811\ using input-output theory with coupling strength of acoustic and optical AFMR modes with cavity mode of 0.57 GHz
and 0.37 GHz, respectively (dashed lines show the bare cavity (fy), acoustic (f;) and optical (f,) AFMR modes).

We further generated a plot of |Sy;|* from the calculation based
on input-output theory."**>*® According to this theory, the reflection
coefficient (Sy;) for the system with two non-interacting magnon
modes coupled with a cavity photon mode can be written as

K
o
i(w—op) + =Sy B
i(w— w1)+— i(w—m,) +—
(2)
where 1i; = @ and k, = 3, 9t = f; and 92 = f; are the field depen-

dent resonance frequencies of the acoustic and optical magnon modes,
respectively, 2= and 22 are their linewidths, and £- and £ are their cou-
pling strength with the cavity mode, respectlvely For ﬁttlng the mode-
coupling data shown in Fig. 4(b), we defined a three mode coupling
Hamiltonian matrix. The diagonal elements of this symmetric matrix
comprises of the bare cavity mode, the bare acoustic magnon mode,
and the bare optical magnon mode. We keep the off-diagonal terms
representing the coupling between cavity and acoustic mode, and

between cavity and optical mode as fitting parameters, and take the
cross coupling term between the two magnon modes to be zero. The
field dependence of the acoustic and the optical modes was obtained
from polynomial fits to the bare magnon modes data shown in
Fig. 4(a), and the cavity mode was assumed to be constant in the field
range considered. We use the field dependent functional forms of the
eigenmodes of this matrix to perform a non-linear model fitting to the
experimentally obtained mode-coupling data shown in Fig. 4(d). This
fitting gives £- = 0.57 GHz and £ = 0.37 GHz. Using these g values,
we obtain the plot as shown in Fig. 4(d) with the expression from
input-output theory Eq. (2). The calculated cooperativity of coupling
between acoustic magnon and photon, and between optical magnon

and photon, using these values is C; = f—‘zl =47.10 and C, = on
= 15.59, respectively, where k = k; + k.. The cooperativities larger
than the expected modes occupancy clearly suggest a quantum-
coherent coupling between the photons and the magnons.

Since we use a CrCl; crystal covering almost the entire SCPW
resonator, the effective volume for magnon-photon coupling is deter-
mined mainly by the magnetic mode volume of the resonator. From
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the lattice structure parameters of CrCl; and using the magnetic com-
ponent of the vacuum RF field of the resonator,”"” we calculate the
coupling strength per spin to be £2 ~ 7.93 Hz and a net coupling
strength of ~ 1.09 GHz for the estimated effective volume (more
details regarding fitting and g value estimation is provided in the
supplementary material). The deviation in the estimated and experi-
mentally measured coupling rates could be attributed to reduction
in the effective volume as predominantly the spins near the gap of
resonator contribute to the measured signal. Also, coupling strength
for the acoustic and the optical modes separately depend on both
geometry and symmetry, as we observe them to be. A more accurate
microscopic calculation and further experiments are needed to fully
understand some aspects of the mode coupling data. This can be a
focus of our future work. We also observe a faint dispersing mode
below the main cavity mode in Fig. 4(b) which also couples with the
AFMR modes. This is possibly a parasitic mode of the resonator whose
origin needs to be verified. Furthermore, a slight downward shift in
cavity frequency with increasing magnetic field, seen between 10 mT
and 30 mT, could possibly be attributed to the change in magnetic
state of CrCly as it undergoes spin-flop transition."* " This measure-
ment shows that our NbN resonators can be an ideal platform for
studying collective spin oscillations and their coupling with electro-
magnetic modes of microwave frequencies in different systems.

In this work, we have fabricated NbN SCPW resonators using a
simple fabrication process and probed their baseline properties. We
see Q; > 10° persisting up to perpendicular magnetic field of 100 mT,
which is two times higher than the previously reported results.”’ Using
substrate surface treatments and vortex trapping schemes, Q; of these
resonators can be made even higher with better performance possibly
up to even higher magnetic fields. Our fabrication protocols have the
potential to incorporate exfoliable crystals in the microwave circuits.
Furthermore, we have demonstrated the effectiveness of these resona-
tors in coupling with spin ensembles by coupling them to magnons in
a van der Waals antiferromagnetic system to study collective spin
oscillations and making hybrid quantum devices.

See the supplementary material for details on measurement cir-
cuit, fitting procedure along with comparison between overcoupled
and undercoupled resonators, characterization data for resonators on
the intrinsic silicon and sapphire substrate with temperature and
microwave power, and details about the magnon-photon coupling
experiment.
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