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Abstract: Coherent transduction of quantum states from the microwave to the optical domain
can play a key role in quantum networking and distributed quantum computing. We present the
design of a piezo-optomechanical device formed in a hybrid lithium niobate on silicon platform,
that is suitable for microwave-to-optical quantum transduction. Our design is based on acoustic
hybridization of an ultra-low mode volume piezoacoustic cavity with an optomechanical crystal
cavity. The strong piezoelectric nature of lithium niobate allows us to mediate transduction via
an acoustic mode which only minimally interacts with the lithium niobate, and is predominantly
silicon-like, with very low electrical and acoustic loss. We estimate that this transducer can
realize an intrinsic conversion efficiency of up to 35% with <0.5 added noise quanta when
resonantly coupled to a superconducting transmon qubit and operated in pulsed mode at 10 kHz
repetition rate. The performance improvement gained in such hybrid lithium niobate-silicon
transducers make them suitable for heralded entanglement of qubits between superconducting
quantum processors connected by optical fiber links.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Recent landmark demonstrations have established superconducting quantum circuits as a leading
platform for quantum computing [1-4]. Superconducting processors encode quantum information
in microwave-frequency photons and require operation at milliKelvin temperatures. Due to the
high propagation loss and thermal noise of microwave links at room temperature, transmitting
quantum information from superconducting processors over long distances remains an outstanding
challenge. In contrast, optical photons are naturally suited for low loss, long distance transmission
of quantum information [5,6]. The complementary properties of these two systems have spurred
interest in transducers that can coherently convert quantum information between microwave and
optical frequencies. Such transducers would enable optically connected networks of remote
superconducting quantum processors analogous to classical networks underlying the internet and
large-scale supercomputers with optical interconnects.

A quantum transducer operated as a frequency converter can be specified as a linear device
with a certain conversion efficiency, added noise level, and repetition rate for pulsed operation.
Current approaches for microwave-to-optical frequency conversion rely on a strong optical pump
to mediate the conversion process between single photon-level signals at both frequencies [7-22].
Increasing pump power allows for higher conversion efficiency, but due to parasitic effects of
optical absorption in various components of the transducer, and the vast difference in energy
scales between optical and microwave frequencies, this adds noise to the conversion process. For
quantum applications of the transducer, the number of added noise photons per up-converted
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signal photon should be < 1 [23]. This trade-off between efficiency and noise has been a key
obstacle to transduction of quantum signals.

One particularly promising approach to microwave-to-optical transduction is piezo-optomechanics
[12—18], in which acoustic phonons are used as intermediate excitations in the conversion process.
This is achieved through a highly engineered mechanical mode with simultaneous piezoelectric
and optomechanical couplings. Recent design and materials advances in these devices have led
to a demonstration of optical readout of the quantum state of a superconducting qubit with added
noise below one photon [12]. However, the aluminum nitride piezoelectric element contributed
significantly to acoustic loss, compromising device performance.

In this work, we propose a new device design on a hybrid material platform, lithium niobate
(LN) on silicon, which addresses the limitations of previous work. Our design features a
highly miniaturized piezoelectric element so that its negative impact on device performance is
negligible, while at the same time maintaining strong piezoelectric coupling rates. This design
approach is enabled by the strong piezoelectric coefficients of LN [24]. Combined with the
excellent optomechanical properties of silicon, our design achieves state-of-the-art piezoelectric
and optomechanical performance. While some recent demonstrations have used a lithium
niobate-on-silicon material platform [14,17], the design techniques outlined in this work were
not fully exploited in these devices. We show that by leveraging the strengths of the individual
materials, our design approach can yield the performance improvements necessary to employ
these transducers for remote entanglement of superconducting quantum processors.

Figure 1(a) illustrates the mode picture of our transduction scheme. An intermediary mode
by, of a nanomechanical oscillator simultaneously couples to microwave photons from mode
¢4 of a microwave circuit at rate gpe, and to optical photons from mode @, of an optical
cavity at rate gom. Microwave photons are converted to phonons via a resonant piezoelectric
interaction, and these phonons are subsequently converted into optical photons via a parametric
optomechanical interaction. The microwave photon-phonon conversion is realized by tuning the
circuit frequency w, on resonance with the mechanical frequency w,,, yielding the Hamiltonian
I:Ipe/h = gpe(lgfnéq + I;méz) [25]. The phonon-optical photon conversion is realized by driving
the optical cavity at a frequency wy that is red-detuned by exactly the mechanical frequency,
Wg — Wy = —wy,. The resulting Hamiltonian is Hom/b = gom\/n_o(&ZEm + Ezofafn) where n, is the
number of intracavity optical photons corresponding to input drive power [26].

We realize the intermediary mechanical mode in the above scheme by connecting an ultra-low
mode volume piezoacoustic cavity and an optomechanical crystal (OMC) cavity, shown in
Fig. 1(b). The acoustic modes of these components are strongly hybridized to form a mechanical
supermode, whose mechanical displacement overlaps in one region with the field of a microwave
circuit, and in another region with the field of an optical cavity. Using physically separate cavities
allows us to independently optimize the piezoacoustic and optomechanical components of the
transducer. Our design is formed from thin-film LN on the device layer of a silicon-on-insulator
(SOI) chip. We define the piezoacoustic cavity in LN, which has large piezoelectric coefficients
[24]. We define the OMC in silicon, since its large photoelastic coefficients and refractive index
allow high optomechanical coupling. Well-established nanofabrication processes also allow high
optical and mechanical quality factors for silicon OMC’s [27-29]. For the microwave circuit in
this design, we consider a transmon qubit with electrodes routed over the LN region to allow
for capacitive coupling to the piezoacoustic cavity. The transmon is patterned in niobium on
silicon, a standard material platform for realizing high-coherence qubits [30]. The insulating
layer underneath these components is etched away, leaving a suspended silicon membrane as the
substrate for our device.

Our design procedure utilizes finite element simulation in COMSOL Multiphysics and
numerical optimization of the device geometry. We begin with independently optimizing the
piezoacoustic and OMC cavities for high piezoelectric coupling rate g, and optomechanical
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Fig. 1. a) Mode schematic for piezo-optomechanical transduction. Blue represents mode &4
of a microwave circuit, purple represents “supermode’ b,,, of a mechanical oscillator, and red
represents mode d, of an optical cavity. b) Device schematic for the transducer in this work.
The device can be split into two regions, one which couples to microwave electric fields and
one which couples to optical fields. Both are part of the same mechanical *supermode’ by

coupling rate gom, respectively. We design for closely matched acoustic modes at 5 GHz in both
resonators, and for an optical mode at telecom wavelength (1550 nm). During the design process,
it is crucial to maintain a low acoustic mode density such that the transduction schematic in
Fig. 1(a) using a single acoustic mode remains valid. Further, since thin film LN has higher
microwave dielectric and acoustic loss than silicon [29,31-34], we aim to minimize the volume
of LN in our device. The two independently optimized cavities are then physically connected
and the parameters of the resulting hybrid acoustic modes are analyzed.

2. Piezo cavity design

The piezoacoustic cavity consists of a slab of lithium niobate on top of a suspended silicon
membrane patterned in the shape of a box. We work with 100 nm thin-film -z-cut LN, on top
of a 220 nm-thick suspended silicon device layer. We choose the -z LN orientation so that the
dominant LN piezoelectric coefficient, dj5 = 69 pC/N [24], couples to modes with favorable
symmetry properties (further discussion in Sec. 3.). 80 nm-thick Nb electrodes run over the
top of the slab, and are routed in the form of an interdigital transducer (IDT) which capacitively
couples the cavity to a microwave circuit such as a transmon qubit, as seen in Fig. 2(a).

The box is surrounded by a periodically patterned phononic shield to mitigate acoustic
radiation losses and to clamp the membrane to the surrounding substrate. The clamps are spaced
periodically so that the IDT electrodes are routed over the top of each clamp, providing a means
for electrical routing which is not acoustically lossy.

The phononic shield uses an alternating block and tether pattern (see relevant dimensions
in Fig. 2(c)) consisting of metal electrodes on top of a silicon base. By tuning the parameters
a, by, by, and t,, we achieve a >1 GHz acoustic bandgap centered around 5.1 GHz, shown in
Fig. 2(d). This yields strong confinement of 5 GHz mechanical modes inside the piezo region for
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Fig. 2. a) Schematic illustrating the capacitive routing of the piezoacoustic cavity to a
transmon qubit. The qubit here can be replaced with a microwave resonator without loss of
generality. b) Piezoacoustic cavity geometry, with relevant dimensions defined in blowout
top view. c¢) Phononic shield unit cell, with relevant dimensions defined. d) Mechanical
bandstructure of phononic shield unit cell in ¢), with (a, bx, by, ty) = (445,225,265, 70) nm.
Black dashed line at 5.1 GHz shows the target frequency of the mode of interest. We observe
a complete acoustic bandgap in excess of 1 GHz around 5.1 GHz. e) Log scale of mechanical
energy density u,, for piezoacoustic cavity mode at 5.1 GHz, normalized to maximum value.
We find >4 orders of magnitude suppression for 5 phononic shield periods.

sufficient number of shield periods, enabling high mechanical quality factors. By simulating
the mechanical energy density across the entire cavity, we find that 5 shield periods provide >4
orders of magnitude suppression of acoustic radiation into the environment, as shown in Fig. 2(e).

The dimensions of the piezo box (outlined in Fig. 2(b)) are designed to support a periodic
mechanical mode whose periodicity matches that of the IDT fingers. This results in high overlap
between the electric field from the IDT and the electric field induced by mechanical motion in
the piezo box. This overlap gives a microwave photon-phonon piezoelectric coupling rate which
is derived using first order perturbation theory:

Wy

8pe YN /LNDm E, dv. 1)

Here the integral is taken over the entire LN slab, D,, is the electric displacement field induced
from mechanical motion in the piezo region, and E, is the single-photon electric field generated
by the transmon qubit across the IDT electrodes. The fields are normalized to their respective
zero-point energies fiw,, /2, yielding the pre-factor in front of the integral in Eq. (1). U, is the
total cavity mechanical energy, and U, = %(Cq + CIDT)Vg is the total IDT electrostatic energy,
where Vj is the zero-point voltage across the qubit. We note that for fixed electrostatic energy, the
zero-point voltage (and thus E,) is dependent on both the qubit capacitance C, and IDT finger
capacitance Cipr, and therefore the coupling rate scales as (C, + CIDT)’]/ 2. For our calculations
in this work, we assume C, = 70 fF which is a typical value for transmon qubit capacitance
[35]. Replacing the transmon qubit with a high-impedance microwave resonator will allow lower
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C, ~ 21F [36,37], and can therefore further increase this coupling rate. Cipr is calculated with
finite-element electrostatic simulation, and for the wavelength-scale devices considered here is
typically ~ 0.25 {F, a small contribution compared to transmon C,.

The small value of Cipr also minimizes the energy participation of the qubit electric field
in the lossy piezo region, given by the ratio , = Cipr/Cy ~ 4 X 1073, The contribution
of lithium niobate to the qubit loss rate k,; is then estimated as {;k,1n. Using reported
dielectric loss tangents in lithium niobate at milliKelvin temperatures, tand = 1.7 X 1075 [32,33]
corresponding to k1 n/27 = 85 kHz at 5GHz, we estimate the LN contribution to qubit loss to be
{ykq1N/27 ~ 300 Hz. This contribution is much smaller than typical loss rates «,sor/27 ~ 50
kHz reported in transmon qubits fabricated on SOI [38]. As a result, the contribution of the
piezoacoustic cavity to qubit loss is not a limiting factor, and justifies the on-chip coupling
scheme outlined in Fig. 2(a).

We note that the IDT capacitance can be increased by adding more IDT fingers, thereby
increasing gpe. However, as the number of fingers increases, the increased cavity size results
in a more crowded mode structure, and it is more difficult to isolate a single mechanical mode
without coupling to parasitic modes in the vicinity of the mode of interest. This is of key
importance as these parasitic modes may not hybridize well with the OMC cavity and reduce
overall transduction efficiency. This is shown in Fig. 3(b), where we simulate the mechanical
mode structure vs. the number of IDT fingers in the cavity. We see that gpe of the mode of
interest saturates, while the mode isolation is significantly reduced with increasing IDT fingers.
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Fig. 3. a) Mode structure for optimized piezoacoustic cavity design with (p, wp,e) =
(795,478,102) nm. Mode of interest (red) achieves gpe /27 of 9 MHz. Shaded grey region
indicates the mode isolation window with the nearest mode >110 MHz away. b) gpe /27 and
mode isolation for optimized designs with differing number of IDT fingers. We observe gpe
saturating beyond N = 4 fingers, and mode isolation decreasing with increasing number of
fingers. ¢) Mechanical mode shape of red mode in a). Right shows the in-plane (breathing)
and left shows the out-of-plane (Lamb-wave) components of the optimized mechanical mode.
d) Mode structure vs. IDT period, with data points colored according to gpe. Dashed line
follows the mode of interest.
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Reducing the size of the piezo region is also important to reduce mechanical loss, as lithium
niobate has high acoustic loss tangents compared to silicon (further discussion in Sec. 4.). For
these reasons, we choose a 2-finger design to minimize these effects. The strong piezoelectric
nature of lithium niobate allows for g, values high enough for strong microwave photon-phonon
coupling, even in the limit of 2 IDT fingers. We emphasize the small dimensions of the
piezoacoustic cavity in this design in contrast with previous work on piezo-optomechanical
quantum transducers [13,15,16,18,39]. The benefits of this approach come at the cost of higher
sensitivity of the piezoacoustic modes to changes in cavity dimensions. This can have large
effects on hybridization with the OMC cavity and the performance of the final transducer device,
which relies on resonant matching of acoustic modes in both regions. We show further in Sec. 4
that the achievable hybridization between piezo and OMC modes with this small piezo volume
approach is large enough to protect the design against typical fabrication disorder.

The mechanical mode of interest is periodic with out-of-plane (Lamb-wave) and in-plane
breathing components. The Lamb-wave component of the mode induces an electric field in the
piezo region with high overlap with the IDT electric field, while the breathing component of
the mode enables hybridization with the breathing mode of the optomechanical crystal to be
attached in the full device (see Fig. 3(c)). The piezoacoustic mode can be tuned with three key
parameters p, wy,, and e. p is the periodicity of the IDT fingers and is used to parameterize the
piezo box length, given by I, = Np/2 where N is the number of IDT fingers. p is used to tune the
frequency of the mode of interest while maintaining appropriate phase-matching of the mode
periodicity with the IDT fingers (shown in Fig. 3(d)). w), is the piezo box width, which can be
increased to increase gpe via larger mode volumes or decreased to reduce the mode crowding
that results from larger box size. Finally, we define a silicon-piezo buffer parameter e, which
extends the silicon box length/width by an amount e compared to the piezo box. This buffer is
needed to protect against silicon/piezo box misalignment in the fabrication process, and acts as
an added degree of freedom for tuning frequency, gpe, and mode isolation. We use numerical
optimization to tune parameters (p, w,, ) to arrive at a design with high piezoelectric coupling
and mode isolation. We employ a Nelder-Mead simplex optimization similar to that described in
Ref. [28]. After optimization, we obtain the mechanical mode structure shown in Fig. 3(a). We
identify a single mechanical mode with gp./27 = 9.01 MHz, which is isolated by >110 MHz
from other mechanical modes. We will use this single mode to strongly couple to the modes of
an optomechanical crystal cavity to create the mechanical supermode of Fig. 1(a).

A point of concern with LN is the in-plane crystal orientation with respect to the IDT electrodes.
Due to the strong anisotropy of LN, in general the mode structure and g, will vary with this
orientation. For -z-cut LN and our choice of mode, both gp. and frequencies vary minimally
with in-plane crystal rotations, with gy varying by <5% over a full 2 rotation.

3. Optomechanics design

The optomechanical crystal (OMC) cavity is a periodically patterned silicon nanobeam which
is designed in a similar fashion to previous work [28], with the crucial change of a modified
unit cell design on one side of the cavity to enable strong mechanical hybridization with the
piezoacoustic cavity. This separates the OMC into three distinct regions: a phonon mirror, defect
region, and phonon waveguide (see Fig. 4 for details). The phonon mirror unit cell (Fig. 4(b)) is
designed to have a simultaneous mechanical and optical bandgap for modes of certain symmetry
classes. In the defect region, the phonon mirror unit cell transitions to a defect cell designed
to co-localize a 5.1 GHz mechanical breathing mode and a 194 THz (1p = 1550 nm) optical
mode. The phonon waveguide unit cell (Fig. 4(c)) is mechanically transparent to breathing mode
phonons at 5.1 GHz, while maintaining a large bandgap for optical modes. This is achieved by
modifying the ellipticity of the phonon mirror unit cell. We see in Fig. 5(b) that the resulting
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mechanical mode is permitted to leak out into the phonon waveguide region, while the optical
mode remains highly localized within the defect region.
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Fig. 4. a) Full OMC geometry, with phonon mirror and phonon waveguide unit cells
highlighted in red and blue, respectively. b) Unit cell geometry, mechanical, and optical
bandstructure of phonon mirror region with (a, w, hy, hy) = (436,529, 181, 334) nm. Phonon
bands with breathing-mode symmetry are colored in red. Gray bands represent all other
symmetries. Mechanical bandgap for breathing modes and optical bandgap are both
highlighted in red. Black dashed lines at 5.1 GHz and 193 THz show the target frequencies
of the phonon/photon modes of interest, respectively. c¢) Unit cell geometry, mechanical, and
optical bandstructure of phonon waveguide region with (a, w, hx, hy) = (436, 529, 295, 205)
nm. Mechanical bands color-coded as in a). Breathing mode crosses 5.1 GHz resulting in
waveguide-like behavior at the mechanical frequency. The optical bandgap is maintained.

The optomechanical coupling rate is calculated from the mechanically-induced optical
frequency shift arising due to the photoelastic effect and moving dielectric boundaries [28], giving
8om = SomPE *+ 8omMB- The photoelastic contribution is derived from Ist-order perturbation
theory as,
wyeont /Si E" - [pS]-EaV

2 [D-Eav

where w, is the optical cavity frequency, n is the refractive index, E is the electric field, p is the
photoelastic tensor, and S is the strain tensor.
The moving boundaries component is derived similarly as,

; @)

8om,PE =

w, $Q- ﬁ)(AeEﬁ — Ae"'D?)ds
8om,MB —_7 fDEdV

, 3
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Fig. 5. a) Resultant mode structure of optimized OMC design. Highest-gom mode
(highlighted in red) gives 854 kHz optomechanical coupling. b) Simulated OMC mechanical
and optical mode shapes. Top shows mechanical displacement |Q| and bottom shows
y-component of the optical electric field. Phonon mirror, phonon waveguide, and defect
region are labeled and outlined. ¢) Bandgap for modes of different symmetries as a function
of hole index along the defect region. Red shaded region represents the bandgap for breathing
mode symmetries, and blue shaded region represents the bandgap for Lamb-wave mode
symmetries.

where Q is the normalized mechanical displacement field, fi is the surface normal, E is the
electric field parallel to the surface, D, is the electric displacement field perpendicular to the
surface, A€ = €s; — €ajr, and Ae™! = es_il - E;ilr.

One may expect the coupling rates in this design to suffer due to the delocalization of the
mechanical mode. However, we find that after a Nelder-Mead simplex optimization of various
OMC dimensions similar to [28], the resulting design gives multiple modes with high simulated
values of gom /27, with the maximum coupling rate exceeding 850 kHz (Fig. 5(a)). This is
comparable to state-of-the-art OMC designs in silicon which achieve gon, /27 up to 1.1 MHz
[28,29,40].

The radiation-limited optical quality factor Q, can be simulated and is found to be in excess of
109, corresponding to an intrinsic optical loss rate k,,;/2m ~ 200 MHz. However, Q,, is usually
practically limited to ~ 5 X 103 (koi/2m ~ 400 MHz) due to optical scattering from surface
defects introduced in the fabrication process [28]. To ensure this limit is reached, we configure
the optimization such that g,y is maximized while maintaining Q, above ~ 10°, well above
the practical O, limit. The total optical loss rate is given by «, = k,; + k., Where «, . is the
decay rate associated with input coupling. «, . is controlled with a coupling waveguide using
well-established design techniques [41], and is typically designed so that x,, = k,;. The total
optical loss rate is then «, ~ 2«,;/2m = 800 MHz.

When hybridizing the modes of the piezoacoustic and OMC cavities, we must consider
the relative motional symmetry of the two cavity modes. Our OMC cavity design contains
only breathing motion, whereas the piezoacoustic cavity design contains both breathing and
Lamb-wave components. If the phonon waveguide permits propagation of 5 GHz Lamb-wave
modes, then the OMC defect region will contain both breathing and Lamb-wave motion when
hybridized with the piezoacoustic cavity. This will significantly reduce optomechanical coupling
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as only breathing motion yields high values of gom, whereas Lamb-wave motion produces
negligible gom. For this reason, the phonon waveguide dimensions are chosen such that the
bandstructure exhibits a bandgap for SGHz Lamb-wave-like modes, but is transparent to SGHz
breathing modes.

Figure 5(c) further illustrates this idea by showing the mechanical bandgap of unit cells
across the defect region for both breathing and Lamb-wave-like modes, shaded in red and blue
respectively. At the phonon waveguide side, the breathing mode bandgap falls below 5 GHz,
permitting the breathing motion of the piezoacoustic mode to couple strongly to the defect
region. However, 5 GHz lies inside the Lamb-wave bandgap, so that Lamb-wave motion from
the piezoacoustic cavity decays in the phonon waveguide and does not interact with the OMC
cavity defect region. The phonon mirror exhibits a bandgap for both breathing and Lamb wave
symmetries, so that acoustic radiation of the full transducer mode to the environment is effectively
suppressed.

4. Full device design

After independently designing the piezoacoustic and optomechanical cavities, we connect the
two as shown in Fig. 6(d), and simulate the resulting hybridized mode structure. To observe the
hybridization of the piezoacoustic and optomechanical modes, we sweep the IDT period in the
piezo region to tune the piezoacoustic mode through the multiple optomechanical resonances.
The results are shown in Fig. 6(a) and (b). We find that over a frequency window >250 MHz, there
is a large number of mechanical modes with simultaneous high piezoelectric and optomechanical
coupling rates. The phonon waveguide allows for strong enough mode hybridization that the
piezoelectric coupling is distributed across a large number of modes. As shown in Fig. 6(c), the
mechanical energy participation in the piezo region £, is in the range 1-10%. We find that across
the entire hybridization window, at least one mode can be identified with gom/27>650 kHz,
8pe/2m>1MHz, and {;,,<5%. InFig. 6(c), this mode is highlighted in red with gom /271 = 826 kHz,
gpe/2m = 2.8 MHz, and ¢, = 2.3%. We will use the values from this mode to quantify further
calculations in this work. In practice, the frequencies and couplings of these mechanical modes
are subject to change due to multiple sources of fabrication disorder. The multi-mode structure
and relatively large hybridization ensure that the full device is robust to these shifts. While the
exact frequencies and couplings may shift, Fig. 6(a) and 6(b) illustrate that the qualitative nature
of the mode structure remains unchanged for a large range of frequency shifts. Additionally, the
modes are separated far enough in frequency that their parasitic effect on each other’s transduction
efficiencies is minimal.

‘We may use the simulated piezo participation ratio and radiation loss to estimate the mechanical
decoherence rate «;, of our device. There are two dominant contributions to decoherence in our
design. The first is acoustic radiation loss into the surrounding substrate. This can be simulated
and is found to be in the range «.,q/27 ~ 1 — 10 kHz for all modes in Fig. 6, with kyaq/27 = 2.3
kHz for the mode highlighted in Fig. 6(c). The second is coupling to two-level systems (TLS),
which in both lithium niobate [34] and silicon [29] has been found to be the dominant loss
mechanism for GHz-frequency acoustic cavities at single phonon level powers and milliKelvin
temperatures. For mechanical piezo participation ratio {,, the TLS decoherence rate can be
estimated by «xtrs = GukiN + (1 — &n)ksi. Using reported TLS-limited linewidths, «n /27 ~ 300
kHz in lithium niobate [34] and «s; /27 ~ 4 kHz in silicon [29], and taking {,, = 2%, we estimate
a TLS decoherence rate of ktps/27 ~ 10 kHz. The total mechanical decoherence rate is then
estimated to be in the range «;,/2m ~ 10 — 20 kHz.
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Fig. 6. a) Full transducer optomechanical coupling and mode structure vs. IDT period.
Shown are all modes which have high piezoelectric and optomechanical coupling. Data
points are colored according to gom value. Dashed lines follow the anticrossing of the
maximum gom mode. b) Full transducer piezoelectric coupling and mode structure vs.
IDT period. Shown are the same modes as in a), only colored according to gpe. ¢) Mode
structure at p = 820 nm, showing gpe, gom, and mechanical energy participation ratio in
the piezoelectric region. Red shows mode with highest value of gom. d) Mechanical mode
profile of the mode highlighted in red in c).

5. Efficiency and added noise

To analyze the efficiency and noise of our design, we consider a pulsed scheme for microwave-
to-optical state transfer on a transmon qubit connected to the transducer [12]. The qubit is first
tuned on resonance with the mechanical mode for a time ¢ = 7/2g,,. to complete a microwave
photon-phonon swap operation, and subsequently detuned far off-resonance. A red-detuned
(wg — w, = —wy,) laser pulse is then used to upconvert this phonon into an optical photon.
The intrinsic efficiency of such a pulsed scheme is simply given by 7; = 1pefom, Where 7. is
the piezoelectric photon-phonon swap efficiency, 7oy, is the optomechanical phonon-photon
conversion efficiency.

The photon-phonon swap efficiency, 1pe, can be calculated from a master equation simulation
of the qubit-mechanics system with the Hamiltonian I:Ipe described in Sec. 1. Using gpe/27m = 2.8
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MHz, an estimated &, /27 = 50 kHz from Sec. 2, and an estimated mechanics decoherence rate
km/2m = 20kHz from Sec. 4, we find 17pe = 95%. The optomechanical readout step determines
both 77,y and the dominant noise contribution to the transducer, which arises from optical
absorption heating of the mechanical mode. For a laser pulse duration 7, nom, is given by [12],

Hom(7) = =220 (1 = ¢ Oemtn)T), @
Yom t Km

where yom = 4g§mn0 /K, is the optomechanical scattering rate, and n, is the number of intracavity
optical photons corresponding to peak power of the optical pulse. In principle, this efficiency
may be unity in the limit 7 > 1/(yom + k) and yom > «;,,. However, optically-induced heating
of the mechanical mode severely limits 7 in order to maintain <1 added noise photon. This
leads to a fundamental tradeoff between efficiency and added noise resulting from OMC heating
dynamics at milliKelvin temperatures. Maximizing efficiency for a given level of added noise
requires careful choice of pulse duration 7 and optical power n,.

The added noise phonons n,,(7) during optical readout are thought to originate from optical
excitation of material defect states which undergo phonon-assisted relaxation, thereby heating the
mechanical mode of interest [29,40]. The timescale 7, for n,, to exceed 1 noise phonon depends
strongly on n, and is found to vary greatly in different devices. Experiments with low-loss
(km < 10 kHz) pure silicon OMCs report 7, ~ 1 us [29,40,42], whereas those with silicon
OMC:s integrated in a piezo-optomechanical transducer with «,, = 1 MHz report much shorter
7, ~ 100 ns [12]. This suggests the presence of additional sources of optically induced heating
and mechanical damping in piezo-optomechanical transducers that are potentially correlated.
Possible sources are optical absorption by the IDT electrodes, TLSs in the piezo region, and
surface defects in the OMC region from additional steps in the transducer fabrication process.
While the dynamics of optically induced heating in piezo-optomechanical devices is a subject of
future studies, it is clear that a transducer design aimed at improving optomechanical readout
efficiency and noise should make the acoustic mode involved in the transduction process as
silicon-like as possible, since this is the lowest loss material in the transducer.

In the design presented above, we minimize the dimensions of the piezoacoustic cavity so that
most of the energy in the mechanical mode lives in the OMC region. The estimated mechanical
damping rates based on participation ratios of various regions and calculated optomechanical
coupling rates are comparable to those realized in pure silicon OMCs. Therefore, we may
approximate the heating dynamics of our design as similar to that reported in previous silicon
OMC work [29,40]. Using this heating model we estimate ~0.5 added noise photons for a
pulse with n, = 45 and 7 = 500 ns. Using the previously estimated values «,,/27 = 20 kHz,
Ko/2m = 800 MHz, and gom/27m = 826 kHz (yielding yom /27 = 153 kHz), we estimate a
pulse with n, = 45 and 7 = 500 ns can achieve 17om = 37%. Combined with 7,e = 95%, the
estimated intrinsic efficiency is 1; ~ 35%. There are additional noise sources which we have
not considered here such as photodetector dark counts and residual photons from the optical
pump pulse. However, given the measured photon count rates for these noise sources in previous
milliKelvin optomechanics experiments [40], these noise contributions are negligible compared
to the one from optical absorption heating.

The total efficiency of the transducer includes efficiencies in the extraction and collection
of optical photons produced in the transduction process, and is given by n = n;m7ex;. Here,
Nk = (koe/K,) determines the fraction of optical photons emitted into the coupling waveguide,
and 7ex is the external photon collection efficiency. For k,, = k,; (as is the case for typical 1D
silicon OMC designs [40]) we have i = 50%. In typical optomechanics experiments, 17ex; is
mainly determined by the fiber-to-device coupling efficiency, insertion loss of the optical pump
filtering setup, and quantum efficiency of single photon detectors. Based on values from recent
experiments [12,14,17], these factors can be estimated to be 60%, 20%, and 90%, respectively,
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leading to 7jexc ~ 10%. The product of all three efficiency estimates above yields a total transducer
conversion efficiency from microwave to optical photons of  ~ 2%.

Finally, we consider the expected repetition rate for the transduction sequence in the pulsed
scheme described above. In previous work with similar piezo-optomechanical transducers [12],
this was limited to 100 Hz by the ~10-ms timescale for quasiparticle relaxation in the aluminum
transmon coupled to the transducer. We expect that using qubits and resonators fabricated in
superconductors such as niobium and niobium nitride, with quasiparticle relaxation timescale in
the ~ns range [43,44], will allow for repetition rates in the 10 kHz range limited by the decay rate
Kkraq Of added noise phonons in the acoustic mode after the optical pulse. At this repetition rate
and estimated total efficiency n ~ 2%, we expect a single photon count rate of order 200 Hz,
and a photon coincidence rate of order 4 Hz. These rates are a key figure of merit for heralded
remote entanglement generation schemes [23,45], indicating that these sorts of experiments and
applications are practically realizable with our proposed new transducer design. We note that
the above estimates are calculated for microwave-to-optical frequency conversion and do not
carry over to operation in the reverse direction due to the nature of parasitic heating in our device.
However, this does not impact the utility of the device for remote entanglement of microwave
qubits since we envision its use as a probabilistic microwave-to-optical frequency converter
connected to a qubit. The resulting quantum correlations between the qubit and transduced
optical photons can serve as a key resource to implement well-known probabilistic schemes for
long-distance quantum communication based on optical photon detection [23,45].

6. Conclusion

We have presented an optimized design for an ultra-low mode volume piezo-optomechanical
transducer. The choice of lithium niobate on silicon on insulator as the material platform and
our design strategy, allow for transducer performance metrics in a parameter regime favorable
for quantum network applications. Crucially, while these performance metrics are only valid
for one-way conversion, this should not impact its effectiveness in remote qubit entanglement
protocols.

The efficiency, noise, and repetition rate of the above transducer design are expected to be
limited by optomechanical heating rates. Future improvements can be made by employing 2D
optomechanical crystal cavities [46], which through better thermal conductance to the substrate,
mitigate the impact of heating of the mechanical mode due to optical absorption. Further, the
transmon qubit connected to the transducer can be replaced with a resonator made in disordered
superconductors such as NbN or NbTiN [36,37], which provide high kinetic inductance and fast
quasiparticle relaxation timescales. Such a transducer device could be connected to an off-chip
qubit in a modular approach [7], which alleviates performance restrictions due to absorption
of the transducer optical pump by superconducting qubits. With an order of magnitude higher
impedance, kinetic inductance resonators can allow for further miniaturization of the piezo
volume and the possibility of novel transducers with ultra-thin lithium niobate of thickness in the
tens of nanometers range.

Funding. Army Research Office (W911NF-18-1-0103); Office of Science (DE-AC02-06CH11357); Institute for

Quantum Information and Matter, California Institute of Technology (PHY-1125565); Kavli Nanoscience Institute,
California Institute of Technology; Gordon and Betty Moore Foundation; Amazon Web Services.

Acknowledgments. This work was supported by the ARO/LPS Cross Quantum Technology Systems program
(grant WO11NF-18-1-0103), the U.S. Department of Energy Office of Science National Quantum Information Science
Research Centers (Q-NEXT, award DE-AC02-06CH11357), the Institute for Quantum Information and Matter, an NSF
Physics Frontiers Center (grant PHY-1125565) with support of the Gordon and Betty Moore Foundation, the Kavli
Nanoscience Institute at Caltech, and the AWS Center for Quantum Computing. S.M. acknowledges support from the
IQIM Postdoctoral Fellowship. The authors thank A. Sipahigil, M. Mirhosseini, and M. Kalaee for early contributions to
this work, and S. Sonar and U. Hatipoglu for helpful discussions.

Disclosures. The authors declare no conflicts of interest.



Research Article

Optics EXPRESS

Data availability. Correspondence and requests for materials should be sent to OP (opainter @caltech.edu).

References

L.

2.

14.

15

16.

20.

21.

22.

23.

24.

25.

Y. Wu, W.-S. Bao, and S. Cao, et al., “Strong quantum computational advantage using a superconducting quantum
processor,” Phys. Rev. Lett. 127(18), 180501 (2021).

F. Arute, K. Arya, and R. Babbush, et al., “Quantum supremacy using a programmable superconducting processor,”
Nature 574(7779), 505-510 (2019).

V. V. Sivak, A. Eickbusch, B. Royer, S. Singh, I. Tsioutsios, S. Ganjam, A. Miano, B. L. Brock, A. Z. Ding, L.
Frunzio, S. M. Girvin, R. J. Schoelkopf, and M. H. Devoret, “Real-time quantum error correction beyond break-even,”
Nature 616(7955), 50-55 (2023).

G. Q. Ai, “Suppressing quantum errors by scaling a surface code logical qubit,” Nature 614(7949), 676-681 (2023).
M. Pittaluga, M. Minder, M. Lucamarini, M. Sanzaro, R. I. Woodward, M.-J. Li, Z. Yuan, and A. J. Shields, “600-km
repeater-like quantum communications with dual-band stabilization,” Nat. Photonics 15(7), 530-535 (2021).

Y. Yu, F. Ma, X.-Y. Luo, B. Jing, P--F. Sun, R.-Z. Fang, C.-W. Yang, H. Liu, M.-Y. Zheng, X.-P. Xie, W.-J. Zhang,
L.-X. You, Z. Wang, T.-Y. Chen, Q. Zhang, X.-H. Bao, and J.-W. Pan, “Entanglement of two quantum memories via
fibres over dozens of kilometres,” Nature 578(7794), 240-245 (2020).

R. D. Delaney, M. D. Urmey, S. Mittal, B. M. Brubaker, J. M. Kindem, P. S. Burns, C. A. Regal, and K. W. Lehnert,
“Superconducting-qubit readout via low-backaction electro-optic transduction,” Nature 606(7914), 489-493 (2022).
R. Sahu, W. Hease, A. Rueda, G. Arnold, L. Qiu, and J. M. Fink, “Quantum-enabled operation of a microwave-optical
interface,” Nat. Commun. 13(1), 1276 (2022).

R. Sahu, L. Qiu, W. Hease, G. Arnold, Y. Minoguchi, P. Rabl, and J. M. Fink, “Entangling microwaves with optical
light,” arXiv, arXiv:2301.03315 [quant-ph] (2023).

. W. Fu, M. Xu, X. Liu, C.-L. Zou, C. Zhong, X. Han, M. Shen, Y. Xu, R. Cheng, S. Wang, L. Jiang, and H. X. Tang,
“Cavity electro-optic circuit for microwave-to-optical conversion in the quantum ground state,” Phys. Rev. A 103(5),
053504 (2021).

. J. Holzgrafe, N. Sinclair, D. Zhu, A. Shams-Ansari, M. Colangelo, Y. Hu, M. Zhang, K. K. Berggren, and M. Loncar,
“Cavity electro-optics in thin-film lithium niobate for efficient microwave-to-optical transduction,” Optica 7(12),
1714-1720 (2020).

. M. Mirhosseini, A. Sipahigil, M. Kalaee, and O. Painter, “Superconducting qubit to optical photon transduction,”
Nature 588(7839), 599-603 (2020).

. W. Jiang, C. J. Sarabalis, Y. D. Dahmani, R. N. Patel, F. M. Mayor, T. P. McKenna, R. Van Laer, and A. H.

Safavi-Naeini, “Efficient bidirectional piezo-optomechanical transduction between microwave and optical frequency,”

Nat. Commun. 11(1), 1 (2020).

W. Jiang, F. M. Mayor, S. Malik, R. Van Laer, T. P. McKenna, R. N. Patel, J. D. Witmer, and A. H. Safavi-Naeini,

“Optically heralded microwave photons,” arXiv, arXiv:2210.10739 [quant-ph] (2022).

. X. Han, W. Fu, C. Zhong, C.-L. Zou, Y. Xu, A. A. Sayem, M. Xu, S. Wang, R. Cheng, L. Jiang, and H. X. Tang,

“Cavity piezo-mechanics for superconducting-nanophotonic quantum interface,” Nat. Commun. 11(1), 3237 (2020).

M. Forsch, R. Stockill, A. Wallucks, I. Marinkovié, C. Gartner, R. A. Norte, F. van Otten, A. Fiore, K. Srinivasan,

and S. Groblacher, “Microwave-to-optics conversion using a mechanical oscillator in its quantum ground state,” Nat.

Phys. 16(1), 69-74 (2020).

. M. J. Weaver, P. Duivestein, A. C. Bernasconi, S. Scharmer, M. Lemang, T. C. van Thiel, F. Hijazi, B. Hensen, S.
Groblacher, and R. Stockill, “An integrated microwave-to-optics interface for scalable quantum computing,” arXiv,
arXiv:2210.15702 [quant-ph] (2022).

. G. Peairs, M.-H. Chou, A. Bienfait, H.-S. Chang, C. Conner, E. Dumur, J. Grebel, R. Povey, E. cSahin, K. Satzinger,
Y. Zhong, and A. Cleland, “Continuous and time-domain coherent signal conversion between optical and microwave
frequencies,” Phys. Rev. Appl. 14(6), 061001 (2020).

. H. Zhao, A. Bozkurt, and M. Mirhosseini, “Electro-optic transduction in silicon via ghz-frequency nanomechanics,”

arXiv, arXiv:2210.13549 [physics.optics] (2022).

J. G. Bartholomew, J. Rochman, T. Xie, J. M. Kindem, A. Ruskuc, I. Craiciu, M. Lei, and A. Faraon, “On-chip

coherent microwave-to-optical transduction mediated by ytterbium in yvo4,” Nat. Commun. 11(1), 3266 (2020).

X. Han, W. Fu, C.-L. Zou, L. Jiang, and H. X. Tang, “Microwave-optical quantum frequency conversion,” Optica

8(8), 1050-1064 (2021).

N. Lauk, N. Sinclair, S. Barzanjeh, J. P. Covey, M. Saffman, M. Spiropulu, and C. Simon, ‘“Perspectives on quantum

transduction,” Quantum Sci. Technol. 5(2), 020501 (2020).

E. Zeuthen, A. Schliesser, A. Sgrensen, and J. Taylor, “Figures of merit for quantum transducers,” Quantum Sci.

Technol. 5(3), 034009 (2020).

R. Weis and T. Gaylord, “Lithium niobate: summary of physical properties and crystal structure,” Appl. Phys. A

37(4), 191-203 (1985).

Y. Chu, P. Kharel, W. H. Renninger, L. D. Burkhart, L. Frunzio, P. T. Rakich, and R. J. Schoelkopf, “Quantum

acoustics with superconducting qubits,” Science 358(6360), 199-202 (2017).

. M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, “Cavity optomechanics,” Rev. Mod. Phys. 86(4), 1391-1452
(2014).


https://doi.org/10.1103/PhysRevLett.127.180501
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1038/s41586-023-05782-6
https://doi.org/10.1038/s41586-022-05434-1
https://doi.org/10.1038/s41566-021-00811-0
https://doi.org/10.1038/s41586-020-1976-7
https://doi.org/10.1038/s41586-022-04720-2
https://doi.org/10.1038/s41467-022-28924-2
https://doi.org/10.48550/arXiv.2301.03315
https://doi.org/10.1103/PhysRevA.103.053504
https://doi.org/10.1364/OPTICA.397513
https://doi.org/10.1038/s41586-020-3038-6
https://doi.org/10.1038/s41467-019-13993-7
https://doi.org/10.48550/arXiv.2210.10739
https://doi.org/10.1038/s41467-020-17053-3
https://doi.org/10.1038/s41567-019-0673-7
https://doi.org/10.1038/s41567-019-0673-7
https://doi.org/10.48550/arXiv.2210.15702
https://doi.org/10.1103/PhysRevApplied.14.061001
https://doi.org/10.48550/arXiv.2210.13549
https://doi.org/10.1038/s41467-020-16996-x
https://doi.org/10.1364/OPTICA.425414
https://doi.org/10.1088/2058-9565/ab788a
https://doi.org/10.1088/2058-9565/ab8962
https://doi.org/10.1088/2058-9565/ab8962
https://doi.org/10.1007/BF00614817
https://doi.org/10.1126/science.aao1511
https://doi.org/10.1103/RevModPhys.86.1391

28.

29.

30.

32.

33.

34.

35.

36.

38.

39.

40.

4

—_

42.

43.

44.

45

46.

Optics EXPRESS

. M. Eichenfield, J. Chan, R. M. Camacho, K. J. Vahala, and O. Painter, “Optomechanical crystals,” Nature 462(7269),
78-82 (2009).

J. Chan, A. H. Safavi-Naeini, J. T. Hill, S. Meenehan, and O. Painter, “Optimized optomechanical crystal cavity with
acoustic radiation shield,” Appl. Phys. Lett. 101(8), 081115 (2012).

G. S. MacCabe, H. Ren, J. Luo, J. D. Cohen, H. Zhou, A. Sipahigil, M. Mirhosseini, and O. Painter, “Nano-acoustic
resonator with ultralong phonon lifetime,” Science 370(6518), 840-843 (2020).

C. E. Murray, “Material matters in superconducting qubits,” Mater. Sci. Eng. R: Reports 146, 100646 (2021).

. M. Checchin, D. Frolov, A. Lunin, A. Grassellino, and A. Romanenko, “Measurement of low-temperature loss
tangent of high-resistivity silicon wafers with high g-factor superconducting resonators,” Phys. Rev. Appl. 18(3),
034013 (2022).

M. Goryachev, N. Kostylev, and M. E. Tobar, “Single-photon level study of microwave properties of lithium niobate
at millikelvin temperatures,” Phys. Rev. B 92(6), 060406 (2015).

S. Zorzetti, C. Wang, 1. Gonin, S. Kazakov, T. Khabiboulline, A. Romanenko, V. P. Yakovlev, and A. Grassellino,
“Milli-kelvin measurements of permittivity and loss tangent of lithium niobate,” arXiv, arXiv:2302.12916 [quant-ph]
(2023).

E. A. Wollack, A. Y. Cleland, P. Arrangoiz-Arriola, T. P. McKenna, R. G. Gruenke, R. N. Patel, W. Jiang, C. J.
Sarabalis, and A. H. Safavi-Naeini, “Loss channels affecting lithium niobate phononic crystal resonators at cryogenic
temperature,” Appl. Phys. Lett. 118(12), 123501 (2021).

T. E. Roth, R. Ma, and W. C. Chew, “The transmon qubit for electromagnetics engineers: an introduction,” IEEE
Antennas Propag. Mag. 65(2), 8-20 (2023).

N. Samkharadze, A. Bruno, P. Scarlino, G. Zheng, D. P. DiVincenzo, L. DiCarlo, and L. M. K. Vandersypen,
“High-kinetic-inductance superconducting nanowire resonators for circuit ged in a magnetic field,” Phys. Rev. Appl.
5(4), 044004 (2016).

. C. X. Yu, S. Zihlmann, G. Troncoso Fernandez-Bada, J.-L. Thomassin, F. Gustavo, E. Dumur, and R. Maurand,
“Magnetic field resilient high kinetic inductance superconducting niobium nitride coplanar waveguide resonators,”
Appl. Phys. Lett. 118(5), 054001 (2021).

A.J. Keller, P. B. Dieterle, M. Fang, B. Berger, J. M. Fink, and O. Painter, “Al transmon qubits on silicon-on-insulator
for quantum device integration,” Appl. Phys. Lett. 111(4), 042603 (2017).

M. Wu, E. Zeuthen, K. Balram, and K. Srinivasan, “Microwave-to-optical transduction using a mechanical supermode
for coupling piezoelectric and optomechanical resonators,” Phys. Rev. Appl. 13(1), 014027 (2020).

S. M. Meenehan, J. D. Cohen, G. S. MacCabe, F. Marsili, M. D. Shaw, and O. Painter, “Pulsed excitation dynamics
of an optomechanical crystal resonator near its quantum ground state of motion,” Phys. Rev. X 5(4), 041002 (2015).
. Q. Quan, P. B. Deotare, and M. Loncar, “Photonic crystal nanobeam cavity strongly coupled to the feeding waveguide,”
Appl. Phys. Lett. 96(20), 203102 (2010).

S. Hong, R. Riedinger, I. Marinkovic, A. Wallucks, S. G. Hofer, R. A. Norte, M. Aspelmeyer, and S. Groblacher,
“Hanbury brown and twiss interferometry of single phonons from an optomechanical resonator,” Science 358(6360),
203-206 (2017).

S. B. Kaplan, C. C. Chi, D. N. Langenberg, J. J. Chang, S. Jafarey, and D. J. Scalapino, “Quasiparticle and phonon
lifetimes in superconductors,” Phys. Rev. B 14(11), 4854-4873 (1976).

R. P.S. M. Lobo, J. D. LaVeigne, D. H. Reitze, D. B. Tanner, Z. H. Barber, E. Jacques, P. Bosland, M. J. Burns, and
G. L. Carr, “Photoinduced time-resolved electrodynamics of superconducting metals and alloys,” Phys. Rev. B 72(2),
024510 (2005).

. L.-M. Duan, M. Lukin, I. Cirac, and P. Zoller, “Long-distance quantum communication with atomic ensembles and
linear optics,” Nature 414(6862), 413-418 (2001).

H. Ren, M. H. Matheny, G. S. MacCabe, J. Luo, H. Pfeifer, M. Mirhosseini, and O. Painter, “Two-dimensional
optomechanical crystal cavity with high quantum cooperativity,” Nat. Commun. 11(1), 3373 (2020).


https://doi.org/10.1038/nature08524
https://doi.org/10.1063/1.4747726
https://doi.org/10.1126/science.abc7312
https://doi.org/10.1016/j.mser.2021.100646
https://doi.org/10.1103/PhysRevApplied.18.034013
https://doi.org/10.1103/PhysRevB.92.060406
https://doi.org/10.48550/arXiv.2302.12916
https://doi.org/10.1063/5.0034909
https://doi.org/10.1109/MAP.2022.3176593
https://doi.org/10.1109/MAP.2022.3176593
https://doi.org/10.1103/PhysRevApplied.5.044004
https://doi.org/10.1063/5.0039945
https://doi.org/10.1063/1.4994661
https://doi.org/10.1103/PhysRevApplied.13.014027
https://doi.org/10.1103/PhysRevX.5.041002
https://doi.org/10.1063/1.3429125
https://doi.org/10.1126/science.aan7939
https://doi.org/10.1103/PhysRevB.14.4854
https://doi.org/10.1103/PhysRevB.72.024510
https://doi.org/10.1038/35106500
https://doi.org/10.1038/s41467-020-17182-9

