
PHYSICAL REVIEW B 90, 075112 (2014)

Strong coupling of an Er3+-doped YAlO3 crystal to a superconducting resonator
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Quantum memories are integral parts of both quantum computers and quantum communication networks.
Naturally, such a memory is embedded into a hybrid quantum architecture, which has to meet the requirements
of fast gates, long coherence times, and long distance communication. Erbium-doped crystals are well suited as
a microwave quantum memory for superconducting circuits with additional access to the optical telecom C band
around 1.55 μm. Here, we report on circuit QED experiments with an Er3+:YAlO3 crystal and demonstrate strong
coupling to a superconducting lumped element resonator. The low magnetic anisotropy of the host crystal allows
for attaining the strong coupling regime at relatively low magnetic fields, which are compatible with supercon-
ducting circuits. In addition, Ce3+ impurities were detected in the crystal, which showed strong coupling as well.
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I. INTRODUCTION

Reliable operation of quantum information and commu-
nication protocols requires a quantum memory, i.e., a system,
which allows for storage and on-demand retrieval of a quantum
bit [1,2]. This can be realized by a great variety of physical
systems such as single trapped ions [3], atoms [4], single
spins [5], two-level defects [6], and spin ensembles [7], which
differ by their frequency band, coherence time, and operating
conditions.

Rare-earth (RE) ions doped into a solid represent one of
the most promising systems suitable for quantum memories,
because their inner shell 4f optical electronic transitions
possess very long coherence times [8]. This has been confirmed
by a number of important experiments including a light-matter
interface at the single photon level [9], an efficient and
broadband quantum memory for light [10,11], a quantum
memory at the telecom C band [12], an atomic frequency comb
memory [13], storage of entanglement in a RE-doped crystal
[14], and generation of entanglement between two crystals
[15].

Among all RE ions, there are seven Kramers ions (Ce3+,
Nd3+, Sm3+, Gd3+, Dy3+, Er3+, and Yb3+), which possess a
large electronic spin associated with an unquenched orbital
moment [16]. Therefore, these ions are also suited for a
microwave quantum memory. In addition, most of them have
isotopes with nuclear spin, which allows for long-term storage
[17].

Since these RE ions can be doped into a variety of host
crystals, they can be easily integrated with superconducting
(SC) quantum circuits [18]. Such a hybrid quantum system [19]
may consist of a SC qubit, a transmission line, or a resonator
magnetically coupled to the spin ensemble [20]. In that case,
the spin ensemble will play a role of a quantum memory for
microwave photons [21,22].
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The exclusive feature of some RE ions (Nd3+ and
Er3+) is the presence of optical transitions inside standard
telecommunication bands. Therefore, a quantum memory
based on these RE elements can be very attractive for quantum
communication between qubits of different physical nature
[23,24]. Particularly in the case of SC qubits, the RE spin
ensemble is expected to act as a coherent and reversible
quantum converter between the optical domain and the
microwave frequency band [25–27].

The research on microwave quantum memories has started
a few years ago and is primarily focused on circuit QED
experiments with electronic spin ensembles of nitrogen
vacancies (NVs) in diamond. The strong coupling of spins
to SC resonators [28–31] as well as the full hybrid quantum
architecture has recently been demonstrated [32,33]. The ex-
ploration of hybrid systems based on Er3+:Y2SiO5 (Er:YSO)
crystals coupled to SC resonators has started successfully
[34,35]. Such a crystal is known for the longest measured
optical coherence time of about 6 ms among solid state systems
[36]. The magnetic anisotropy of this crystal allows for a large
spin tuning rate of up to 200 GHz/T for a specific orientation
of the magnetic field [37–39]. However, coupling strength
and inhomogeneous linewidth of this spin ensemble are both
affected by this anisotropy. Our previous experiments show
that attaining the strong coupling regime demands trading the
coupling strength against the high spin tuning rate and requires
a relatively large magnetic field exceeding 200 mT [40,41].

Our motivation is the coherent integration of RE-doped
crystals into the state of the art circuit QED architecture, thus,
the operation at lower magnetic fields in the order of ∼10 mT is
desirable [42]. The magnetic anisotropy of RE-doped crystals
is mainly determined by the properties, e.g., symmetry, of the
host material [43]. By choosing a proper host material, one
can find a more suitable operation point of the spin system and
attain strong coupling at smaller magnetic fields. In this paper,
we report on circuit QED experiments with an Er3+:YAlO3

(Er:YAP) crystal and demonstrate strong coupling at a rela-
tively small magnetic field of 33 mT. Ce3+ impurities, which
were detected in the crystal, showed strong coupling, too.

1098-0121/2014/90(7)/075112(7) 075112-1 ©2014 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.90.075112
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FIG. 1. (Color online) Simulated ESR spectrum of the Er:YAP
crystal. The color bar represents the amplitude of the HF transitions
of 167Er (23% abundance). The dashed line shows the electronic spin
transition of the even isotopes. The horizontal blue line indicated
by #1 denotes the resonance frequency of the superconducting LE
resonator used in our experiment. The HF spin transitions are labeled
accordingly by their nuclear spin projection number mI .

II. Er:YAP BACKGROUND

Rare-earth-doped YAP crystals belong to the orthorhom-
bic D2h space group and reveal a relatively low magnetic
anisotropy compared to YSO [44], which has already been
shown to be suitable for the integration with SC quantum
circuits [34,35]. The unit cell of a YAP crystal consists of four
distorted perovskite cells creating four magnetic classes for the
Y3+ ions. However, due to the mirror symmetry of the yttrium
in the (001) plane and the inversion symmetry through the
aluminum sites, only two magnetically inequivalent positions
remain. Thus, one expects in the ESR spectrum to see a
maximum of two electronic spin transitions. For the RE
isotopes with a nuclear spin (167Er with I = 7/2), magnetic
transitions between the hyperfine (HF) levels can be observed.

In order to understand the essential features of the electron
spin resonance (ESR) spectrum of Er:YAP, we numerically
diagonalize the spin Hamiltonian H = μBB · g · S + I · A · S
using the EASYSPIN [45] software according to our experi-
mental setting. The first term of the Er:YAP Hamiltonian
represents the electronic Zeeman splitting, whereas the second
one describes the hyperfine interactions. The values for the g
tensor and the HF tensor A were taken from [44]. The resulting
frequency spectrum is presented in Fig. 1. The straight dashed
line crossing the spectrum corresponds to the electronic spin
transition between the states ms = ±1/2. The other lines
correspond to the hyperfine transitions of the 167Er isotope with
preserved nuclear magnetic number mI . The color of each HF
line indicates the calculated amplitude of the transition. The
167Er:YAP system has a zero-field splitting around 4 GHz,
which could allow for the operation of a flux qubit coupled
directly to the spin ensemble at zero magnetic field [20,46].
Another interesting feature is the presence of so-called zero
first-order Zeeman transitions. These can greatly improve the
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FIG. 2. (Color online) (a) Picture of the hybrid system. The
Er:YAP crystal of dimension 2 × 3 × 4 mm3 is placed on the niobium
chip with three LE resonators. The magnetic field is applied parallel to
the chip’s surface coinciding with the (001) plane of the crystal. The
crystal occupies the mode volumes of resonators #1 and #2. (b) The
orientation of the crystal’s axis is displayed by using Pnma notation.
The dimensions of the crystal are given in millimeters.

spin dephasing time due to their first-order insensitivity to
magnetic field fluctuations [47].

III. EXPERIMENTAL SETUP

In this experiment, we use a single YAlO3 crystal doped
with 0.005% of Er3+, supplied by Scientific Materials Inc.
The concentration of erbium spins in the YAP crystal is
similar to the dopant concentration of Er:YSO used in our
previous experiments and estimated to be ns � 1018 cm−3

[40]. The crystal has dimensions of 2 × 3 × 4 mm3 and is
placed onto a SC niobium chip with three lumped element
(LE) resonators [48]. Figure 2(a) shows a micrograph of
the chip, where the three LE resonators are coupled to a
common 50 � transmission line. The design of an individual
resonator is similar to the ones used in our previous study
[40]. The resonance frequencies of the bare LE chip occupy
the frequency band between 5 and 5.5 GHz. After putting
the crystal on top of the resonators, their frequencies shift
down to approximately 4.4 GHz due to the permittivity of
YAlO3. In this setting, the LE resonator #1 reveals loaded and
internal quality factors of Ql � 660 [resonator half width at
half maximum (HWHM) linewidth is κ/2π � 3.3 MHz] and
Qi � 2500, respectively. We note that Qi stays constant until
∼150 mT and is degraded by 0.3% at 300 mT. This may
be caused by an imperfect alignment of the magnetic field
leading to the vertical component, which creates vortices in
the superconductor (see also Ref. [49]).

The orientation of the crystal on the chip is shown in
Fig. 2(b) denoted in Pnma notation. The magnetic field is
applied along the surface of the SC chip, which also coincides
with the ab plane of the crystal. The c axis matches the [001]
direction. The angle between the b axis and the magnetic field
was chosen to be 10◦, which optimizes the dc g factor. The
observation of Newton rings confirms that the crystal is in
close proximity to the chip and occupies the mode volumes of
resonators #1 and #2.

The experimental setup is sketched in Fig. 3. The setup
is cooled down using a BlueFors LD-250 dilution fridge
with a base temperature of 25 mK. The hybrid system (see
Fig. 2) is placed into a SC solenoid coil, which provides
magnetic fields up to 300 mT. The coil is thermally anchored
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FIG. 3. (Color online) Experimental setup. The hybrid system
(see Fig. 2) is placed into a solenoid coil and its complex microwave
transmission at 25 mK is measured by a vector network analyzer. The
typical probing power at the entrance of the chip is between −120 and
−140 dBm. Attenuators are installed at several temperature stages of
the cryostat. A circulator followed by a bandpass filter and cryogenic
amplifiers ensure a good signal-to-noise ratio at low powers down to
the single photon limit.

at the 650 mK stage (Still). We perform continuous wave
on-chip ESR spectroscopy at low power by measuring the
complex microwave transmission through the sample using
an Agilent Technologies N5241A vector network analyzer
(VNA). The input power at the entrance of the SC chip is
typically varied between −120 and −140 dBm. In order to
preserve a good signal-to-noise ratio at these low powers,
the probing microwave signal from the VNA is attenuated
using Inmet-Aeroflex AH9026-XX attenuators at several
temperature stages. At the output of the chip, the signal is sent
through a circulator (Quinstar CTH0408KCS) where the third
port has been terminated by a 50 � resistor, which isolates the
sample from thermal noise coming from the first amplifier.
After that, the signal passes a 3–7 GHz bandpass filter
and is amplified by a cryogenic amplifier (LNF-LNC4-8A)
anchored at the 4 K stage of our cryostat. Finally, the signal
is sent through two room temperature amplifiers (Minicircuits
ZVA-183-S+) before it arrives at the VNA. The on-chip ESR
spectroscopy is carried out in the common way by measuring
the S21 microwave transmission of the SC chip and varying
the magnetic field (see Refs. [28,34,40,50]).

IV. SPECTROSCOPY OF Er3+ IONS

Figure 4 shows the amplitude of the transmitted microwave
signal |S21(ω)| as a function of the applied magnetic field from
0 to 77 mT. The input power of the microwave signal on the
chip was set to be 1 fW, which corresponds to approximately
20 microwave photons inside each resonator. As anticipated
from Fig. 2(a), the spectrum shows indeed both resonators
coupled to the spin ensemble. The coupling manifests itself by
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FIG. 4. (Color online) ESR sprectrum of the Er:YAP crystal
coupled to the LE chip. Two resonators fall into the frequency region
of our interest, denoted by #1 and #2. Eight HF transitions of 167Er
between the states with nuclear spin number mI = 7/2,5/2, . . . ,

− 7/2 are clearly resolved and identified.

a number of dispersive shifts and a large avoided level crossing
(ALC) around 35 mT.

The regular pattern of eight dispersive shifts is due to the HF
transitions of the 167Er isotope with a nuclear spin of I = 7/2.
The coupling strength v/2π and the inhomogeneous linewidth
��

2/2π for each hyperfine transition coupled to LE resonator
#1 is summarized in Table I.

Table I shows that the spin linewidth is three to five times
larger than the coupling strength. It is expected that in the
ideal crystal the inhomogeneous broadening is ultimately
bounded by the presence of the nuclear 27Al spin bath with
IAl = 5/2. In our setup, the magnetic field lies in the (001)
plane of the crystal. Therefore, both magnetic classes are
degenerate. However, any misalignment of the field out of
this plane results in an additional inhomogeneous broadening
[34]. Interestingly, the coupling strength of the low field HF
transitions are larger than for the high field ones, in contrast
to 167Er:YSO [40]. The positions of the dispersive shifts in
the spectrum do not coincide with the simulation presented in
Fig. 1. There is a discrepancy of at least 10%. We compare that
to the uncertainties in the determination of the hyperfine tensor
A, which was also measured at the same level of accuracy at
12 K (see Refs. [44,51]).

The central avoided level crossing of resonator #1 at
a magnetic field of 35 mT is magnified in Fig. 5(a). In

TABLE I. Nuclear spin projection mI , coupling strengths v/2π ,
and linewidths ��

2/2π for all eight hyperfine transitions of the 167Er
isotope coupled to LE resonator #1.

mI 7/2 5/2 3/2 1/2 −1/2 −3/2 −5/2 −7/2

v/2π (MHz) 9.7 7.3 7.6 7.2 3.8 5.7 5.7 5.0
��

2/2π (MHz) 31 27 29 26 15 22 33 25
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FIG. 5. (Color online) (a) Transmission spectrum of resonator
#1 strongly coupled to Er:YAP showing an avoided level crossing.
(b) The amplitude of transmission spectrum |S21(ω)| of an unper-
turbed and coupled resonator. Arrows indicate the position of the
normal mode splitting. (c) Corrected power spectrum |S21(ω)|2 of
normal mode splitting (light gray) at 35 mT. The solid line shows the
fit to the theory for zero detuning between the spins and cavity.

order to calibrate the background, we compare the amplitude
spectrum at 35 mT (normal mode splitting) and at 30 mT
(unperturbed resonator) [see Fig. 5(b)]. By performing a
background normalization (see Ref. [40]) for the procedure,
we obtain the resulting power spectrum of the normal mode
splitting shown in Fig. 5(c). A clear normal mode splitting
confirms the coherent coupling of the LE resonator to the
erbium electronic spin ensemble. The fit of the experimental
data to the input-output theory model [29] yields a coupling
strength of v/2π = 32.2 ± 0.4 MHz and a linewidth of
��

2/2π = 16 ± 1 MHz. Compared to our experiments with
the Er:YSO crystal [40], the linewidth is only 25% larger,
while the coupling strength is approximately the same. We
emphasize that the resonant magnetic field of 35 mT is nearly
one order of magnitude smaller than in the case of Er:YSO.

In order to investigate the properties of our electronic
spin ensemble in greater detail, we perform a measurement
of the coupling strength versus temperature (see Fig. 6).
In contrast to the experiments with NV centers in diamond
[52], our experimental data are in good agreement with
the model of an independent spin ensemble, given by v =
v0[tanh(�ω/2kBT )]1/2 [34], where v0/2π = 33.5 ± 0.3 MHz.
For the temperature range from 25 to 150 mK a clear mode
splitting is observed.

V. SPIN LINEWIDTH AND RELAXATION

In addition to the ALC, we observe a faint absorption line,
which extends over the whole spectrum (Fig. 7), and is caused
by the direct absorption of microwaves traveling through
the transmission line [29,40,53]. Such a direct microwave
absorption by a spin ensemble is of particular interest in the
context of traveling wave quantum memories [21,22,40]. Here,
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FIG. 6. (Color online) Temperature dependence of the coupling
strength v/2π from 25 to 600 mK. The light gray circles denote the
data points and the solid line displays the fit to the theory.

the presence of the absorption line allows us to study the
relaxation mechanisms at millikelvin temperatures.

Figure 7(a) shows the normalized absorption power spec-
trum |S̃21(ω)|2 = (|S21(ω,B)|/|S21(ω,19 mT)|)2 in the range
between 3 and 8 GHz corresponding to an applied magnetic
field from 19 to 67 mT. The excitation power during the
measurements was set to approximately 1 fW. The absorption
line is clearly visible on the spectrum and has a slope of
131 ± 3 MHz/mT. This yields a dc g factor of 9.4 ± 0.2.
The coplanar transmission line of total width 85 μm couples
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FIG. 7. (Color online) (a) Normalized ESR spectrum |S̃21(ω)|2
of the Er:YAP crystal coupled to the 50 � transmission line. The
absorption line is clearly visible on the spectrum and allows for
the determination of the relaxation time T1. The inset shows the
typical microwave absorption profile of the Er:YAP crystal taken
at 52 mT (gray line) and its fit to a Lorentzian. (b) Spin linewidth
versus magnetic field. (c) Dependence of SLR time T1 versus the spin
resonance frequency (light gray dots). The solid line shows the fit to
the theory. The error bars display statistical error from the fit.
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to the spin ensemble over a length of 4.7 mm. Assuming
an approximate cylindrical mode volume of 0.026 mm3, the
ensemble contains Ns � 3 × 1013 participating spins.

The inset in the same figure demonstrates the typical
absorption profile, which is measured at a field of 52 mT,
and its fit to a Lorentzian. The magnitude of the absorption
dip is approximately 8% in the power spectrum and its
HWHM linewidth is ��

2/2π = 31 ± 7 MHz. From the shape
of the absorption dip we extract the inhomogeneous linewidth
for the field range from 23 to 60 mT, which is shown in
Fig. 7(b). A linear fit of the data shows an increase of the
linewidth with a rate of 0.23 MHz/mT. Such an increase
can be explained by the inhomogeneity of the magnetic
field in close proximity to the SC transmission line and
mechanical stress. Small spatial variations of the magnitude
of the g factor in the crystal volume and a slightly lifted
degeneracy associated with the two inequivalent ESR lines
contribute to the broadening [34]. Due to the large number
of measurement points and the large measurement interval,
the spin linewidth can be extrapolated to zero magnetic field
with sufficient confidence. We obtain ��

2/2π = 22 ± 1 MHz
for the intrinsic inhomogeneous broadening, which is close to
the value obtained from coupling to the LE resonator, and it is
also comparable to the inhomogeneous broadening measured
for Er:YSO (12 MHz). The smaller values of the linewidth
extracted from the coupling to the LE resonators could be
explained in terms of the cavity protection effect [54].

The spin-lattice relaxation (SLR) time T1 can be determined
using the spin saturation technique described in Ref. [40].
Figure 7(c) presents the T1 values plotted versus frequency.
Close to the resonance frequencies of resonator #1 and #2,
the SLR time cannot be extracted due to the interference
with the resonator’s signal. The SLR time ranges from half
a minute to one minute at low frequencies. From the theory
of paramagnetic ions in crystals [16], it is known that the
T1 time at low temperatures (�ω � kBT ) is dominated by
a direct process, 1/T1 = Rd (�ω)5 coth(�ω/2kBT ), where Rd

is a parameter proportional to the Einstein coefficient of
induced emission and absorption of phonons (see Ref. [16],
Chap. 10). However, this model cannot fully explain our
experimental data, particularly at low frequencies, and requires
an additional experimental study, i.e., a time-resolved pulsed
ESR at millikelvin temperatures [55].

VI. SPECTROSCOPY OF Ce3+ IONS

To our surprise, we found a significant presence of Ce3+
impurities in the crystal, which reveal strong coupling at high
magnetic fields. These ions were identified by their low g

factor of 1.25 and the absence of a HF structure. The ESR
spectrum presented in Fig. 8(a) shows one weakly and one
strongly coupled electronic spin transition between 240 and
260 mT. The cerium ions distort the YAP crystal lattice to a
greater extent because of their larger ionic radii as compared to
erbium ions [44]. We believe that such a small distortion lifts
the degeneracy of the two magnetically inequivalent sites for
Ce3+ in the (001) plane, thus two ESR transitions are detected.
The deviation of the effective crystal axis for Ce:YAP with
respect to Er:YAP is estimated to be about 0.2◦.
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FIG. 8. (Color online) (a) Transmission spectrum of the Ce3+:
YAP spin ensemble magnetically coupled to LE resonators #1 and
#2. Due to the misalignment of the field with respect to the crystal axis,
two magnetically inequivalent transitions are observed. (b) Extracted
mode splitting (light gray) of the power spectrum |S21(ω)|2 at 252
mT, where the cerium spins and the LE cavity are in resonance. The
solid line displays the fit to the theory.

Figure 8(b) displays the fit of the normal mode splitting to
the second transition. The extracted coupling strengths for the
first and the second transitions are v/2π = 15.2 ± 0.1 MHz
and v/2π = 21.3 ± 0.5 MHz, respectively. The variation of
the coupling strengths between both magnetic classes can be
explained by a quite strong magnetic anisotropy of the Ce:YAP
crystal with principal values of its g tensor of gx = 3.2, gy =
0.4, and gz = 0.4 (see Ref. [44]). Our measurement suggests
the concentration of the Ce3+ ions in the crystal to be about
0.005%. The inhomogeneous spin linewidth extracted from
the fit ��

2/2π = 15 ± 1 MHz is the same for both transitions.

VII. CONCLUSION

In conclusion, we have presented an analysis of the
Er3+:YAlO3-based hybrid system for SC quantum circuits at
millikelvin temperature. The spectrum consisting of electronic
and hyperfine spin transitions fits within 10% to the simulation.
We demonstrate that the strong coupling regime for the
electronic spin transition of the erbium ions can be attained
at a relatively low magnetic field of approximately 33 mT.
The intrinsic spin linewidth of Er:YAP was determined to be
approximately 22 MHz. The spin relaxation time is on the
order of 1 min. In addition, we discovered the presence of
Ce3+ ions in the YAP crystal, which showed strong coupling,
too. Our experiments demonstrate the promising potential of
Er:YAP for its application in hybrid quantum systems, where
low magnetic fields are desirable.
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