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QUANTUM MAGNETISM

Resolving quanta of collective spin excitations

in @ millimeter-sized ferromagnet

Dany Lachance-Quirion,"? Yutaka Tabuchi,? Seiichiro Ishino,? Atsushi Noguchi,?
Toyofumi Ishikawa,” Rekishu Yamazaki,”> Yasunobu Nakamura®*"

Combining different physical systems in hybrid quantum circuits opens up novel possibilities for quantum technol-
ogies. In quantum magnonics, quanta of collective excitation modes in a ferromagnet, called magnons, interact
coherently with qubits to access quantum phenomena of magnonics. We use this architecture to probe the quanta
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of collective spin excitations in a millimeter-sized ferromagnetic crystal. More specifically, we resolve magnon number
states through spectroscopic measurements of a superconducting qubit with the hybrid system in the strong disper-
sive regime. This enables us to detect a change in the magnetic moment of the ferromagnet equivalent to a single
spin flipped among more than 10" spins. Our demonstration highlights the strength of hybrid quantum systems to
provide powerful tools for quantum sensing and quantum information processing.

INTRODUCTION

Engineering interactions between photons and quanta of excitations
in atomic and solid-state systems are central to the development of
quantum technologies. Cavity and circuit quantum electrodynamics
have enabled the realization of many gedanken experiments in quan-
tum optics (1-3), as well as offering a promising platform for quantum
computing (4-7). Ideas from these fields have been successfully trans-
posed to other architectures such as optomechanical systems (8). In
these systems, phonons in mechanical modes can interact with pho-
tons of both microwave and optical domains, offering a promising
platform for transducing quantum information between microwave-
only quantum systems, such as superconducting qubits, and photons
in optical fibers (8-10).

Recently, a novel approach enabling bidirectional conversion be-
tween microwave and optical photons using their mutual interaction
with macroscopic collective spin excitation modes in ferromagnetic
insulators has been explored (11-14). Combined with the coherent
interaction between the magnons in these magnetostatic modes and
superconducting qubits (15, 16), this demonstration opens up the
possibility of transducing quantum information between a supercon-
ducting quantum processor and photons in optical fibers. However,
a key ingredient for using quantum magnonics systems as quantum
transducers is the capability of encoding arbitrary qubit states in
magnon nonclassical states.

RESULTS

The coherent interaction between magnons and a superconducting
qubit was previously demonstrated through the observation of a
magnon-vacuum Rabi splitting of the qubit (15). Here, we go further
and explore the off-resonant, dispersive regime of quantum magnonics,
a promising regime to probe and control magnon states using the
superconducting qubit. In circuit quantum electrodynamics, the
strong dispersive interaction between a qubit and a microwave cavity
has been used as a quantum sensor of the electromagnetic field of the

YInstitut quantique and Département de Physique, Université de Sherbrooke,
Sherbrooke, Québec J1K 2R1, Canada. 2Research Center for Advanced Science
and Technology, University of Tokyo, Meguro-ku, Tokyo 153-8904, Japan. 3Center
for Emergent Matter Science, RIKEN, Wako, Saitama 351-0198, Japan.
*Corresponding author. Email: yasunobu@qc.rcast.u-tokyo.ac.jp

Lachance-Quirion et al., Sci. Adv. 2017;3:e1603150 5 July 2017

cavity (17, 18) and to create and manipulate nonclassical states of
microwave light (19, 20). Here, we demonstrate the ability to reach
the strong dispersive regime in quantum magnonics by probing mag-
nons at the level of single quanta in a millimeter-sized ferromagnet
using spectroscopic measurements of the qubit. Our demonstration
opens up the possibility of measuring, creating, and manipulating
macroscopic nonclassical magnon states in ferromagnetic systems.

Our hybrid system consists of a superconducting qubit and a single-
crystalline yttrium iron garnet (YIG) sphere inside a three-dimensional
microwave cavity (Fig. 1A). The transmon-type superconducting qubit
has a resonant frequency of 7.9905 GHz (21). A pair of permanent
magnets and a coil are used to apply a magnetic field By to the YIG
sphere, making it a single-domain ferromagnet. The electric dipole of
the qubit and the magnetic dipole of the ferromagnet couple to the
electric and magnetic fields of the cavity modes, respectively. The
YIG sphere is placed near the antinode of the magnetic field of the
transverse electric TE;o, cavity mode, so that the cavity field is nearly
uniform throughout the 0.5-mm sphere. This makes the uniformly
precessing mode, or Kittel mode, the most dominantly coupled
magnetostatic mode. As detailed in section S2, the interaction strength
Zm.c between the TE;¢, cavity mode, or coupler mode, and the Kittel
mode reaches the strong coupling regime (22-26), where g, /21 =
22.5 MHz is much larger than both the cavity (k/2n = 2.08 MHz)
and magnon (y,,/2r = 1.3 MHz) linewidths.

The coupling of the superconducting qubit and the Kittel mode to
the same cavity modes creates an effective interaction between these
two macroscopic systems (15, 16). To verify that this interaction is
coherent, we perform spectroscopic measurements of the qubit with
the hybrid system in the quantum regime at a temperature of 10 mK.
Although the qubit-magnon coupling is mostly provided by the TE;(,
cavity mode at 8.4563 GHz (coupler mode), we use the dispersive
interaction of the qubit with the TE,o; cavity mode at 10.4492 GHz
(probe mode) to read out the qubit. This scheme avoids measurement-
induced dephasing caused by photon number fluctuations in the cou-
pler mode (16, 17). The change in the reflection coefficient r of a probe
microwave tone, resonant with the probe mode and containing less
than one photon on average, is measured while exciting the qubit with
a spectroscopic microwave tone at frequency ;. Figure 1B shows the
real part of the change of the reflection coefficient, Ar, measured for
different currents I in the coil, changing the frequency w,, < B, of
the magnons in the Kittel mode. The avoided crossing indicates the
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Fig. 1. Hybrid system and qubit-magnon coherent interaction. (A) Schematic illustration of a ferromagnetic YIG sphere and a superconducting transmon qubit inside
a three-dimensional microwave cavity. A magnetic field B, is applied to the YIG sphere using permanent magnets and a coil. The magnetostatic mode in which spins
uniformly precess in the ferromagnetic sphere, or the Kittel mode, couples to the magnetic field of the cavity modes. The qubit and the Kittel mode interact through virtual
excitations in the cavity modes at a rate gq.m. (B) The spectrum of the qubit is measured by probing the change of the reflection coefficient Re(Ar) of a microwave
excitation resonant, with the probe mode at frequency w, as a function of the spectroscopy frequency w, and the coil current /, changing the magnetic field at the
ferromagnet. The avoided crossing indicates a coherent interaction between the qubit and the Kittel mode. Vertical dashed lines indicate that / = —4.25 mA, where
the qubit and the Kittel mode are hybridized (Fig. 1D), and that / = —=5.02 mA, where the qubit-magnon interaction is in the dispersive regime (Figs. 2 to 4). (C) Magnon-
vacuum Rabi splitting of the qubit on resonance, with the Kittel mode at / = —4.25 mA. From the fit, we extract the qubit-magnon coupling rate gq.m/2n = 7.79 MHz.
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Fig. 2. Dispersive qubit-magnon interaction. (A) Schematic illustration of the hybrid system in the strong dispersive regime. A microwave excitation at frequency
Omw is Used to create a magnon coherent state in the Kittel mode. The excitation is detuned from the magnon frequency, with the qubit in the ground state, o7, by
Amw = O — Omy. In the strong dispersive regime, magnon number states |n,,) (of probability distribution p, ) are mapped into the qubit spectrum as peaks at
frequencies 6),(:'”'") = mg"’“) + NDmw, separated by 2)q.m + Amw and with a spectral weight closely related to p,,,. (B) Measurement of the qubit spectrum for a coil
current / = —=5.02 mA as a function of the Kittel mode excitation frequency o and the spectroscopy frequency ws. The excitation frequency producing the maximum
magnon-induced ac Stark shift of the qubit from wq (horizontal dashed line) yields an estimation of ®,?/2n = 7.95 GHz (vertical dashed line). The Kittel mode spectrum,
measured via its dispersive interaction with the probe mode, appears as a faint vertical line at ~7.95 GHz. The signature corresponding to the two-photon transition
involving both the spectroscopy and the excitation photons and exciting both the qubit and a magnon (fig. S1) is indicated by the diagonal dashed line given by

0 = mé"mzo) + 2Xg-m + Amw, calculated with xq.m/21 = 1.5 MHz at 0,,/21 = 7.95 GHz.

coherent interaction between the qubit and the Kittel mode (15). The
qubit-magnon coupling strength g, ,,, of 7.79 MHz, obtained from the
magnon-vacuum Rabi splitting of the qubit (Fig. 1C), is much larger
than both the power-broadened qubit linewidth y./2n = 1.74 MHz
and the magnon linewidth y,,/2n= 1.3 MHz.
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We now investigate the dispersive regime of our hybrid system,
where the detuning between the bare qubit and Kittel mode fre-
quencies, |0,"*" — @,,>"|, is much larger than g, .. The exchange
of quanta of excitations between the qubit and the Kittel mode,
through virtual photons in the coupler cavity mode, is then highly

20of 6



SCIENCE ADVANCES | RESEARCH ARTICLE

suppressed. The dispersive part of the qubit-magnon Hamiltonian
is then given by

drs At
Hw = hygm6:'¢ (1)

where 6, = |e)(e|—|g)g|, with |g(e)) the ground (excited) state of
the transmon qubit, ¢" (@) is the magnon creation (annihilation)
operator, and ¥ q.n, is the qubit-magnon dispersive shift (4, 16). This
dispersive interaction makes the qubit and magnon frequencies
dependent on the state of the other system. More precisely, the
qubit frequency g (") depends on the magnon number state |n,, =
{0, 1,2, ...}), and the magnon frequency ,," depends on the trans-
mon state li =1{g e f ...}). As illustrated in Fig. 2A, the strong
dispersive regime, where |2xq_m| > max[yyYm], enables the observa-
tion of magnon number states |1, via magnon number-dependent
ac Stark shift of the qubit frequency (17, 18).

The qubit-magnon dispersive regime is investigated through
spectroscopic measurements of the qubit while exciting the Kittel
mode at frequency ®p,y, detuned by Ay, = ©,° — @y, from the
dressed magnon frequency o,£. The measurement of the qubit spectrum
while sweeping o, for a coil current of —5.02 mA and a Kittel] mode
excitation power Py, of 7.9 fW is shown in Fig. 2B. Near resonant ex-
citation A, ~ 0, the qubit is ac Stark-shifted by the magnon occupan-
cy in the Kittel mode, a signature of the qubit-magnon dispersive
interaction similar to the qubit-photon counterpart in circuit quantum
electrodynamics experiments (17, 27). The positive magnon-induced
ac Stark shift shows that yq., > 0, and the excitation frequency
producing the maximum shift indicates that ,,*/2n =~ 7.95 GHz.
Both these features are consistent with the hybrid system being in
the straddling regime (fig. S1) (21, 28). Notably, the signature
corresponding to the two-photon transition, from |g, n, = 0) to |e,

= 1), involving both the spectroscopy and the excitation photons
and exc1t1ng both the qubit and a magnon (fig. S1), is also visible at
o, = o™+ 2 T Amw-

We now focus on resolving the magnon number states through
measurements with the excitation frequency close to resonance with
the Kittel mode (A,w<<Yum). In the qubit spectra shown in Fig. 3, the
excitation frequency is fixed at 7.95 GHz, close to resonance with ®,,,*
for I = —5.02 mA (Fig. 2B). The microwave excitation creates a mag-
non coherent state in the Kittel mode. When coherently driving the
Kittel mode, we observe peaks in the qubit spectrum at frequencies
higher than the zero-magnon peak. As shown next, these peaks cor-
respond to different numbers of magnons in the Kittel mode.

To fit the data of Fig. 3, we used an analytical model of the
spectrum of a qubit dispersively coupled to a harmonic oscillator
(17). The asymmetric qubit line shape at Pp,,, = 0 is well repro-
duced by including in the fit the photonic contribution to the qubit
line shape from the dispersive interaction between the qubit and the
probe mode (section S4). The fitting parameters for each excitation
power are the occupancy of the Kittel mode 7 s = (nml'lﬁ> (where
I1§ = |g)(g| is the projector to the qubit ground state), the qubit-
magnon dispersive shift (yq.m), and the excitation detuning
(Amyw) (Fig. 3A). More information on the theory and the fitting
procedure can be found in sections S3 to S5. We find a detuning A,,,,, of
~0.38 MHz, indicating a bare magnon frequency w,, " 0f 7.9515 GHz.
The condition for the dispersive regime is therefore respected with a
detuning |, ™ — @, *"*| of 89 MHz, much larger than the qubit-magnon
coupling strength. The qubit-magnon dispersive shift yq.n, is found
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Fig. 3. Resolving magnon number states. (A) Measurements of the qubit
spectrum at different Kittel mode excitation powers Py, for a coil current of =5.02 mA
and Kittel mode excitation frequency of 7.95 GHz. Black lines show fits of the data to
the spectrum of a qubit dispersively coupled to a harmonic oscillator. Color-coded
shaded areas show components of the spectrum corresponding to different photon
number states |n,) of the probe cavity mode and magnon number states |np,).
Vertical offsets are shown by horizontal dashed lines. (B) Measured qubit spectra
as a function of P,,. For clarity, after subtracting a power-dependent offset, Re(Ar)
is normalized relative to its maximum for each drive power. For both (A) and (B),
vertical dashed lines indicate the frequencies of the qubit |g) < |e) transitions
corresponding to the first four magnon number states, neglecting a power-
dependent ac Stark shift, which is small relative to the dispersive shift per magnon
for this range of Py,

tobe 1.5+ 0.1 MHz, in good agreement with the theoretical value of
1.27 MHz (fig. S1). Resolving magnon number states demonstrates
that we have reached the strong dispersive regime of quantum magnonics,
with the dispersive shift per magnon 2)q_, being larger than both the
power-broadened qubit linewidth y4/2n = 0.78 MHz and the magnon
linewidth y,,/2n = 1.3 MHz.

The average number of magnons 75, in the Kittel mode extracted
from the fit of the data is shown in Fig. 4A. At the lowest excitation
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Fig. 4. Magnon occupancy and probability distribution. (A) Magnon occupancy
ng, as a function of the excitation power Py,,,. Dashed black line and solid orange
line show fits to a driven linear and nonlinear Kittel mode, respectively. Inset:
Deviations Ang, from the linear fit, indicating a significant magnon Kerr nonlinearity.
(B) Probability p,,, of the first four magnon number states as a function of Py,,.
Poisson distributions are shown as solid lines. Inset: p,, for Py, = 3.1 fW. For both
(A) and (B), error bars correspond to 95% confidence intervals.

power of 79 aW, we are able to resolve 0.026 + 0.012 magnons in the
Kittel mode of the ferromagnetic sphere containing about 1.4 x 10'®
spins. We are therefore able to resolve a change in the magnetic mo-
ment of the ferromagnet equivalent to a single spin flipped among
~5 x 10" spins. Within our resolution of about 0.01 magnons, no
thermal occupancy of the Kittel mode is observed, indicating that the
millimeter-sized ferromagnet is indeed in its magnon-vacuum state.
Furthermore, the nonlinearity of 7§, against the excitation power can
be explained by a Kerr nonlinearity in the Kittel mode caused by the
anharmonicity of the transmon (3, 29). We find a Kerr coefficient of
—0.20% 3% MHz in good agreement with the expected value of —0.12 MHz
(fig. S1).

Finally, we estimate the probability p,,  of having n,, magnons in
the Kittel mode with

Py = Jdos Si (0)/S(0) 2)

where S(w;) ~ 20 S, () is the qubit spectrum in the analytical
model, to which data are fitted, and S, () is its component asso-
ciated with the magnon number state |1,,). For 2)q.m>>Ym, the
probability distribution calculated with Eq. 2 falls back to the Poisson
distribution expected for a driven harmonic oscillator (section S5)
(17). The probability distributions p,, of the first four magnon num-
ber states, shown in Fig. 4B, indicate small deviations from Poisson
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distributions. This is expected because the qubit-magnon dispersive
shift is only slightly larger than the magnon linewidth in our hybrid
system (section S5). Nevertheless, our ability to map the probability
distribution of magnon number states to the spectrum of a qubit
provides a novel tool for investigating quantum states in magneto-
static modes.

DISCUSSION

Looking forward, the strong dispersive interaction between magnons
and a superconducting qubit demonstrated here should enable the
encoding of the qubit into a superposition of magnon coherent states
in a magnetostatic mode (19, 20). However, to implement this en-
coding protocol, the qubit-magnon system needs to be deeper into
the strong dispersive regime, either by increasing the qubit-magnon
coupling strength or by decreasing the magnon linewidth in the
quantum regime (23). Together with the recently demonstrated bi-
directional conversion between microwave and optical photons in
YIG (12), this could pave the way to the transfer of quantum states
between superconducting qubits and photons in optical fibers.
Combining two very promising candidates for both stationary and
flying qubits, such a breakthrough would be an important step
toward the realization of a superconducting qubit-based quantum
network. Furthermore, the ability to count the number of magnons
in a millimeter-sized ferromagnetic insulator in the quantum regime
from zero up to a few magnons could be used to study microscopic
mechanisms of collective spin excitations, such as decay, scattering,
and coupling to a bath of two-level systems. Finally, the demon-
strated architecture of quantum magnonics could also be used in ap-
plications in spintronics and spin-based quantum information
processing (30).

MATERIALS AND METHODS
Figure S2 shows the instruments and components used in the exper-
iment. Microwave powers P,, P;, and P,,,, were calibrated using the
input of the cavity as the reference point. At that reference point, the
reflection coefficient r is in unity when |, - 0)10p|>>K10P, where ®, is
the readout frequency and m;q, and K, are the resonant frequency
and the linewidth of the TE;o, cavity mode, respectively, with p =
1,2,3.... By taking into account the attenuation in cables outside
and inside the dilution refrigerator, the total attenuations between
the microwave sources and the input of the cavity are approximately
81, 122, and 121 dB for the readout, spectroscopy, and Kittel mode
microwave excitations, respectively.

The yoke, coil, cavity, and YIG sphere of the hybrid system used
in the paper were the same as in the study by Tabuchi et al. (15),
whereas the transmon qubit was a different one. The oxygen-free
copper microwave cavity had dimensions of 24 x 3 x 53 mm’. An
SMA (subminiature version A) connector connected to the cavity
was used to measure the reflection coefficient r. A pair of disc-shaped
neodymium permanent magnets, with a diameter of 10 mm and a
thickness of 1 mm each, were placed at the ends of a magnetic yoke
made of pure iron. The magnets produced a static field By = 0.29 T in
the 4-mm gap between them. The magnetic field can be additionally
tuned by a current I in a 10*-turn superconducting coil. The field-to-
current conversion ratio is approximately 1.7 mT/mA. A YIG sphere
glued to an aluminum oxide rod along the (110) crystal axis was
mounted in the cavity at the center of the gap between the magnets.
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The static field was applied in parallel with the (100) crystal axis. A
transmon-type superconducting qubit, consisting of two large-area
aluminum pads and a single Josephson junction (Al/Al,O3/Al), was
fabricated on a silicon substrate and was mounted inside the cavity.
The qubit and the YIG sphere were separated by 35 mm in the
horizontal direction. A double-layer magnetic shield made of alu-
minum and pure iron covered half of the cavity to protect the qubit
from the stray magnetic field of the magnet.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/7/e1603150/DC1
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section S2. Cavity-magnon coupling
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