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The properties of rare-earth elements diluted in nonmagnetic crystals make them promising candidates
for a quantum memory due to their limited Hilbert space. The control and readout of the qubit states require
a highly sensitive measurement and large coupling of the spin ensemble with the electromagnetic mode
of a superconducting resonator. We report sensitive detection of forbidden transitions of electronuclear
states from the minority species of >>Gd and '*’Gd isotopes, which opens the possibility of connecting
quantum states with very different spin projections. Cavity perturbation measurements seen in the reflected
signal allow the detection of about 7.6 x 107 spins and the measurement of phase memory loss rate and

spin-photon coupling strength.

DOI: 10.1103/PhysRevApplied.18.014054

I. INTRODUCTION

The implementation of quantum information proces-
sors can benefit from the use of hybrid quantum systems
that harness the strengths of multiple qubit platforms.
On the one hand, superconducting qubits have fast logic-
gate operations with high fidelity, while their performance
is limited by the qubit decoherence times [1]. To cir-
cumvent this problem, hybrid systems combine super-
conducting circuits with other two-level systems (TLS)
acting as a memory to store and retrieve the quantum
information. Among the TLS, spin qubits are proposed
as quantum memories given their long decoherence and
relaxation times [2,3]. Such systems exploit the electron
or nuclear spin degree of freedom, which can be coupled
to resonant electromagnetic modes in superconducting or
three-dimensional cavities [4], acting as a bus between the
superconducting qubit and the spin ensemble [5].

Many spin-ensemble-based systems have been inves-
tigated as prospects for storing quantum information,
including organic radical magnets [6-8], N-V centers
in diamond and other point defects in Si [9—13], and
quantum spins in crystals [14-20]. Recent studies using
Er**:Y,SiOs spin-diluted crystals [21], N-¥ centers in dia-
mond [22], and Bi defects in Si [23] demonstrated storing
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and retrieving the state of microwave photons at high
power and near the quantum limit regime.

Incorporating rare-earth (RE) ions in nonmagnetic
matrices has generated considerable interest as potential
candidates as well [14—16,24-28]. In particular, the S-state
lanthanides (Eu?t, Gd**, Tb*") have zero total orbital
angular momentum, which partially suppresses the spin-
lattice and crystal-field interactions [29]. These large-spin
(S = 7/2) ions possess a rich energy-level structure that
spans the Hilbert space of a three-qubit system allowing a
quantum gate to be obtained by applying resonant 7 pulses
[17,30].

In the present report we study electronuclear transitions
at the mesoscale level of the minority species of '3Gd>*
and P7Gd*" (I = 3/2) isotopes, in order to achieve local
(on-chip) control of the electronic and nuclear degrees of
freedom. In the Gd odd isotopes, the nonzero / creates
21 + 1 hyperfine split electronuclear states with transition
frequencies close enough to be studied with the single
mode of an on-chip resonator by means of field tuning of
the resonance frequency [31]. The Gd** ions are diluted
in a CaWOQy single crystal and weakly coupled with the
electromagnetic mode of a coplanar stripline supercon-
ducting resonator. The CaWO, host matrix provides a
large crystal field that gives spin transitions at approxi-
mately 18 GHz. The microwave field distribution induced
by the resonator geometry allows us to connect electronu-
clear quantum states with very different spin projections

© 2022 American Physical Society
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(Amyg # 1) that would otherwise be forbidden. The large
values for the spin of a RE ion, cavity resonant frequency,
and spin projection swing contribute to an increase of
the overall spin-photon coupling strength. This makes the
155.157Gd*+:CaWOy spin crystal an interesting candidate
for a quantum hybrid system when integrated into current
circuit quantum electrodynamics architectures.

II. RESONATOR DESIGN AND EXPERIMENTAL
SETUP

The on-chip microwave resonators are built from a 20-
nm Nb thin film deposited in a Si/SiO, substrate (300
nm of SiO;) using dc magnetron sputtering. For the res-
onator pattern standard UV lithography techniques and
reactive ion etching in a CF4-O, atmosphere are used to
obtain the desired structure. The use of such thin films
allows one to apply in-plane magnetic fields without con-
siderably modifying the resonator quality factor O, due
to field-induced losses [31-33]. The resonator geometry
has a designed transition from a coplanar waveguide to
a coplanar stripline [34] with all dimensional parameters
corresponding to a 50-2 impedance. A )\ /4 resonator is
realized by interrupting the stripline thus creating a capac-
itive coupling between the resonator and the transmission
line. At the end of the resonator, a short-circuit termina-
tion is designed to have an Q2 shape with internal radius of
15 um [see Fig. 1(a)]. The microwave energy, and in par-
ticular its magnetic field component, is concentrated in this
Q2 loop and the Gd sample is to be placed directly on top.

The resulting resonator and the sample holder are ther-
mally anchored to the mixing chamber of a dilution refrig-
erator via a cold finger that centers the sample inside
a large superconducting vector magnet. The temperature
at the sample stage is kept at 7~ 0.38 K. A schematic
diagram of the full measurement setup is presented in
Fig. 1(b). A long microwave (MW) pulse of 25 us is
sent by a synthesizer to probe the cavity-spin system.
The signal is attenuated at different stages of the dilu-
tion refrigerator to reduce the thermal noise coming from
room temperature. At the sample holder stage, the sig-
nal passes through a circulator allowing isolation of the
reflected signal towards the output line. To excite different
electronuclear transitions, a superconducting vector mag-
net is used allowing precise tuning of the in-plane field
with a 0.2-G resolution. The reflected signal is amplified at
room temperature by 35 dB in the range 1720 GHz before
being down-mixed with a lower-frequency tone (LO). A
band-pass filter centered at w,r — wp o is used before further
amplification. The signal is finally recorded and digitized
by a high-speed acquisition card.

We can estimate the volume of the microwave mag-
netic field using COMSOL MULTIPHYSICS finite-element
(FE) simulations. Evaluations of H; are shown in Fig. 2(a)
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FIG. 1. (a)Coplanar stripline resonator design; the inset shows
a photograph of the Q2-shaped termination. (b) Heterodyne detec-
tion schematics. An excitation pulse is generated by means of a
MW synthesizer. The signal is attenuated at the different stages
of a dilution refrigerator before reaching the on-chip resonator
anchored at 7 >~ 0.38 K. The reflected signal is then amplified
at room temperature before down-mixing by a lower tone signal
and as recorded by a Digital-to-Analog Converter (DAC)

for a cut through the center of the Q2-shaped termina-
tion and at the chip surface [Fig. 2(b)]. Using the full
chip geometry, one can identify the volume V,, contain-
ing H; field ranging from the maximum value H{"™* near
the surface to a certain threshold Hy, as shown in Fig. 2(c)
as a function of Hy,/H"™™. Following the definition of a
mode volume [35,36], ([ H?dV)?/ [ H{dV, one can get an
approximate value using the equation

(Jr HE V)

Vin = ; (1)
4
‘/Vcavity Hl dV

where Viample and Veayiry are the sample and full chip vol-
umes, respectively. One obtains a mode volume of about
1100 pm?, similar to the value at Hy, JH™ = 0.3. Fur-
ther away from this threshold, the magnetic energy density
drops to approximately 5% of that near the €2 loop.

I11. FIELD-DEPENDENT SPECTROSCOPIC
MEASUREMENTS

A single crystal of Gd**:CaWO, with a 0.05% spin
concentration is placed on top of the 2 loop of the Nb res-
onator and the setup described above is used to record the

014054-2



ON-CHIP DETECTION OF ELECTRONUCLEAR TRANSITIONS. ..

PHYS. REV. APPLIED 18, 014054 (2022)

1.0

0.0
1081~ (€)

=

5 103 4
N

0.0 0.2 0.4 0.6 0.8
Hin/HT
FIG. 2. (a) FE simulation of the normalized H; field distribu-

tion at the center of the Q2-shaped loop shows the field intensity
drops by 70% above 3 um of the chip surface (Z =0 um).
(b) Top view of the Q2-shaped termination at the chip surface
showing where the MW H, field is concentrated. (c) Volume
calculation versus Hi,/Hpmax; @ mode volume of 1100 um? is
obtained in agreement with an estimation using Eq. (1).

reflected signal as a function of field and frequency. At res-
onance, the microwave frequency w matches the spin-level
splitting and the absorbed power generates a dip in the
reflected signal. The electronuclear levels are eigenvalues
of the Gd>™ S = 7/2 ion in the /4/a tetragonal symmetry
[38] of the host matrix [39]:

H = nsHlgS + STAI
+ B0 + BOY + BiO% + BLO? + BiOZ,  (2)

where 0; are the Stevens operators [40], up is the Bohr
magneton, Hy is the applied magnetic field vector, and
(g, g1) = (1.991,1.992) are the g-factors parallel and
perpendicular to the crystallographic ¢ axis, respectively.
The presence of the '>>Gd (4,55 = 12.40 MHz abundance
14.7%) and '3'Gd (4,57 = 16.28 MHz abundance 15.7%)
[29,39] isotopes with nuclear spin / = 3/2 causes the split-
ting of each electronic %S, 2 multiplet into 2/ + 1 states.
As discussed below, our spectroscopically found values
for the prefactors of the Stevens operators are within an
approximately 2% difference of values obtained in previ-
ous studies [41]. Hy provides an in situ tool to control
the admixture of states of different S, projections. In the
present study, the field is applied almost perpendicular to
the ¢ axis, as discussed below, leading to a significant mix-
ture of pure |S;) states. Some of the eigenstates are shown
in the Supplemental Material [37].

Measurements of the reflected microwave power as a
function of frequency and magnetic field are given in
Fig. 3(a); for a fixed field, the excitation signal is swept
around the cavity resonance and the process is repeated
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FIG. 3. (a) Field-dependent cavity spectroscopy signal. Inter-

actions between the spins and the cavity mode are highlighted by
the white arrows. (b) Measured field-dependent cavity width, «_,
across each resonance. The cavity width is obtained from fitting
the reflection amplitude parameter S; to the frequency sweep
cross section of the contour scan (see Ref. [37]). (c) Measured
cavity resonance frequency perturbation éf, and (d) cavity widths
k. for the spin transition labeled R, represented by the navy
and red circles, respectively. Fits to the measured resonance fre-
quency and cavity width perturbation are performed using Egs.
(3) and (4).

from negative to positive values of the magnetic field.
The contour plot identifies six spin resonances visible as
a perturbation of the cavity resonance frequency. As a side
note, one observes that the field dependence of the cavity
resonance is not a quadratic decrease with field [31,42].
This could be due to how the main nuclear Gd** species,
I = 0, couples with the cavity; classically, the sample mag-
netization in field can change the resonator inductance.
Nevertheless, this aspect is of secondary importance to
the current study, which focuses on the electronuclear
transitions of the minority species I = 3/2.

The perturbation of the cavity properties by a spin tran-
sition is significant in the case of superconducting planar
cavities, due to a reduced mode volume, leading to a large
filling factor. In the limit of weak spin-photon coupling,
the effect of dissipation can be represented by using a
complex frequency o, = w. — i (w./20) = w, — ik.. By
introducing a magnetic sample in the cavity, the resonator
inductance changes and the complex resonance frequency
becomes dw,. = dw, — idk.. The relative shift in frequency
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is proportional to the sample’s susceptibility dw./w. =
—Bx = —B(x' —ix"), B being a geometric factor that
depends on the spin distribution around the resonator vol-
ume and its coupling to the cavity mode [14,43]. By
analyzing the real and imaginary part of the expression,
one can find the dependence on frequency. It is important
to note that even in the weak coupling regime, large filling
and B factors can lead to perturbations so large that the Q
factor becomes impossible to measure.

In a similar way, the following expressions derived from
the input-output formalism in the presence of a spin system
[44] describe the perturbation of the cavity resonance and
width:

2
, g:A
= — % 3
o, = w + Aty 3)
2
/ gcyS
L= —_—, 4
K. =K.+ ATty “)

where w. and k. are the unperturbed cavity resonance
frequency and width, respectively, y; is the spin’s phase
memory loss rate, g. is the cavity spin-ensemble coupling
constant, and detuning A = @ — w; is defined as the dif-
ference between the probing frequency w and the level
separation w, between the two electronuclear levels under
investigation. Consequently, the power reflected by the
cavity can be written as (see also Refs. [45,46])

2

) ®)

K
ISP =14+ ————
(w—w)) — K]

where k., is the dissipation due to external factors and
in practice is approximately equal to «. or «.. Equation
(5) can reproduce a double-dip @ scan characteristic
of the strong-coupling regime for a cooperative factor
C =g%/k.ys 2 1. For C < 1, |S)1(w)|* has a Lorentzian
behavior with a perturbed center and width, as in this study.

The reflected power measurements presented in Fig. 3(a)
are fitted with Eq. (5) for each field. Details of the fitting
procedure and a representative example are provided in the
Supplemental Material [37]. The process is repeated for
each field and the obtained dependence of «./27 on field
is shown in Fig. 3(b). Similarly, the field dependence of
the perturbed o/ /27 is obtained. To extract the values of
the g./27 and y, /27w parameters, fits using Egs. (3) and (4)
as a function of detuning A are needed. As detailed in the
Supplemental Material [37], numerical diagonalization of
the spin Hamiltonian is required to established the relation-
ship between w, and the applied field. This is particularly
of essence in the case studied here, where the static field is
applied perpendicularly to the ¢ axis to give a finite prob-
ability to transitions otherwise considered forbidden. Note
that while A is controlled by magnetic field, the perturba-
tion analysis provides y, /27 and g./27 in hertz. Examples

of fits using Egs. (3) and (4) (to which a linear background
is added; see Supplemental Material for details) are shown
in Figs. 3(c) and 3(d).

The field dependence of w; for each studied reso-
nance is found using the EasySpin package [47]. A single
value of 4 = 14.34 MHz is used for simplicity since the
field separation between odd-isotope resonances lies well
within the resolution of our spectroscopic measurements.
The crystal field parameters B) = —938.4, B = —1.247,
B} = —7.305, BY = 5.712 x 107, and B} = 70.0 x 10~*
(all in MHz) are determined by least-squares compari-
son between the experimental resonance fields and fields
obtained from numerical diagonalization of the spin
Hamiltonian.

The obtained eigenvalues of H are presented in
Fig. 4 for applied fields parallel (navy) and close-to-
perpendicular (dark red) to the c axis. For parallel H fields
the calculated eigenvalues are characterized by good quan-
tum numbers S, and split by the crystal field for Hy = 0. A
static field almost perpendicular to the easy axis (8 ~ 90°
and fine tuned in EasySpin) causes an admixture of the S,
states between the electronic multiplet ground state and
its third excited state, causing a swing in spin projection
of approximately 45 while Al; = 0 (see Supplemental

Energy (GHz)

-20.2 1

-20.4

-20.6

FIG. 4. Energy levels of the Gd** spin Hamiltonian obtained
from diagonalization for fields applied parallel (navy, 8 = 0°)
and close-to-perpendicular (dark red, 8 = 86.5°) to the crystal-
lographic c¢ axis. The observed transitions are shown by arrows
and arise from the hyperfine splitting (Al; = 0) of the ground
and third excited state of the /%Sy electronic multiplet.
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Material [37] for tabulated values). The aforementioned
transitions are highly forbidden in the context of conven-
tional ESR where AS, = 1. The observed resonances are
highlighted in Fig. 4 with gray arrows. Only the three
highest-probability transitions of the 2/ + 1 hyperfine res-
onances are observed as can be seen in the field-dependent
spectroscopic measurements of Fig. 3.

IV. DECOHERENCE RATES AND SPIN
SENSITIVITY

From the fits of the six resonances, similar to those
shown in Figs. 3(c) and 3(d), the y, rate and the cavity-
spin-ensemble coupling strength g. are obtained. The val-
ues are listed in Table I in increasing order of the field
derivative |dws/dHy|, of w, at resonance A = 0. In the
case of the linewidth fit [Eq. (4)], its peak is located over a
narrower region of the field and therefore the fit reliability
is less sensitive to background variations. In contrast, the
w|, function covers a large field span around a resonance
and can be affected by the nonlinear background of w.(Hjp).
The values of y, obtained from the «/ fit are shown in Fig. 5
as a function of the field derivative, where |dw;/0H)], is
given in units of y,/2m = 2.8025 MHz/G, the gyromag-
netic ratio of the free electron. The positive correlation
between decoherence rate and slope agrees with the known
view that decoherence is improved when field noise is
canceled in first order (so-called clock transitions). The
rates y, obtained from the resonance frequency perturba-
tion are fluctuating around a weighted average value of
12.2 £ 1.6 MHz but are likely to be more affected by sys-
tematic errors as mentioned above. Other fit parameters
are the unperturbed cavity resonance w., which follows
the nonlinear background (see Fig. 3), and the unperturbed
cavity width «.. The latter gives an average value k./2m =
5.84 £ 0.13 MHz leading to a cooperativity factor C with
an overall range from 0.15 to about 0.45.

TABLE I. Spin decoherence rate y; and spin-photon effective
coupling constant g, for each of the six transitions [labels as in
Fig. 3(a)] from perturbed cavity width and resonance frequency
fits. The nuclear quantum number /., of levels involved in the
transition is given as well.

ys/2m 8/2m Ys/2m /21
L (MHz) (MHz)
Cavity width Frequency shift
R -3/2 734+04 30£01 11.0£06 33£0.1
Ry +43/2 76£05 29+01 94+22 27+02
Ry —1/2 81£025 44£01 1994025 8.0+0.1
Ry +1/2 90+04 50+01 102£05 52+£0.1
Ry +1/2 984+03 47+£01 183+£04 64401
Ry —1/2 100+£04 51+0.1 155+12 56=+0.2

¢ RT
1001 ! AT
b Ry 1
$ RI
R-
’:E 9.0 % Ri l
= : l
&
\]
® 8.0 13
7.0 |
0.36 0.38 0.40 0.42 0.44
|ows/3Ho| - (ve)
FIG. 5. Spin decoherence rate y,/2m from cavity width fits

versus |dwg/dHy],.

The value of decoherence rate y, compares well against
continuous wave and transient pulse spin echo measure-
ments performed at 6 K [29], which show similar spec-
tral linewidths of 1442 MHz (T = 25-70 ns), while
the phase memory times are significantly longer (7, ~
5—10 us). The nature of the linewidth is inhomogeneous
[29] but the long spin-echo time is instrumental in reduc-
ing the decoherence effects and the spin sensitivity per
VHz. The phase memory loss rate can be attributed to
intrinsic mechanisms such as spin-lattice relaxation and
dipolar interactions with neighboring Gd or '#*W isotopes
and, most importantly, to random distribution of electric
field effects on the crystal-field spin Hamiltonian [48]. The
Gd** replaces Ca** causing a random distribution of inter-
nal charge compensation regions. To fully elucidate the
nature of the intrinsic decoherence mechanisms at sub-
kelvin temperatures, spin-echo or Carr-Purcell-Meiboom-
Gill pulse sequences are to be explored.

For the given Gd-doped concentration and effective
cavity volume a rough estimation of the total num-
ber of spins is Ny = 1.78 x 10° and the number of
spins excited per transition is obtained as in Ref.
[12], Ny = Nipt[0.304/ (21 + 1)k /ys = 7.55 x 107 spins,
where 30.4% is the natural abundance of Gd odd isotopes.
In order to estimate the number of spins that contribute to
the signal, the spin-photon coupling strengths are calcu-
lated for the different mode volumes shown in Fig. 2(c) as
detailed in Supplemental Material Sec. II [37]. The numer-
ical analysis, based on COMSOL and EasySpin simulations,
reveals that the mode volume is actually well approxi-
mated by Eq. (1) and the most important microwave field
component is the one L ¢ axis. It is worth noticing that
Ny is of the same order of magnitude as that obtained
with sensitive spin detection techniques based on direct
current-Superconducting QUantum Interference Device
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loops [26,27,49] and other techniques [50,51]. Using an
average value of g./2m =4.24+0.4 MHz from cavity
width measurements, the average single spin coupling can
be estimated as gy/27 = g./2m /+/Ns ~ 480 4+ 50 Hz. In
our study, N, represents the total number of spins obtained
in a continuous-wave experiment (large bandwidth). The
spin sensitivity per +/Hz can be improved by the use of
quantum limited parametric amplification combined with
the use of advanced pulsed sequences [12,50] and includ-
ing submicrometer-scale constrictions at the anti-node
location as done in the case of LC planar microresonators
with nanometer-wide inductance strip [52,53].

CaWOy; is an excellent host for a spin-diluted quantum
memory due to its low nuclear magnetic moment density
(only "83W carries I = 1/2 with natural abundance 14%)
and thus low spin bath fluctuations. Recently [54], Er**
(S = 1/2) ions diluted in CaWO, demonstrated a 23-ms
coherence time measured by a single Hahn echo sequence
at millikelvin temperatures using an LC resonator pat-
terned directly on the crystal. It is likely that the Gd**
ions have larger resonator-spin coupling due to a larger
magnetic moment and, at the same time, a larger operating
Hilbert space since S = 7/2.

V. CONCLUSION

To conclude, we present the coupling of the elec-
tromagnetic mode of a superconducting 2 loop with
the electronuclear states of '>>!37Gd isotopes diluted in
a nonmagnetic crystal. Highly sensitive measurements
of cavity perturbation in reflected signal make possi-
ble the study of forbidden transitions in transverse field.
Spin phase memory loss rates and spin-photon cou-
pling constant are obtained for six hyperfine resonance
lines. These results present an opportunity for on-chip
control of an electronuclear system with close transi-
tion frequencies and limited Hilbert space for quantum
operations.
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