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Quantum sensing magnonic number states using a bosonic mode as the probe
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Sensing number states of a magnonic mode has been accomplished using a superconducting qubit by
realizing an effective dispersive interaction between the two systems. Here, we theoretically demonstrate that
a seemingly classical bosonic mode can be utilized as a probe for resolving the number states of a magnon
mode, while outperforming a qubit in various regards as the sensor. Considering another magnon mode in
an antiferromagnet as the probe mode, we delineate the required dispersive coupling emerging directly from
antiferromagnetic exchange interaction. When a phonon is used as the probe mode, we derive the effective
dispersive coupling emerging from the lowest-order nonlinear magnon-phonon interactions. Our two considered
examples provide the general design principles for identifying and utilizing a bosonic probe mode for sensing
magnonic superpositions in a physical platform of interest.

DOLI: 10.1103/£8jq-1cxh

I. INTRODUCTION

Magnons are the low-energy quasiparticle excitations of
an ordered magnet. Due to their long lifetime and strong
coupling with photons, phonons, and qubits, magnons can
offer a promising platform for quantum computation [1-5]
and technologies [6]. The experimental observation of super-
positions of magnon number states [7,8] and magnon-qubit
entanglement [9] has further propelled the research in quan-
tum magnonics [5]. While the classical uniform magnon mode
can be detected using techniques such as magnetic resonance
spectroscopy [10,11], the time-resolved magneto-optical Kerr
effect [12], spin pumping and inverse spin Hall effect [13],
resolving the superpositions of its number states has required
probing via a qubit [7,8,14-19]. Spectroscopy of the super-
conducting qubit enables the superposition sensing through
magnon number-dependent shifts in the former’s frequency
endowed by a strong dispersive interaction [7,20]. A Similar
interaction has also been engineered between a photonic mode
and a qubit [21,22], a phononic mode and a qubit [23-28], two
photonic modes [29-33], or two phononic modes [34,35] to
study their population statistics.

Recent breakthroughs in quantum sensing using supercon-
ducting [36—40] or spinful defect qubits [41-50] are enabling
unprecedented access to phenomena in solid-state systems. To
unleash the full potential of this sensing, two questions take a
central stage. First, to what extent is the quantum nature of

“Contact author: bashab.dey @rptu.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOL

2469-9950/2026/114(8)/084415(8)

084415-1

the qubit fundamental in the sensing protocols? Second, given
that good qubits are harder to realize in broad settings, can we
achieve similar sensing using some widely available bosonic
modes, such as photons or phonons, suited to the specific
platform?

The community continues to face challenges in sensing
quantum magnonic states using a superconducting qubit, with
only a few groups having achieved that in the past decade
[7,8,18]. Furthermore, the employed architecture requires
cryogenic temperatures and a cavity mode to accomplish the
desired dispersive magnon-qubit coupling. In this paper, we
theoretically demonstrate an avenue for employing a wide
range of platforms towards investigating quantum nature of
magnons. We theoretically demonstrate that a simple har-
monic/bosonic mode can be used as a probe to resolve the
magnon number states. This is achieved via a dispersive
cross-Kerr coupling fixa'aB’B between the magnon (anni-
hilation operator o) and probe bosonic (annihilation operator
B) modes which makes the spectroscopically measured probe
frequency depend on the magnon number state (Fig. 1). Con-
sidering an antiferromagnetic magnon mode as the probe,
we show that the required dispersive coupling is direct and
results from the exchange interaction in the antiferromagnet.
This is in contrast to the case of a superconducting qubit,
where the dispersive coupling was not direct, but achieved
as a higher-order perturbation theory effect [7]. However,
to address a broader range of platforms such as a photon
or a phonon as the probe mode, we also derive an effec-
tive dispersive coupling from the lowest-order three-particle
interactions between the two modes. We further find that
the unbounded energy spectrum of the probe bosonic mode
enables it to outperform the qubit as superposition sensor
under nonideal conditions, such as higher temperatures and
stronger coherent drives employed for quasiclassical probe
spectroscopy.
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FIG. 1. (a) Schematic depiction of the setup. A uniform magnon
mode, with annihilation operator «, is depicted by an arrow repre-
senting the total spin Sye. The tilted arrows represent the excited
magnon number states. The probe is a generic harmonic oscillator
mode, represented by the annihilation operator 8, which interacts
with the magnon mode via a dispersive interaction fixa'ag’p.
(b) This dispersive interaction makes the probe mode equivalent
spring stiffness and, thus, frequency depend on the magnon number
state: wg, wg + X, wpg + 2, ..., for a superposition of the magnon
number states |0), |1), |2),....

II. DIRECT DISPERSIVE COUPLING BETWEEN TWO
MAGNON MODES

The exchange interaction has recently been shown to
cause a direct dispersive coupling between a spin qubit and
the magnon mode to be sensed [51,52]. Thus, we may an-
ticipate a similar exchange-induced coupling between the
two uniform magnon modes in an antiferromagnet (AFM),
with one of them serving as the probe. With this motiva-
tion, we first examine an easy-axis anisotropy AFM with
e, as the easy axis. In the presence of an external mag-
netic field Hy = Hyé,, the Hamiltonian of the AFM is given
by H = Hg + Ha + Hz with the Heisenberg exchange con-
tribution, Hg = ;{—2 > i > s Sa(r;) - Sp(r; + §), the easy-axis
anisotropy Ha = —h—Kz(Z[[Sf,\(r,-)]2 + Zj[Sé(rj)]z), and the
Zeeman term Hy, = —y poHo[Y_; S5 (ri) + 3 ; Si(r;)]. Here,
J > 0 is the strength of the antiferromagnetic exchange in-
teraction, K > O parametrizes the easy-axis anisotropy, and
y is the gyromagnetic ratio. Indices i and j, representing
sites on sublattices A and B, respectively, span the entire set
of N unit cells. The summation ) , in the exchange inter-
action accounts for all ¢ nearest-neighbor sites. The ground
state of this system is an antiferromagnetically ordered state
with the Néel vector oriented along the z axis. Employing
Holstein-Primakoff transformations [53-55], the Hamiltonian
for uniform magnon (k = 0) modes is obtained as

Ho = hwga'a + hwg BB+ hixa'ap’B, (D

where @ and § are the annihilation operators of the eigen-
modes [see Supplemental material (SM) [56] for details].
The bare magnon frequencies are wey(g) = wo + (—) oy Ho,
where fiwy = 2S/K(Jq + K), S is the spin length, and x =
—Jq/hN the dispersive coupling strength. The dispersive cou-
pling is obtained by retaining terms up to the fourth order in
the magnon operators and does not require a specific regime
of detuning for its validity. Since the dispersive coupling
commutes with the uncoupled magnon modes, the energy
eigenstates of (1) are |ny)|ng) with energies

Enu,nﬂ = hweng + h(wﬂ + Xna)nﬂ’ 2)

where n, and ng are the magnon numbers of the two modes.
Considering 8 as the probe bosonic mode, the dispersive cou-
pling manifests itself as the multivalued resonant frequency
of the probe oscillator, ws, = wg + xn,, when the magnon
mode « has a statistical distribution of the magnon number
states |ny) [Fig. 1(b)].

III. RESOLVING MAGNONIC SUPERPOSITIONS

We consider the probe mode to be driven coherently and
the probe response is recorded as a function of the drive
frequency. When the magnon mode is in a superposition state
[ = Zna Cn, |Ne), the response of the probe mode should
peak at a drive frequency of w = wlig, withn, =0,1,2, ...,
the peak heights being proportional to the occupation prob-
abilities P,, = |c,,|*> of the corresponding magnon number
states. This is analogous to qubit spectroscopy used for the
sensing of photon-, magnon-, and phonon-number statistics
[7,21,23,51].

We demonstrate the sensing protocol by numerically sim-
ulating the corresponding spectroscopy [51,52]. The setup
consists of the magnon mode dispersively interacting with the
probe bosonic mode, which in turn is coupled to a thermal
bath at temperature 7 [Fig. 2(a)]. A coherent drive V(¢) =
dcoswt(B + B) of strength d is applied to the probe. The
time evolution of the system is studied by numerically solving
the Lindblad master equation [57,58]

dp i - N
=7 HO, 01+ n;cnp(t)cn Slo®), CIGy),
3)

where p(t) is the density matrix and H(t) = Ho + V(¢) is the
Hamiltonian of the magnon-probe system. The collapse op-

erators C| = ,//c(ng] +DBand G, =/« ngl BT characterize
energy emission to, and absorption from, the bath, respec-
tively. The decay rate of the probe mode is «, while its
equilibrium thermal occupation is nf; = [¢"#/k7 — 11!, The
decay in the magnon mode « is implicit in our model as it de-
termines the magnonic distribution {P,,} to be sensed, whose
information is contained in p(0) [21,22,51]. The magnon de-
cay considered here is equivalent to the Gilbert damping used
in the Landau-Lifshitz framework [59]. When a steady state is
reached upon driving, the probe excitation (878) = Tr[pB7 ]
peaks at the resonant frequencies w = {w/s} [Fig. 2(a)]. The
separation between the peaks is |x|. At T = 0, the excitation
at @ = w2 can be written as (8'B),, = kP,,, where k is a
proportionality constant depending on d and «.
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FIG. 2. (a) Schematic depiction of the probe mode spectroscopy.
The bosonic probe is coupled to a thermal bath at temperature 7' and
coherently driven. The drive frequency w is swept and the steady
state probe mode excitation (878) is plotted as a function of w.
Peaks appear at multiple frequencies corresponding to unique num-
ber states in the magnonic distribution being sensed. (b) Simulation
data of the spectroscopy when the magnon mode is in a coherent state
(left) with @ = 1 and squeezed vacuum (right). With « as the coher-
ent state amplitude and r the squeezing factor, the parameters used
in the simulation are o =1.0, r =0.8, x/ws =0.1, d/hwg =
0.001, «/wpg = 0.003, and k3T /hiwg = 0.01. The blue curves show-
ing the numerically simulated spectroscopic peaks are in good
agreement with the exact probability distributions of the magnon
number states shown by the red dots.

As a demonstrative example, we present the simulation
data for the magnon mode being in two states, coherent state
(classical) and squeezed vacuum (nonclassical), with the bath
at zero temperature [Fig. 2(b)]. Here, {P{®™} and {PSY} are
the exact probability distributions of the number states in the
coherent state and squeezed vacuum, respectively [60]. Upon
extracting the proportionality constant k from the normaliza-
tion condition (see SM [56]), we find that the simulated peaks
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(B*B), are in good agreement with kP and kP> shown
via red dots in the figure. This validates the anticipated reso-
lution of magnon number state superpositions using a bosonic
mode as the probe. The simulations have been performed
using the QUTIP package [61,62].

IV. RESOLVABILITY OF THE MAGNON NUMBER STATES
AT FINITE TEMPERATURES

In contrast with the two-level qubit, a bosonic mode at
finite temperature occupies several number states. Thus, one
may expect finite temperature to be more detrimental to the
bosonic mode as a sensor. We examine this question now and
find instead that the bosonic mode driven with a coherent drive
is more robust than the qubit for sensing the desired magnonic
superpositions.

In Fig. 3, we show the spectroscopy simulation data at dif-
ferent temperatures for weak and strong driving. Away from
resonance, the probe mode has the mean thermal excitation
nﬁl, which determines the baselines in spectroscopy plots. At
aresonance, the drive additionally excites the probe mode cre-
ating a Glauber state [63] which represents the classical mode
of oscillation. So, the magnitude of this extra excitation should
be independent of temperature and proportional to the driving
power [64,65]. This is indeed reflected in the spectroscopy as
peak heights, measured from the baseline, do not change with
temperature [Fig. 3(a)] and still measure the desired magnon
number statistics. The consequent net occupation of the probe
at a resonance (87 )n, 1 derived as (see SM [56] for details)

(B B, = kP, + 1, 4)

where k = d?/h?«?* and kP, is the peak height from the base-
line. At high temperatures and weak driving, the peak heights
are much smaller than nﬁl which can limit their detectability.
This issue is circumvented by driving the probe stronger so
that the peaks are high enough [Fig. 3(b)] without compro-
mising their proportionality to the magnon number statistics
being sensed.

The resonant peaks and their immunity to temperature can
be understood intuitively in terms of the quantum transitions
that occur between the energy levels |ny)|ng) of the system.
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FIG. 3. Simulation results of the probe spectroscopy at different temperatures for a (a) weak drive (d/liwg = 0.001) and (b) a strong drive
(d/hwg = 0.01). With an increase in temperature, the mean thermal occupation ”ﬁ. of the probe mode rises. For weak driving, the spectroscopy
peaks are small as compared to nﬁl, leading to poor experimental detectability. A stronger drive enhances the peaks making them detectable.
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FIG. 4. Schematic depiction of the quantum transitions in the
probe mode. (a) At T =0, a photon is resonantly absorbed at
® = Wy causing a transition |n,)|0) — |ny)|1). (b) At T # 0, the
probe mode has a thermal distribution of the boson number states.
Stimulated absorptions (up arrow) and emissions (down arrow) occur
between adjacent levels. The probe still remains a simple harmonic
oscillator as the energy levels remain equally spaced, i.e., A = liwg,
despite the superposition of the magnon number states. This makes
the bosonic probe a robust sensor of the magnon number statistics
even at finite temperatures.

The energy difference between any two levels is

Eyy i, = Eny g = hlwa (0], = no) + wp(nfy — ng)

+ X (nyny — ngng)). (35)

The drive ~f(wt)(B + B7) only couples levels for which
n, = ny and ng = ng = 1. The corresponding energy differ-
ence is

Ena,nﬁil - Ena,,n,g = th(wg + xng) = ihw?gp (6)
which is independent of the probe mode occupation ng.
Hence, within linear response, the drive causes resonant tran-
sitions |ny)|ng) — |ng)|ng £ 1) when w = wpg. A schematic
of the quantum transitions at a resonance is shown in Fig. 4 for
zero and finite temperatures of the probe. At 7 = 0, the probe
mode is in its ground state and a resonant transition |n,)|0) —
[ne)|1) occurs when o = ol [Fig. 4(a)]l. At T #0, the
probe levels are thermally populated. So, both stimulated ab-
sorptions |n,)|ng) — |ng)|ng + 1) and emissions |ny)|ng) —
[ne)ng — 1) occur upon driving at the same frequency wpg,
as shown by up arrows and down arrows, respectively, in
Fig. 4(b). Since the resonant frequency is independent of the
boson number 7, it is not modified by the thermal distribution
of the probe number states and the spectroscopy protocol for
sensing the magnon number statistics in the @ mode remains
valid.

Due to its two-level nature, a qubit is constrained with
respect to its maximum excitation [66]. The latter needs
to remain small for the spectroscopy to reveal the desired
magnonic statistics [51]. This constraint gets lifted when us-
ing a bosonic mode as the probe since it has an infinitely
large Hilbert space, thereby enabling effective sensing at
higher temperatures. A detailed simulation and comparison
presented in the SM [56] corroborates this superiority of the
bosonic mode over the qubit as a sensor.

V. EFFECTIVE DISPERSIVE INTERACTION
BETWEEN A MAGNON AND PHONON MODE

Unlike the case of an AFM, there may not be a direct
dispersive interaction between the magnon mode to be sensed
and a generic probe bosonic mode. However, an effective
dispersive interaction could be engineered in a wide range
of systems that do not host direct dispersive coupling. For
example, the linear coherent coupling between a qubit and
bosonic mode results in an effective dispersive coupling in the
detuned limit [20,67-69].

Magnomechanical interactions in a ferromagnet also result
in magnon-phonon couplings [70] that are linear ~a8 + H.c.
[71] or quadratic O(a*zﬂ,azﬁ, ocToc,B + H.c. [72-75] in the
magnon operators, where « and § are the annihilation oper-
ators of the magnon and phonon modes respectively. Among
the quadratic ones, only the parametric coupling ~a af +
H.c. is considered relevant in the far-detuned limit [73,76—
80]. In our analysis, we find that the linear ~af B +H.c. and
parametric couplings ~a a8 + H.c. do not generate any dis-
persive interaction in the far-detuned limit (see SM [56]) while
the parametric conversion ~a 28 + H.c. and the counterrotat-
ing terms ~a?B + H.c. do. To establish design principles, we
consider the most general three-particle interaction,

Vi =lixi1(@' B> + af™) + lixo(ap? + o' B™)
+ hxs(@?B" +aB) + hixa(@®B + BT (D)

In the far-detuned limit, a Schrieffer-Wolff transforma-
tion [81,82] on the magnon-phonon Hamiltonian Hpp, =
fiwga e + hawg BT B + Vin gives an effective Hamiltonian

[Hunpletr = hwoot’a + hiwgB'B + lixene af'B,  (8)
where
Axt 4x3 4x3 4x?
20 —wy 2w+ wy

Xeff = —

wg — 2w, wpg + 2w,

©))

is the effective dispersive strength (see SM [56] for details).
While we mention a phonon mode as a probe here, our anal-
ysis is generic and applies to any bosonic mode that bears
the required nonlinear coupling with the magnon mode to be
sensed.

VI. PHYSICAL REALIZATION

Considering the AFM with exchange-mediated direct dis-
persive coupling as the platform, hematite in its easy-plane
anisotropy phase hosts a high-frequency magnon mode in the
sub-THz regime and a low-frequency one in the few GHz
range [83-87]. One may utilize the latter for sensing the
magnonic superpositions in the former at moderately high
temperatures. Since we show that a finite temperature is not
a major problem for the probe mode, the desired sensing of
the superpositions is feasible. The design principles for using
an AFM magnon or phonon mode as the probe have been
detailed in the SM [56]. We deduce that the direct dispersive
strength x o« 1/V, where V is the volume of the sample. Since
the linewidth of the low-frequency resonance in hematite can
be several tens of MHz [84], the spectroscopic peaks should
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be resolvable for nanometer-sized samples [88-91] where the
dispersive shift x /2w can be in the low or sub-GHz regime.
Considering a phonon mode as the probe, we show that the
strength of the parametric down-conversion-type coupling x3
in Eq.(7) varies as 1/+/V. We estimate that x3 can go up to few
tens of MHz for thin ferromagnetic films [75,92]. Choosing
a moderately large detuning of ~6y3, the dispersive shift
Xett/27 can be of the order of MHz. Using a phononic mode
as the probe for ferromagnetic magnons offers more control
over the effective dispersive coupling as the detuning can be
optimally chosen for maximizing xegs.

Apart from the dispersive term, Kerr-like nonlinearities
(~ata?, B2 p?), frequency-pulling (~a'a, B7B) and mixed
terms (~a'’B7B, etc.) also appear in the full Hamiltonians
of Egs. (1) and (8). The Kerr nonlinearity [64,93,94] renders
the driven probe nonclassical due to which the resolution of
the superpositions is affected at finite temperature, as detailed
in the SM [56]. The Kerr nonlinearity arises in the probe
mode (B) due to the nonlinear couplings oy; and x» in
Eq. (7). Choosing the operating point in the frequencies that
maximizes the contribution of x3 or x4 in xer [Eq. (9)] auto-
matically suppresses the corresponding contributions from
or x» (see SM [56]). The frequency-pulling term creates only
a global shift in the frequencies of the two modes, which does
not affect the simulation results.

To conclude, we have demonstrated how the probability
distribution of the number states of a magnon eigenmode
can be sensed using a bosonic probe by coupling it to the
magnon mode dispersively. The spectroscopy works well even
at high temperatures and stronger driving of the probe mode,

which offers a significant advantage over the use of a qubit
for this sensing. The dispersive coupling, necessary for the
sensing, can be direct or effective. For selected platforms,
direct dispersive coupling can be dominant, while for some
others, effective dispersive coupling may be more suitable.
We discussed two concrete examples of the probe mode, a
magnon mode of an AFM and a phonon mode of a ferro-
magnet, but any bosonic mode can be used. Our analysis
lays the groundwork for identifying and utilizing the optimal
bosonic probe modes in a given system of interest for quantum
manipulation and sensing of superpositions.

Note added. Recently, we became aware of a related work
investigating and demonstrating the cross-Kerr interaction
with magnons [95].
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