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The interfacing of a superconducting microwave resonator with rare-earth-doped crystals presents a
promising hybrid quantum system for applications including spin-assisted transducers and memories. The
coupling strength between the spins of the rare-earth ions and the microwave photons is characterized by
the cooperativity. Here, we report an ultrahigh cooperativity of C ~ 650 between rare-earth spins and a
planar superconducting microwave resonator that features a highly uniform magnetic field for harnessing
the strong anisotropic coupling strength of erbium-doped yttrium orthosilicate. This cooperativity rivals
that from a bulk dielectric resonator and may pave a path for efficient coupling of spins with microwave

photons on an integrated platform.
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I. INTRODUCTION

Rare-earth ions (REIs) have been an attractive can-
didate for quantum information processing due to their
favorable optical and spin properties. Their stable opti-
cal transition and high fluorescence quantum efficiency
allow spin control and detection through optical photons
[1,2]. Extremely long coherence times from electronic
and nuclear spins make REIs an ideal choice for quan-
tum information storage [3,4]. Furthermore, their narrow
homogeneous linewidth presents opportunities for spectral
multiplexing in a broader inhomogeneous linewidth of the
spin ensemble [5]. Among rare-earth elements, erbium (Er)
emerges as a popular choice because of its optical transi-
tions in the telecommunication band. This avoids the need
for frequency conversion and facilitates integration with
existing fiber-optic technology.

Common choices of host crystals for REIs include
yttrium orthosilicate (Y,SiOs), yttrium orthovanadate
(YVOy), and lithium niobate (LiNbO3). Yttrium orthosil-
icate (YSO) gains its popularity due to its weak envi-
ronmental nuclear magnetic moments. Efficient long-lived
multimode photonic memories [6—8] have been demon-
strated using REI-doped YSO, which enables entangle-
ment storage [9], quantum teleportation [10], and quantum
state transfer from atomic vapor [11].

Strong microwave coupling with spins is essential in
enabling efficient quantum state manipulation [12], iso-
lating a spin ensemble from the environmental spin bath
[13], and relaxing the optical-coupling requirement for a
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high-efficiency microwave-to-optical transducer [14]. Due
to the large mode-size mismatch, and hence the poor mode
overlap between resonant spins and the microwave photon
field, microwave resonators are often employed to enhance
their coupling strengths. These include both bulk three-
dimensional (3D) cavities [15—19] and planar supercon-
ducting resonators [20—25]. By providing a homogeneous
magnetic field (B field) and high spatial mode overlap
with the embedded REI-doped crystal, 3D dielectric cavi-
ties benefit from spin-number enhancement from the REI
ensemble and enable an ultrahigh cooperativity of C ~
600 [19]. On the other hand, planar superconducting res-
onators offer a small device footprint and mode volume
and thus enhanced single-spin coupling rates. However,
the magnetic field distribution tends to become less uni-
form with microscale patterned structures, thus reducing
the effective modal overlap between spins and the rf mag-
netic field. Experiments on coupling to rare-earth ions have
so far yielded a cooperativity of C ~ 30 [23,25]. Fur-
ther improvement is required to improve the mode overlap
while maintaining a high Q factor.

In this work, we present an ultrahigh cooperativity of
C ~ 650 between Er** ions and a niobium nitride (NbN)
superconducting microwave resonator through designing
the parallel nanowire strips for a homogeneous B field and
utilizing the anisotropic coupling strength in an erbium-
doped yttrium orthosilicate (Er:YSO) crystal. We use flip-
chip bonding techniques to integrate the Er:YSO crystal
on a NbN superconducting resonator with a Q factor
of O > 10°. Electron-spin resonance (ESR) spectra are
measured at different orientations to demonstrate strong
coupling and high cooperativity.
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II. MEASUREMENT

A commercial bulk 10-ppm-natural-abundance Er:YSO
crystal (Scientific Materials) is cut into a cuboid (5 mm x
4 mm x 3 mm) along the three dielectric axes (D, D>,
and b) and flip-chip bonded on a NbN superconducting
microwave resonator, with the b axis perpendicular to
the bonding interface. The thin film of 50-nm NDN is
grown on a high-resistivity silicon substrate using atomic
layer deposition (ALD), with a sheet resistance of Ryq ~
45 Q/sq. We fabricate microwave resonators by pattern-
ing hydrogen silsequioxane (HSQ) on NbN thin film with
electron-beam lithography (EBL) and etching in reactive-
ion etching (RIE) with chlorine. The resonator has the
shape of a racetrack for strong coupling with the hoop
antenna. The width, radius, and straight-section length
of the racetrack resonator are 100 um, 800 um, and
1500 pm, respectively. Three parallel 1-um-wide strips
act as inductors that replace one straight section of the
racetrack resonator. These inductor strips are connected to
the racetrack resonator through interdigitated (IDT) capac-
itors. This design allows the generated vortices inside the
racetrack resonator to traverse out, hence stabilizing the
cavity frequency under a strong external B field. The final
flip-chip-bonded device is housed in a copper-cavity box to
reduce radiation loss to the environment. Figure 1(a) shows
a photograph of the device inside the copper box. The
external static B field By is applied parallel to the inductor
strips. The oscillating B field B from the inductor strips is
therefore perpendicular to By. The use of flip-chip bond-
ing permits free orientation of the Er:YSO crystal on the
microwave resonator. Figure 1(b) is an optical micrograph
of the NbN microwave resonator. The narrow inductor
strips are magnified in the inset. The corresponding circuit
model is shown in Fig. 1(c), where the microwave res-
onator is modeled as an LC resonator and the hoop antenna
as an inductor. Figure 1(d) is the cross-section plot of the
oscillating B field B, from the inductor strips. As opposed
to the commonly used meander inductors where the cur-
rent in the adjacent straight sections flows in opposite
directions, the current in the three parallel-inductor strips
flows in the same direction, resulting in a more uniform
B field B inside the bonded Er:YSO crystal. Figure 1(e)
is the oscillating B field B; strength at 35 um above the
NbN microwave resonator, indicated by the dashed line in
Fig. 1(d). A homogeneous B field distribution above the
inductor strips plays an important role in reducing the spin
linewidth.

The packaged device is loaded in the mixing chamber
of a dilution fridge with a base temperature of 10 mK. The
actual device temperature is 30 mK due to a thermal gradi-
ent. A vector network analyzer (VNA) is used to measure
the S, response. The microwave resonator has a resonance
frequency of 5.7 GHz at zero applied B field By = 0. The
O factor of the cavity is fitted with a Fano resonance to
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FIG. 1. (a) A photograph of the packaged device. The NbN
microwave resonator is fabricated on a high-resistivity silicon
substrate that sits on a larger piece of high-resistivity silicon car-
rier in a copper cavity. A hoop antenna is used to couple to the
device. The crystal axes are indicated and the applied static mag-
netic field By is oriented parallel to the resonator inductor strips.
(b) An optical micrograph of the NbN resonator. An enlarged
image of the narrow inductor strips is shown in the inset. (c)
The corresponding circuit model of the device. (d) The cross-
section arrow plot of the oscillating magnetic field B; around the
inductor strips. The thin strips are exaggerated for viewing pur-
poses. (e) The oscillating magnetic field profile at 35 um above
the microwave resonator, indicated by the dashed line in (d). The
uniform magnetic field facilitates a narrow spin linewidth. The
narrow inductor strips are exaggerated for illustration purposes.

take the background response into account. Q ~ 130 000
is obtained at the input power of —70 dBm, at which the
loss from two level systems is minimized.

The Hamiltonian of the coupled system is given as

H=usB -g-S—,gB-I1+1-Q-I+S-A-L (1)

where g (i4,) is the electron (nuclear) Bohr magnetron,
g» = —0.1618 is the nuclear g factor, g is the anisotropic
electron g-factor tensor, Q is the nuclear quadruple ten-
sor, and A is the hyperfine interaction tensor. The first two
terms of the spin Hamiltonian are the electron and nuclear
Zeeman splittings, which are proportional to the applied
B field By. The third and the fourth terms are the nuclear
quadruple interaction and the hyperfine interaction, which
are independent of By. Based on the published tensor val-
ues [26,27], we can calculate the eigenenergy spectra of
the Er:YSO crystal at different orientations [28].

The crystal structure of Er:YSO is described by space
group C%,, where Er*" ions substitute Y** ions at two
distinct crystallographic sites, both characterized by C;
symmetry. For each crystallographic site, the C, rotation
symmetry and inversion symmetry of the crystal give rise
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to four subclass sites in the crystal with different local ori-
entations. Based on their response to the applied B field,
these subclass sites can be further divided into two groups.
The group related to the inversion symmetry is magneti-
cally equivalent, as it responds identically to a B field of
arbitrary direction. The other group related to the C, sym-
metry is magnetically inequivalent. These two subclass
sites interact with an applied B field differently, except
for two special cases, when the B field is either applied
along the b axis or in the D;-D, plane. During the measure-
ment, a static B field By is applied parallel to the inductor
strips in the D;-D, plane to minimize the vortex-induced
loss. The oscillating B field B, from the inductors is per-
pendicular to By. Figures 2(a) and 2(b) are the Breit-Rabi
diagrams of Er’* ions at sites 1 and 2 when the oscillat-
ing B field B, is approximately 20° from the D, axis. The
strong electron-spin transitions due to the electron Zeeman
term at both sites under the selection rule Am; = %1 are
marked by the red arrows. The odd-number isotope '®’Er
has a nuclear spin of / = 7/2, resulting in satellite hyper-
fine spin-state transitions (black arrows) with Am; =0
and the nuclear quadruple transitions (blue arrows) with
Am,- = =+1.

The lengths of the arrows are selected to match the
microwave resonance frequency, to demonstrate the posi-
tions of level anticrossing. This level anticrossing is man-
ifested as the coupling of the microwave field to the spins
and hence an additional loss channel of the resonator,
resulting in a drop in the Q factor of the microwave res-
onance. In the case of perfect alignment, only one level
anticrossing for Er** ions, and therefore one dip of the
O factor at each site, should be observed when sweeping
the B field strength. However, two dips are observed (see
Fig. S1 in the Supplemental Material [29]), indicating a
small misalignment between the applied B field and the
D,-D, plane. By utilizing an additional balance coil with
an applied B field in the perpendicular direction, we are
able to cancel the out-of-plane component of By. The devi-
ation angle is estimated to be approximately 1.05°, which
is comparable to the expected uncertainty in the crystal
orientation. Figure 2(c) shows the variation of the Q fac-
tor with the sweeping B field. The solid (dashed) markers
represent the assignment of each level anticrossing to the
spin-state transition at each site in Figs. 2(a) and 2(b). The
prominent dips correspond to the strong Zeeman electron-
spin-state transitions and the satellite dips correspond to
the transitions with nuclear hyperfine states. Figure 2(d)
is the corresponding frequency shift of the microwave
resonance at level-anticrossing fields. The background
quadratic dependence of the microwave resonance fre-
quency on By due to the nonlinearity from the kinetic
inductance in the narrow inductor strips is normalized to
highlight the frequency shift.

The collective coupling v between the spin ensemble
and the microwave resonator is proportional to the effective

g factor by v = gup/nEwoug/(4h), where g is the Bohr
magneton, n ~ 10'7 cm™ is the concentration of Er’*

ions, & ~ 0.25 is the geometry factor accounting for the
mode overlap with spins and the spin coupling with the
oscillating field, and wy is the microwave resonance fre-
quency. For an oscillating B field B in the D;-D; plane, the
collective coupling strength is maximized when the angle
between B; and the D, axis is close to 120° and minimized
when the angle is near 30°. Figure 3(a) shows the evolu-
tion of the microwave resonance with the sweeping B field
By when B is at an angle of 20° to the crystal axis D; for
Er’* ions at site 1. The level anticrossing near By = 48 mT
can be extracted. The modified resonator frequency w and
decay rate « are fitted with a simplified phenomenological
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FIG. 2. (a) The simulated Breit-Rabi diagram of Er:YSO for

spins residing at site 1 subject to an oscillating magnetic field B,
oriented 20° from the D, axis in the D;-D, plane. The allowed
and forbidden transitions at 5.7 GHz are shown by solid arrows
with different colors. (b) The corresponding Breit-Rabi diagram
for spins at site 2. The allowed transitions are shown by dashed
arrows with different colors. The inset shows a schematic of the
orientation of the YSO crystal with respect to the magnetic fields.
(c) The spectrum of the loaded Q factor of the superconduct-
ing microwave resonator with the static magnetic field By. Each
dip in the spectrum indicates a level anticrossing between the
spin and microwave modes. Transitions from site 1 (2) are indi-
cated with solid (dashed) markers. (d) The frequency shift of the
ESR spectrum with the static magnetic field By. The quadratic
dependence of the superconducting microwave resonance with
the static magnetic field By is normalized.
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model [21,25]:
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where A = w — w is the detuning, y; is the spin inhomo-
geneous linewidth, and «. is the initial microwave-cavity
decay rate. Figures 3(b) and 3(c) show the fitting of the
frequency shift and linewidth, yielding the collective cou-
pling strength v = (277)2.5 MHz, the spin-ensemble inho-
mogeneous linewidth y, = (27)26.6 MHz, and the cavity
linewidth x, = (27)41 kHz. The cooperativity is thus C =
41)2/(’(0)/.\‘) = 22.

For a large cooperativity, we rotate the Er:YSO crystal
so that the angle between B; and the D, axis is 112°, near
120° for maximum g. Figure 3(d) is a similar plot of the
resonance evolution with sweeping By when B, is at 112°
to the crystal axis D, for Er’* ions at site 1. At this orien-
tation, the coupling of the spins to the oscillating B field B,
is maximized but the interaction with the static B field B,
is minimized. The out-of-plane component of By is beyond
the compensation range of the balance coil. Therefore, no
balance coil is applied at 112° and the applied By deviates
by approximately 1.05° from the D;-D, plane. This devia-
tion results in the lifting of the degeneracy of the subclass
sites related to the C; rotation of the crystal lattice.

The resonator frequency and decay rate are fitted with a
modified model to account for the double level anticross-
ings from the subclass levels:

va v22A @
w = wy — — ,
TN A A2 424
2 2
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where v 2y and y) (2) are the collective coupling strength
and the linewidth for ions at subclass level 1 (2), respec-
tively. Figures 3(e) and 3(f) show the fitting of the fre-
quency shift and the linewidth, yielding v; = (27)12.5
MHz, v, = (27)12.2 MHz, y; = 27)18.5 MHz, y, =
(27)18.1 MHz, and x. = (27)51 kHz. The corresponding
cooperativities for each subclass are C; = 4v12/ (key1) =
650 and C, = 4v3/(k.y2) = 634.

The cooperativity of C ~ 650 is one order of magni-
tude larger than the literature values from cases with planar
superconducting microwave resonators, rivaling that from
the 3D cavity with high spin-number enhancement. Yet,
this cooperativity can be further optimized. Our current
manual alignment during the flip-chip bonding process
is not perfect, causing the crystal orientation to deviate
from the optimal angle for the g factor. The lifting of
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FIG. 3. (a)Ac) The electron-spin level anticrossing for the

oscillating magnetic field B; oriented 20° from the D, axis in
the D;-D, plane. (a) The S spectra of the microwave resonance
when sweeping the static magnetic field By across the level-
anticrossing point. (b) The frequency shift as a function of the
applied static magnetic field By and the fitting. (c) The resonator
linewidth as a function of the applied static magnetic field By
and the fitting. (d)~f) The electron-spin level anticrossing for the
oscillating magnetic field B; oriented 112° from the D, axis. The
two subclass modes indicate that the magnetic field is slightly
off from the D,-D, plane. (d) The S;; spectra of the microwave
resonance when sweeping the static magnetic field By across the
level-anticrossing point. () The frequency shift as a function of
the applied static magnetic field By and the fitting. (f) The res-
onator linewidth as a function of the applied static magnetic field
By and the fitting.

degeneracy due to the out-of-plane B field can be sup-
pressed with a larger balance coil, bringing about a twofold
improvement as spins from both subclasses contribute.
Further improvement could come from the reduction of
vortex-induced microwave loss and hence a smaller «,.
These improvements are evidenced by the fitting results
from the double level anticrossings without a balance coil
at 20° (see Fig. S1 in the Supplemental Material [29]).
Fitting with Egs. (4) and (5) yields v;(20°) = 27)1.5
MHz, v,(20°) = 27)1.6 MHz, y,(20°) = (27)18.7 MHz,
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1,(20°) = (27)18.8 MHz, and «.(20°) = (27)51 kHz.
The corresponding cooperativities are C;(20°) =9 and
C»(20°) = 11. Note that the spin linewidth y; is higher
when the balance coil is applied. This is likely due to
the imperfect cancellation of the out-of-plane B field, so
that the two level anticrossings do not overlap completely.
The flip-chip bonding process may still leave a small gap
between the crystal and the superconducting resonator,
reducing the geometry overlapping factor &. The theo-
retical estimation of the coupling strength with zero gap
and g = 12 at £ ~ 0.25 is vgeo ~ (277)28.7 MHz, which
is more than twice as high as the current extracted value,
resulting in a cooperativity of thousands. The direct depo-
sition and fabrication of superconducting resonators on the
Er:YSO crystal [25] is a potential solution for minimizing
the gap but at the expense of the flexibility to orientate the
crystal at an arbitrary angle.

III. CONCLUSION

In conclusion, we realize high-cooperativity coupling
between an Er** spin ensemble and a microwave resonator
by producing a more homogeneous B field and exploiting
the anisotropic g-factor tensor. An ultrahigh cooperativ-
ity of C = 650 is achievable, which is comparable to that
from large 3D resonators with high spin-number enhance-
ment. This result marks a step toward a high-efficiency
microwave-to-optical transducer, an essential component
in building a coherent link between a superconducting
quantum circuit and optical quantum network. The strong
coupling also paves the way for spin manipulation and
detection, such as cooling of spin ensembles and high-
sensitivity spin detection. An efficient state transfer and
mapping in and out of the spin states with strong coupling
is highly desirable in a quantum memory device.
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