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High-fidelity quantum sensing of magnon excitations
with a single electron spin in quantum dots

Le-Tian Zhu(& 5K K)!, Tao Tu(i¥)1>", Ao-Lin Guo(¥5¥#K)!, and Chuan-Feng Li(Z5f%45)12%+

1Key Laboratory of Quantum Information, University of Science and Technology of China, Chinese Academy of Sciences, Hefei 230026, China

2Hefei National Laboratory, University of Science and Technology of China, Chinese Academy of Sciences, Hefei 230088, China

(Received 6 June 2022; revised manuscript received 5 August 2022; accepted manuscript online 12 August 2022)

Single-electron spins in quantum dots are the leading platform for qubits, while magnons in solids are one of the
emerging candidates for quantum technologies. How to manipulate a composite system composed of both systems is
an outstanding challenge. Here, we use spin—charge hybridization to effectively couple the single-electron spin state in
quantum dots to the cavity and further to the magnons. Through this coupling, quantum dots can entangle and detect magnon
states. The detection efficiency can reach 0.94 in a realistic experimental situation. We also demonstrate the electrical
tunability of the scheme for various parameters. These results pave a practical pathway for applications of composite

systems based on quantum dots and magnons.
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1. Introduction

Magnons in ferromagnets are promising solid-state plat-
forms for building interfaces between different quantum sys-
tems, which play an important role in various quantum infor-
mation applications. ! Using magnon mode conduction or vir-
tual magnon exchange in spin chains, the robust transfer of
quantum information between different nodes and the long-
range entanglement between qubits can be achieved.!”% Us-
ing the coupling between magnon modes and different quan-
tum components, quantum hybrid architectures can be real-
ized, which is an attractive pathway to future scalable quantum
processors.[’~10]

Electron spins in semiconductor quantum dots are one
of the most promising candidates for qubits.!!!"!?] Because
they are compatible with conventional semiconductor tech-
nology, quantum dots are leading the way in terms of large-
scale fabrication and integration.!!>!%! In purified silicon ma-
terials, electron spins exhibit long coherence times of up to
100 ps because the effect of surrounding nuclear spins is sup-
pressed. Quantum dots have excellent gate controllability,
so both single-qubit and two-qubit operations can be imple-
mented with high fidelity in an electrical manner.[!5-18] Re-
cent significant advances include demonstration of demanding
and complex quantum algorithms, such as variational quan-
tum algorithm for calculating molecular energies, on a pro-
grammable quantum dot spin processor. ['3:1°]

The magnetic dipole moment of a single electron spin in
quantum dots is small, so it couples weakly to the external
magnetic excitations. On the one hand, this is an advantage for
electron spin to maintain a long coherence time even in com-
plex solid-state environments. On the other hand, this also
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makes it difficult to couple and control the magnetic excita-
tions. Therefore, how to develop quantum dots for applica-
tions in the field of magnons has been an outstanding chal-
lenge.

Among the various quantum dot structures, double quan-
tum dot systems have received more attention. In double quan-
tum dots, in addition to the spin degree of freedom, the elec-
tron also has the orbital degree of freedom, such as the delo-
calization of the electron across the two quantum dots. The
presence of orbital degrees of freedom enables the electron to
have a large electric dipole moment. The control of the detun-
ing and tunneling between the two quantum dots allows the
tunability of the electric dipole moment. In this way, strong
coupling to external control fields or other qubits can be ob-
tained when needed. Thus, the additional charge degrees of
freedom in the double quantum dot provide an effective in-
terface between the electron and other systems. Based on
double quantum dots, a number of impressive progresses have
been made recently, such as achieving 99.5% measurement fi-
delity, the highest value reported so far in any solid-state spin
system., 20211

In this article, we propose a scheme to combine quantum
dots and magnons by using spin—charge hybridization. We fo-
cus on a single electron in a double quantum dot. In addition
to having spin degree of freedom, it also has orbital degree
of freedom, so it is a spin—charge hybrid system. Since the
charge state has an electric dipole moment, it gives rise to a
large coupling between the spin state and the external cavity
field. Further, using the cavity field as an mediator, effective
interaction between single electron spin and magnetic excita-
tions can be achieved. Therefore, quantum dots can be used
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for entanglement with magnetic modes and for the detection
of magnon excitations. Our analysis shows that the detection
efficiency is as high as 0.94 even in the presence of realistic
noises and imperfections. We note that the readout efficiency
is only about 0.1-0.5 in the experiments using optical meth-
ods to manipulate spin-wave excitations in solids as a quan-
tum memory due to various noise effects.[?>?3] These results
provide opportunities for a wide range of applications using
quantum dots to manipulate magnetic excitations.

2. The hybrid system
2.1. Spin-charge hybridization in the quantum dots

As shown in Fig. 1(a), we first consider a single electron
confined in two quantum dots.**-2" The electron has two ba-
sic orbital states of |[L) and |R), and two basic spin states of
| 1) and | J). The potential difference between the two dots
is € and the tunnel coupling between the two dots is z.. Both
parameters can be adjusted by the voltage applied to the quan-
tum dots. In addition to an overall external magnetic field B,
a nearby micromagnet produces a magnetic field gradient AB
between the two dots. This double-quantum dot system can be
described by the Hamiltonian

€. . B_. AB_ _
Hy = 5T+t + 56+ &6y, (1

where 7; and 6; are the Pauli matrices defined in the charge
and spin subspaces, respectively.

In Fig. 1(b), we show the energy levels of the quantum
dots as a function of the bias parameter €. This is a four-
level system with energy eigenvalues E, and energy eigen-
states |ngq). When |g| is large, the electron is localized in
one quantum dot, whose energy eigenstates can be described
as |L.A). |LA), [R.L). R,

the avoided crossing point € ~ 0, the electron is delocalized

In contrast, when € is near

across the two quantum dots, forming the bonding and anti-
bonding states |—),

+). Further, due to the presence of spin—
orbit interactions (i.e., the last term in Eq. (1)), the bonding
and anti-bonding states with opposite spins |—, 1), |+,]) are
hybridized, forming the energy eigenstates |1qq) and [24q).
While, the ground state is approximately unperturbed, lead-
ing to [14q) ~ |—, ). Thus, the spin states of the quantum dots
depend on the charge states. The effective two-level Hamilto-
nian of the quantum dots can be written as

Dad

Hya ==

oz, @)

where o; represents the Pauli matrices defined in the basis of
spin—charge hybridized states of [04q) and |14q).
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Fig. 1. (a) In the system we consider, there are three components: a single electron spin in the double quantum dot, a microwave mode in the cavity,
and a magnon excitation in the magnet. The single spin and the cavity mode are coupled by an electric dipole interaction, labeled as gqq,,- The magnon
mode and the cavity mode are coupled by a magnetic dipole interaction, labeled as gm,,. In this way the cavity mode acts as an intermediator, allowing
an effective coupling gqq,m between the single spin and the magnon mode. Here the double quantum dot is a double potential well structure. On the one
hand, adjusting the voltage of the side gate can change the shape of the confinement potential, so that the electron is confined to either the left quantum
dot or the right quantum dot, labeled as |L) and |R). On the other hand, adjusting the voltage of the middle gate can change the barrier height between
the two quantum dots, so that the electron can tunnel between the two quantum dots. (b) Energy levels of quantum dots vs bias €. (c) Effective coupling
strength between quantum dots and magnons vs bias €. Here we use the parameters as t. = 20 peV, B = 33 peV, AB =2 peV, @y /27 = 7.92 GHz,

, /21 = 8.45 GHz, and gn, /27 = 22.9 MHz.

2.2. Spin—photon coupling between the quantum dots and
the cavity

Then we consider a microwave cavity with the Hamilto-

nian

H,=Y wya}ap, A3)
p

where a,’,L and a,, are the cavity photon operators. In the orig-

inal basis of |L) and |R), the interaction between the quantum

dots and the cavity can be described by

Hyap = gepT(ap+ a;), 4)

where the electric dipole moment operator is %, = |L){L| —
|R)(R|. Thus, in the new basis of of |0qq) and |144), the inter-
action Hamiltonian can be rewritten as

Hydp =) 8adp0x(ap +aj), (5)
P

where the coupling strength is gqa,p = (0ga|%:|1qa) &c,p- In this
way, the combination of electric dipole moment and spin—
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charge hybridization can lead to a large spin—cavity coupling

8qd,p-

2.3. Spin—-magnon effective coupling between the quantum
dots and the magnons

We now consider a hybrid system that consists of a yt-
trium iron garnet (YIG) ferromagnetic crystal and a double
quantum dot, both coupled to the same microwave cavity, as
illustrated in Fig. 1. Our system hosts three subsystems: the
magnon modes in the magnetically ordered crystal can be de-
picted as

Hy = opc’c, (6)

where ¢T and c are the creation and annihilation operators of
magnons; the quantum dots and the microwave cavity are de-
scribed by Egs. (2) and (3), respectively. On the one hand, the
magnetic modes can be coupled to the cavity with a coupling
strength of gmvl,,[gl

Hyp =) gmp(ctap+ca)). (7
P

On the other hand, the quantum dots are coupled to the cavity
through the spin—charge hybridization with a coupling strength
8qd,p» as described in Eq. (5). Thus, using the cavity as a me-
diator, these interactions lead to an effective coupling between
the magnetic modes and the quantum dots. When the fre-
quency of the cavity is far detuned from those of the quantum
dots and the magnetic modes, the effective interaction between
the quantum dots and the magnetic modes can be described as

Hym = qu,m(G+C + (Lc*). (8)
Here the effective coupling strength is given by

v 8qd,p8m,p
8qdm = ; ra— 9
As shown in Fig. 1(c), the value of the coupling strength gqa.m
can increase by a factor of 5 when the bias of the quantum
dots € is changed from the large detuning regime to the near
avoided crossing regime. This result is due to the fact that
changing the bias voltage can change the electron from be-
ing localized in one quantum dot to being delocalized across
the two quantum dots. This increases the charge distribution
length of the electron and thus enhances its electric dipole mo-
ment, leading to a large electric dipole interaction gqq . In this
way, adjusting the bias € changes the coupling strength gqq
of the quantum dots to the cavity, which further changes the
coupling strength gqq m of the quantum dots to the magnons.
Furthermore, when the frequency of the quantum dots is
detuning from the frequency of the magnetic modes, the inter-
action Hamiltonian can be reduced as

Hygm = qu’ijLCGz. (10)

Here Yq4m = géd m/ (0qq — @) characterizes the shift of the
energy levels of quantum dots due to the presence of magnetic
modes.

3. Quantum sensing scheme of the magnons

As shown in Fig. 2(a), the scheme for controlling and de-
tecting magnetic modes using quantum dots is designed as fol-
lows:

(1) First, the state of the magnetic excitations is prepared,
which is a superposition state of magnon Fock states

%) =Y calnm). (11)

Meanwhile, the quantum dots are prepared in the ground state.
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Fig. 2. (a) Schematic diagram of the scheme for detecting the magnon
states. (b) Dynamics of the protocol for detecting the magnon states.
Here the red dashed line shows the expectation value of the magnons
(nm), and the blue solid line shows the probability of the quantum
dots in the ground state PM .- Here we use the pulse parameter of

magnons Q, /27 = 0.8 MHz, the pulse parameter of quantum dots
Qqq/27m = 1.25 MHz, and the other parameters as in Fig. 1.

(ii) As described in Eq. (10), the frequency of the quan-
tum dots is shifted by the magnetic modes and therefore de-
pends on the state of the magnetic modes. This magnon-state-
dependent frequency shift is the key to the present scheme.
A m-pulse is applied to the quantum dots, whose operating
frequency corresponds to the frequency of the quantum dots,
when the magnetic modes are in the vacuum state |Op, ). By ap-
plying such a conditional 7-pulse, the state of the composite
system becomes

Pr|0ga%n) = col14a0m) + Y, €n|0garm)- (12)

n>0
(iii) The above equation suggests that the state of the
quantum dots and the state of the magnetic modes are entan-
gled after the application of the 7w-pulse. The probability that
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the quantum dots are in the excited state indicates that the mag-
netic modes are in the vacuum state |Op, ), while the probability
that the quantum dots are in the ground state indicates that the
magnetic modes are in the magnon number state |ny). There-
fore, using standard techniques to measure the quantum dots
provides information about the magnetic modes.

4. The models and simulations of the hybrid sys-
tem

To demonstrate this manipulation and detection scheme,
we perform numerical simulation of dynamics of the whole
system. In the rotating frame of the quantum dot and the
magnon frequencies, the Hamiltonian of the composite system

can be written as

H; = Hqd + Hun + Hqd m + Hgq + +Hy,
A
= quaz +Ancte+ )(qd,mc+c(5Z

+ Qg (1) O3+ (1) (c + ). (13)

Here Agq = Wgq — g and Ay, = @ — 0y are the detuning of the
quantum dot frequency and magnon frequency from the con-
trol pulse frequency, respectively. The last two terms in the
Hamiltonian represent the control pulse fields applied to the
quantum dots and the magnons, respectively. The dynamics of
the system is determined by the master equation
?;Z—i[HnP]‘i'Zk:YkLk[P]a (14)
where each dissipation process is described by the Lindblad
operator Li[p] = LypL," — L Lyp — LpL; L with a rate .
For this composite system, we consider three main dissipative
processes: the spin relaxation process of quantum dots, whose
corresponding operator is Ly = o_ with a rate y; = Til; the
spin dephasing process of quantum dots, whose correspond-
ing operator is Ly = o, with a rate ¥y = ﬁ; and the relaxation

process of magnons, whose corresponding operator is L, = ¢
1

ﬁ.
tracted from the experiments: the relaxation time 77 = 1.2 ms
[19,24]

with a rate ¥, = Here we use the parameter values ex-

and the dephasing time Ty = 0.8 us for quantum dots,
and the relaxation time 7y, = 110 ns for magnons.[!"]

The calculation of the master equation requires long time
resources because of the large state space of the hybrid system.
Therefore, we derive the equations of motion for the expecta-
tion values of the operators of the hybrid system. From the
master equation, we can obtain a series of coupled equations
involved high order moments. Then, we factor the higher or-
der terms into the first order terms, e.g., (co;) ~ (c)(0o;). This
is a good approximation because the dynamics of the magnons
in the hybrid system is dominated by the expectation value and
the fluctuation is small. In this way, we obtain the following

equation of motion for the hybrid system:

% — —idn{e) ~ iZaam(e)(o) —iQn— D), (19)
%) _ o) ~nite) +1) (16)
d<d‘:x> = (A + 2% (€ (E) + Zgam) (65)

i e () (02) — (721 +7¢> (o), (17
%)t + 220m(e) €) + aam) ()

- i%qd,m<c><6y> - (}; + 7¢> <GV> - qu<6z>- (18)

In the simulations, we numerically solve this set of coupled
differential equations. Moreover, we find that the results of
the equation of motion are consistent with those of the master
equation, which indicates that our factorization approximation
captures the underlying dynamical structure of the hybrid sys-
tem.

5. Quantum sensing results
5.1. Detection process

We use the scheme to detect the coherent state of
magnons. First, we apply a driving pulse to the ferromagnet
to prepare the coherent state of magnons |¥,) = |a). Second,
after a delay time of 74 = 200 ns, we apply a Gaussian-shaped
7 pulse to the quantum dots to generate an entangled state of
the quantum dots and the magnons. Finally, we measure the
probability of the quantum dots in the ground state PM ne

In Fig. 2(b), we plot the time evolution of the expecta-
tion value of magnons (ny) = (¥n|cTc|¥n) as well as the
ground state population of the quantum dots P|0q - In the first
stage, the expectation value of magnons increases with time
and reaches a peak, indicating the preparation of the coherent
state of magnons. Here, the magnon excitation is prepared by
microwave pulses with a peak value of (ny) = 0.18. In this
stage the quantum dots remain in the initial ground state and
do not change. In the second stage, the state of the quantum
dots starts to respond to the magnons due to the application
of the conditional 7 pulse, which allows the quantum dots
to be entangled with the magnons. The ground state popu-
lation of the quantum dots continues to decrease and reaches
a steady value. In this case, the population of quantum dots
qu o) significantly changes from the initial value of 1 to the fi-
nal value of 0.14 due to the entanglement of quantum dot spins
and magnons. This final ground state population corresponds
to the probability of the magnon state |np,).

5.2. Detection efficiency for the magnon coherent states

We further demonstrate the detection of various coherent
states of magnons. First, we prepare the coherent states of
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magnons with different amplitudes |a|?>. The coherent state
can be expressed as |&) = Y, ¢,|nm), where the superposi-
. . . Ligl2 on .
tion coefficient is ¢, = e~ 2/%l % In addition, the expec-
tation value of magnons for a coherent state |a) is (ny) =
|a|?. Second, after applying the conditional 7-pulse, the en-
tangled state of the composite system can be expressed as
c0|1qa0m) + Xy>0¢n|0gantm). In particular, the first superpo-
s . o _’|0“2 . .
sition factor is ¢y = e 2!*", which means that the excited
. . o 2 —laf?
state population of the quantum dots is P; ) = lco|?> =19,
In this way, the ground state population of the quantum dots
. 2 . .
is Po) = 1— lco|> = 1 —e~1®°, which has a simple scal-
ing law with respect to the expectation value of magnons
P|0qd> =1—e iml,
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Fig. 3. Probability of the quantum dots in the ground state as a function
of the amplitude |o|? of the magnon coherent state. The circles are sim-
ulation results and the solid line is the fit to extract the efficiency. Here
we use the same parameters as in Fig. 2.

In Fig. 3, we simulate the ground state probability of the
quantum dots for different magnon coherent states. The solid
line in the figure is the fitted equation: P‘qu> =n(l- e’<"m>) +
d. Here 1 and d denote the efficiency and dark-count rate of
the detection process, respectively. In the ideal case, the effi-
ciency 11 = 1 and the dark count rate d = 0, where the detection
results reduce to a simple scaling law 1 — e~ (") However, the
state of the quantum dots is subject to the decoherence effects
from the environment, which limits the efficiency 1 < 1 of
the detection process. In addition, decoherence from the envi-
ronment causes changes in the quantum dot state even in the
absence of magnons, which gives rise to an incorrect detection

result, i.e., the dark count rate d > 0 of the detection process.
Using the fit in Fig. 3, we can obtain two performance metrics
for the detection process in a realistic environment as 1] = 0.94
and d = 0.06, when the magnons are in the state |ny,).

5.3. Detection efficiency with respect to various system pa-
rameters

To explore the limitation factors of the present scheme,
we investigate the effect of decoherence parameters on the de-
tection efficiency. In Fig. 4(a), we find that the detection effi-
ciency 1 increases with the increase of the relaxation time 7;
and the dephasing time Ty of the quantum dots. For example,
for a fixed relaxation time 77 = 25 us, when the dephasing
time Ty is varied from 100 ns to 4 us, the detection efficiency
increases rapidly from the lower value of 0.1 to close to the
ideal value of 1. This result is expected because in this scheme,
the quantum dots serve as sensors whose quantum coherence
time determines the detection efficiency. Further, we find that
the detection efficiency 1 increases more significantly with the
dephasing time 7, than with the relaxation time 77. Because
the key of this quantum sensing scheme is to generate the en-
tangled states between the quantum dots and the magnons, it
is more significantly affected by the dephasing process.

We also investigate the detection efficiency by varying the
operation time of the conditional 7 pulse. In Fig. 4(b), we find
that the detection efficiency 1 gradually decreases with the in-
crease of the duration ¢, of the 7 pulse. For example, when the
operation time increases to 400 ns, which is comparable to the
dephasing time Ty of quantum dots, the detection efficiency
drops to a lower value of 0.76. This result is also anticipated
because the total measurement time increases as the 7 pulse
duration increases, the decoherence effect starts to play a sig-
nificant role, leading to a decrease in detection efficiency. Ide-
ally, if the pulse duration is very short, the detection efficiency
can be close to 1. However, under practical experimental con-
ditions, it is difficult to implement fast pulse or short pulse
duration. Therefore, this result motivates the design of opti-
mized pulse sequences to achieve higher detection efficiency

in future work.
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Fig. 4. (a) Detection efficiency as a function of relaxation time 77 and dephasing time 7y. (b) Detection efficiency as a function of 7-pulse operating
time #,. (c) Detection efficiency as a function of quantum dot bias €. Here we use the same parameters as in Fig. 2.
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In Fig. 4(c), we find that the detection efficiency changes
substantially as the bias € of the quantum dots changes. The
detection efficiency increases significantly from a lower value
of 0.3 to a higher value close to 1 when the bias voltage of
the quantum dots is changed from the large detuning regime
to the near avoided crossing regime. This result is consistent
with the electrical tunability result of Fig. 1(c). As shown in
Fig. 1(c), the effective coupling strength gqqm between quan-
tum dots and magnons can be electrically tuned over a wide
range by the bias parameter &, leading to a greater strength of
interaction between quantum dots and magnons, thus result-
ing in the higher detection efficiency shown in Fig. 4(c). This
result indicates that our scheme has rich electrical tunability
compared to other quantum sensing schemes.

6. Conclusions

In summary, we propose a scheme for the control and de-
tection of magnetic excitation modes in ferromagnets using
quantum dots. In a realistic solid state environment, the de-
tection efficiency can reach a high value of 0.94. This effi-
ciency value is several times larger than the state-of-art spin-
wave readout efficiency value using optical methods.!?%%3]
Our analysis shows that decoherence effects limit the perfor-
mance of the scheme, so detection efficiency can be further im-
proved by designing optimal working points or using compos-
ite pulses.!?®="1 Here we demonstrate the detection of mag-
netic coherent states, it would be interesting to design quan-
tum non-demolition measurement protocols, which could en-

B11 1 addition, the scheme can

able richer detection methods.
be used for the selective generation of magnon states, which
is a crucial step toward the magnon-based quantum technolo-
gies. In the future, these schemes can be used to probe exotic
magnetic excitations in various solid materials, and to develop
quantum technology applications for composite quantum sys-

tems.
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