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Coplanar microwave resonators made of 330 nm-thick superconducting YBa,Cu;0; have been
realized and characterized in a wide temperature (7, 2—100 K) and magnetic field (B, 0-7 T) range.
The quality factor (Q;) exceeds 10* below 55K and it slightly decreases for increasing fields,
remaining 90% of Q; (B = 0) for B=7T and T =2K. These features allow the coherent coupling
of resonant photons with a spin ensemble at finite temperature and magnetic field. To demonstrate
this, collective strong coupling was achieved by using di(phenyl)-(2,4,6-trinitrophenyl)iminoaza-
nium organic radical placed at the magnetic antinode of the fundamental mode: the in-plane mag-
netic field is used to tune the spin frequency gap splitting across the single-mode cavity resonance
at 7.75 GHz, where clear anticrossings are observed with a splitting as large as ~82 MHz at
T =2K. The spin-cavity collective coupling rate is shown to scale as the square root of the number
of active spins in the ensemble. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4920930]

Thanks to pioneering experiments and theoretical pro-
posals, quantum technologies have enormously advanced and
the interest can now be turned to explore viable routes for
practical applications. Several pure quantum systems, includ-
ing cold atoms, photons, superconducting qubits, spin impur-
ities in Si, or nitrogen vacancies (NV) in diamond—among
many others—have been deeply investigated in the last dec-
ade as potential candidate qubits for applications in quantum
information processing, and techniques for their read out and
manipulation have been developed.' Advantages and limita-
tions of each system have been debated: whilst large margins
of improvement are still possible for the different techniques,
fundamental limits are clear for each system. A possible strat-
egy to overcome these barriers is to combine quantum sys-
tems of different nature and take advantage of the best
features of each of them in hybrid quantum devices. Of
course, this opens new technological challenges. Along these
lines, high-quality factor resonators play a pivotal role, since
photons can be coupled with a number of other two-level sys-
tems (qubits) while begin optimal flying quantum bits them-
selves. Among them, planar resonators are particularly
suitable to be coupled with a variety of atomic or solid state
qubits, with the final goal of developing an on-chip hybrid
quantum technology.'? In fact, mm-length microwave reso-
nators can be routinely fabricated in a scalable arrangement
and on different substrates. In particular, state-of-art super-
conducting resonators allow the achievement power-
independent quality factors as high as 10° or above in planar
geometry at the single photon level **

A key step to coherently transfer information between
cavity photons and stationary qubits is to achieve the strong
coupling regime: electric or magnetic dipole coupling
between the qubit and the confined electromagnetic field
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should overcome their respective damping rates.” Electric
dipole coupling allowed the observation of the strong cou-
pling with single quantum emitters.°® On the other hand,
spin ensembles collectively coupled to microwave resonators
have been proposed for a hybrid quantum technology.''
Since the magnetic dipole coupling of a single spin to a reso-
nator mode, g, is typically too small, a collective enhance-
ment of the effective coupling rate of N spins,'® scaling as
gs\/N , allows to overcome the limitations due to both the
decoherence rate of the spin system, 7, and the inverse pho-
ton lifetime in the cavity, kK = wo/Q (where fy = wo /27 is
the resonant frequency and Q is the resonator quality fac-
tor).'? In this way, collective strong coupling of spin ensem-
bles and microwave photons has been experimentally shown
in coplanar resonators, > three-dimensional (3D) cav-
ities,19_22 and microwave oscillators.>> While 3D resonators
are less suited for on-chip integration, all of the previous
achievements employing planar resonators were obtained
with conventional superconductors (typically Nb), which are
limited to operate at moderate magnetic fields. However,
manipulation of spins may need application of finite mag-
netic fields.”*° Microwave resonators made of high T,
superconductors, such as YBa,Cu3;O; (YBCO), have shown
excellent performances from liquid nitrogen tempera-
tures”* 2’ down to mK range and single-photon regime.”®
Thanks to the large value of their intrinsic upper critical
field, these systems offer unprecedented possibilities for spin
manipulation.

In this letter, we show that YBCO coplanar resonators
have excellent performances under strong magnetic fields, with
quality factors significantly exceeding 10* up to T ~ 55K.
Therefore, they appear as a significant step ahead for quantum
technology applications. Stimulated by recent theoretical'!
and experimental'®?%?® results, here we focused on the high
photon number and high temperature regimes, where we report

© 2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4920930
http://dx.doi.org/10.1063/1.4920930
http://dx.doi.org/10.1063/1.4920930
http://dx.doi.org/10.1063/1.4920930
http://dx.doi.org/10.1063/1.4920930
http://dx.doi.org/10.1063/1.4920930
mailto:alberto.ghirri@nano.cnr.it
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4920930&domain=pdf&date_stamp=2015-05-07

184101-2 Ghirri et al.

the strong collective coupling of an electron spin ensemble to
YBCO microwave coplanar resonators. Our major interest is to
use molecular spins, which offer several advantages with
respect to spin impurities.>* Interesting and sufficiently long
phase memory times have been reported for simple radi-
cals,*** mono-metallic Cu phthalocyanine molecules,” or
(PPhy),[Cu(mnt),] derivatives.’® In the present work, we
employed commercial di(phenyl)-(2,4,6-trinitrophenyl)iminoa-
zanium (DPPH), which is regularly used as field calibration
marker in EPR spectroscopy. The decoherence time of DPPH
is Ty = T, = 62 ns,' while the continuous wave linewidth is
sharp (y,/2m ~ 3.9 MHz)"" due to the exchange narrowing
effect. Below 10K, the linewidth increases as an effect of anti-
ferromagnetic interactions [y,/27 ~ 14 MHz at 2K].'"® The
strong coupling between DPPH radicals and a confined micro-
wave field has been already demonstrated with 3D cavities'**°
or microwave oscillators.”?

Superconducting resonators were fabricated by optical
lithography upon wet etching (2% H3;PO, solution) of com-
mercial 10 x 10mm? double sided YBCO films (330 nm
thick) on sapphire (430 um) substrates (Ceraco Gmbh). The
film is gold-coated on the back side to improve the contact to
ground. The patterned coplanar structure is constituted by a
8 mm central strip having width w =200 um and separation
s =73 um from the lateral ground planes [Fig. 1(d)].** The
coupling of the resonator to the feed line can be adjusted by
finely tuning the position of the launchers. We tested five
YBCO planar resonators finding quite reproducible results.”’
Low temperature measurements were performed using a
Quantum Design PPMS cryo-magnetic system equipped
with 7 T magnetic field applied parallel to the plane of the
resonator. Reflection [S;(f)] and transmission [Sy; (f)] scat-
tering parameters were measured by means of an Agilent
PNA Vector Network Analyzer (VNA).

We first show that coplanar resonators made of YBCO
allow expanding temperature, magnetic field, and power
ranges with respect to the Nb cavities commonly used in
circuit-QED experiments. At T=2K, the transmission spec-
trum shows a well defined resonance centered at
fo="7.7553 GHz [Fig. 1(a)]. The resonance dip is visible also
in the Sy1(f) spectrum. This indicates that the resonator is not
undercoupled, and that the loaded quality factor (Q, ) should be

considered. Since Sy (f) = 201og,o(+/P(f)/Pinc), Where P(f)
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FIG. 1. Characteristics of bare YBCO resonators. (a) Transmission spectrum
measured at 7=2K and B =0. The input power is P;, = —22.5 dBm. The
red line shows the calculated curve. Temperature dependence of the (b) reso-
nance frequency, fo, and (c) loaded quality factor, Q;. In the inset (d), a
sketch of the YBCO coplanar resonator is shown.
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and P;,. are the transmitted and the input powers at the capaci-

tor of the resonator, respectively,37 the transmission spectrum
can be fitted by*

S21(f) = —IL — 1010g10

2
1+0; ’i—@> ] (1)
o f

where Q;(2K)~ 20000 and the insertion loss is IL
= —51(fo) = 16.5 dB [red line in Fig. 1(b)]. The quality
factor corresponds to that calculated from the half power
bandwidth (3-dB method). More decoupled resonators dis-
play stable Q; > 30000 in the high power regime.”’

The temperature dependence of the transmission reso-
nance was investigated by measuring Sy (f) in the range of
2-100 K. To extract f, and Q;, we fitted each spectrum with
Eq. (1). Figure 1(b) shows a small shift of f; between 2 and
60K. For higher temperature, the resonance peak shifts
towards lower frequencies, and it disappears in correspon-
dence to the YBCO film critical temperature (7.=87K).
The loaded quality factor [Fig. 1(c)] progressively decreases
with increasing 7, while remaining Q. (T) > 10000 for
T <55K. This behavior is in line with similar results
reported in the literature.”*

An applied magnetic field (B) generally gives rise both
to a decrease of the quality factor and to a hysteretic behav-
ior of the resonant frequency. While this behavior was effec-
tively observed for intermediate temperatures,’’ at low
temperature, the field dependence becomes progressively
weaker. Figure 2(a) shows a series of Sy (f) spectra meas-
ured at 2K for increasing B, up to 7T. The values of f, and
0O, extracted from Eq. (1) are plotted as a function of B in
(b) and (c): they are remarkably stable up to 7 T, being
0,(7T) = 0.90 x O, (0T). We notice that for Nb resonators,
a drop of Q, is observed for fields in the mT range.*®
Degradation of the quality factor of the superconducting res-
onators against the applied field is due to the dissipation
mechanisms related to the vortex motion. This effect has
been generally described in terms of increase of the surface
resistivity (R) under applied magnetic field, whilst recent
experimental results have evidenced that more sophisticated
models are required for thin films.** Surface resistivity meas-
urements performed at 20 K by means of the dielectric reso-
nator method have shown a weak dependence of R; with
respect to a dc field up to 5T applied parallel to the YBCO
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FIG. 2. (a) Transmission spectra as a function of frequency measured at 2K
for applied external magnetic fields up to 7 T. Dependence of (b) the cavity
mode resonant frequency, fo, and (c) the loaded quality factor, Q;, on the
externally applied magnetic field, B.
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film.** These findings, independently obtained by different
experimental techniques, corroborate the field dependence of
Q; we report in Fig. 2.

Summarizing the results of the YBCO resonators char-
acterization, the decay rate of the cavity remains reasonably
smaller than x/27 ~ 1 MHz in a wide temperature and mag-
netic field ranges, and we can therefore exploit these unique
properties to perform circuit-QED experiments with spin
ensembles as follows.

A thin layer of DPPH powder was attached to the center
of the YBCO resonator by means of silicone grease. The vol-
ume of the sample (1.2 x 0.5 x 0.05 mm?®) was estimated
under optical microscope, and it corresponds to a total num-
ber of approximately N ~ 6 x 10'® radicals.”” In Fig. 3, we
report the evolution of the transmission peak in correspon-
dence to the resonance field of the DPPH spin ensemble
(B, ~0.276 T). At 2K, two branches are observed, which
indicate the presence of a large anticrossing between the res-
onator mode and the spin ensemble [Fig. 3(a)]. Cross-
sectional Sy;(f) spectra measured on resonance show two
peaks separated by f, — f_ ~ 82 MHz [Fig. 3(b)]. The fit of
the off-resonance (0.2694T) spectrum with Eq. (1) gives
fo=7.7522 GHz, Q; =16000, and /L = —33.5 dB. Thus,
the cavity decay rate results k ~ 0.5 MHz, while the esti-
mated number of photons inside the cavity mode volume®! is
Npy >~ 10''. For increasing temperature, the width of the
anticrossing decreases and the splitting is progressively
reduced to ~58 MHz (at 5K) and ~39 MHz (at 10K) [Figs.
3(d) and 3(f)]. The splitting of the transmission peak in cor-
respondence to the resonance field of DPPH is observed up
to 50K.*” To evaluate the magnitude of the collective cou-
pling constant g., we fitted the resonance frequency by using
the usual expression for the vacuum field Rabi splitting

— 02694 T
027627
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— 02694 T
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FIG. 3. Transmission spectra of a YBCO microwave resonator loaded with a
DPPH spin ensemble (P;, = —12.5 dBm). The left column shows a series of
two-dimensional maps obtained by plotting S, (f) for different applied B.
Temperatures: 2K (a), 5K (c), and 10K (e). Dashed red lines display the cal-
culated curves. The right column shows the cross sections related to the cor-
responding right panel, either on resonance (cyan) or off resonance (blue).
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(neglecting the damping rates, i.e., the imaginary parts of the

split eigenfrequencies)*
\/ A+ 4g?
— 2

= 2 b

+A+
W+ = ) — =
0T

where w+ = 2nf+, A = guz(B — B,)/h, and g=2.0037 is
the Landé g-factor of DPPH. The fitted rates g./2m are plot-
ted as a function of temperature in Fig. 4 (black circles),
spanning from 39 MHz at 2K to 9 MHz at 40 K. Hence, the
strong coupling condition,' g, > Vs K, 1s clearly satisfied in
our sample in the whole temperature range up to 40 K.

To interpret the results in Fig. 4, we notice that the num-
ber of polarized s = 1/2 spins (IV,,) varies with temperature as

N, hf
N tanh (2kBT> . 3)

Simultaneously, g. rescales non-linearly as

8c = gs\/lvpv 4)

where g, is the coupling of a single spin 1/2 to the resonator
mode. In Fig. 4, we calculated the behavior of g. by means
of Egs. (3) and (4) (solid red line). The best fit was obtained
by means g./2n[MHz] = 134,/N,/N. From the zero tem-
perature limit (N, = N ~ 6 x 10') and the finite tempera-
ture values, we estimated a single-spin coupling rate in a
restricted range g;/2m ~ 0.55 — 0.60 Hz. These values well
compare with the one independently estimated from the
known parameters of our resonators,37 besides being consist-
ent with the values reported in the literature for different cav-
ity geometries and spin systems.' We also notice that even at
the highest temperatures at which strong coupling can be
observed, when only a small fraction of spins is coupled to
the microwave mode, the condition N,;, < N, still holds, for
which Eq. (4) is a safe assumption.'

To get further insight about the g.(N,) dependence, we
removed a portion of DPPH sample from the resonator and
we repeated the measurements to extract the reduced cou-
pling constant gi‘.(T).37 The remaining sample corresponds to
approximatively 75% of the original volume. The total num-
ber of s = 1/2 radicals is thus reduced to N* = 0.75 x N and

g = 8,1/0.75 x N,,. To compare these results with g.(T), in
40r

g./2n (MHz)
W b
o o

~N 30 20} 4
T
é | o 10
& 20 .
e
>

10+ -

0 10 20 30 40
T (K)
FIG. 4. Dependence of the collective coupling constant g.(7') (black circles)

with respect to T and /N,(T)/N (inset). The blue open squares display
2:5(T)/v/0.75. Solid red lines show the calculated curves.
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Fig. 4, we plotted the rescaled coupling constant g*/+/0.75
as function of T and /N, /N (open squares). The very good
agreement between g7 (7') and g.(T') corroborates the behav-
ior described from Egs. (3) and (4).

In summary, we have shown that YBCO microwave pla-
nar resonators constitute a viable route for the implementation
of on-chip quantum technologies. In particular, we have shown
their robustness against an external magnetic field up to 7T
and up to liquid nitrogen temperature, which makes them ideal
candidates for circuit-QED experiments with spin ensembles.
To display their potentialities, we showed that the collective
strong coupling regime of a DPPH ensemble coupled to copla-
nar YBCO resonators can be achieved up to 40 K.
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Project RBFRI12RPDI1, and by the U.S. AFOSR/AOARD
program, Contract No. FA2386-13-1-4029.
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