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Abstract

Optically addressable defect spins in semiconductors are promising candidates for quantum

memories. Merging spins and mechanics into hybrid quantum systems provides a route to

engineering quantum registers and transducers. However, precise control of such systems

requires a comprehensive understanding of each component as well as their mutual inter-

actions. In this thesis we explore the imaging of surface acoustic wave phonons and their

coupling to electron spins. We then present an overview of spin-strain coupling in silicon car-

bide divacancies, followed by fabrication and microwave characterization of Gaussian surface

acoustic wave resonators on commercial wafer-scale substrates with a piezoelectric aluminum

nitride film. The resonator’s mechanical modes are measured optically using the point defect

charge states sensitivity to electric fields that are piezoelectrically induced. Additionally, lo-

cal strain and dynamic lattice distortions from standing waves produced by interdigitated

transducers are imaged with nanometer-scale resolution using X-ray diffraction microscopy.

Finally, we demonstrate all-optical detection of acoustic paramagnetic resonance with spin

ensembles. Furthermore, we show magnetically forbidden Rabi oscillations for full ground-

state spin control and use these resonant, coherent interactions with phonons for quantum

sensing.
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Chapter 1

Introduction

1.1 Hybrid Quantum Systems with Point Defects and

Mechanics

Quantum information systems in the solid-state come in a wide variety of forms, length scales,

and energies. Many of these systems have been proposed for quantum computing or other

applications, but usually each system is specialized and caries its own unique advantages.

For example, optical photons travel long distances in fibers before experiencing significant

attenuation, and weakly interacting electron-nuclear spins yield long coherence times for

memories. One solution to broaden interdisciplinary scientific scope and work towards more

complex technologies is the creation of hybrid quantum systems that leverage advantages of

multiple components [1]. Physical quantum states are often difficult to control with more

than one or two mechanisms because extraneous coupling to environmental noise leads to

decoherence. By the same token, this makes it challenging to couple multiple disparate

quantum states simultaneously. Therefore, a quantum transducer like the one depicted in

Figure 1.1a may have to be implemented using several components and systems with pair-

wise interactions.

Optically addressable point defects in silicon carbide (SiC) have garnered interested as
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Figure 1.1: A hybrid quantum system with optically addressable spins. a A pro-
posed quantum transduction platform for exchanging quantum information between optical
photons, a solid-state spin, mechanical cavity that is piezoelectrically coupled to a supercon-
ducting microwave circuit, and qubit in order to illustrate connectivity across many systems.
b. Spin ensembles collectively coupled to phonons in a cavity.

single photon sources in a crystalline semiconductor host that is amenable to device fabri-

cation. Silicon carbide is attractive host material as it has versatile properties such as low

mechanical losses [2], uses in optoelectronics [3], and contains deep defects with coherent

defect spins analogous to the nitrogen-vacancy center in diamond [4, 5]. In the divacancy,

any two spin sublevels within the electronic ground-state can in theory be used as a qubit,

often controlled using radio frequency magnetic fields [6]. In combination with high photo-

luminescnence contrast of the spin state during optical readout and narrow band emission,

point defects are powerful candidates for quantum sensing and spin-photon interfaces. The

coherence time of these ground-state transitions can extend beyond one millisecond [7] in an

isotopic naturally abundant material containing 1.1% carbon-13 and 4.7% silicon-29, which

are both nuclear spin-1/2. Efforts have been made to couple electron spins in other materi-

als such as diamond and silicon to superconducting resonators with magnetic field coupling,

however, the coupling strength for single spin is very small and requires placing the spin less

than 50 nanometers planar resonator’s nanowire. In this scenario, the magnetic field mode

hard to confine, and laser fields can easily inject quasiparticles into the resonator or make

the superconductor go normal. Mechanical resontors (Fig. 1.1b) on the other hand are not

so easily disturbed or made lossy by optics, although scattering of optical light can cause

thermal fluctuations. Furthermore, there exist many types of mechanical resonators that
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Figure 1.2: Spin-mechanical platform with surface acoustic waves. An objective
(gray) focuses a near-infrared laser spot onto a spin (blue) being perturbed by the strain
from a Rayleigh wave in the crystal. Emitted photoluminescence from the defect spin is
also collected into the objective. The meshing shows the displacement field generated by a
Rayleigh wave.

retain high quality factors up to room temperature.

Surface acoustic wave (SAW) devices on piezoelectric materials have been well developed

for telecommunications and radio frequency filters. SAWs are of interest because there ex-

ist a number of methods for fabricating low loss resonators at gigahertz frequencies, and

piezoelectric transducers give a natural way to eventually couple the mechanical cavity to a

superconducting circuit [8]. The strain in a surface acoustic wave, specifically considering

a Rayleigh wave mode, is located within one acoustic wavelength of the surface. This pro-

vides some confinement already for the mechanical mode as opposed to high-overtone bulk

acoustic resonators. Spins in the SiC host can then be optically initialized and readout a

as shown in Fig. 1.2 while other forms of radio frequency control can come from a device

on either the front or backside of the sample. SAW resonator quality factors approach large

values [9] at millikelvin temperatures that may rival superconducting cavities. In this thesis

we will introduce key components of divacancy defects in SiC, spin resonance, and SAW
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resonators fabricated for spin control. The SAW devices are studied by a variety of means,

and importantly the dynamics are imaged using novel techniques with optical contrast from

the point defects and X-ray Bragg diffraction with nanometer-scale spatial resolution. These

methods allow us to precisely understand the mechanical mode and local dynamic strain

directly to a high degree, in combination with both analytical and numerical models. Fi-

nally, the interaction strength between divacancy spin ensembles and phonons are probed

in Gaussian SAW resonators and match well with first-principles calculations. We find that

full ground-state spin control can be enabled with strain.

1.2 The Divacancy in Silicon Carbide

Silicon carbide is available commercially as single crystal wafers in a variety of polytypes

[5]. Each polytype identifies a stacking order in the crystal lattice, and SiC has been iden-

tified in over 250 forms. Synthetically grown SiC by commercial manufacturers are 3C-SiC

(cubic, diamond structure with two species), 4H-SiC (hexagonal), and 6H-SiC (hexagonal).

Sometimes these can have specific uses such as nanophotonics [10, 11] because 3C-SiC can

be grown epitaxially on silicon or 4H-SiC for doping [12, 13] and semiconductor devices [14].

Over the past decade, two popular defects that have been extensively studied for their op-

tical and spin properties are the silicon vacancy (also referred to as VSi) [15, 16] and the

divacancy (sometimes referred to as VV) [6, 7]. From empirical evidence that will not be

shown, 3C-SiC suffers from high film stress/strain when grown on silicon substrates whereas

neutrally-charged divacancies in 4H-SiC are robust across various semi-insulating wafers, so

we choose to focus on 4H-SiC in this thesis.

In 4H-SiC the lattice follows a four-fold stacking periodicity. Figure 1.3a shows a pro-

jection of the nearest neighbor lattice sites with some Si atoms colored red to highlight the

stacking of hexagonal (h) and quasi-cubic (k) sites. Monovacancies in this lattice can exist

at either a carbon or silicon site, and a divacancy defect is formed by two of these adjacent
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Figure 1.3: Divacancy defects in silicon carbide. a. Silicon carbide lattice (4H polytype)
with the stacking order shown by the red atoms and each divacancy defect configuration
illustrated. The convention for basally oriented divacancies shown here are the vacancies
VCVSi for consistency with experimental references such as [7, 17]. The crystal orientations
are given in Miller-Bravais indexing for hexagonal systems. b. Photoluminescence emission
spectra from divacancies in 4H-SiC (PL1-4) and unidentified similar defects (PL5-6), 6H-
SiC (QL1-6), and 3C-SiC (Ky5) at a temperature of 20 K labeled by their zero-phonon line
energy. PL1-4 are equivalent to hh, kk, hk, kh configurations. The spectra are extracted
from Ref. [18].

vacancies. The configurations hh and kk result in divacancies that are oriented (dipole mo-

ment and crystal field splitting) along the crystal axis (c-axis). The configurations hk and kh

using the notation VCVSi are oriented approximately 109.5◦ relative to the c-axis, so these

are occasionally referred to as basally oriented. These four defects we have discussed are

also named PL1-4 for the order that they appear in optical spectroscopy (Fig. 1.3b) [6, 18].

When optically excited, less than 10% of the emitted photoluminescence (PL) spectrum is

contained in a narrow zero-phonon line (approximately 5− 7% for divacancies, compared to

3− 5% for the nitrogen-vacancy center in diamond). The remainder of the emission is in a

broad phonon sideband at lower energies due to phonon assisted, radiative decay.

The electronic orbitals of the divacancy are formed from dangling bonds by the nearby

carbon and silicon atoms (Fig. 1.4a) [19, 21, 22]. These reduce to a ground-state (e2) orbital

singlet (A2 symmetry) and an excited-state (ae) orbital doublet (E symmetry), that are spin
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Figure 1.4: The divacancy structure and intersystem crossing. a. Electronic orbitals
of the divacancy in 4H-SiC from dangling bonds. The two lines labeled e↑ represent the
double degenerate {ex, ey} orbitals. The ground-state and excited-state are within the 4H-
SiC bandgap. b. General (simplified) model of the electronic ground-state, excited-state,
and intersystem crossing of the divacancy that give rise to spin initialization and readout
from optical absorption. The broadened excited-state levels represent the extra orbital states
not shown. Solid lines are radiative and dashed red lines are non-radiative relaxation. c.
Experimental decay rates in a simplified model for the divacancy in 3C-SiC. Both (a) and
(b) are adapted from Ref. [19], and (c) is adapted from Ref. [20].

triplets (s = 1). Related theory for the nitrogen-vacancy center can be found in [23, 24]. Both

orbital configurations are located within the 4H-SiC bandgap that is ≈ 3.2 eV, therefore, a

near-infrared laser (e.g. 976 nm) can excite a divacancy without creating electron-hole pairs.

A narrow line laser can optically excite the defect selectively (green arrows in Fig. 1.4b).

Although, a more powerful off-resonant laser can also be used to excite all spin sublevels in

a spin-conserving optical transition. From the excited state, the divacancy may take a few

different paths of decay that will be simplified and summarized. Radiative decay (orange

arrows in Fig. 1.4b) result in PL. The spin can also decay into lower-lying, metastable singlets

(A1 and E symmetry) due to spin-orbit and electron-phonon coupling, which then eventually

decay into the ground-state 3A2 (coupling rates shown as dashed red arrows in Fig. 1.4b).

These are mostly non-radiative transitions, although it is known that the A1 to E transition

may emit optical photons like in the nitrogen-vacancy center in diamond. Each decay rate

may be vary from one to another in this intersystem crossing, allowing for different relaxation
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Figure 1.5: The ground-state spin of hh and kk divacancies. a. Level structure of the
spin-1 ground-state for c-axis oriented divacancies. Spin-spin interactions are captured by
the zero-field splitting parameter D0. Electronic Zeeman interactions at low magnetic fields
shift the electronic |±1〉 states, nuclear Zeeman interactions can be ignored at low fields, and
hyperfine interactions with nearby nuclear spins can further couple to each spin sublevel with
the isotropic parameter A. The bottom plot illustrates the electronic Zeeman shift caused
by a magnetic field without hyperfine interactions, where B0 is the applied static magnetic
field along the defect axis (SiC c-axis for hh and kk) and B1 is perpendicular (in-plane). b.
Optically detected magnetic resonance (ODMR) of hh and kk spin ensembles near 100 G
and at a temperature of 30 K. Red lines are Gaussian fits, in which the side peaks are from
electron spins more strongly coupled to neighboring nuclear spins.

rates from separate spin sublevels. For divacancies in 3C-SiC, the intersystem crossing rates

have been measured on single defects1 and are summarized in Fig. 1.4c. By applying only

modest off-resonant laser power (∼ mW), a divacancy spin will eventually get polarized into

the ground-state ms = 0 sublevel with over 90% spin polarization [20].

Spin initialization and readout are optically enabled by the defect’s intersystem crossing.

Just as using a near-infrared laser initializes the spin selectively intoms = 0 after a few optical

cycles, the defect will also emit different amounts of PL (optical contrast) depending on

which spin state it is in before readout. The technique optically detected magnetic resonance

1. Similar rates are expected for single hh and kk divacancies in 4H-SiC due to having analogous host
materials and the same point symmetry.
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(ODMR) is when one probes electron spin resonance with radio frequncy magnetic fields

while measuring optical contrast. Now, let us take a closer look at the ground-state spin

level structure in the presence of a nearby nuclear spin such as 29Si by writing out the

Hamiltonian as,

H = D0S
2
z + γeB · S + γnB · I + S ·A · I , (1.1)

where D0 is the axial zero-field splitting parameter (∼ 1.3 GHz for divacancies in SiC),

S is the vector of electron spin-1 matrices, I is the vector of nuclear spin-1/2 matrices, B is

the magnetic field vector assumed to be homogeneous, A is the hyperfine coupling tensor.

The first term is from spin-spin interactions and only contains one parameter for hh and

kk that have C3V symmetry from three mirror planes and tetrahedrally coordinated atoms,

otherwise, there is an additional term E0(S2
x − S2

y) for hk and kh that have C1h symmetry.

The zero-field splitting (D0 and E0 for simplicity) is sensitive to external perturbations such

as electric fields, temperature, and strain [17]. Therefore, D provides a way for quantum

sensing of external non-magnetic perturbations using the spin. The second and third terms

are the electronic and nuclear Zeeman terms, respectively, where the gyromagnetic ratios are

γe = 28 GHz/T for the divacancy and γn = −8.5 MHz/T for 29Si [25].

In the case of small magnetic fields (much less than one Tesla) where the nuclear Zeeman

effect is neglible compared to the electron spin linewidth, we obtain the level structure shown

in Fig. 1.5a, in which an a.c. magnetic field (B1) perpendicular to the defect axis is used

for ODMR while a static magnetic field (B0) controls the electron spin transition frequency.

In spin ensembles, the dominant source of inhomogeneous broadening in an electron spin

resonance spectrum is usually from nuclear spins. Each electron spin may experience a

different relative distance to nuclear spins (e.g. 29Si and 13C), so strong hyperfine coupled

electron spins appear as sidebands in an ODMR spectrum while a large population of weakly

coupled spins appears as a broadening (Fig. 1.5). By pulsing the microwave and sweeping

the pulse length between experiments, one can measure ground-state spin Rabi oscillations
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of the defects and use this to calibrate pulse times for other experiments such as Ramsey

interferometry, and dynamical decoupling sequences to improve coherence times.

1.3 Spin-Lattice Coupling

In 1944 Russian physicist Evgenii Konstantinovich Zavoisky discovered Electrom Param-

agnetic Resonance (EPR), published in 1945 after World War II had ended [26]. After

the fields of EPR and nuclear magnetic resonance had become well established, the phe-

nomenon of Acoustic Paramagnetic Resonance (APR), absorption of sound waves resonantly

by spins, was first theoretically predicted in 1952 by Russian physicist Semen Alexandrovich

Al’tshuler2 [27] and independently by French physicist Alfred Kastler [28]. It is well known

that spins exhibit energy decay by emitting thermal phonons to the host crystal lattice, so

naturally one would expect that the time-reversed can also occur where spins absorb phonons

from the lattice.

Initially, APR was performed by observing changes in EPR spectra while applying acous-

tic power at the sample from a quartz transducer for bulk acoustic waves. The first exper-

imental evidence of APR observations on nuclear quadrupolar interactions and relaxation

times of 35Cl nuclei were in 1955 [29, 30] and on electron spin interactions with phonons

in 1959 [31]. In the following decades, APR was performed and mapped out for various

high-spin systems such as chromium and vanadium impurities in Al2O3 [32], as well as iron-

group centers and various other transition metal ions in quartz [33]. Interestingly, ions in

MgO have shown some of the highest spin-lattice coupling constants (1 − 5 cm−1 per unit

strain ≈ 30− 150 GHz per unit strain, some centers occasionally in excess of 1000 GHz per

unit strain) [34, 35, 36, 37]. One of the applications proposed for APR was to use double spin

resonance, for example utilizing combined magneto-acoustic resonance methods on three or

more spin sublevels with direct (single phonon) process interactions, could be used to create

2. Zavoisky is credited by Semen Al’tshuler for the initiative and motivation to study the theory of
paramagnetic resonance with sound waves.
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“maser-effects” for phonons to construct amplifiers of coherent sound waves [38]. This pro-

posal still motivates us today in some regards. Unfortunately, however, this is a difficult task

because it is hard to come by highly coherent, controllable spin (s > 1/2) systems that both

respond strongly to phonons and are in a material host well suited for device engineering.

Two common mechanisms that couple phonons to electron spins through lattice strain is

internal spin-spin and spin-orbit coupling, which can both lead to secord-order spin interac-

tions. Additionally, first-order spin interactions can be available where the electron g-factor

is directly modified by strain, although those are more common in ions with large spin-orbit

coupling parameters. With these interactions present, more thermal phonons in a system

will cause faster spin relaxation while coherent local phonons could be used for spin state

manipulation.

Numerous recent studies involving nitrogen-vacancy centers have investigated spin-strain

coupling in nanomechanical systems with static strain and observing changes to the ground-

state spin transition frequencies [39, 40] or with acoustic phonons to drive ∆ms = ±2 spin

transitions [41, 42, 43, 44]. In particular, the static strain measurements, or equivalently

dynamical decoupling (i.e. stroboscopic) on low frequency oscillators, revealed spin-strain

coupling constants with a magnitude of 5-20 GHz per unit strain depending on the reference.

These studies described their systems with Hamiltonians that grouped the ‘axial’ contribu-

tions into d‖(Ez + εz)S
2
z and the ‘transverse’ contributions into Πx(S2

x + S2
y) + Πy(SxSy +

SySx), where the electric field and strain (others write effective stress) are grouped into

Πx,y = d⊥(Ex,y + εx,y) [45, 46]. The dipole moments/coupling parameters are d‖,⊥, which

actually get independently evaluated for electric field and strain susceptibilities.

While the form shown above has some intuitive truth for the electric field coupling and

draws on equivalences to crystal field splittings for strain, the approximation is incorrect.

We know from solid mechanics that strains are not three component vectors, neither do they

transform like electric fields, nor would these perturbations map onto the zero-field splitting

tensor due to being a different rank. Furthermore, shears do not appear to be directly
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represented in the above formalism. One may ask, if scientists such as Al’tshuler understood

that spin-strain coupling was rooted in field theory and symmetry, why would the modern

color center community have forgotten about shear or APR literature, and then made so

many assumptions? Perhaps the reason lies in diagonalization and frame of reference.

Experimentally the only observable differences one can measure with EPR and ODMR

are the two spin transition frequencies, which may be written in two parameters as modified

axial and transverse zero-field splitting ∆D0 and ∆E0, respectively. These parameter ∆D0

quantifies an energy shift of ms = ±1 relative to ms = 0 and ∆E0 is the change in energy

difference between the ms = ±1 spin sublevels. Clearly, the splittings alone cannot account

for all matrix elements allowed by the second rank tensor for spin-spin interactions. In the

next chapter we explain a more complete picture of spin-strain coupling in defects with

C3v symmetry and then demonstrate all-optical detection of APR (∆ms = ±1 and ±2

spin transitions with phonons) using divacancy ensembles in Chapter 6. Electric field-spin

coupling in matrix form is presented in Appendix B. The surface acoustic wave resonator

experiments we conduct in tandem with density functional theory predictions indicate a

spin-strain coupling around 1-5 GHz per unit strain, which is in agreement with recent

theoretical work done independently [47, 48]. Our understanding and demonstrations lay

the groundwork for performing arbitrary manipulations of defect ground-state spins with

strain and building spin-mechanical hybrid systems in silicon carbide.
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Chapter 2

Electron Spin Resonance with

Photons and Phonons

2.1 Quantum Information

2.1.1 Time-Evolution

In a quantum information platform, the physical state can be described as a vector in a

Hilbert space, containing as many orthogonal dimensions as is necessary to describe the

problem or process [49]. The quantum state in Dirac notation can then be written as the

sum of independent vectors with complex coefficients,

|ψ〉 =
∑
a′
ca′
∣∣a′〉 . (2.1)

The complex numbers ca′ are normalized such that
∑
a′ |ca′|2 = 1. The probabilities

of |ψ〉 in various states can be seen in the density matrix ρ = |ψ〉 〈ψ|, which must have a

trace tr(ρ) = 1. The quantum state |ψ〉 is considered to be in a pure state when tr
(
ρ2
)

= 1,

otherwise it is considered to be a mixed state where |ψ〉 is then composed of multiple vectors.

The differential Schrödinger equation for time-evolution of the state |ψ(t)〉 = U(t, t0) |ψ(t0)〉,
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where U(t, t0) is the time-evolution operator (called the propagator), can be written as:

i~
∂ |ψ(t)〉
∂t

= H |ψ(t)〉 . (2.2)

The Hamiltonian H is a Hermitian operator that describes energies and interactions in

a system. If one wants to compute the time-evolution after multiple operations on the state

|ψ(t0)〉, then it is straightforward to use the propagator however many times as is necessary,

e.g. |ψ(t2)〉 = U(t2, t1)U(t1, t0) |ψ(t0)〉.

To understand the time-evolution of an initial state |ψ(t0)〉, a few scenarios can be con-

sidered. In the case that H is time-independent, propagator U(t, t0) as derived from 2.2 is

simply given by

U(t, t0) = exp[
−iH(t− t0)

~
]. (2.3)

From this relation, one can see that energy eigenstates H
∣∣a′〉 = Ea′

∣∣a′〉 will evolve into∣∣a′〉 → e
−iEa′ t

~
∣∣a′〉, therefore picking up a relative phase over time in general on each non-

degenerate state. In the case that H is time-dependent but commutes at different times t,

the propagator is

U(t, t0) = exp[
−i
∫ t
t0
H(t′)dt′

~
]. (2.4)

Throughout this thesis we will only need to use U in the case of the time-independent

Schrödinger equation by working in the rotating frame of spin systems, which will be intro-

duced in the next section.

2.1.2 Two-Level Systems and Magnetic Resonance

In this section we will review the Hamiltonian for a two-level spin system using electron spin

resonance with Zeeman interactions and microwave photons as an example. Following the

discussion earlier, a single electron spin in a pure state will need only two complex scalars,
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Figure 2.1: Bloch sphere. The quantum state |ψ〉 is represented as a vector on a sphere
with a radius of 1 if normalized, polar angle θ, and azimuthal angle φ.

call them c↓ and c↑, to describe the superposition.

|ψ〉 = c↓ |↓〉+ c↑ |↑〉 (2.5)

These constants for the quantum state can also be expressed as a vector on the Bloch

sphere using two constants, where θ and φ are the polar and azimuthal angles, respectively

(Fig. 2.1). The pure state can then be written as,

|ψ〉 = cos(θ/2) |↓〉+ sin(θ/2)eiφ |↑〉 (2.6)

The complete set of Hermitian operators to describe a two-level system is the Pauli spin

matrices,

1 =

1 0

0 1

 ;Sx =
~
2

0 1

1 0

 ;Sy =
~
2

0 −i

i 0

 ;Sz =
~
2

1 0

0 −1

 . (2.7)

With these matrices we express any density matrix in terms of the Pauli matrices, and

using these matrices as operators on |ψ〉 we can rotate a state arbitrarily around the Bloch

sphere. Note that in other texts 1 can also be referred to as σ0, and σ1,2,3 are the standard

Pauli matrices σx,y,z.
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H = ~γB · S (2.8)

where B is the magnetic field vector, S = {Sx, Sy, Sz} is the vector of Pauli spin matrices,

γ = gµB is the electron gyromagnetic ratio (g is the isotropic g-factor and µB is the Bohr

magneton), which is approximately 2π×28 GHz/T (the 2π is from using angular frequencies

in this convention). Bold form will be used to represent vectors and tensors. The Sz

projections
∣∣∣ms = ±1

2

〉
are synonymous with the |↑, ↓〉 states. Let us suppose initially that

the external magnetic field vector B0ẑ is applied along the z direction and is static, so

H0 = γB0Sz. Note that it is possible to choose any other direction for B0 on a spin-1/2

particle and this would only result in a basis change in the following work. Applying the

propagator U = e−iγB0Sz/t and rewriting the transition frequency ω0 = γB0 yields

U |ψ〉 = c↑e
−iω0t/2 |↑〉+ c↓e

+iω0t/2 |↓〉 . (2.9)

Here, we can see that there is a time-dependent relative phase φ = ω0t between the two

spin states. Any global phase factor eiΦ |ψ〉 is not important and can be neglected since it

does not modify the magnitude of the vector |ψ〉. On the Bloch sphere the vector is rotating

about the z-axis at an angular frequency ω0, which is called the spin precession frequency

or Larmor frequency.

Next, to coherently control the quantum state let us introduce an oscillating, transverse

magnetic field B1 cos(ωt+ ϕ)x̂ with linear polarization as is common in experiments. It is

important here that the field B1 is perpendicular to the spin quantization axis. In the lab

frame the total Hamiltonian (Hlab = H0 +H1(t)) written in basis {|↑〉 , |↓〉} is,

Hlab/~ =

 ω0/2 γB1 cos(ωt+ ϕ)

γB1 cos(ωt+ ϕ) −ω0/2

 . (2.10)

The result of this Hamiltonian is easier to understand and calculate by removing the
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time dependence and going into the interaction picture. In order to transform into the

interaction picture using a reference rotating at a frequency ω, the same frequency as the

transverse magnetic field, we need to apply a transformation matrix P . This matrix takes

us into a rotating frame within the Hilbert space and cancels out either some or all of the

time dependence caused by spin precession. For a spin-1/2 system, we can see that using

P = e−iωtH0/~ (sometimes with an identity term added to H0 for convenience) and the

transformation |ψ(t)〉 → P † |ψ(t)〉 the time-evolved state is

P †e−iH0t/~ |ψ〉 = |ψ(t)〉rf = c↑e
−i(ω0−ω)t/2 |↑〉+ c↓e

+i(ω0−ω)t/2 |↓〉 (2.11)

The final state after time-evolution does not accumulate a relative phase when we are in

a reference frame rotating at ω = ω0. While it is convenient to remove the time-dependence

from |ψ〉, our goal is remove the time-dependence from Hlab. The Hamiltonian in the rotating

frame can be derived from transforming the Schrödinger equation,

i~
∂(PP † |ψ(t)〉)

∂t
= P (P †HP )(P † |ψ(t)〉)

i~
∂ |ψ(t)〉rf

∂t
= (P †HP − i~P †∂P

∂t
) |ψ(t)〉rf .

(2.12)

Therefore, the Hamiltonian in the rotating frame is Hrf = P †HP − i~P † ∂P∂t and time-

evolution follows as |ψ(t)〉rf = e−iHrf t/~ |ψ(t = 0)〉rf . The subscript ‘rf’ stands for ‘rotating

frame’ and is not to be confused with ‘radio-frequency’ that will be used in later chapters.

Using this information, the transformation for a spin in an oscillating magnetic field yields,

Hrf/~ =

 (ω0 − ω)/2 γB1
2 e−iϕ(1 + e2i(ϕ+2ωt))

γB1
2 eiϕ(1 + e−2i(ϕ+2ωt)) −(ω0 − ω)/2

 . (2.13)

The co-rotating terms are preserved, whereas the counter-rotating terms are oscillating

at twice the drive frequency. The counter-rotating terms 2ω get time-averaged and can
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be canceled out: this is called the rotating wave approximation (RWA). The RWA is

valid when B1 � B0. We define ∆ = ω0 − ω as the frequency detuning between our spin

transition frequency and the a.c. drive, with a magnetic field drive strength Ω = γB1, which

will become apparent why when we review time-domain manipulation. It is possible to add

an identity to Hrf , which will not affect the result for |ψ(t)〉rf beyond a global phase factor,

in order to group the diagonal terms for clarity. We find that

Hrf/~ ≈

∆/2 Ω
2 e
−iϕ

Ω
2 e
iϕ −∆/2

 . (2.14)

The phase ϕ of the a.c. magnetic field offers access to both Sx and Sy for single-qubit

gates rather than requiring independent, physical magnetic field control in both cartesian

directions. This Hamiltonian is the case for transverse driving of a two-level system. It

is worth noting that small oscillating magnetic fields along the spin quantization (z) axis

can usually be neglected. Although, there is indeed interesting physics that arises from

strong longitudinal driving using H = H0 + Ω′ cos(ωt)Sz, such as sideband transitions and

Landau-Zener-Stückelberg interferometry [50] which will not be discussed here.

2.1.3 Autler-Townes Effect

One result seen from the RWA applied to a driven two-level system is that the |↑〉 and |↓〉

get mixed, and in the rotating frame there is a new preferred basis. Diagonalizing 2.14 gives

us the eigenvalues,

E± = ±~
2

√
∆2 + Ω2. (2.15)

On resonance (∆ = 0), there is an energy splitting of E+ − E− = ~Ω due to a.c.

driving with a transverse field (Fig. 2.2), and the eigenstates are |±〉 = 1
2(|↑〉 + |↓〉). This

splitting is called the Autler-Townes effect, also known as the AC Stark effect, and can be
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Figure 2.2: Autler-Townes effect. The eigenvalues of Hrf are plotted as a function of
detuning (∆) for a constant drive rate (Ω). An avoided level crossing with a gap size Ω is
opened up at ∆ = 0.

directly observed during transition frequency spectroscopy of a two-level system mixed by

a transverse field Ω. When Ω is driven by microwaves it is directly proportional to the

drive field strength (e.g. B1 for electron paramagnetic resonance), so one way to check this

effect in experiments while driving at a constant power is to observe that the splitting is

proportional to the square-root of the applied drive power.

2.1.4 Rabi Oscillations

We will now turn to investigating the result of Hrf for coherent control of the physical

state as a function of time. Let us initialize the quantum state into spin-down, such that

|ψ(t = 0)〉 = |↓〉 where |↓〉 ≡
(

0
1

)
and |↑〉 ≡

(
1
0

)
in matrix form. We can find the state

after time t, subject to the Hamiltonian Hrf from 2.14 and depicted in Fig. 2.3a. Solving

e−iHrf t/~ |↓〉 for the coefficients c↑,↓ yields exact solutions,

c↑(t) =
−iΩ√

∆2 + Ω2
sin

(
t

2

√
∆2 + Ω2

)
c↓(t) = cos

(
t

2

√
∆2 + Ω2

)
+

i∆√
∆2 + Ω2

sin

(
t

2

√
∆2 + Ω2

)
.

(2.16)

Next, we can find the probabilities of measuring |ψ(t)〉 in each eigenstate by looking at

the coefficients’ norm given by
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Figure 2.3: Rabi oscillations in a two-level system. a. Level structure of an electron
spin being driven by Ω = γB1(t) with detuning ∆. b. Rabi oscillations between two spin
states. c. Graph of |c↑(t)|2 as a function of ∆ = ω0 − ω, time-averaged over one period.

|〈↑|ψ(t)〉rf |
2 =

Ω2

∆2 + Ω2
sin2

(
t

2

√
∆2 + Ω2

)
|〈↓|ψ(t)〉rf |

2 = 1 +
Ω2

2(∆2 + Ω2)

(
cos
(
t
√

∆2 + Ω2
)
− 1
)
.

(2.17)

On the Bloch sphere in the rotating frame and at zero detuning, the spin sees an effectively

static magnetic Bx. The spin proceeds to precess about the x-axis leading to smooth spin

rotations (oscillations) between |↓〉 and |↑〉. Equation 2.17 is also known as the Rabi formula.

The presence of a non-zero detuning ∆ increases the total Rabi rate ΩR =
√

∆2 + Ω2 and

lowers the Rabi contrast (Fig. 2.3b) because the effective magnetic field seen by the spin

is no longer only along Sx. The time it takes to complete half an oscillation on resonance

(t = π/Ω) is called a ‘π pulse’ (σx gate) on the qubit because it corresponds to a change in

the Bloch sphere polar angle of θ = π.

Finally, it is also instructive to look at the transition probability as a function of drive

frequency. While working at a fixed drive rate Ω, the time-averaged transition probability

as a function of detuning ∆ = ω0 − ω is a Lorentzian centered on resonance ∆ = 0 with a

full-width at half maximum of 2Ω. In general, driving a two-level system will broaden the

measured resonance if Ω exceeds the natural line width (e.g. 1
T ∗2

) of the system.
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2.1.5 Three-Level Systems: General Definitions

Multi-level systems offer more complexity for storing information and routes for quantum

control. Three-level systems in particular can be used for probing interferences between the

three eigenstates with applications to solid-state defect spins such as coherent population

trapping [51], Berry phase manipulation [52], shortcuts to adiabaticity [53], and coherence

protection from dephasing mechanisms [54]. In this section we will derive a Hamiltonian

using the RWA on a general three-level system.

We begin by writing down the energies (eigenvalues) for our system in the {|1〉 , |2〉 , |3〉}

basis.

H0 ≡


~ω01

~ω02

~ω03

 (2.18)

In the laboratory frame, the three level system is subjected to transverse driving with

linear polarization between any of the three sublevels with field strengths Ωjk between states

|j〉 and |k〉 (Fig. 2.4a). Each drive may have a phase φjk, which can be absorbed as a complex

scalar into Ωjk → Ωjke
−iφjk . We will ignore these relative phases for simplicity because they

can be added back in at the end. Our Hamiltonian in the lab frame can be written as,

Hlab/~ =


ω01 Ω12 cos(ω12t) Ω13 cos(ω13t)

Ω12 cos(ω12t) ω02 Ω23 cos(ω23t)

Ω13 cos(ω13t) Ω23 cos(ω23t) ω03

 (2.19)

For the transformation matrix P , we will use the convention a double-rotating frame

relative to the ground state energy (~ω01), so we can write P ∼ e−i(H0−~ω011)t/~. However,

the frequencies in P are ω12 for |1〉 ↔ |2〉 and ω13 for |1〉 ↔ |3〉 because it is convenient to

work with our drive frequencies. The transformation matrix for the three-level system is,
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Figure 2.4: Three-level system. a. Laboratory frame view of the system with three
transverse drives. b. Coupled system with one-photon and two-photon detunings portrayed.

P =


1

e−iω12t

e−iω13t

 . (2.20)

After going into the rotating frame using Hrf = P †HP − i~P † ∂P∂t , we find that

Hrf/~ =


ω01

Ω12
2 (1 + e−2itω12) Ω13

2 (1 + e−2itω12)

Ω12
2 (1 + e2itω12) ω02 − ω12

Ω23
2 e−it∆

′
(1 + e−2itω23)

Ω13
2 (1 + e2itω13) Ω23

2 eit∆
′
(1 + e2itω23) ω03 − ω13

 . (2.21)

The parameter ∆′ = ω12 + ω23 − ω13 yields a time-dependent phase unless ∆ = 0.

In experiments one can carefully choose the drive frequencies ω12, ω23, ω13 and such that

∆ = 0, leading to a simpler final result. Making this assumption, adding an identity term

so that energies are relative to the ground-state |1〉, and canceling out the fast oscillating

counter-rotating terms with the RWA gives us the time-independent Hamiltonian

Hrf/~ ≈


0 Ω12/2 Ω13/2

Ω12/2 δ Ω23/2

Ω13/2 Ω23/2 ∆

 , (2.22)
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where ∆ = (ω03−ω01)−ω13 is the one-photon detuning and δ = ∆−(ω03−ω02)−ω23 is

the two-photon detuning. Relative phases between the various drive strengths (Ωjke
−iφjk)

should be considered for many physical effects and experiments, especially those involving

simultaneous, continuous driving with multiple fields.

2.1.6 Three-Level Systems: Divacancy Ground-State Spin

The divacancy electronic ground-state is a spin triplet state (s=1) with spin projections

ms = 0,±1. In this section we will be working in linear frequencies for consistency with

defect spin literature as well as having simpler interpretations for experiments probing tran-

sitions with frequency spectroscopy. The Pauli matrices for a spin-1 system written in the

{|+1〉 , |0〉 , |−1〉} basis are,

Sx =
1√
2


0 1 0

1 0 1

0 1 0

 ;Sy =
1√
2


0 −i 0

i 0 −i

0 i 0

 ;Sz =
1√
2


1 0 0

0 0 0

0 0 −1

 . (2.23)

The Planck constant does not appear in the Pauli matrices because we will add it back

as a coefficient for all subsequent Hamiltonians. We can approximate the electronic ground-

state as the sum of Zeeman interactions with external magnetic fields (HZeeman) and internal

spin-spin interactions (Hss). The total ground-state spin Hamiltonian can then be written

as,

H = HZeeman +Hss (2.24a)

HZeeman/h = γB · S (2.24b)

Hss/h = S ·D · S, (2.24c)
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where S = {Sx, Sy, Sz} is the vector of Pauli matrices, B = {Bx, By, Bz} is the local

magnetic field vector, γ = 28 GHz/T is the electron gyromagnetic ratio (notice our conven-

tion is linear frequency here), D is the zero-field splitting tensor. When no crystal or external

perturbation is present (e.g. strain and electric fields), Hss is reduced to two independent

zero-field splitting parameters: D0S
2
z and E0(S2

x − Sy2) the axial and transverse crystal

fields, respectively. D0 (where D0 > E0 by choice of basis) creates a well defined defect-axis,

which is the ẑ-axis. Since the divacancy configurations hh and kk investigated in later chap-

ters are both oriented along the c-axis and C3v symmetric, we will choose to set E0 = 0.

Strain and electric fields can modify D, so all components of Hss may have to be considered.

A complete picture of spin-strain interactions from Hss will be discussed in the next section.

Let us suppose, as an example, that we can mechanically drive the spin with |+1〉 〈−1|+h.c.

mixing terms at a single frequency ωm close to the |−1〉 → |+1〉 resonance condition (ωm

is very detuned from the other transitions). Additionally, we add a static magnetic field

(B0ẑ) to tune the spin transition frequencies and a.c. sinusoidal magnetic fields B±1(t)x̂

at frequencies close to the |0〉 → |±1〉 resonances, respectively. the Hamiltonian from 2.24

simplifies to,

Hlab/h = D0S
2
z + γ(B0Sz +B+1(t)Sx +B−1(t)Sx) + Ωm(S2

x − S2
y). (2.25)

The spin transition (precession) frequencies areH0/h = D0S
2
z+γB0Sz while the magnetic

drive strengths are ΩB:±1 = γB±1 at B0 � B±1, as shown in Fig. 2.5a. Since we are working

in the condition B0 � B±1, the sinusoidal drives ΩB:±1 can only drive magnetically allowed

∆ms = ±1 spin transitions near-zero detuned from ms = 0 to each of their respective spin

sublevels. By working under the assumption that ωB:−1 = ωB:−1− ωm, transformation into

the rotating frame is enabled by
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Figure 2.5: Divacancy ground-state spin with three drives. a. Laboratory frame
Hamiltonian and setup for driving the ground-state spin with two a.c. magnetic fields ΩB
and one a.c. mechanical (or electrical) drive Ωm. b. Level structure with detunings ∆, δ
illustrated.

P =


e−iωB:+1t

1

e−i(ωB:+1−ωm)t

 , (2.26)

which reads like the double-rotating frame for a Λ-system in the electron spin ground-

state. After using the RWA and collecting the diagonal elements into two terms, the Hamil-

tonian can be written as,

Hrf/h =


∆ ΩB:+1/2 Ωm/2

ΩB:+1/2 0 ΩB:−1/2

Ωm/2 ΩB:−1/2 δ

 . (2.27)

The parameter ∆ = 〈+1|H0|+1〉 − ωB:+1 is the one-photon detuning from |0〉, and

δ = ∆ − ( 〈+1|H0|+1〉 − 〈−1|H0|−1〉 − ωm) is the two-photon detuning (Fig. 2.5b). In

the case of mechanical driving, in fact, δ is actually a one-photon, one-phonon detuning,

however, another interpretation one can see is that δ is the one-photon magnetic detuning

from |0〉. Expressing the detunings in terms of our experimental parameters yields,
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∆ = D0 + γB0 − ωB:+1

δ = D0 − γB0 − (ωB:+1 − ωm) = D0 − γB0 − ωB:−1.

(2.28)

A mechanically induced Autler-Townes effect readily appears from this three-level when

we consider a strong mechanical drive and weak magnetic driving. If we take ΩB:±1 → 0,

the eigenvalues of 2.28 are

E0 = 0

E± =
1

2
(∆ + δ ±

√
(∆ + δ)2 + Ω2

m)
(2.29)

Near resonance (∆ = δ = 0), the mechanics introduces a symmetric avoided level crossing.

Since the first derivative of this avoided crossing on resonance is zero with respect to small

magnetic field changes in B0, like those caused by nuclear spin flips, the spin sublevels will

encounter less dephasing.

2.2 Spin-Strain Coupling

2.2.1 Electronic Spin-Spin Interactions

We will now consider all general outcomes of spin-spin interactions and their relationship

to perturbations by strain on defect spins with a symmetry point group C3v. Spin-spin

interactions (from dipole-dipole effects and the Pauli Exclusion Principle) and spin-orbit

coupling lead to a second order spin interaction, depending greatly on the symmetries and

geometry of the electronic wavefunction. The divacancy in silicon carbide has a relatively

weak spin-orbit coefficient in the excited state, and furthermore spin-orbit coupling in the

ground-state spin is a second order perturbation from the excited state orbital doublet so
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we will ignore spin-orbit contributions. The spin-spin interactions may be expressed as a

zero-field splitting Hamiltonian,

Hss/h = S ·D · S . (2.30)

It can be helpful to see this in matrix form after contracting the Pauli Matrices and

terms in the 3x3 matrix Dij in Hss/h =
∑
ij SiDijSj . Considering all terms in the

{|+1〉 , |0〉 , |−1〉} basis, the Hamiltonian can be written as,

Hss/h =


1
2(Dxx +Dyy) +Dzz

1√
2
(Dxz − iDyz) 1

2(Dxx −Dyy)− iDxy
1√
2
(Dxz + iDyz) Dxx +Dyy

1√
2
(−Dxz + iDyz)

1
2(Dxx −Dyy) + iDxy

1√
2
(−Dxz − iDyz) 1

2(Dxx +Dyy) +Dzz

 . (2.31)

In our rest frame with no other zeroth-order contributions or perturbations, Hs reduces

to DxxSxx + DyySyy + DzzSzz. With our single defect at the origin in space, Dxz, Dyz

are equivalent to a spatial rotation of our defect basis vectors, so these off-diagonals are set

to zero. Each diagonal component Dii correspond to compressions or elongations in those

respective axes. Given that Hrm is traceless (Dxx + Dyy = −Dzz), we can rewrite the

Hamiltonian and sum up the observables as

H0/h =


1
3D0 0 E0

0 −2
3D0 0

E0 0 1
3D0

 , (2.32)

where the independent component D0 is defined in the conventional notation as 3
2Dzz

[55], and E0 = (Dxx − Dyy)/2. D0 is called the axial crystal field splitting and partially

lifts the system’s degeneracies by moving Kramers doublets away from other states (e.g.

ms = ±1 from ms = 0) in energy, while E0 is called the transverse crystal field splitting

26



and lifts Kramers degeneracy (e.g. splits ms = 1 and ms = −1). Since we are focusing on

c-axis oriented divacancy defects with C3v symmetry, the D tensor has only one independent

component (D0) and the transverse crystal field splitting (E0) is zero due to three-fold mirror

symmetry. In addition, it is common to add an identity to make 〈0|H0|0〉 = 0, that way

H0 = D0S
2
z mimics the spin transition frequencies observed in experiments.

If a strain is then applied to the system, C3v symmetry may be broken, leading to

additional diagonal and non-zero off-diagonal elements in the original basis. The relation

between strain and D is characterized by how much energy the zero-field splitting components

shift by when a small strain perturbation is present. Expanding the D tensor to leading order

in strain yields,

Dij(εkl) = D0S
2
z +

∂Dij
∂εkl

εkl +O
(
ε2
)
. (2.33)

We define G as the first-derivative of D with respect to the strain tensor εij linear

response regime (small ε). The coupling coefficients in G are a fourth rank tensor,

Gijkl ≡
∂Dij
∂εkl

(2.34)

where i, j, k, l are indices that represent the Cartesian coordinates {x, y, z}. The strain

is defined as εkl = 1
2(ukxl

+ ul
xk

), where ui = {ux, uy, uz} is the material displacement vector

while treating the crystal as a continuum. In this convention, compressive uniaxial strains are

negative and tensile uniaxial strains are positive (uniaxial strains are the diagonal elements

εii).

In Voigt notation, in order to reduce the number of redundant components written down,

both the symmetric tensors D and ε are written as 6-dimensional vectors in the order of

(xx, yy, zz, yz, xz, xy), and G is represented by a 6× 6 matrix. When performing computa-

tions in Voigt notations, particularly for solid mechanics, one should note that ‘strain-like’

tensors ε = {εxx, εyy, εzz, 2εyz, 2εxz, 2εxy} have extra factors in the off-diagonal elements

27



Figure 2.6: Silicon carbide and diamond lattices containing color centers. The
structures of (hh, kk)-VV in 4H-SiC (left) and NV in diamond (right). The lattices are
slightly rotated around z-axis to show more detail.

whereas ‘stress-like’ tensors σ = {σxx, σyy, σzz, σyz, σxz, σxy} do not. This happens so that

the Voigt transformation preserves an invariance, such as energy (σ · ε). G and D both

transform stress-like, which is more convenient to work with.

In the following discussion we choose a spatial coordinate system by defining the Cartesian

frame for 4H-SiC to be x̂ ≡ [1̄1̄20], ŷ ≡ [11̄00], and ẑ ≡ [0001], consistent with surface

acoustic wave experiments. Similarly, we define the Cartesian frame for diamond as x̂ ≡

[1̄10], ŷ ≡ [1̄1̄2], ẑ ≡ [111]. Under this convention, there is a mirror plane perpendicular

to the x-axis in both 4H-SiC and diamond. The structures of (hh, kk)-VV and NV in their

respective frames are shown in Fig 2.6.



∆Dxx

∆Dyy

∆Dzz

∆Dyz

∆Dxz

∆Dxy


=



G11 G12 G13 G14 G15 G16

G21 G22 G23 G24 G25 G26

G31 G32 G33 G34 G35 G36

G41 G42 G43 G44 G45 G46

G51 G52 G53 G54 G55 G56

G61 G62 G63 G64 G65 G66





εxx

εyy

εzz

2εyz

2εxz

2εxy


. (2.35)

Under C3v point group symmetry, a fourth-rank tensor like G only has 6 independent

components. Using the reference frame from earlier (shown in Fig 2.6), we find that G in
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Voigt notation has the following form [56],

G =



G11 G12 G13 G14

G12 G11 G13 −G14

−G11 −G12 −G11 −G12 −2G13

G41 −G41 G44

G44 G41

G14 (G11 −G12)/2


, (2.36)

where independent components are chosen to be G11, G12, G13, G14, G41 and G44 (see

Ch. 6 for numerical values). Combining the above equation with (2.31b), one can see that

d.c. arbitrary strains can generally be used to add any component to modify Hss and shift

spin sublevels. Moreover, applying a.c. strains at the appropriate frequencies can induce both

∆ms = ±1 and ∆ms = ±2 transitions, corresponding to phonon absorption and emission

from the defect spin.

2.2.2 Acoustic Paramagnetic Resonance

Applying a.c. strain near resonance with the spin transition frequencies can lead to coherent

spin transitions. We will now see how general lattice strains of classical waves, which are made

up of phonons with creation and annihilation operators a†, a, couple to the system through

a defect’s internal spin-spin interactions. Let us suppose that we have a time-periodic wave

with a mechanical mode described by a local strain tensor component εkl = εkl(r, t), and

assume that the strain is approximately homogeneous over one unit cell located at Cartesian

coordinate r = (x, y, z). This is true for coherently driven strain with acoustic phonons at

GHz frequencies, where the acoustic wavelengths span on the order of a micrometer.

It is instructive to look at our Hamiltonian for spin-phonon coupling Hss → Hs−p by

grouping terms responsible for spin sublevel mixing and shifting. Any mechanical operations
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that break the defect C3v symmetry lead to off-diagonal terms in Hs−p while symmetry-

preserving lead to modification of D0. In the rotating frame of acoustic phonons with

detuning neglected,

Hs-p/h =
1

2


∆D′0 Ω1 Ω2

Ω
†
1 −2∆D′0 Ω3

Ω
†
2 Ω

†
3 ∆D′0

 . (2.37)

In this form all spin-strain coupling terms from Dxz{Sx, Sz} and Dyz{Sy, Sz} are con-

tained in Ω1,Ω3, which lead to ∆ms = ±1 spin transitions. Terms from
Dxx−Dyy

2 (S2
x −

S2
y)+Dxy{Sx, Sy} are grouped into Ω2, which lead to ∆ms = ±2 spin transitions; these are

magnetically forbidden in well-aligned system (B0 is along the defect axis) because Zeeman

interactions cannot produce this matrix element. The transition rates from phononic driving

on a divacancy spin as well as shifts to the zero-field splitting are below.

Ω1 =
−i(G41 −G41)√

2
(εxx − εyy)− i

√
2G14εyz +

√
2G41εxy +

√
2G44εxz

Ω2 =
G11 −G12

2
(εxx − εyy) + 2G14εyz −

i(G11 −G12)

2
εxy − 2iG14εxz

Ω3 = −Ω1

∆D0 =
3

2
∆D′0 = −3(G11 +G12)

2
(εxx + εyy)− 3G13εzz

(2.38)

These expressions offer direct insight into the Rabi rates of spin transitions driven by

strain from mechanical waves. Clearly, shears and uniaxial transverse strains couple to all

three types of spin transitions, however, careful attention should be given to the relative

phase between various strain and shear contributions. Another observation that was not

described well in past literature is the dependence of D0 on strain. D0 is sensitive to

volumetric/hydrostatic strains, although there are different coupling constants for uniaxial

strains along the defect axis (εzz) compared to uniaxial strains that are transverse (εxx+εyy).

30



In this convention, an increase in D0 corresponds to compressive strain.
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Chapter 3

Surface Acoustic Waves

3.1 Solid Mechanics

In an elastic continuous material, accelerations and stresses are related by an equation of

motion. Although, before we get to this relation, a few variables need to be defined. Inside

the material, displacement vectors u at any point in space r = (x, y, z) are assumed to be

differentiable at all locations. Importantly, the absolute displacement is not so important

for physical results because adding and a constant offset to u will not generate any forces

on the system. The gradient of displacement is called strain, which is interpreted as a

fractional change of length and is therefore a relative quantity. We can express any strain as a

symmetric second-rank tensor (matrix), εkl = 1
2(∂uk∂xl

+ ∂ul
∂xk

) for each index spanning the three

dimensional spatial coordinates (e.g. Cartesian coordinate system 1 = x, 2 = y, 3 = z). We

will sometimes refer to the diagonal elements of the strain tensor as uniaxial strain, in which

we will use the convention of negative for compression and positive for tensile (expansion)

changes, and the off-diagonal elements as shear. Forces and pressures are directly related

to the strain by Hooke’s law σij = cEijklεkl, where σij is the stress and cE is a fourth-rank

tensor called the stiffness tensor that contains all anisotropic material constants of elasticity.

The general equation of motion for a material with constant density (ρ) can be written as,
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ρ
∂2ui
∂t2

=
∂σij
∂xj

. (3.1)

Solving this differential equation under specific conditions allows one to understand a

wide variety of physical phenomena including elastic waves. In a material with isotropic

elastic constants, the general equation of motion (3.1) becomes [57],

∂2u

∂t2
= v2

t∇2u + (v2
` − v

2
t )∇(∇ · u) . (3.2)

In an infinite elastic medium there are two separate solutions: longitudinal waves propa-

gating with a velocity v` and transverse waves propagating with a velocity vt, and they are

constrained by v` >
√

4/3vt. The total displacement for any wave satisfying the equation

above can be decomposed u = u` + ut, where ∇ · ut = 0 and ∇× u` = 0. Using these

representations of u, we can rearrange the general equation of motion into two ordinary wave

equations,

∇2u` −
1

v2
`

∂2u`
∂t2

= 0 ,

∇2ut −
1

v2
t

∂2ut

∂t2
= 0 .

(3.3)

3.1.1 The Piezoelectric Effect

Lattices that lack inversion symmetry obtain a net electric polarization in response to applied

strain, thus causing a coupling between electric fields and internal strain/stress. In an

anisotropic material with elastic constants cEijkl, the piezoelectric effect can be summed up

in the coupled equations (stress-charge form),
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σij = cEijklSkl − ekijEk ,

Di = εijEj + eijkSjk ,

(3.4)

where σij is the stress tensor, Skl is the strain tensor (using S in this section to avoid

confusion with the dielectric constant), Ei is the electric field vector, Di is the electric

displacement field vector, and εij is the matrix of anisotropic dielectric constants. The

piezoelectric coupling tensor ekij is equal to the transpose of eijk in Voigt notation, where

e =


0 0 0 0 e15 0

0 0 0 e15 0 0

e31 e31 e33 0 0 0

 , (3.5)

for crystal class 6mm including 4H silicon carbide (4H-SiC) and hexagonal (wurtzite)

aluminum nitride (AlN). The tensor e transposed in Voigt form are ordered to converts from

an electric field vector E = {Ex, Ey, Ez} to a stress tensor σ = {σxx, σyy, σzz, σyz, σxz, σxy}.

These piezoelectric constants are summarized in the table below.

Table 3.1: Piezoelectric constants (e) of AlN and 4H-SiC. All values are in [C m−2]

from Ref. [58]. Other literature references [59] give different (often smaller) results for e in

4H-SiC while staying within the same order of magnitude.

AlN 4H-SiC

e31 -0.58 -0.197

e33 1.55 0.341

e15 -0.48 -0.198

Putting the piezoelectric equations back into the general equation of motion ρ∂
2u
∂t2

=

∂σ
∂x , one can arrive at the differential equations for elastic waves including piezoelectricity.

Typically, piezoelectric waves are difficult to find analytical solutions to, so finite-element
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z

xy

Figure 3.1: Rayleigh waves in an isotropic medium. The crystal surface is located at
z = 0 and the wave is propagating in the x̂ direction.

simulations are often used for a precise understanding. The piezoelectric coupling constant

between a surface acoustic wave (SAW) and metal electrode array is summed up as k2
piezo =

2∆vf/vf , in which ∆vf = vm− vf is the difference between the SAW velocity on a metalized

surface and free surface as caused by shorting at the metal interface. To summarize a

few materials for reference, k2
piezo of 4H-SiC is ≤ 10−4 (simulation), AlN ≈ 2.5 × 10−3

[59], ST-X quartz ≈ 1.2 × 10−3 [60], and Y-Z LiNbO3 ≈ 4.8 × 10−2 [60]. Indeed, the

piezoelectric constant of 4H-SiC is so small that radio frequency electrical characterization

of interdigitated transducers on SiC crystals is nearly impossible. Since the k2
piezo of SiC is

over an order of magnitude less than other ‘weak’ piezoelectric crystals like quartz, a thin

film of AlN will be used for enhanced coupling.

3.1.2 Rayleigh Waves in a Non-Piezoelectric Substrate

As a model of acoustic waves propagating along the surface of a crystal, solutions to Rayleigh

waves (named after John William Strutt, third Baron Rayleigh for his discovery in the nine-

teenth century [61]) in an isotropic, non-piezoelectric, semi-infinite medium will be summa-

rized. Following the equation of motion for longitudinal and transverse waves 3.3, we are

interested in solutions with displacement fields of the type u = u` + ut that have a total
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dependence ∝ f(z)ei(kx−ωt) and surface wave velocity vR = ω/k. Differentiation with Eq.

3.3 yields,

∂2f(z)

∂z2
= k2 − ω2

v2
, (3.6)

for v being either v` or vt, and the function f(z) is therefore proportional solved by eκz

with κ =
√
k2 − ω2/v2. If κ is imaginary then the wave oscillates throughout the bulk

rather than decaying, so we must have k > ω/v`,ω/vt or in other words the Rayleigh wave

velocity vR = ω/k < v`, vt. Given these relations, we can define new constants for effective

decay lengths [62]

κ2
` = k2(1− (

vR

v`
)2) ,

κ2
t = k2(1− (

vR

vt
)2) .

(3.7)

The ratio between transverse and longitudinal wave velocities are related to Poisson’s

ratio (ν) by vt/v` =
√

(1− 2ν)/(2− 2ν). By solving for vR in terms of vt, v` from (3.7),

it can be shown from the Rayleigh-Lamb equation [60, 62] that the condition for surface

waves is satisfied whenever 0 < ν < 1/2. The spatial distributions of u can be found by

imposing the surface boundary condition σxz = σyz = σzz = 0 at z = 0, and so uy = 0. The

displacement vector of a propagating Rayleigh wave in the x direction are,

ux(x, z, t) = ku0(eκ`z − 2κ`κt

k2 + κ2
t

eκtz)ei(kx−ωt) ,

uy(x, z, t) = 0 ,

uz(x, z, t) = −iκ`u0(eκ`z − 2k2

k2 + κ2
t

eκtz)ei(kx−ωt) .

(3.8)

We also include a constant coefficient u0, which does not exactly correspond to the
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Figure 3.2: Propagating Rayleigh wave equations compared to finite element anal-
ysis. a. Finite element simulation (2D cross-section) showing the absolute crystal displace-

ments (|u| =
√
u2
x + u2

z) a propagating SAW in the +x̂ as launched by an IDT, which
is computed in frequency domain at 556 MHz and IDT electrode spacing with periodicity
λ=12 µm. The arrows and deformation (not to scale) help show the displacement profile. b.
Absolute displacement (|u|) from Eq. (Eq. 3.8). c. Finite element simulation (top row) and
analytic solution from (Eq. 3.8) (bottom row) for uniaxial strains εxx, εzz and shear εxz.
All scalebars are one acoustic wavelength (λ = 12 µm). The coordinate system in (a) are
consistent across all plots and the center of each square 2λ× 2λ plot in (b,c) corresponds to
x = 0.

oscillation amplitude because ui in this form is not normalized. In order to assess the

applicability of these solutions to a piezoelectric SAW on an AlN/SiC heterolayered substrate,

the spatial distributions are compared to finite element simulations of a SAW in a realistic
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Table 3.2: Elastic constants and acoustic velocities of AlN and 4H-SiC. Densities
(ρ) are in units of kg m−3, elastic constants of cE written as cij in Voigt notation are in

units of GPa, and acoustic velocities are in units of m s−1. The elastic constants are from
Ref. [63] and the acoustic velocities are extracted from Ref. [59].

ρ c11 c12 c13 c33 c44 vt1 vt2 v` vR
AlN 3.23 410 149 99 389 125 6095 6465 11267 5790

4H-SiC 3.211 501 111 52 553 163 7276 7882 12566 6832

substrate, shown in Fig. 3.2. The simulation is performed using the commercial software

package COMSOL Multiphysics with solid mechanics and electrostatics in the frequency

domain, coupled through the piezoelectric constants in Table 3.1. The AlN is 500 nm thick

on the top surface of the 4H-SiC substrates, aluminum electrodes 100 nm thick are on top

of the AlN surface, and more than 50 µm of air is above the electrodes to give space for

electric field distributions. Additionally, there is a symmetry plane at x = 0 to reduce

the model’s complexity and a perfectly matched layer on the right boundary to provide

a low-reflecting acoustic boundary condition. The metal electrodes are organized into a

periodic array (interdigitated transducer) with a wavelength of 12 µm, which is found to

have a peak admittance at 556 MHz (Fig. 3.2a) that closely matches devices in actual

experiments discussed later in this chapter. The right-traveling SAW mode is then inspected

and normalized by their respective amplitudes. This simulation is then visually contrasted

to results from Eq. 3.8.

The AlN has a slower wavespeed than SiC and the film thickness is less than 10% of

the acoustic wavelength we are interested in, so the Rayleigh wave will be non-leaky and

penetrate into the SiC crystal. We can expect that the effective Rayleigh wave velocity

in this heterolayer should be slower yet still similar to bare 4H-SiC. The results of our

analytic solutions plotted in Fig. 3.2b,c only rely on the acoustic velocities from Table 3.2

and knowledge of the wave vector. Nearly full quantitative agreement is obtained for the

mechanical mode summarized with absolute displacement |u|, uniaxial strain εxx, εzz, and

the shear component εxz (Fig. 3.2b,c). The only striking differences are the decay coefficients
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from COMSOL simulations appear to be smaller (slower fall off of the displacement into the

bulk) and the near-surface sign switch in εzz is more pronounced in the analytic result.

In summary, we found exact expressions for Rayleigh waves in an isotropic substrate and

observed that they a good model for the mechanical nature of a SAW in AlN on 4H-SiC.

3.2 Surface Acoustic Wave Resonators

3.2.1 The Interdigitated Transducer

Inside a resonator we will need a method for coupling to the waves with a.c. electric fields.

The simplest device for coupling electrical signals to SAW modes is an array of interleaved

electrodes. This array, called an interdigtated transducer (IDT), uses thin metal on the

piezoelectric crystal’s surface with some periodicity λ and pitch1 p. We will be using p = λ/2

(i.e. an even duty cycle of 1:2, or equal metal to gap widths) in this discussion to focus our

investigations.

An IDT launches and receives SAWs when the acoustic dispersion is matched to the radio

frequency (RF) signal causing a resonance at some center frequency ωc. We can see that

an IDT with periodicity λ must couple to waves with velocity vf at ωc = 2πvf/λ due to

the linear dispersion relation and approximately constant velocity. The IDT functions near

some frequency around ωc given by,

Θ = πNp
ω − ωc
ωc

, (3.9)

where Np is the number of finger pairs in the IDT (Fig. 3.3a). This structure will

launch and receive SAWs equally from both the left and right directions symmetrically. An

equivalent circuit model of an IDT is depicted in Fig. 3.3b where the total admittance Y

of this 1-port circuit is given by the acoustic conductance (real admittance) Ga(ω), acoustic

1. The pitch of grating strips and IDT fingers can also be varied for subtle effects on the reflectivity and
capacitance, respectively.
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Figure 3.3: Interdigitated transducer. a. An IDT with Np finger pairs (Np = 2 shown in
cartoon) probed by RF signals externally. b. Equivalent circuit for the IDT with capacitance
Ct from the geometry, acoustic conductance Ga(ω), and acoustic susceptance Ba(ω). c.
Graph of the normalized real admittance of an IDT with Np = 20.

susceptance (imaginary admittance) Ba(ω), and geometric capacitance of the transducer Ct.

The total admittance as a function of frequency is therefore Y (ω) = iωCt +Ga(ω) + iBa(ω),

and it is known that Ba(ω) can be related to the Hilbert transform of Ga(ω) [60]. Our

geometric capacitance from the IDT structure with an aperature (electrode overlap W ) that

is typically much longer than λ, finger pairs Np (total number of electrodes divided by two),

and effective permittivity ε∞ can be written as as,

Ct ≈ ε∞WNp , (3.10)

where ε∞ can be found from Ingebrigtsen’s approximation for a piezoelectric Rayleigh

wave ε∞ ≈ ε0 +
√
ε11ε33 − ε213, which gives ε∞ ≈ 11ε0 for 4H-SiC using textbook values

[58]. Note that for double finger IDTs there is an extra factor of
√

2 in Ct. We can expect

that the acoustic admittances Ga and Ba will scale linearly with the piezoelectric constant

∆vf/vf . These are described by the expressions [60],

Ga(ω) ≈ Ga(ωc)

(
sin(Θ)

Θ

)2

,

Ba(ω) ≈ Ga(ωc)
sin(2Θ)− 2Θ

2Θ2
,

(3.11)
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The value of Ga on resonance, is given by the real, positive number Ga(ωc). The function

Ga(ω) has nodes at ω = ωc±ωc/Np, so the IDT has a bandwidth of approximately ∆ωIDT =

ωc/Np (Fig. 3.3c). The coefficient on resonance can be written,

Ga(ωc) = αCtNpωc
∆vf

vf
, (3.12)

where α = 2.871 is a geometric factor for single finger electrodes in an IDT with an even

duty cycle of 1:2 (equal metal to gap widths). Highly piezoelectric crystals enables substan-

tially larger real admittance without the need for excessively long transducers arrays, which

allows for wider IDT bandwidths. Weak piezoelectric materials (small ∆vf/vf) require many

finger pairs, so the IDT typically only works within a few percent of the center frequency.

Internal reflections and mass loading, not considered here, lead to a skewing of the IDT

admittance Sinc-squared behavior towards lower frequencies.

3.2.2 Acoustic Mirrors

The next ingredient we want to use for a SAW resonator is a mirror to reflect incoming

acoustic waves. A common tool for building a SAW mirror are distributed Bragg reflectors

in the form of gratings (Fig. 3.4a). Bragg gratings can be made out of thin metal strips

or grooves. These features will change the acoustic wavespeed and reflect a small portion

of the wave’s amplitude. By analogy to optics, this is similar to a change in refraction

index encountered by electromagnetic waves in optics. Although for thin strips or grooves

with a metal height or depth h � λ the reflection mechanism is either electrical from the

piezoelectric effect or mechanical. We can express the total complex reflection coefficient

per strip as rs = re + rm for electrical and mechanical contributions re and rm, respectively,

and the reflected phase is always ±π/2. The electrical part is re ≈ ±∆vf
vf
i depending on the

material and whether the grating is shorted or open strips, and the mechanical part is re ∝

±hλi. For grooves, the reflection coefficient is only mechanical, taking a value rs ∼ +0.5hλi.
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Figure 3.4: Bragg grating frequency response. a. Illustration of a distributed Bragg
grating with pitch p = λ/2 that reflects a wave incoming from the left with a total reflection
coefficient Γ. b. Graph of the reflection magnitude (|Γ|) as a function of frequency around
the center frequency f0 = 560 MHz for two different lengths of gratings. The reflection per
strip (|rs|) is +0.01i and wavelength (λ) in the model is 12 µm.

A constructive interference condition for the reflected waves is set up when the total

path length is an integer multiple of λ. Therefore the strips or grooves with a pitch p = λ/2

are placed at locations x = nλ/2 for integers n (Fig. 3.4). In the limit of a few reflector

strips the grating will give some finite transmission and reflection. When many strips are

placed, the total reflection magnitude by the Bragg grating will converge to unity over some

frequency range that can be understood from the coupling of modes equations [60]. It can

be shown that,

Γ =

(
rs
p

)
sin
(
sLg

)
s cos

(
sLg

)
+ iδ cos

(
sLg

) , (3.13)

where the grating length Lg = pNg for Ng grating strips, the detuning δ = (ω − ω0)/vf ,

and the parameter s is defined as,

s2 =

(
ω − ω0

vf

)2

−
(
rs
p

)2

. (3.14)

Using a few similar parameters from SAW devices, Fig. 3.4b shows examples of the

reflection magnitude as a function of frequency for short (Ng = 75) and long (Ng = 400)

gratings with the same reflectivity per strip of |rs| = 1%. The longer grating clearly ex-
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hibits a higher reflection magnitude close to |Γ| ≈ 1 near ω0. Additionally, there is a well

defined bandwidth visible in the longer grating called the first stop band, which has a width

∆ω1SB/2π = 2f0|rs|/π. In general, materials and gratings with a larger reflectivity per strip

are beneficial for creating large stop band widths so long as other loss mechanisms are not

introduced, such as bulk mode coupling from thick grating strips (or deep grooves) or surface

propagation loss.

3.2.3 Fabry-Pérot SAW Cavities

Mechanical resonators including SAW cavities may store energy for large periods of time.

For this reason they are used as narrow band filters in common technologies and telecommu-

nications. Energy storage, in the form of classical waves bouncing between two mirrors, also

means that in the steady state more power can be built up in the resonator therefore leading

to greater field strengths for interactions with other systems. A SAW resonator can be con-

structed out of two Bragg gratings separated by some distance d. At least one transducer is

needed for readout, either with two IDTs outside the cavity for transmission or by a single

IDT inside the cavity for reflection measurements. In weak piezoelectric materials, smaller

impedances can be obtained using one IDT inside the cavity as depicted in Fig. 3.5a. The

SAW resonator can be understood using an equivalent circuit model called a Butterworth-van

Dyke (BVD) circuit (Fig. 3.5b). The acoustic resonator is captured by a series RLC circuit

with resistance Rm, capacitance Cm, and inductance Lm, while the parallel capacitance Ct

is from the IDT geometry. The total admittance (1/Z) of the BVD circuit is,

YBVD = iωCt + (Rm + iωLm + 1/(iωCm))−1. (3.15)

This circuit has an impedance minimum at the series resonance frequency ω0 = 1/
√
LmCm

and impedance maximum at the anti-resonance ωa = ω0

√
1 + Cm

Ct
. The circuit elements can

be written in terms of the SAW device parameters as [60],
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Figure 3.5: Fabry-Pérot style SAW resonators. a. Surface acoustic wave resonator with
a transducer length Lt and total cavity length Lc. The blue line represents a wave bouncing
between the mirrors. b. The Butterworth-van Dyke circuit. c. Planar optical resonator
(analogy) that confines a mode shown in red, fitting many wavelengths inside the cavity.

Rm ≈
1− |Γ|

2Ga(ω0)
,

Lm ≈
Lc

4vfGa(ω0)
,

Cm ≈ 1.8Ct
Lt

Lc

∆vf

vf
,

(3.16)

where |Γ| is the reflection coefficient of each Bragg grating, Ga(ω0) is the conductance of

the IDT on resonance, Lt ≈ Npλ is the length of IDT, and Lc is the total effective length

of the cavity. We can see that Lc = d + 2Lp, where Lp is the effective penetration depth

of the wave into each mirror grating and can be understood as Lp = λ/(4|rs|) for the 1/e

decay into a grating of equally spaced strips. The effective piezoelectric coupling constant

of any BVD circuit in the limit Cm � Ct is k2
eff = (ωa − ω0)/ω0 ≈ (Cm/Ct)/2. Inserting

the expressions for the capacitances, we can see that for our SAW circuit model the effective

piezoelectric constant is,

44



k2
eff ≈

Lt∆vf

Lcvf
. (3.17)

The potential coupling is maximized when the mirrors are placed next to the edge of the

IDT, and the internal quality factor of this circuit is defined by the mechanical resonance

due to mirror leakage Qr = ω0Lm/Rm. In reality, there will be other sources of loss in the

resonator, and these can be modeled with resistors in parallel to Rm. Considering losses

[64, 65] such as diffraction out of the mirror sides (Qd ∝ W 2), bulk mode scattering from

grating strips (Qb), material loss and surface damping (Qm), the total internal quality factor

can be written as,

Q−1
i = Q−1

r +Q−1
d +Q−1

b +Q−1
m + ...etc. (3.18)

Furthermore, the coupling rate of RF photons must be considered (see Section 3.4), which

is commonly called the external quality factor (Qe). The total (or loaded) quality factor is

found by adding its reciprocol in the same way as before, Q−1 = Q−1
i + Q−1

e . The Q is

relevant to measurements because for any resonator or Fabry-Pérot (Fig. 3.5c), the cavity

spectral linewidth (FWHM = ∆ω0) is related by,

Q ≡ ω0

∆ω0
, (3.19)

since in general the cavity Q-factor is the ratio between the total energy stored and the

energy lost per round trip in the wave. One can see that the observed line width will take on

a value determined predominantly by the smallest quality factor (biggest loss mechanism) in

the system. This relation for the dimensionless value Q also measures the exponential ring-

down time (τ = 2/∆ω0) before a photon (or phonon) escapes the cavity, then τ = 2Q/ω0.

Lastly, there are some important phenomenon not captured by the BVD circuit, like the

aspect of using long cavities filled with many wavelengths and frequency errors caused by

wavespeed differences over the grating, IDT, and free surfaces [66, 64]. An optimal SAW
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cavity is formed out of having a resonance located in the center of both the IDT and Bragg

grating frequency responses, however, all of these can actually exhibit slightly different center

frequencies. From intuition, we can be sure that a resonance frequency near the Bragg stop

bands will result in a low Q due to low grating reflectivity, and resonances detuned from the

IDT center frequency will result in lower coupling (smaller Cm). It is useful to have a method

for making small design modifications to shift ω0 without needing to make small (< 1%)

changes to p and strip periodicities in the grating and IDT. One crude method is simply

modifying the whole cavity length by some amount smaller than λ. We can understand

this by going back to a typical optical cavity (Fig. 3.5c, the reflected phase ∆φ = π from

the mirrors is depicted), where the fundamental cavity frequency ω0 = 2πf0 = 2πvf/λ can

be from fitting one half-wavelength into the cavity. For longer cavities, it is possible to fit

many wavelengths and obtain higher-order axial modes at frequencies nω0. The frequency

difference between each mode is the free spectral range defined as,

∆ωFSR = πv/Lc . (3.20)

This expresses the frequency difference between the next cavity mode that contains one

more half-wavelength. When the device has a length d′ added to the total cavity so Lc →

Lc + d′ where d′ < λ/2, both ω0 and ∆ωFSR get modified (Fig. 3.6a). The new free spectral

range can be found from the formula above, and we can find the new cavity frequency from

ω′0 = v/λ′. The adjusted wavelength supported by the cavity is λ′ = λ(1 + d′/Lc). In

the limit d′ < λ/2 � Lc, otherwise it wraps around (ω0 = ω′0 if we add or subtract one

half-wavelength), the new frequencies can be written as,

ω′0 =
vf

λ
(1− d′

λ
) ,

∆ω′FSR =
vf

2Lc
(1− d′

λ
) .

(3.21)
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Figure 3.6: Cavity length control of the SAW resonator frequency. a. Reflection
coefficient magnitude |Γ| of the Bragg gratings (top) and transmission of resonators for two
different cavities lengths: Lc with a frequency ω0, and length Lc + d′ with a frequency ω′0
(bottom). b. Measurements of SAW resonators on 4H-SiC made from superconducting
niobium (Np = 50, λ = 16 µm, double finger, W = 150λ, Ng = 1100, 100 nm thick metal),
and magnitude offsets are added to remove stray attenuation. The piezoelectricity of bare
SiC is too small to see an IDT response, so it is hard to know the Bragg stop bands or
grating strip reflectivity from RF measurements. All resonator experiments were performed
at 1.8 K in a Quantum Design PPMS.

This is demonstrated on 4H-SiC from Cree Inc. with niobium (Nb) resonators patterned

by optical lithography and lift-off. These devices showed SAW cavity resonances when the

Nb went superconducting because at higher temperatures the normal metal was too resistive.

Since the distance between both gratings is almost the same as the IDT length, only one

resonance was observed and supported within the first stop band (Fig. 3.6). The extra

peaks observed are likely from higher order transverse modes in the resonators. The control

device (cavity length Lc) is in the center, while SAW cavities with total lengths Lc + λ/4

and Lc + 3λ/4 resonate at a lower and higher frequency, respectively. This is explained by

the +3λ/4 device being equivalent to the scenario of d′ = −λ/4. The technique for changing

the cavity frequency, to move ω0 away from either stop band, is employed in many of the

later SAW devices through iterative rounds of fabrication. Niobium worked well on SiC for

producing ultra-high Q resonators (Qi > 105), however, the insertion loss and piezoelectric

coupling are very poor, and the metal usually went normal above -20 dBm RF power, so
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Electromagnetic waves Sound (Rayleigh) waves

Figure 3.7: Gaussian optics and acoustics. Waves of light in an isotorpic medium (left)
and surface acoustic waves on a piezoelectric crystal with isotropic in-plane velocities (right).

AlN is employed for enhanced piezoelectric coupling in experiments.

3.3 Gaussian Surface Acoustic Waves

When designing a Fabry-Pérot cavity to have a maximal wave amplitude interacting with

a spin or atom, naturally it is helpful to make the cavity as small as possible in order to

enhance the mode’s energy density. Although, one of the issues with making small planar

SAW resonators highly confined in the transverse direction is diffraction loss. If we want

to confine plane waves and increase the energy density into a very small region, one might

be inclined to try using spherical waves in the hopes of focusing the energy at the center.

However, as we might know from the field of Gaussian optics this is difficult and in theory

creating a perfectly concentric cavity requires careful control of all far-field plane wave angles

(−π to π). Gaussian optics on the other hand offers simple, analytical solutions for transverse

modes, resonator profiles, diffraction, and focusing of electromagnetic waves (Fig. 3.7a) in

materials or vacuum. Since Rayleigh wave velocities on piezoelectric AlN (wurtzite) and

4H-SiC are isotropic due to the symmetries of their crystal class 6mm [67], we can consider

borrowing tools from Gaussian optics to use them as in-plane profiles for acoustic waves

(Fig. 3.7b).
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3.3.1 Gaussian Optics

We begin a review of Gaussian optics with the wave equation for the electric field (E) in an

isotropic medium or dielectric,

(∇2 − 1

c2
∂2

∂t2
)E = 0 . (3.22)

Knowing that we are interested in a solution with E = f(x, y, z)e±iωt for some scalar

function f , and substituting in c = ω/k using the speed of light in our medium, we find the

Helmholtz equation for the electric field,

(∇2 + k2)E = 0 . (3.23)

Next, it is convenient to reduce the equation to only its spatial distribution. The formal

definition of E(t) for linearly polarized light is 1
2(Ẽei(ωt+ϕ)+Ẽ†e−i(ωt+ϕ)), where the spatial

dependence Ẽ is a complex function called a phasor [68]. The real actual electric field

in the system is simply the real part of this phasor, i.e. E(t) = Re[Ẽei(ωt+ϕ)]. Using

Euler’s formula we see that the cosine dependence is recovered from the real part in E(t) =

|Ẽ| cos(ωt+ ϕ). From here on, we will be working with Ẽ = E0ũe
−i(kz−ωt), where E0 is the

electric field amplitude, the function ũ = ũ(x, y, z) contains the spatial dependence (mode

profile). The cosinusoidal dependence on z and t (up to a phase factor) is shown for a right

moving plane wave for completeness.

We will work with a beam propagating along the ẑ direction, which is called the optical

axis, with a wave number k = 2π/λ. Substituting in the expression for Ẽ in terms of ũ into

(3.23) and factoring out the cosinusoidal dependences after differentiation yields,

∂2ũ

∂x2
+
∂2ũ

∂y2
+
∂2ũ

∂z2
− 2ik

∂ũ

∂z
= 0 . (3.24)

The solution becomes much easier to analytically solve for when the profile varies much
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slower than the wavelength. From here we can use the paraxial approximation,

∣∣∣∣∂2ũ

∂z2

∣∣∣∣� ∣∣∣∣∂2ũ

∂x2

∣∣∣∣ , ∣∣∣∣∂2ũ

∂y2

∣∣∣∣ , ∣∣∣∣2ik∂ũ∂z
∣∣∣∣ (3.25)

which is when the mode profile ũ varies slowly as a function of z compared to the trans-

verse dimensions and λ. This results in the paraxial equation,

∂2ũ

∂x2
+
∂2ũ

∂y2
− 2ik

∂ũ

∂z
= 0 . (3.26)

It can be shown from 3.26 that the paraxial approximation is valid when the divergence

angle of the beam is sufficiently small such that Θ/4 � 1, so Θ must be less than approx-

imately 30◦. Let us suppose that we are working with a modes in Cartesian coordinate

system that are separable for the two transverse dimensions x, y. We can then decompose

ũ into separable functions,

ũn,m(x, y, z) = ũn(x, z)× ũm(y, z) , (3.27)

for the Hermite-gaussian mode in each dimension. The form of ũn for one transverse

dimension is [68],

ũn(x, z) =

(
2

π

)1/4(exp[i(2n+ 1)Ψ(z)]

2n n!w(z)

)1/2

exp[(
−y2

w2(z)
− iky2

2R(z)
)] , (3.28)

where w is the beam width as a function of the optical axis coordinate z, R is the radius

of curvature, and Ψ is the Guoy phase for an isophase line at z. These physical parameters

are given by,
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w(z) = w0

√
1 +

(
z

zR

)2

,

R(z) = z +
z2
R

z
,

Ψ(z) = tan−1
(
z

zR

)
.

(3.29)

The beam waist at z = 0 is characterized by the constant w0, so we can see that the

w0 = 4λ/π is the smallest beam waist we can use before serious optical aberrations begin

to occur. Furthermore, the beam is approximately collimated over a distance zR =
πw2

0
λ ,

called the Rayleigh range. The field strength of a Gaussian optical mode near this limit is

shown in Fig. 3.8a. From the transverse Gaussian distribution in (3.28), the Gaussian focal

spot can be characterized by a standard deviation σ = w/
√

2 - this will be referred to for

Gaussian acoustic designs later. Therefore, the full width at half maximum (FWHM) of the

Gaussian profile is 2
√

2 ln(2)σ ≈ 2.355σ.

Power in the optical beam is defined as P (z) =
∫∫ ∣∣∣Ẽ∣∣∣2 dA. One can show that the power

at any distance z is conserved along the optical axis. The energy density and mode profile

are ∝ |ũ|2 (saggital cross-section of ũ2 shown in Fig. 3.8b), which are Gaussian distributed

about the focus and therefore are increased by making the beam waist w0 smaller. There

are subtle effects caused by the Guoy phase Ψ(z), which corresponds to an increase in the

phase velocity near the beam waist (Fig. 3.8c). The Guoy effect adds a total phase of π as a

wave passes from z = −∞ to +∞, although most of this phase accumulation (π/2) happens

near the beam waist center as illustrated in Fig. 3.8d.

3.3.2 Gaussian Acoustics and Device Design

When discussing the plane wave solutions for Raleigh wave modes earlier, we had expres-

sions for the general displacements u = ut + u`, where uRe
i(kx−ωt) is the total displace-

ment vector for a SAW propagating towards the +x̂ direction. Planar surface acoustic
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Figure 3.8: Simulated lowest order Gaussian mode profile. a. Real part of the fun-
damental Hermite-Gaussian mode profile with parameters w0 = λ, λ = 10 µm, normalized
to unity amplitude. b. Square of the profile, which shows the energy density. c. Line cut of
the mode in (a) at y = 0. d. Guoy phase as a function of the optical axis coordinate. The
dashed gray lines mark the Rayleigh range ±zR.

waves on a semi-infinite material satisfied the equations of motion for longitudinal (u`) and

transverse (ut) components in Eq. (3.3) with a total wave vector k = ω/vR, such that

ui = f(x, y)g(z)ei(kx−ωt) for separable functions f and g. Since the general displacement

vector uR is periodic in time, the equations of motion in an isotorpic material (substituting

in k` = ω/v` and kt = ω/vt) take a familiar form,

(∇2 + k2
` )u` = 0

(∇2 + k2
t )ut = 0 .

(3.30)

Particularly in AlN and SiC, these wave equations are the same for a surface plane
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wave propagating in the x and y crystal directions, so an ansatz could be made that the

wave equations above should obey the paraxial approximation and the in-plane modes of

Rayleigh waves should follow Hermite-Gaussian solutions. In analogy with Gaussian optics,

let us decompose u into its complex acoustic plane wave profile (ũR(z)), complex spatial

envelope (ũn(x, y)) and a scalar amplitude (u0) that we will leave out for now. Note that

while the phasor convention may use +i(kx) or −i(kx) does not matter after taking the real

part. However, it is important that relative phase accumulation from the Guoy effect be

∝ kx − Ψ(x), so we will use the −i(kx) convention for consistency with definitions used in

Gaussian optics and Eq. 3.28. The total displacement can be written as,

u = ũn,m ũRe
−i(kx−ωt). (3.31)

Similar to before, combining the formalisms from Gaussian optics with Rayleigh waves

propagating in the x̂ direction we get,

ũn(y, x) = ũn(y, x)× ũ0(0, x) (3.32)

where the ũ0 is needed for normalization and completeness. From here, it is straight-

forward to build a device out of strips (electrodes and/or grooves) matched to the isophase

lines predicted by ũn. An example of a 1-port Gaussian IDT near the beam waist is shown

in Fig. 3.9a. The Guoy effect leads to a small spatial shift in the position of each electrode

(Fig. 3.9b), which is submicron near the center but approaches ±λ/2 far away. Since the

electrodes will be excited with the same voltage along every finger (different from the Gaus-

sian acoustic mode), it does not make sense to apodize the IDT over distances much greater

than the focal spot width. The apodization is chosen to be ±2σ =
√

2w0 using a 2 µm gap to

the remainder of IDT geometry kept structurally intact. The entire Gaussian IDT geometry

and any grooves for acoustic mirrors are typically designed for ±3σ, which should capture

≈ 99.73% of the Gaussian mode’s transverse profile, is only limited by the available space
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Figure 3.9: Gaussian SAW interdigitated transducers. a. Optical micrograph of
a fabricated Gaussian IDT (w0 = 1.25λ) with false-coloring on the aluminum electrodes.
Dark red lines mark the 2σ apodization (solid) and 3σ extent (dashed) of the lowest-order
Gaussian mode from analytical simulation, and solid black lines are simulated isophase lines
of the wave with Guoy phase incorporated for ũ00. b. Gaussian wave geometry illustrating
isophase lines (3σ shown) with and without Guoy phase taken into account.

on the wafer for device fabrication since small beam waists lead to large opening angles.

3.4 Microwave Characterization

The characterization of resonators is an important process underscoring circuit quantum elec-

trodynamics, radio frequency device engineering, and feedback on fabrication processes. Here

we will focus on impedance descriptions for understanding and analyzing RF, microwave,

and electromechanical resonators.

3.4.1 RLC Resonators

Bare resonators are often measured using a vector network analyzer (VNA) in reference to

an external load Z0 (see setup in Fig. 3.10a) and usually modeled as either a series or
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parallel RLC depending on circumstances of the measurement and type of device. In the

final fit equations for a 1-port reflection, it will not matter whether the resonator model

uses a series or parallel configuration as it only changes the definitions of the internal and

external quality factors. Although, either the series or parallel configuration may yield a more

accurate physical description depending on whether one wants an impedance minimum or

maximum on resonance.

Up to a global phase factor, the complex scattering parameter S11 can be written as

S11 =
Zr − Z0

Zr + Z0
=
Y0 − Yr
Yr + Y0

(3.33)

This gives us the microwave reflection as a function of frequency. For details involving

ABCD matrix equations, derivations, and extensions to scattering parameters of multi-port

circuits see [69]. The resonator (and external load) admittance Yr (Y0) is equal to 1/Zr

(1/Z0). The magnitude and phase of (3.33) can be directly compared to device measurements

taken with a VNA, and given a model of the resonator impedance we can extract device

properties. Taking the series RLC circuit as an example (3.10b), the resonator impedance is

Zr = R+iωL−i/(ωC). Rearranging this equation, the impedance becomes R+iL(ω2−ω2
0)/ω

where ω2
0 = 1/(LC).

Since we are only interested in the microwave reflections near resonance (ω ≈ ω0), it is

convenient to make the approximation

Zr ≈ R + 2iL(ω − ω0) (3.34)

Plugging this back into (3.33), the reflection as a function of frequency can be written as

S11 =
1/Qi − 1/Qe + 2i(ω − ω0)/ω0

1/Qi + 1/Qe + 2i(ω − ω0)/ω0
(3.35)

where the internal quality factor is Qi = ω0L/R = 1/(ω0RC) and the external quality

factor is Qe = ω0L/Z0. Note that for a parallel RLC resonator, the relations are inverted:
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Figure 3.10: Parallel and series RLC circuits. a. Setup for driving and reflection
measurements of a resonator with impedance Zr and an external load Z0, which is usually
50 Ω. b. RLC circuits for parallel and series resonator impedances.
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Figure 3.11: Simulations of S11 for RLC resonances. a. Log-scale plot of reflection
magnitude as a function of frequency with ω0 = 2π × 5 GHz using (3.35). b. Polar plot of
S11 in the complex plane.

Qi = R/(ω0L) and Qe = Z0/(ω0L).

The results of (3.35) are plotted in Fig. 3.11 for three different combinations of Qi and

Qe at a constant resonance frequency. When the magnitude of S11 is plotted in log-scale as

a function of frequency, the resonance is observed as a Lorentzian-type dip of reflected power

(Fig. 3.11a). In the complex plane, S11 is a circle pointing towards the origin. Undercoupled

(Qi < Qe) and overcoupled (Qi > Qe) resonators have a shallower dip (great reflection

on resonance) since their circles in the complex plane undershoot and overshoot the origin,

respectively (Fig. 3.11b). The greatest ”visibility” of the resonance occurs when the system

is critically coupled (Qi = Qe). In order to fit a measurement, it is common to add a
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κe

κi

Figure 3.12: One-port Fabry-Pérot cavity. The internal loss rate is κi and the coupling
rate to the left port is κe.

magnitude offset to account for external resistive loss or stray reflections and a phase offset.

We call this form of S11 a ”symmetric” fit function because the line shape even or symmetric

about the resonance frequency ω0. It is also useful to subtract out or experimentally remove

any electrical delay before fitting.

The expression for a symmetric S11 as function of the resonator quality factors is equiv-

alent to the result from input-output theory for a cavity with one semi-transparent mirror,

depicted in Fig. 3.12. Hence, the resonator’s quality factors and impedance elements, which

may be useful for understanding how to modify or improve the device, can be easily mapped

onto general input-output theory relations for calculating the average photon number.

Another way of writing (3.35) is to express it in terms of the internal cavity loss rate κi =

ω0/Qi and the input coupling rate κe = ω0/Qe defined in angular frequency. Substituting

in these relations, the microwave reflection coefficient can be written as

S11 =
κi − κe + 2i(ω − ω0)

κi + κe + 2i(ω − ω0)
(3.36)

This is a compact form for S11 that applies to many resonators including optical, me-

chanical, and electromagnetic cavities with an isolated mode. The full width half maximum

(FWHM) of the cavity resonance in linear-scale is equal to the sum of all loss rates. There-

fore, in Fig. 3.12 the measured resonance FWHM is κ = κi + κe, which is equivalent to the

statement Q−1 = Q−1
i +Q−1

e where Q is the loaded quality factor.
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3.4.2 The Asymmetric Resonance

When microwave resonators are measured in a lab, more often than not the resonance S11(ω)

will appear skewed. For example, the magnitude |S11| may show a peak approximately one

linewidth off-center from the resonance frequency. These types of features, which we will call

”asymmetric” resonances, many times arise from impedance mismatches such as reflections

by connectors, coaxial cables, and stray inductance from wire bonds, outside the circuit of

interest. One common solution is to add a complex number z̃ to the fit function so that

S11(ω) → (S11(ω) + z̃)AeiB with real numbers A,B modifying the magnitude and phase,

respectively [70, 71]. While this approach usually yields a good fit, it does not give much

insight into how stray impedances cause asymmetric line shapes. In this section we will show

that a small impedance mismatch from a waveguide or coax cable can yield an elegant fit

function, generally applicable to asymmetric resonances.

We begin by modeling the circuit with a length of lossless transmission line before the

resonator (3.13). The ABCD matrix for a lossless transmission with characteristic impedance

Zc, length l, and phase constant β = 2π/λ is

A B

C D

 =

 cos(βl) iZc sin(βl)

i sin(βl)/Zc cos(βl)

 (3.37)

Then after carrying out the calculation for S11(ω) using the new ABCD parameters of

the entire circuit, we find the general form of the microwave reflection can be written as

S11 =
(iZc(Z0 − Zr) cos(βl) + (Z2

c − Z0Zr) sin(βl)

(−iZc(Z0 + Zr) cos(βl) + (Z2
c + Z0Zr) sin(βl)

(3.38)

We note that in the limit that Zc = Z0, this expression converges to (3.33) and results in a

symmetric resonance with only an added electrical delay as expected. Next, we approximate

the phase term ψ = βl as a constant because β is relatively constant within one linewidth of

the ω0 in a high Q cavity, and we are mainly interested in the behavior at ω ∼ ω0. Since it
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Figure 3.13: Circuit model for a characteristic impedance (Zc) mismatch. A length
of lossless transmission line is in series with the resonator impedance Zr.

is more insightful to separate Zr from the other constants, we reorganize the expression into

S11 =
Zr +

iZ0Zc cos(ψ)+Z2
c sin(ψ)

−iZc cos(ψ)−Z0 sin(ψ)

Zr +
−iZ0Zc cos(ψ)+Z2

c sin(ψ)
−iZc cos(ψ)+Z0 sin(ψ)

(3.39)

Next, we model the length of impedance mismatched transmission line as being short

(l � λ), so we can approximate ψ by taking its Taylor expansion about zero. To leading

order in ψ, the numerator of (3.39) is

Zr − Z0 + (
−Z2

0

Zc
+ Zc)iψ +O(ψ2) (3.40)

So the presence of Zc essentially adds a complex scalar to Z0 since Zc and ψ are constants.

We note that in comparison to (3.33), Z0 is now effectively multiplied by a complex number.

Analyzing the denominator in the same manner yields a similar result.

By collecting Zc and ψ into a new complex number, the external load seen by the res-

onator becomes Z0 → Z∗0e
iφ. The load magnitude Z∗0 is a real number which is similar

to Z0 if the impedance mismatch Zc is reasonably small. Unfortunately, it is normally dif-

ficult to relate the magnitude Z∗0 and angle φ back to the physical impedance mismatch

sources because these final parameters will also absorb a multitude of external resistors and

reactances.

Using similar conventions to the previous section, the microwave reflection as a function

of frequency can be written as
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Figure 3.14: RLC resonator with an external impedance mismatch. The magnitude
and phase of S11 as a function of linear frequency (left) and a polar representation in the
complex plane (right), given by (3.41). The resonance parameters are ω0 = 2π × 5 GHz,
Qi = 5 × 103, Q∗e = 104 and φ = 30◦. The green trace’s frequency boundaries are the

effective 3 dB points: f0 − f0
2Q and f0 + f0

2Q , where Q−1 = Q−1
i +Q∗−1

e .

S11 =
1/Qi − e−iφ/Q∗e + 2i(ω − ω0)/ω0

1/Qi + e−iφ/Q∗e + 2i(ω − ω0)/ω0
(3.41)

In this form, it is simple to observe that the impedance mismatch modifies the external

quality factor of this system. The impedance mismatch angle φ rotates the circle in a

polar plot, depicted in Fig. 3.14. Note that this effect is similar to results for resonators

capacitively and inductively coupled to a feedline [72]. In |S11(ω)|2 there is a peak on one

side of the resonance. Although the magnitude goes above 0 dB in the simulation, in a

measurement this would normally be interpreted as less insertion into the resonator (not

gain) at a particular frequency compared to the background that is often attenuated.

The fit equation can be further rearranged into the form

S11 =
κi − κ∗ee−iφ + 2i(ω − ω0)

κi + κ∗ee−iφ + 2i(ω − ω0)
AeiB (3.42)

where the internal loss rate is κi = ω0/Qi, external loss rate is κe = ω0/Q
∗
e, and the

parameters A and B are real numbers to account for magnitude and phase offsets. In sum-

mary, this fit equation is widely applicable to cavities and resonators measured by microwave
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reflection. We showed that mismatches of any transmission line or waveguide characteristic

impedance outside the resonator (Zc 6= Z0) can cause a rotation of the S11 response, which

manifests as an asymmetric line shape.

3.5 Aluminum Nitride/Silicon Carbide Resonators

3.5.1 Device Fabrication

Devices are fabricated directly on single crystal, hexagonal (4H) silicon carbide (SiC) wafers

commercially sourced. These wafers are high purity semi-insulating (not vanadium doped)

grown on-axis (no miscut) and bought from either Cree Inc. in the United States or Norstel

AB in Sweden. Wafers from Cree Inc. were grown in ingots then sliced into individual

wafers, containing ≈ 1014 − 1015 cm−3 concentration of native divacancies in the bulk ma-

terial. This is in contrast to wafers from Norstel AB that were grown by high temperature

chemical vapor deposition (HTCVD), containing ≈ 1012−1014 cm−3 concentration of native

divacancies depending on the wafer. These concentrations are determined by our experimen-

tal measurements of confocal microscopy scans for divacancy photoluminescence and ODMR

on samples that were implanted compared to samples that were not implanted for ensembles.

A general overview of the essential fabrication layers and methods are listed below.

1. (Optional) Implantation with carbon-12 (12C) ions to create a layer of vacancies. Fol-

low with annealing to form divacancy complexes typically performed at 850 ◦C for 30

minutes in an argon atmosphere. Organic solvent clean (e.g. sonicate in acetone, son-

icate in isopropanol, and then rinse with DI water and N2 dry) the 4H-SiC substrate

beforehand to ensure a residue-free surface.

2. Clean samples. Organic solvent clean, nanostrip, buffered hydrofluoric acid (HF) dip

in order to remove all dust, residues, and native oxides (abridged RCA clean). This is

intended to offer the best AlN growth possible on a crystalline SiC surface.
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Figure 3.15: Fabrication summary of SAW resonators with AlN on SiC.

3. Deposit AlN 500 nm thick by reactive sputtering on the Si-face of the 4H-

SiC wafer. AlN is chosen as the material for a piezoelectric film because it is has been

well developed for the MEMS industry on Si, the hexagonal crystal form (2H) has the

same symmetry groups (class 6mm) as 4H-SiC, and AlN lattice constants (a = 3.11 Å,

c/2 = 2.49 Å) are nearly matched to 4H-SiC (a = 3.073 Å, c/4 = 2.513 Å).

4. Dice into smaller chips for processing. Cover with a photoresist cap before dicing

and clean with N -methyl-2-pyrrolidone (NMP), isopropanol, DI water after dicing.

5. Pattern and deposit metal IDT. Usually by lift-off methods – lithography with

a negative photoresist or bilayer containing an undercut followed by electron beam

evaporation – are the preferred because the substrate surface is not roughened or

damaged. Etching methods also work involving metal deposition first, followed by

lithography and etching with an inductively coupled plasma (e.g. Ar, Cl2, BCl3 gas

flow), and result in good metal quality, adhesion, and smooth sidewalls. Organic
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Figure 3.16: Surface characterization of sputtered AlN on SiC. Atomic force mi-
croscopy (AFM) of a. 4H-SiC from Cree Inc., b. Sputtered AlN on the 4H-SiC Si-face,
and c. Aluminum after e-beam evaporation (20 nm Ti under-metal layer, 150 nm Al). All
AFM measurements are 2× 2µm2 scans in taping mode taken with an Asylum Cypher. d.
Scanning electron micrograph (SEM) at zero tilt and 10 kV of the ground plane electrode
and AlN surface after etching the metal (Ti/Al) device layer. The AlN grains appear to
grow in small columns ≤ 50 nm in diameter grouped and organized in macro-columns that
are ≤ 200 nm diameter.

solvent clean before moving to the next step.

6. Etch grooves in the AlN layer for Bragg gratings. This was accomplished by

patterning a positive photoresist (AZ 703 MiR) and ICP etching to a depth h/λ < 2%

to not introduce bulk wave scattering losses by the acoustic Bragg grating strips [64].

The depth was calibrated to nominally yield h/λ = 1.5%.

The wafer of devices were usually protected with a photoresist cap, diced into separate

chips, and cleaned for individual characterization and analysis. Full recipes with more de-

tailed steps and explanations can be found in Appendix A. The AlN film is polycrystalline,

63



oriented with the [0002] crystal direction parallel to the 4H-SiC c-axis [0001], which is normal

to the wafer surface. AlN is always grown on the Si-face because often companies chemical-

mechanical polish (CMP) the Si-face to be epi-ready (< 0.5 nm r.m.s. roughness), on the

other hand, the C-face is typically mechanically polished (> 3 nm r.m.s.). On our samples,

the measured surface roughness after sputtering AlN is ≈ 7 nm r.m.s. Our AlN grain size is

about 30−50 nm in-plane, which qualitatively also agrees with SEM of the grain boundaries

(Fig. 3.16).

3.5.2 Planar SAW Resonators

Traditional SAW resonators are designed and fabricated in order to characterize the perfor-

mance on the 4H-SiC substrates with sputtered AlN, usually 500 nm thick and < 2◦ FWHM

[0002] rocking curve. In the planar SAW resonator shown in Figs. 3.17 and 3.18 there are

Np = 80 finger pairs, the acoustic wavelength λ = 16 µm, the aperture W = 150λ, and there

is a window of 3λ missing fingers in the center. The missing IDT strips in the center provide

a region where the standing wave and divacancy defects can be imaged without interrupting

the optical spot. From SAW fabrication iterations and COMSOL models, this region appears

λ

dsds

n λ

{ {

Np/2 Np/2

SAW pro�le

x

y

Figure 3.17: Adapted planar SAW resonator layout.
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(spin driving) RF (SAW)

Al IDT
AlN grooves

RF (SAW)

20 µm 

a b

200 µm

Figure 3.18: Optical micrographs of the planar SAW resonator. SAW resonator
sample mounted on a printed circuit board with radio-frequency (RF) input for the acoustic
drive. A shorted microwave coplanar stripline is directly beneath the sample to allow spin
measurements for testing purposes (e.g. confirming the PL signal comes only from VV). The
sample has an AlN layer on top of the 4H-SiC substrate with Al interdigitated transducers
(yellow) deposited on top of the AlN for driving the SAW. Grooves (green) were etched in
the AlN to create the reflectors of the cavity.

to have little to no effect on the mechanical mode, although it will narrow the IDT spectrum

because the transducer size appears larger. The symmetry of the IDT is designed to place

the SAW standing such that unaxial strain εxx is maximized at the center (it can be shown

in simulations that εxx extrema occur underneath IDT electrodes).

Upon testing the device with a VNA, a wide frequency scan near the resonance shows one

main resonance in a ‘plateau region’ (the stop band width ∆f1SB) towards higher frequencies

(Fig. 3.19a). We can be sure that the broad, undercoupled dips are from the Bragg stopbands

because they are not equally spaced away from the cavity resonance (deep dip), so they

cannot be caused by the free spectral range. A zoom-in on the main resonance reveals a

relatively well coupled, narrow feature with familiar kinds of magnitude and phase features

(Fig. 3.19b). We can make a complete model using a modified Butterworth-van Dyke circuit

(MBVD), in this case by adding a stray resistance in series with a normal BVD circuit in

order to model attenuation caused by the cables, wirebonds, on-chip waveguide, and printed

circuit board (Fig. 3.19c). The geometric capacitance is estimated from the fabricated
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Figure 3.19: Electrical characterization of the planar SAW resonator. a. RF reflec-
tion measurement at 50 K using a vector network analyzer (VNA). The acoustic wavelength
λ is 16 µm. b. Zoom in on the resonance in (a). The resonator’s FWHM yields a loaded
quality factor close to 16,500 by hand measurement. c. Equivalent circuit of the SAW res-
onator for fits is a modified Butterworth-Van Dyke (MBVD) filter. d. Magnitude plot of
the S11 measurement and fit overlaid. e. Polar plot and fit. Numerical results are discussed
in the text.

geometry Ct ≈ NpWε∞ = 18.70 pF, with Np = 80 the number of electrode finger pairs,

W = 150λ the aperture or transverse length of capacitor overlap and ε∞ ≈ 11ε0 the dielectric

constant (adjusted for IDT calculations) of 4H-SiC. In other devices it was found that the

experimental Ct is within < 20% of the predicted value. The fitted parameters in the model

from the data at 50 K are: the resonator capacitance Cm = 1.69 fF, the resonator inductance

Lm = 84.6 µH, the resonator resistance Rm = 10.3 Ω and the external stray resistance

Rs = 4.45 Ω (Fig. 3.19d,e). This yields a resonator quality factor Qi = ω0Lm/Rm ≈ 21, 730.

Deviations from the model appear to be caused by extra undercoupled resonances, possibly

by higher order transverse modes. These will be investigated and even imaged in the next
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Figure 3.20: Asymmetric fit to planar SAW resonator. The measurement from Fig.
3.19b, taken at T = 50 K, fit to Eq. 3.42. The results from the fit are Qi = 22, 520 ± 140,
Q∗e = 31, 500± 100, φ = −1.1◦ ± 0.2◦.

chapter.

Next, it is helpful to see how our model of general cavity resonances from Eq. 3.42, which

is simpler in some regards by assuming less knowledge, compared to the MBVD circuit.

Total impedance from a regular BVD circuit is (Z−1
t +Z−1

m )−1 where Zt = (iωCt)−1 is the

impedance of the transducer’s geometric capacitance and Zm is the series RLC impedance of

the mechanical resonator. Inserting these into Eq. 3.33, the 1-port RF reflection coefficient

as a function of frequency can be written as,

S11 =
Zm − Z0(1 + Zm

Zt
)

Zm + Z0(1 + Zm
Zt

)
. (3.43)

We can see here that Z0 → Z0(1+Zm
Zt

), by approximation should modify Z0 (and therefore

Qe) with a complex coefficient near resonance when Zt ∼ Zm. A fit to the function for

asymmetric cavity resonances (Fig. 3.20) results in Qi = 22, 520± 140, Q∗e = 31, 500± 100,

φ = −1.1◦ ± 0.2◦. This fit, corresponding to a loaded Q ≈ 13, 100, is in quantitative

agreement with results from the MBVD circuit model and finds the same value for Qi. We

can say that Eq. (3.42) gives meaningful results on the mechanical resonator’s internal

properties and quality factors, complimentary to BVD analysis methods.
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3.5.3 Gaussian SAW Resonators

Using the same fabrication protocols and analysis methods, we will now examine Gaussian

SAW resonators. The IDT and gratings are both curved according to the isophase lines

predicted earlier for the lowest-order Hermite-Gaussian mode including Guoy effects. Be-

cause of the wide curvatures and transverse lengths far away from the center, and also in

the interest of making a smaller resonator mode volume, the SAW wavelength is 12 µm

(corresponding to electrode and grating strip line widths 3 µm). The metal device layer is

fabricated on the AlN by e-beam evaporating 20 nm of Ti and 150 nm of Al. Afterwards,

the IDT and ground plane mask is defined with optical lithography and ICP etching (Cl2,

BCl3, Ar gas chemistry). Lastly, the AlN grooves for Bragg gratings are aligned to markers

from the previous layer and also patterned with optical lithography/ICP etching using the

same recipe.

Cooling down the Gaussian SAW resonator with a beam waist w0 = 2λ (Fig. 3.21) to

Figure 3.21: Gaussian SAW resonator: optical micrograph. The upper coplanar
waveguide (CPW) is connected to an RF sources. The lower CPW is available for trans-
mission measurements but is wirebonded to ground for 1-port reflection measurements. The
device geometry parameters are λ = 12 µm, w0 = 2λ, Np = 80.
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taken at T = 30 K device shown in Fig. 3.21. The experimental data is in black and the fits
shown as red lines use Eq. 3.42.

cryogenic temperatures and performing RF measurements yield a nearly impedance matched

cavity resonance (Fig. 3.22). The resonance is clearly well isolated from any spurious modes,

such as transverse modes, due to the Gaussian geometry [68]. More measurements including

higher temperatures are discussed in Ch. 6. Our results from fitting the data taken at 30

K to Eq. (3.42) are ω0/2π = 559.6591 MHz, Qi = 36, 650 ± 10, Q∗e = 36, 210 ± 10, and

φ = 14.0 ± 0.1. The loaded quality factor of this device is Q ≈ 18, 200, and its normalized

coupling strength to the CPW transmission line is Qi/Q
∗
e ≈ 1.01, which means power can

be transfered into the mechanical cavity very efficiently from a 50 Ω source at its resonance

frequency.
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Chapter 4

Optically Imaging Surface Acoustic

Waves with Deep Defects

The following chapter is adapted from previously published work in reference [73].

4.1 Electrometry by Optical Charge Conversion

The detection of electric fields and charge is critical to a wide range of applications includ-

ing device characterization [74], mapping electrical potential [75] and electrical quantum

metrology [76, 77, 78]. Recently, electrometry was demonstrated using the spin state of

optically-active point defects, specifically nitrogen-vacancy (NV) centers in diamond, en-

abling quantum-limited sensitivity with nanoscale spatial resolution [45]. Similar experi-

ments were also reproduced in divacancies (VV) in silicon carbide [17]. Nevertheless, electric

fields (and strain) only weakly interact with the spin state of typical qubit defects by altering

the zero-field splitting [17, 79] or hyperfine interaction [80, 81]. In contrast, an impuritys

charge state, though not coherently controllable, is directly sensitive to the electric and

charge environment which perturb the electronic wavefunction, and is drastically modified

by defect ionization and recombination [82]. The defect charge state provides a naturally

occurring analog of quantum point contacts, single electron transistors or other charge-based
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Figure 4.1: Electrometry by optical charge conversion (EOCC). a. Schematic of
the optical setup with one reset color (365 nm or 405 nm) and one pump color (976 nm).
Illumination at 365 nm generates electron-hole (e-h) pairs that reset VV to VV0 (bright
state) in the steady-state, at 405 nm directly ionizes VV− (dark state) to VV0, and at
976 nm excitation converts VV0 to VV− by direct two-photon ionization or indirectly by
one-photon ionization of local traps [82, 83]. In addition, VV0 photoluminescence is provided
through excitation at 976 nm. VV(0/−) is the transition energy level between the neutral and
negatively charged states. VB and CB are the valence and conduction bands, respectively.
An RF electric field (r.m.s. amplitude E, frequency fE) is applied across a coplanar capacitor
with a 17 µm gap. Divacancies are created by carbon implantation immediately below the
surface. A fast detector with 10 MHz bandwidth (BW) allows for direct detection of a full
OCC transient signal in a single measurement. b. VV is first reset to its bright state (VV0) by
405 nm illumination, followed by PL detection (top) of the charge conversion toward the VV
dark state by 976 nm excitation. Below, the difference between conversion with and without
applied electric field (10 MHz) is shown. Data is fit to a stretched exponential function with
R = 42 kHz and n = 0.54 obtained using a global fit for all electric field values. c. Fitted
decay rate shifts as a function of electric field. Error bars are 95% confidence intervals. d.
EOCC sensitivity with continuous (CW) laser (365 nm and 976 nm) pumping as a function
of 976 nm laser power. We estimate a 10% error in electric field estimation, corresponding
to 20% error in sensitivity (not shown).

electrometry devices [76, 77].

Optical detection of charge states can be adapted depending on the defect: for the NV

center in diamond, a change from the NV− to the NV0 provides different emission spec-

tra [84], while in VV or silicon vacancies (VSi) in 4H and 6H-SiC, only one charge state

(VV0, V−Si) has a known photoluminescence (PL) spectrum [6, 85]. Charge conversion be-
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tween the various charge states can be efficiently realized by optical pumping at specific

wavelengths [82, 86, 87]. Here we show that the optical charge conversion (OCC) rate be-

tween the bright and dark charge states of both VV and VSi defects is strongly modulated

by the presence of an applied radio-frequency (RF) or microwave (MHz to GHz) electric

field, and therefore can be detected through changes in PL. The frequency range of this

electrometry by optical charge conversion (EOCC) would be challenging using conventional

spin sensing due to limitations in Rabi drive rates, though a method of circumventing this

limit has recently been shown [88]. We further demonstrate spectroscopic techniques (fre-

quency and phase resolution) using EOCC as well as its application to three-dimensional

microelectromechanical system (MEMS) characterization.

In 4H-SiC, OCC of divacancy ensembles requires a near or above bandgap (3.2 eV)

excitation to obtain VV0 (bright), while illumination below 1.3 eV pumps the defect toward

a dark charge state (likely VV−) [82, 83]. We use either 365 nm (continuous) or 405 nm

(pulsed) light as reset to VV0 and 976 nm laser as dark state pump, with the 976 nm laser also

exciting PL from VV0. Fig. 4.1a shows all dominant capture and photoionization transitions

in the system, as well as electron-hole pair generation by 365 nm illumination as described in

ref. [82]. The experimental setup consists in two laser beams focused on divacancies localized

near the surface, in between two metal contacts on top of the SiC substrate (see also Fig.

4.7). Applying a voltage across the contacts generates in-plane electric fields orthogonal to

the c-axis.

We first characterize OCC transient decays by resetting the charge state with 405 nm

illumination followed by a 976 nm pump laser. A fast detector is able to capture a complete

transient signal from bright to dark in a single experiment (see Methods section for more

details), as shown in Fig. 4.1b (top). The decay is well fitted by a simple stretched exponential

decay f(t) ∝ exp{(−(Rt)n)}, where R is the characteristic decay time and n the stretch

factor, the latter describing the complexity of the charge conversion mechanism (n = 1 for

simple photoionization and n < 1 for competition between ionization, carrier capture and
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carrier diffusion) [89, 90]. We then apply simultaneously an RF electric field along with the

976 nm illumination, resulting in a time-dependent PL variation ∆PL(t, E) = PL(t, E) −

PL(t, E = 0) as plotted in Fig. 4.1b (bottom), where E is the root mean square amplitude

(r.m.s.) of the electric field with corresponding frequency fE = 10 MHz. The fit function in

this case becomes f(t, E) ∝ exp
{

(−(R(1 + ∆R(E))tn(1+∆n(E)))
}
− exp{(−(Rt)n)}, with

∆R(E) and ∆n(E) the relative rate and stretch factor shifts under electric field.

While n remains nearly constant (∆n < 1% observed variations), the electric field changes

R (see Fig. 4.1c) according to a phenomenological quadratic dependence with saturation:

∆R(E) = ∆R∞

〈
(E/Esat)

2

1 + (E/Esat)2

〉
t

(4.1)

where 〈 〉t correspond to a time average over an oscillation of the RF electric field, Esat is

the saturation electric field and ∆R∞ is the maximum R shift when E � Esat. We find for

VV in this sample ∆R∞ = 27± 1 % and Esat = 158± 20 V/cm. It is unclear whether these

values are specific to the sample or to the defect itself and additional studies are required.

In the first case, EOCC would likely be due to variations in carrier recapture after ionization

and would depend on parameters such as mobility or drift velocity. In the second and most

likely case, Esat may be directly related to the defect electronic wavefunction and changes

in photoionization and capture cross-sections (see Fig. 4.1a). Finally, the EOCC effect was

confirmed separately in multiple SiC wafers, in bulk and implanted ensembles, and using

different device geometries (see Methods section). We also did not observe any magnetic

field dependence of EOCC up to 400 G, precluding any spin contribution to the signal.

Due to the quadratic response given by (4.1), EOCC effectively measures the electric

field energy density. We define the sensitivity S of this sensing technique for all values of

electric fields below saturation as:

S =
E2σ∆PL(E)

√
Texp

∆PL(E)
(4.2)

73



E (Hz)
102 104 108106

N
or

m
al

iz
ed

 R
 s

hi
ft

 (a
.u

.)

1010

Model

Laser spot (μm)

fRCfM

34
17

9
2

100

10-1

10-3

10-2

Figure 4.2: Frequency dependence measurements. Frequency response of the EOCC
rate shift (normalized) for different laser spot sizes obtained by changing the microscope
focus. At frequencies below fM, the rate shift decays due to a lower effective electric field,
while above fRC, it decays due to the low-pass characteristics of the experimental setup and
device impedance.

where ∆PL/σ∆PL is the signal-to noise ratio (using standard deviation) for a given

electric field and Texp is the experiment time (i.e. PL integration time). Fig. 4.1d shows sen-

sitivity values as a function of 976 nm pump power, optimized by using continuous 976 nm

and 365 nm illumination while locking-in on the electric field turned periodically on and

off. In this sample, we obtain a sensitivity at 10 MHz as high as 41 ± 8 (V/cm)2/
√

Hz for

an estimated ensemble of 104 VVs within the confocal spot size. Similar sensitivities have

been demonstrated with DC and low frequency (< 1 MHz) spin sensing [45, 91], though the

quadratic dependence in E makes it hard to properly compare EOCC and spin-based sensing

(linear dependence). Higher sensitivities may be achieved with higher defect densities, e.g.

with larger depth profile and higher implantation doses, to the limit of strong pinning of the

charge state. Higher laser power may also improve the sensitivity by one to two orders of

magnitude by increasing the decay rate R. Resonant optical excitation on the zero-phonon

line may also enhance the charge conversion rate due to two-photon ionization [82], and

alternative defects with higher ionization cross-section could be investigated. Sensitivities

down to 0.1 − 1 (V/cm)2/
√

Hz should be achievable with commercially available materi-

als. The measured sample and VV concentration are similar to that used for typical spin

experiments, readily allowing EOCC to be combined with other spin sensing techniques.
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4.2 Frequency Spectroscopy with EOCC

We then characterize in Fig. 4.2 the frequency response of the EOCC technique by looking

at the rate shift ∆R as a function of electric field frequency, from quasi-DC (100 Hz) to

2 GHz. Above 1 GHz, ∆R diminishes as expected from parasitic capacitances of the device

(RC filtering). Below 1 MHz, ∆R also decreases possibly owing to the creation of a steady

state space charge defined by the laser spot and the applied electric field. At low frequency,

the optical pumping ionizes VV and other defects, resulting in free carriers that redistribute

to locally compensate the applied electric field. The decrease in signal is therefore attributed

to a lower effective electric field seen by the defects and not a lower EOCC sensitivity. At

high enough frequency, the carrier distribution never reaches its steady state and the space

charge is not created. The characteristic timescale for space charge formation is the Maxwell

relaxation time 1/fM = (ε0εrρ)/2, where ε0 and εr (≈ 10 for 4H-SiC) are the vacuum

and relative permittivity and ρ is the resistivity [92]. Within this description and using

the fitting function for fM described in the Methods section, we measure fM ≈ 0.3 MHz

with a corresponding resistivity equal to ≈ 107 Ω cm, as expected from typical resistivity

values quoted for high purity semi-insulating 4H-SiC wafers. The space charge creation is

also expected to depend on the initial charge distribution which we effectively modify by

increasing the laser spot size (Fig. 4.2). The fit works well in all cases, and in particular for

large spot sizes the low frequency rate shift is non-zero (above noise level).

Having characterized the EOCC frequency response, we now demonstrate the ability to

resolve the frequency and phase of the applied RF electric field as shown in both Fig. 4.3a,b,

respectively. These experiments are enabled by pulsing the 976 nm pump light with a given

frequency flaser and duty cycle (pulse duration). First, we fix flaser while sweeping fE with

a random initial phase between the two frequencies. This sequence measures the effective

filter function of the pulse sequence, and shows dips of decreasing intensities for fE equal to

increasingly higher harmonics of flaser (Fig. 4.3a). The dips arise from the light pulse always

overlapping with equal electric field values when fE matches a harmonic of flaser; the RF
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Figure 4.3: Frequency spectroscopy and phase domain measurements. a. Frequency
response of the EOCC contrast under pulsed 976 nm light, corresponding to a filter function
for RF electric field spectroscopy. The laser pulse periodicity is flaser. The electric field has
a random phase with respect to the laser pulse. The total measurement duration is fixed
for all duty cycles. b. Phase measurement of the RF electric field using the sequence shown
on top. The laser is pulsed at twice the electric field frequency and related by a phase Ψ.
Ψ = 0 is defined as the laser pulse coinciding with E = 0; due to finite laser pulse length,
this results in asymmetry of the EOCC signal around Ψ = 0. For both (a) and (b), a 405 nm
reset pulse is used before the sequence.

electric field effectively becomes static in this condition and the EOCC signal diminishes as

expected from Fig. 4.2. The effect is gradually more prominent for decreasing duty cycle as

the filter function sharpens. For phase resolution (Fig. 4.3b), we fix the relative phase Ψ

between the laser pulse and electric field oscillations and set flaser = 2fE . Alternating light

pulses encounter electric fields with alternating signs but equal amplitude depending on the

phase Ψ, and sweeping Ψ hence maps the time evolution of the electric field (E2) oscillation.

The model in the figure is calculated without any free parameters using eq. (4.1) and the

overlap between the electric field wave and the laser pulse.

4.3 Applications to Other Defects and MEMS Sensings

The electrometry technique we have outlined is broadly applicable to other defects with

known charge dynamics. For example, VSi can be optically charge converted and, unlike

VV, is optically active even at room temperature. The combination of 365 nm (pumping
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Figure 4.4: EOCC in silicon vacancies (VSi) in 4H-SiC. a. EOCC contrast |∆PL/PL|
as a function of electric field for temperatures ranging from 5 to 350 K. Lines are fit to
eq. 4.1, with Esat fitted to be 610± 80 V/cm independent of temperature. b. Extrapolated
EOCC contrast for E →∞ as a function of temperature, with 95% confidence intervals (not
shown) equal to about 5% of the contrast.

to a dark state) and 785 nm (pumping to a bright state) lasers allows for OCC [82] and

therefore the application of EOCC as shown in Fig. 4.4a,b. Under continuous illumination

at both wavelengths, the electric field modifies the VSi PL for temperatures ranging from

5 K to 350 K. The EOCC contrast is present at all temperatures, though it is strongly

reduced above 30-77 K; this behavior could be explained by the thermal activation of shallow

impurities or capture barriers. The EOCC frequency dependence was found to be identical

between VSi and VV (see Fig. 4.8). We do not compare here VSi and VV sensitivities as

the experimental setup and the sample were only optimized for VV defects.

To conclude this work, we demonstrate the application of EOCC to map surface acoustic

wave (SAW) modes in an electro-mechanical resonator in 4H-SiC. As SiC is slightly piezoelec-

tric, any strain or shear wave simultaneously produces a corresponding measurable electric

field. The SAW resonator is displayed in Fig. 4.5a (see Methods section and Figs. 3.18,3.19

for further details) with an interdigital transducer (IDT) fabricated on top of a 500 nm AlN

layer on top of the SiC substrate. The resonator is composed of Bragg gratings made from

grooves in the AlN that act as reflective mirrors, while the IDT couples the electrical drive

to the SAW mode. All PL measurements are realized away from the IDT to avoid contri-

bution from the drive electric field. Fig. 4.5b presents a longitudinal (x-z) cross-section in

77



-30
x (µm)

30-20 -10 0 10 20

z 
(µ

m
)

-20

-10

0

10
ΔPL/PL(%) 0.0 -0.4 -0.8

λ/2

Al

4H-SiC

X
YZ

c
d

b

groove

AlN layer

20 m

a b
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the center of a device where there is a window in the IDT. In Fig. 4.6a,b we show a cut

(x) across the AlN grooves and a transverse cut (y) in the central window, respectively. In

the cross-section of the window, we observe wave crests separated by half of the SAW wave-

length λ (λ = 16 µm, cavity frequency is 421 MHz), as expected from a quadratic response

in electric field. Numerical simulations confirm the contrast to likely originate from the Ex

electric field component of the resonator mode (see Fig. 4.9). From the data in Fig. 4.6b,

we observe oscillations in the Bragg grating’s grooves from the SAW modulated by an expo-

nential decay. The characteristic decay length is measured to be L = 0.78 ± 0.03 µm, and

directly related to the reflectivity per grating strip |rs| = λ/4L = 0.51± 0.02 %.

A transverse sweep across the central window measured as a function of drive frequency

allows for direct observation of various transverse modes of the SAW resonator. Fig. 4.6b

shows modes with 1 to 5 peaks (i.e. electric field extrema); their respective signals are

separately integrated, plotted (bottom) and compared with a direct reflection (|S11|2) mea-

surement of the cavity. The |S11|2 signal only provides the total contribution from all modes,

whereas the EOCC technique fully separates each mode in spatial and in frequency domains.

Overall, EOCC offers complementary information to common MEMS characterization meth-

ods such as laser Doppler vibrometry [93] and various surface techniques (scanning electron
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Figure 4.6: Characterizing a planar SAW resonator with EOCC. (a). EOCC con-
trast near the AlN grooves (reflectors) allows for direct measurement of their reflectivity rs.
xgrating = 0 corresponds here to the position of the first groove. In inset, a zoom is shown to
emphasis the oscillations from the SAW. (b). SAW drive frequency as a function of trans-
verse (y) position. 5 modes are observed and integrated according to the colored ellipses.
The integrated signals for each mode are shown as a function of frequency and compared to
the |S11|2 intensity from a Schottky diode. All maps were realized at 0 dBm input power.

microscope, atomic force microscopy, etc.) [75]. In particular, 3D spatial and high frequency

(GHz) sensing available with EOCC are much harder to achieve with these alternative tech-

niques.

4.4 Conclusions

In summary, we present a new electric field sensing technique for optically-active defects in

4H-SiC. This method is purely optical and has a quadratic dependence in the applied electric

field, i.e. measures the electric field energy density, whose frequency can be as high as a few

GHz, likely limited by the experimental setup. Electrometry at such frequencies would be

hard to achieve with spin sensing techniques. We further demonstrate spectroscopy in both

the frequency and phase domain. These methods were tested in 4H-SiC for both ensembles of

divacancies and silicon vacancies, from cryogenic to room temperature, and with a measured

sensitivity of 41 ± 8 (V/cm)2/
√

Hz. The ability to measure electric field vectors (3-axis)

could be realized by taking advantage of the non-linear (quadratic) response in electric

field. Finally, we demonstrate mapping of a SAW resonator due to the piezoelectricity of
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SiC, offering a new characterization tool for related MEMS. Further improvements in the

sensitivity could be achieved by higher defect densities, which should not drastically affect

the charge state dynamics contrary to the spin coherence, or toward high spatial resolution

by using single impurities. This technique is likely applicable to defects in other materials,

in particular large bandgap crystals such as diamond and other substrates for high power

electronics and high frequency MEMS.

4.5 Materials and Methods

4.5.1 Samples

The coplanar capacitor device was fabricated on a semi-insulating 4H-SiC commercial wafer

from Norstel AB. VV and VSi defects were created by carbon (12C) implant with a 1 ×

1012 cm−2 dose at 170 keV with a 7◦ tilt (≈ 300 nm depth), followed by annealing at

900◦C in Ar for 2 hours. 10/90 nm of Ti/Au was used for the metal gates. The device

design is shown in Fig. 4.7 and has multiple capacitors in parallel, though the laser spot in

all experiments was confined to a single capacitor (with 17.1 µm spacing). We confirmed

the EOCC effect using other device geometries, including measurements of the electric field

produced by a microwave stripline on a printed circuit board a few micrometers away from

the sample, as well as devices fabricated on different 4H-SiC wafers (Norstel AB and Cree

Inc.). The electric field sensitivity was found to vary between the wafers, mainly due to

the OCC efficiency. Indeed, for some samples, the local Fermi level might be pinned by

a dominant trap, including VV, preventing charge conversion from occurring, as previously

observed in [82]. For example, carbon (12C) implant at 1×1012 cm−2 dose was found to give

higher sensitivity than at 1× 1013 cm−2 dose in semi-insulating wafers. The total change in

PL after charge conversion between the bright and dark states was reduced from a factor of

1000 in the first sample to a factor of 20 only in the second sample, and consequently the

EOCC contrast was similarly reduced. Careful consideration of all impurities present in the
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substrate is therefore necessary to optimize EOCC.

The SAW resonator (see Figs. 3.18,3.19) was fabricated on a semi-insulating 4H-SiC

commercial wafer from Cree Inc.. Defects were created by carbon (12C) implant with a

1 × 1012 cm−2 dose at 170 keV with a 7◦ tilt (≈ 300 nm depth), followed by annealing at

900◦C in N2 for 2 hours. 500 nm of AlN was sputtered on the Si face of the wafer by OEM

Group Inc. The AlN layer has ≈ 40 MPa film stress with a rocking curve for AlN (0002) of

1.52◦ full width at half maximum (XRD). 150 nm of Al was used for the interdigital contacts

(80 finger pairs, with a window in the center equal to 3λ of missing fingers). Al and AlN

were etched by inductively coupled plasma (ICP) with 10 sccm Ar, 30 sccm Cl2, 30 sccm

BCl3, 50 W bias and 400 W ICP power. The grooves in the AlN were patterned by optical

lithography and etched 270 nm deep.

4.5.2 Experimental setup

Samples are mounted on printed circuit board inside a closed-cycle cryostat. All measure-

ments were realized using a single confocal microscopy setup (50x objective, 0.65 numeri-

cal aperture) with optics optimized for near-infrared. For VV, OCC was realized using a

365/405 nm and 976 nm laser diode, with 976 nm simultaneously exciting the VV0 photolu-

minescence (> 1000 nm). For VSi, OCC was realized using the same 365 nm and a 785 nm

laser diode, with 785 nm simultaneously exciting the V−Si photoluminescence (875-1075 nm

filtering). For pulsed laser experiments, the 976 nm laser was modulated using an acousto-

optic modulator (� 100 ns rise time) while 405 nm was directly modulated by a current

driver (250 kHz).

Detection was realized using two separate configurations. For continuous measurements,

an InGaAs photodiode with 1 kHz bandwidth was combined with a lock-in amplifier set at

the frequency of the electric field amplitude modulation or switching (typically 400 Hz). For

direct transient detection, an InGaAs avalanche photodiode (Thorlabs APD410C) in linear

regime (M factor = 20) with 10 MHz bandwidth was used with a fast (125 MHz) acquisition
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card. Transient signals were acquired with a 50 MHz sampling rate and binned into 2 µs

samples; differential measurements for ∆PL are numerically processed during acquisition.

All maps were taken using a 3-axis linear stage. AC electric fields are generated by two

separate sources below and above 40 MHz. Above 40 MHz, the input power is calibrated

to be flat across all frequencies by measuring the reflected power from the sample with a

Schottky diode.

4.5.3 Low frequency response

In order to understand the low frequency response, we also tested a simpler coplanar capacitor

design and a coplanar waveguide design patterned on two different 4H-SiC wafers. We

also measured electric fields coming from a coplanar waveguide on a printed circuit board,

separate from The effect of device impedance at low frequencies is disregarded as we did not

observe any change using these various device configurations.

The low frequency behavior can be modeled by an effective electric field with the following

linear frequency response:

E(fE) = EHF

∣∣∣∣1− c× (1− ifE/fM)

(1 + a− ifE/fM)(1− b− ifE/fM)

∣∣∣∣ (4.3)

where EHF is the electric field value at high frequency, i is the imaginary unit and a, b, c

and fM are free parameters. Though this equation is purely phenomenological, it is similar

to theoretical calculations for the conductivity response from the creation of a space charge

(but for different conditions from our experiments) [92]. In this case, the parameter fM is

the Maxwell relaxation rate and a and b are related to the inhomogeneous distribution of

free carriers due to photoionization.

4.6 Supplementary Data and Figures
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Figure 4.7: Optical micrographs of the capacitor device for EOCC characteriza-
tion. 4H-SiC sample with electrodes (capacitor) mounted on a printed circuit board with
radio-frequency (RF) input for the EOCC electric field signal. A shorted microwave coplanar
stripline is directly beneath the sample to allow spin measurements for testing purposes (e.g.
confirming the PL signal comes only from VV). The 976 nm laser, 365 nm light emitting
diode and 405 nm laser are all focused between two metal gates separated by 17.1 µm.
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Figure 4.8: Frequency dependence of EOCC using VSi in 4H-SiC. Measurement was
realized using continuous-wave 785 nm and 365 nm illumination. No significant difference was
observed between VSi and VV, showing that the electrometry mechanism is likely identical.
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Figure 4.9: Numerical simulations of the electro-mechanical SAW resonator mode.
a. Schematic of layers in de SAW device. b. EOCC contrast (see Figure 4. of the main
text). COMSOL simulations are given in (c-f): c. x component of the electric field (square).
d. εxz shear. e. Volumetric strain. f. Displacement. The dashed lines indicate the center
of the IDT. All simulations were obtained when the voltage across the IDT is close to zero.
In this case, the dominant contribution is the strain/shear and piezoelectric field of the
SAW resonator. This is in contrast with the experimental result in (b) where the amplitude
is larger beneath the metal. In addition, the simulation does not take into account all
interdigitated fingers and reflectors of the resonator. We determine that (c) exhibits the
closest resemblance to the spatial map of (b), from Fig. 4.5b, so mechanical-EOCC contrast
results from piezoelectric effects in the 4H-SiC substrate.

84



Chapter 5

Direct Imaging of Dynamically Driven

Strain using X-rays

The following chapter is adapted from previously published work in reference [94].

5.1 The Hard X-ray Nanoprobe

Strain provides a fundamental route to control diverse material properties such as electrical

transport [95], chemical reactivity [96], and electromagnetic ordering [97]. In quantum sys-

tems, the manipulation of strain near isolated point defects and engineered structures has

shown the potential to significantly improve performance characteristics of solid-state qubits

for quantum information processing [98, 99, 5, 100, 101]. Among potential degrees of freedom

in solid-state quantum devices, mechanics has the ability to nearly universally interact with

various types of qubits [1, 102] and be confined to sub-micron length scales. Near-defect

lattice strain can be used either statically, to tune quantum energy levels and degeneracy, or

dynamically, to mechanically drive coherent spin transitions [44, 43, 103] and engineer hybrid

system responses. From this, mechanical systems have the potential to play a transformative

role in quantum information transfer, but the degree and nature of strain coupling to local

properties, such as defect electronic energy levels are often not well understood [104, 17] due
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Figure 5.1: Stroboscopic Scanning X-ray Diffraction Microscopy (s-SXDM) ge-
ometry. a. Periodic bunch patterns of the Advanced Photon Source (APS) synchrotron
are frequency matched to RF continuous wave excitation of a SAW (illustrated in red).
Stroboscopic illumination allows for nanoscale SXDM of a virtually frozen wave. b. The
time domain surface displacement of the SAW (red curve - 1 nm peak-to-peak displacement
at 352 MHz) is synchronized to the time structure of the X-ray illumination (blue curve
- 22 ps rms width at approximately 88 MHz). This allows a flexible measurement of the
SAW amplitude by varying either time (detuned near-frequency match) or RF phase (at
frequency match) to relatively displace the measurement to a new time slice (dotted blue
line). c. The out-of-plane displacement of the SAW at a fixed point in time is represented by
the orange isosurface, exhibiting both periodic lattice curvature along the wave longitudinal
propagation direction y and transverse curvature along x , at the magenta and green dots
respectively, induced by Gaussian focusing of the standing wave. These curvatures induce
orthogonal shifts in the far field diffraction pattern that oscillate as a function of the relative
phase between the synchrotron time structure and the RF SAW excitation.

to the difficulty of directly measuring local nanoscale strain. Quantifying this coupling is

especially important in the time domain, where dynamic sources of strain such as resonant

acoustic waves can be used to manipulate spin states or control the transmission of single

electron currents between qubits [105, 106].

Surface acoustic waves (SAWs) have been previously observed with frequency-matched
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synchrotron X-ray diffraction, historically with diffraction micro-topography [107, 108] and

with iterative phase retrieval of surface structure utilizing SAW satellite peaks [109, 110].

We report the development of a new approach to imaging dynamic bulk crystal strain using

recent advances in nanoscale hard X-ray microscopy techniques at 3rd generation synchrotron

sources, which have enabled the visualization of sub-picometer embedded crystal strain with

nanometer scale spatial resolution [111]. Using Bragg diffraction contrast as a scattering

mechanism, our approach gives access to femtometer atomic displacements (∆c/c ∼ 10−5)

in crystalline materials with a real-space, in-plane spatial resolution given by a beam focus

on the order of tens of nanometers and at depths from tens to hundreds of microns. By

virtue of the high monochromaticity of the light, tuning the scattering specifically to the

diffraction condition of the host material for quantum systems allows a strain contrast signal

uncontaminated by the presence of capping material, transducer layers, or electrodes. This

ability to access far-from-surface lattice perturbations in complex systems is combined with

an ultrafast pulsed X-ray illumination, which is determined by the bunch structure of the

synchrotron storage ring [112].

Here, we investigate acoustic strain modulation using 22 ps rms X-ray pulses separated

by 11.37 ns synchronized to a SAW excitation that penetrates microns into the surface. In

conventional pump-probe X-ray measurements, the synchrotron timing structure is used to

synchronize an optical pump during pulsed stimulation of the sample [113]. Our measure-

ment instead uses a frequency match of continuous radio frequency (RF) surface acoustic

wave excitation to the ring time structure, in order to virtually slow or freeze periodic lattice

fluctuations generated by a transducer fabricated on the 4H silicon carbide (SiC) host mate-

rial without the need for a stimulation pulse. We demonstrate the impact of this approach

by correlating the dynamic lattice curvature measurement of driven lattice fluctuations with

photoluminescence changes from point defects caused by acoustic driving and piezoelectric

effects near a etched microscopic structure.
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5.2 Gaussian Focusing of Surface Acoustic Waves in

SiC

Silicon carbide is a versatile and increasingly relevant material for quantum sensing and

technological applications due to a rich variety of optically accessible defect spins with ex-

ceptionally long (millisecond) coherence times that are controllable up to room temperature

[104, 6, 7, 15]. In comparison to diamond, SiC is available commercially on the wafer-scale

with industrial growth processes established along with well understood micro and nanofab-

rication steps for the creation of electronic, mechanical, and optical functionality [114, 10].

As robust as SiC neutral divacancy ground state spins are for storing quantum information,

their excited state electronic energy levels can be manipulated and split with small amounts

of crystalline strain (< 10−6) in the host material [17]. SAW phonons have been used to

demonstrate quantum manipulation of defect electronic orbitals in diamond [115, 116] and

spin states in SiC [103]. For the first time this study demonstrates a local measurement of

the lattice perturbations created by a SAW near a fabricated microscale structural defect in

SiC, responsible for locally enhancing strain fluctuations around divacancies.

Propagating and stationary SAWs have widespread usage in RF signal processing and

electronics applications [117] and are typically realized using an interdigitated transducer

(IDT) on a piezoelectric crystal surface. In this study we use a 500 nm thick piezoelectric

transduction layer of sputtered aluminum nitride (AlN) on a 4H-SiC substrate with low

film stress and fabricate an IDT to drive the SAWs. The IDT contains a Ti under-metal

layer for both improved metal-AlN adhesion and X-ray fluorescence mapping. Considering

that both 4H-SiC and AlN have isotropic Rayleigh wave velocities in their respective crystal

planes, we apply Gaussian geometries, inspired by Gaussian optics and electromagnetism,

to the IDT so as to form a nearly diffraction limited SAW spot size (Fig. 5.1a). Gaussian

focusing provides increased acoustic power near the focus, which is useful for increasing

spin-phonon coupling in hybrid quantum systems while minimizing SAW diffraction losses
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in resonators [103]. The Gaussian IDT is geometrically designed to have a 1.25λ spot size

(SAW wavelength λ = 19.03 µm) and Guoy phase incorporated for the lowest order Hermite-

Gauss mode. Additionally, the piezoelectric AlN film is etched away at the SAW beam waist

where 3λ of electrodes are removed to expose a window. The purpose of the window is

to remove extraneous microstructures in the 4H-SiC caused by the internal film stress in

the AlN epilayer clamping the substrate surface. Inside the IDT array, there is a standing

wave produced by constructive interference from each of the individually phase matched

electrodes.

5.3 Stroboscopic Scanning X-ray Diffraction Microscopy

The diffraction microscopy experiment sketched in Figure 5.1 consists of 8 keV X-rays gener-

ated by the Advanced Photon Source focused to a 25 nm FWHM beam spot by an interlaced

double Fresnel zone plate [118] at the Hard X-ray Nanoprobe operated by the Center for

Nanoscale Materials, Argonne National Laboratory. The sample is aligned to the 4H-SiC

[0004] diffraction condition and the zone plate is raster scanned in real space relative to the

sample position using an optomechanical nanopositioning system, allowing differential scan-

ning of the nanofocused X-ray beam across the sample volume (Supplementary Fig. 2) [119].

The RF excitation for producing SAW phonons is matched to a multiple of the synchrotron

storage ring frequency (∼ 352 MHz). This creates Bragg diffraction from a virtually frozen

wave curvature and strain that can be temporally swept by adjusting the relative phase of

the RF signal generator to the synchrotron source using an RF IQ modulator (Fig. 5.1b).

In a second approach for phase sampling we add a small detuning to the SAW frequency

relative to the ring frequency, which causes the signal to beat and evolve in phase at the

detuning frequency. The resulting slow, time varying diffraction allows the SAW oscillation

amplitude to be efficiently and periodically sampled without adjusting the electronics. Both

approaches yield similar results as a measure of local lattice distortion amplitude (Supple-
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mentary Fig. 7). Here, the data we present are acquired in stroboscopic (time-sampled)

mode with frequency detuning (fring− fSAW = 1 ± 0.05 Hz). The far-field diffraction pat-

terns are sensitive to strain components along the diffraction condition and lattice curvature

or slope. The two characteristic positions of high curvature on the Gaussian focused surface

acoustic wave are marked as magenta and green dots in Fig. 5.1c. It is important to note

that the directions of the lattice curvature gradient at the magenta and green points are

mutually orthogonal, creating distinct oscillatory motions of the far-field diffraction patterns

on the detector shown exaggerated in Fig. 5.1c. These diffraction pattern oscillations are

maximized at a characteristic set of positions where the curvature gradient reaches a maxima

along the wave - either inflection points along the SAW propagation direction (longitudinal

lattice slope - magenta dot) or gradient maxima of the Gaussian focusing (transverse lattice

slope - green dot).

Results of the s-SXDM measurement are shown in Figure 5.2. The IDT shown in Fig.

5.2a is aligned relative to the scanning directions using X-ray fluorescence (XRF) from the Ti

under-metal layer of the Al patterned electrodes as in Fig. 5.2b. At each scanning position

twenty images of the far field diffraction pattern are acquired at a 50 millisecond detector

exposure time, allowing for stroboscopic sampling of two full periods. Oscillatory motions

of the diffraction patterns are then separated into two components, one lying within the

diffraction plane (x -axis) and one orthogonal to the diffraction plane (y -axis). These motions

were primarily due to curvature inversion in the transverse and longitudinal (propagation)

directions of the SAW, respectively. The images in Fig. 5.2c are calculated from peak-to-peak

dynamic X-ray diffraction centroid shifts relative to the mean value at each position. This

measure is used to remove spatially varying, time-independent lattice strain and curvature

components in order to highlight SAW dynamics. Disorder visible in the longitudinal picture

is primarily due to complex internal reflections from the AlN film windowing visible near

the edges of both maps in Fig. 5.2c. Peak-to-peak displacement measurements fit to this

curvature are consistent with a wave of ∼1 nm surface displacement amplitude over a 10 µm
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Figure 5.2: Imaging of a Gaussian SAW. a. with the wave propagation direction y
aligned orthogonal to the scattering plane x . b. The scanning X-ray Bragg diffraction
measurements are registered relative to the patterned IDT using fluorescence from the Ti
adhesion layer of the Al electrodes. The device background image is a dark field optical mi-
crograph. c. The far-field X-ray diffraction pattern is sensitive to the local curvature (tilt) of
the lattice planes calculated as the gradient of the displacement in two ordinal components.
The oscillatory transverse and longitudinal shifts of the X-ray diffraction pattern oscillation
are independently detected as peak-to-peak displacements in the centroid position spot rela-
tive to the X-ray scattering plane. d,e. The expected depth dependence of an ideal Gaussian
surface acoustic wave displacement (uz) along the transverse x (d) and longitudinal y (e)
directions at the dashed red lines in (c). The transverse (longitudinal) curvature maxima,
signified with magenta (green) dots, correlate with the double (single) lobed periodic fea-
tures, respectively, experimentally observed in (c). The calculated displacements correspond
to the experimentally observed curvature amplitude.

half-period (Fig. 5.2d,e). The curvature is sampled along a ∼ 3 µm X-ray extinction length

expected at the [0004] reflection oriented at a scattering angle of ≈ 18◦, resulting in a 1 µm

depth sampling of the transverse and longitudinal curvature fluctuations. No fluctuations

are measured when the SAW power was reduced to zero (Supplementary Fig. 6).

5.3.1 Imaging Structural Defects

Acoustic waves are often scattered by interactions with fabricated objects or lattice defects.

In order to assess the divacancy response to locally induced curvature and strain, we fabricate

a structural defect into the center of the SiC scanning window (Fig. 5.3a) to perturb the

Gaussian SAW. This structural defect consists of a pit dry etched (∼2.7 µm diameter, 1
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µm deep) into the SiC surface. The dynamic (time-dependent) strain perturbation of the

etch pit in response to the acoustic wave is expected to be relatively large, as shown by a

mechanical model in Fig. 5.3b. This effect results in locally enhanced strain and piezoelectric

effects in the 4H-SiC when the SAW is present, as simulated in Fig. 5.3c. Next, we probe the

optical response of native divacancy defect ensembles, which emit photoluminescence (PL) in

the near-infrared. By employing the technique Electrometry by Optical Charge Conversion

(EOCC) [73], we all-optically map the divacancy ensemble charge state population in order

to probe dynamic electric fields induced piezoelectrically in the vicinity of the microscopic

structural defect. In this methodology, the optical charge conversion rates are sensitive

to fluctuations in the local electric field (E2), which we measure in the steady state by

simultaneously illuminating the divacancy ensembles with both ultraviolet and near-infrared

light. We find that PL contrast during SAW excitation is spatially maximized near the

structural defect (Fig. 5.3d). These results correlate with the s-SXDM measurements of

dynamic lattice curvatures where internal acoustic strains, detected by electric fields in the

piezoelectric bulk 4H-SiC, are strongly enhanced near the etch pit corners. Furthermore, the

depth dependence of PL contrast from the divacancies (Supplementary Fig. 4c) indicates

that the dynamic strain and electric fields are located microns away from the SiC surface.

This is in agreement with our numerical simulations (Fig. 5.3c) that reveal the linear strain

amplitude near the structural defect base is over three times greater compared to strain from

the propagating SAW amplitude alone.

We directly measure the dynamic transverse curvature amplitudes near the etch pit by

s-SXDM (Fig. 5.4a). The expected instantaneous curvature of an unperturbed SAW is

predicted with a simple phenomenological model assuming only Hermite-Gauss modes from

the IDT. We find that an additional rotation degree of freedom relative to the scattering

plane explains the weak S-shaped connections of the bimodal transverse curvature. This

prediction is subtracted from the experimentally observed curvature amplitude in order to

highlight the near-defect behavior, the results of which are shown in Fig. 5.4b. The etch pit
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Figure 5.3: Structural defect and internal piezoelectric response. a. SEM image of
model structural defect, an etched pit, located at the center of the SAW beam waist. b,c.
Simulated depth cross-section of the longitudinal lattice curvature and electric field magni-
tude (E2) in the SiC substrate. The finite element models are computed using COMSOL
Multiphysics and show a time slice during continuous RF excitation of the SAW. Although
the etch pit is located at a node in longitudinal curvature, increased strain and piezoelectric
effects happen at the pit’s base and corners. d. Enhanced dynamic piezoelectric effects at
the pit are independently and all-optically mapped by native quantum defects using Elec-
trometry by Optical Charge Conversion [73], which is sensitive to the local E2. Peaks of
signal are visible at the longitudinal pit edges, and the background is from stray electric
fields (see Supplementary Fig. 4 for depth dependence of PL contrast).

is intended to create an outgoing secondary wave or a local reflection of the wave, which is

weakly visible as patches of excess transverse amplitude and distortions of the longitudinal

amplitude circularly surrounding the central position at a ∼ λ/2 (9.5µm) radius.

Combining the nanometer-scale spatial resolution and stroboscopic feature of our X-

ray imaging technique allows us to locally image both the static and actively driven lattice

distortions around the etch pit. Static local strain induced by the dry etch process is relatively

small and nonetheless can be directly visualized by the mean (time independent) diffraction

pattern recorded at each scanning position (Fig. 5.4c,d). The static bound strain results can

be understood as compressive (tensile) strain in the upper (lower) pit corners, respectively,

which average and cancel each other when scanning through the center. At a higher degree of

visibility in the dynamic variations (Fig. 5.4e) compared to an outgoing wave, and trapped
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Figure 5.4: Near structural defect dynamic curvature measured via s-SXDM. a.
(Left) Real - space maps of diffraction oscillation amplitude, gray circle show presence of the
fabricated pit in the SiC surface. (Right) The expected instantaneous curvature predicted
with a simple phenomenological model including Gaussian focusing and wave periodicity as
free parameters. The weak S-shaped connection of the bimodal transverse curvature origi-
nates from a small (∼ 2 deg) misalignment of the diffraction plane to the wave propagation
direction. b. The best fit of the model parameters were then used to subtract the curvature
of the unperturbed SAW, allowing approximate visualization of the outgoing secondary wave
and clear visualization of a locally trapped high amplitude wave near the pit (dashed circle).
The spatial step size in (a,b) is 500 nm, with a 25 nm spot size. c. SXDM sketch of the
fabricated structural defect with a scattering angle Θ ≈ 18 degrees. The surface coordinate
scanning is corrected for sample angle relative to X-ray beam. d. Nanoscale imaging near
the pit of static strain, or lattice curvature, from the mean x centroid shift. e. Dynamic
transverse curvature from the r.m.s. x centroid shift during stroboscopic imaging. The
spatial step size in (d,e) is 50 nm, with a 25 nm spot.

within the diameter of the etch pit, we observe a strong bimodal peak. By raster scanning

the beam and correlating the resulting bound strain, we determine that this trapped acoustic

feature is microns below the surface and varying in time, demonstrating the value of this

synchrotron microscopy method as a local direct measurement of defect interactions with

acoustic waves. Such an effect could in principle be used to locally focus acoustics near

quantum relevant defects within a nanostructure in order to achieve stronger time-varying

distortions for state manipulation.
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5.4 Conclusions

We demonstrated nano-focused, direct-space Bragg diffraction microscopy using the syn-

chrotron timing structure to stroboscopically image lattice curvature. This new methodol-

ogy enables three orders of magnitude higher spatial resolution versus previous topographic

methods and access to independent ordinal components of lattice curvature and strain [120]

rather than a single scalar projection of these quantities as in previous X-ray topographic

studies. This is a necessary step towards the goal of simultaneous picosecond and nanoscale

imaging of a single defect interacting with resonant local phonons. Future directions include

the development of methods using nano-focused coherent diffraction imaging techniques such

as 3D Bragg Projection Ptychography [121] in the dynamical diffraction regime, which has

the potential to image dynamic strain at sub-10 nm 3D resolution near far-from-surface

lattice defects.

We imaged local dynamic lattice perturbations induced by a Gaussian focused SAW in-

teracting with a fabricated structural defect in 4H-SiC and correlated these perturbations

with divacancy defect optical measurements. Our nano-focused hard X-ray diffraction imag-

ing approach, based on the frequency matching of a synchrotron X-ray pulse structure to a

RF transducer, can be extended to real-space imaging of crystal strain in the time domain

with full control over the acoustic phase. The induced strain and dynamic lattice fluctu-

ations observed hold important consequences for nanomechanical system engineering with

local quantum defects, as indicated by the EOCC photoluminescence contrast enhancement

near the structural defect. A key feature enabled by this methodology is removing ambiguity

in assessing quantum structure-function relationships, through the congruent ability to im-

age in real-space lattice fluctuations that directly relate to photoluminescence changes from

optically-active point defects. Beyond quantum materials, this method is generally applica-

ble to acoustically manipulated structures and crystallographic defects where simultaneous

picosecond time, nanoscale spatial, and sub-picometer strain displacement sensitivity can be

used for unique local visualization of mechanical energy transduction.
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5.5 Materials and Sample Fabrication

The high purity semi-insulating 4H-SiC substrate from Cree Inc. had∼500 nm AlN sputtered

by OEM Group Inc. onto the wafer Si-face with low film stress. The IDT, comprising of 20

nm thick Ti and 150 nm thick Al, was fabricated on the AlN/SiC substrate. The circular

pit (Fig. 5.3a) was measured to be ≈ 950 nm deep by AFM using an Asylum Research

Cypher S and the depth was also confirmed with laser confocal microscopy using an Olympus

LEXT OLS5000. All layers were processed by optical lithography techniques and inductively

coupled plasma etching. Extensive fabrication and device characterization details are shown

in the supplementary materials.

5.6 Supplementary Data and Analysis

5.6.1 Electronic schematic

The stroboscopic Scanning X-ray Diffraction Microscopy experiment uses a radio frequency

(RF) signal generator matched to a multiple of the Advanced Photon Source (APS) syn-

chrotron storage ring frequency (fring) to drive the interdigitating transducer device. The

ring frequency in Fig. 2 is calibrated to be roughly fring = 351, 934, 790 Hz with a long term

drift of a few Hz per hour and a short term drift in a random walk of < 0.1 Hz/s. Over a few

months, we found that fring can changed less than 20 Hz. As the current synchronization

signal from the APS control room in this experiment is too jittery to use directly as a trigger

input, the signal generator is manually set to fring with a reference and connection to the

APS control room via an ethernet connection. This allows for independent control over the

center frequency (f0) while continuously obtaining appropriate offsets to remain stroboscopic

with respect to the storage ring timing. The frequency offset from the APS control room is

accurate to within 0.1 Hz and mitigates most of the long term drift of the ring frequency.

The short term drift, from APS doing feedback and adjusting the ring frequency, as well as
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Figure 5.5: Electronic schematic of the stroboscopic experiment. Matching the
frequency of the X-ray bunches from the Advanced Photon Source with the signal generator
requires setting the frequency of the signal generator with a real-time frequency offset using
a reference from the APS control room. The RF signal is then amplified, coupled to a
Schottky diode, and sent through a circulator before entering the sample chamber. The
Schottky diode is used to verify the approximate RF power at the device and a circulator
minimizes back reflections along with sends the outgoing signal to an oscilloscope.

the inability to trigger the RF signal directly causes variations in the phase delays, which

currently limits this imaging technique to only to non-propagating acoustics. Improved fiber

connections from the APS control room to the beamline are planned to improve the timing

accuracy in order to allow for full phase control imaging of the acoustic waves.

From the signal generator (SRS SG396), the RF signal goes to an Amplifier (Minicir-

cuits ZHL-20w-13s+), a directional coupler (Fairview Microwave MC51008-20), and finally

a RF circulator (Fairview Microwave SFC3340S) before entering the vacuum chamber to the

sample. The -20 dB coupling port from the directional coupler is connected to a zero-biased

Schottky diode (Fairview Microwave SMD0112) to measure the RF power at the sample,

and the reflections from the sample are sent via the circulator to an oscilloscope to verify

the RF timing with the APS ring, and X-ray experiment. Typical RF power at sample was

27-30 dBm. An RF electronic schematic of the experiments device is shown in 5.5.
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5.6.2 Layout of Hard X-ray Nanoprobe

The CNM/APS Hard X-ray Nanoprobe (HXN) facility at beamline 26-ID of the Advanced

Photon Source (APS), Argonne National Laboratory (ANL) delivers a hard X-ray beam

tunable over the 6-12 keV spectral range and focused to 25 nm spot size in-plane onto the

sample. The HXN uses interferometric control to maintain relative positional drift of the

focusing optics and sample less than 10 nm/h. The working distance between the X-ray fo-

cusing optics and the sample is typically a few millimeters. This enables a variety of in situ

and operando experiments with variable temperature, applied electric and magnetic fields,

and liquid and gaseous environments. Nanoscale structural information, such as crystallo-

graphic phase, strain, and texture, are measured at the HXN at a ∼25 nm real-space spatial

resolution by recording how a crystalline sample diffracts the incident nanofocused X-ray

beam while on the Bragg condition as the focus is scanned over the sample. Bragg ptychog-

raphy, a scanning coherent diffraction imaging technique that exploits the coherence of the

nanofocused x-ray beam combined with iterative phase retrieval methods, provides nanoscale

structure and lattice strain information within crystalline samples at a demonstrated reso-

lution extending to 5 nm, well beyond the resolution of current hard X-ray focusing optics.

Both the scanning nanodiffraction methods and future, time-resolved studies with the HXN

will provide new abilities tools for probing acoustic interactions with crystal ordering, defects,

and phase transitions in nanomaterials.

5.6.3 Microfabrication

The 4” diameter 4H silicon carbide (SiC) wafer had ∼ 500 nm of aluminum nitride (AlN)

sputtered on the surface by OEM Group Inc. The AlN film had a X-ray diffraction rocking

curve of 1.52◦ FWHM on the [0002] peak and the film stress was -42 MPa. All device layers

were fabricated by optical lithography and dry etching with inductively coupled plasma

(ICP) in a PlasmaTherm Apex SLR.

The IDT device layer was formed by electron-beam evaporation with 20 nm of titanium
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Figure 5.6: Nanoprobe chamber and instrument schematic. X-rays from the Ad-
vanced Photon Source are downselected to a monochromatic coherent fraction prior to being
focused onto the sample by a hard X-ray Fresnel zone plate focusing optic. The sample scan-
ning directions are vertically upwards and downstream (along the X-ray beam, in the plane
of the sample surface) - rotating about the X-ray downstream vector at the zero diffraction
angle.

(Ti) and 150 nm of aluminum (Al) using an Angstrom EvoVac. The Ti serves both as

an adhesion layer for the Al and as a luminescent layer for X-ray fluorescence mapping.

Optical lithography, utilizing a 0.9 µm thick photoresist, for the interdigitated transducer

(IDT) pattern was subsequently performed using a GCA AutoStep 200. To direct write the

autostepper reticle for this process, we used a Heidelberg MLA150. The IDT pattern was

transfered to the Ti/Al metal device layer by ICP etching with Cl2/BCl3/Ar with flow rates

of 30/30/10 sccm, respectively, and 400 W ICP power. Next, we define a “film window” at

the acoustic beam waist in the AlN piezoelectric transduction layer by direct-write optical

lithography, using the Heidelberg MLA150. This releases inhomogeneous SiC strain caused

by the AlN. ICP etching of the AlN film window was accomplished using Cl2/BCl3/Ar with

flow rates of 30/30/10 sccm, respectively, and 400 W ICP power. Finally, direct write optical
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Figure 5.7: Atomic force microscopy (AFM) measurements of the etch pit. The pit
depth is ∼ 950 nm deep. This is the same sample and pit that is shown in Figs. 3,4. Since
the AFM tip’s triangular shape distorts the in-plane dimensions, the SEM images in Fig. 3a
should be consulted for the pit shape and diameter. The color scale is in nanometers.

lithography for the circular pit employed a ∼ 2.9 µm thick photoresist and purposefully

over-exposing a 1 µm circle. The circular pit pattern was transferred to the 4H-SiC by ICP

etching using SF6/Ar with flow rates of 40/10 sccm, respectively, and 500 W ICP power.

We characterized the etched pit depth by atomic force microscopy (AFM) measurements

(Fig. 5.7). Our AFM measurements also found that the SiC surface had up to 5 nm of

increased roughness after ICP etching, which was transferred from the rougher AlN film

when fabricating the film window.

5.6.4 Divacancy photoluminescence response

Optically-active point defects in the 4H-SiC substrate provide numerous spin and electronic

properties, sensitive to environmental perturbations. While the ground state spins of point
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Figure 5.8: Divacancy photoluminescence (PL) mapping and electrometry near
the fabricated structural defect. a. Overview (xy map) of the Gaussian SAW beam
waist region of the device. b. Scan (xy map) near the etched pit. A reduction in PL near
the pit is slightly visible in a 2 µm radius about (x, y) = (0, 0). EOCC mapping shows two
lobes of contrast (reduced PL during SAW driving) near the longitudinal edges of the pit.
c. Depth cross-sectional scan (xz map) through the pit at the dashed line in (b). In all
panels the upper image is PL from divacancy defects in the SiC substrate, and the lower
image is continuous-wave EOCC of the divacancies. The x, y, and z directions correspond
to longitudinal, transverse, and sample c-axis directions, matched to sample orientations in
the s-SXDM experiments.

defects, including the neutral divacancy (VV0) and negatively charged silicon vacancy (V−Si),

in SiC can be used to sense small magnetic fields [5], their charge state provides a straightfor-

ward means of measuring and imaging internal electric fields [73]. Here, we use the technique

Electrometry by Optical Charge Conversion (EOCC) on native VV defect ensembles in the

SiC substrate as local sensors of mechanics. In our implementation of EOCC, we use two

laser colors on VV ensembles: 405 nm to perform charge state resets and 976 nm for optical

charge conversion as well as read out. While illuminating with 976 nm, the rate of optical

charge conversion, detected by photoluminescence (PL) from the VV on a photodiode, is

dependent on the radio frequency electric field at the VV defects. Since SiC is piezoelectric,

bulk strain will generate an internal electric field and be detected in three dimensions via
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Figure 5.9: Sensitivity calibration for electrometry by optical charge conversion
(EOCC). Measured magnitude of EOCC optical contrast as a function of linear electric
field amplitude (converted from input power) in between the coplanar waveguide gap. Error
bars are one standard deviation.

EOCC.

In the absence of RF driving of the Gaussian SAW, PL from the VV ensembles is spatially

homogeneous over the SiC in the region where an AlN was removed to create a film window

(Fig. 5.8a). Over the AlN, we observe that the PL is reduced by ≈ 70%, which is likely due

to lower optical transmission through the sputtered polycrystalline AlN layer. An overview

map of EOCC (Fig. 5.8a) yields ’hot spots’ near the electrodes and film window edge, along

with a gradient across the device center originating from the RF side - we attribute all of

these EOCC features to stray electric fields from the IDT and RF drive. EOCC from the

SAW far away from the pit is too weak to be measured on top of the background from stray

electric fields.

Next, we zoom in near the pit and take finer in-plane images of PL and EOCC contrast

(Fig. 5.8b). Even though the pit walls cause laser scattering and induce an optical shadow,

the EOCC map reveals two maxima spatially resolved near the longitudinal (±y) pit edges.

Therefore, the SAW standing wave generates dynamic strains near the structural defect

edges in the direction of acoustic propagation. Additionally, the EOCC contrast near the
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pit qualitatively agrees with s-SXDM results (Fig. 4), which show the structural defect’s

dynamic strain is enhanced over the regular Gaussian SAW mode. The background EOCC

contrast gradient from stray RF electric fields is visible even micrometers away from the pit

(Fig. 5.8b). From depth cross-sectional scans, we find that the two lobes of EOCC contrast

are maximized beneath the SiC surface and correlate to lower pit corners, in agreement with

the phenomenological simulation in the main text Fig. 3c.

In order to calibrate the EOCC signal, we measure the EOCC response in the capacitor

gaps (center pin to ground) formed by the input coplanar waveguide near the Gaussian IDT

(Fig. 1a). The calibration is obtained by combining the EOCC contrast as a function of

input microwave power with finite-element (COMSOL) simulations of the electric field. In

turn, we estimate that the peak electric field measured near the pit is approximately 300

V/cm at 400 mW of drive power after background corrections. Using knowledge of strain

and electric field distributions in the 4H-SiC caused by mechanics (Figs. 3 and 5.10), we can

convert the estimated peak electric field of 300 V/cm to an estimated strain amplitude. We

can see that electric field and strain scale together linearly from the piezoelectric equations

(stress-charge form),

σ = cES− eE ,

D = εE + eS ,

(5.1)

where the tensors σ is stress, S is strain, D is the electric displacement field, E is the

electric field, ε is the matrix of dielectric constants, and cE is the elasticity (i.e. stiffness

tensor). Note that normally we use εij = 1
2( ∂ui∂xj

+
∂uj
∂xi

) in the paper and supplement to

represent strain, although this equation shows S to distinguish the variables more easily.

By applying a linear scale factor found from COMSOL simulations in the time-domain, we

find the estimated uniaxial strain near the pit from 400 mW of RF drive power is εzz =

8.3×10−5±4.7×10−5. The uncertainty in this estimation in part comes from which spatial

103



R
e(

Y 11
)×

10
5  (

S)

Frequency (MHz)
250 300 350 400 450

0

0.5

Simulation
Np = 16

1.0

1.5

2.0

2.5

Frequency (MHz)
345 350 355 365340 360

w0 = 1.5λ
Np = 80

|S
11

|2  (
dB

) 0

-0.04

-0.08

-0.12

λ (μm)
19.14
19.03
18.92
APS

Frequency (MHz)
345 350 355 360

λ = 19.03 μm
w0 = 1.25λ

Np = 120

|S
11

|2  (
dB

) -3.2

-3.3

-3.4

S 11
 (d

eg
.)

1.0

0

-1.0
APS

a b c

dSimulation �uz/�y

Simulation |u|

z
y

z
y

λ (19 μm)

λ (19 μm)

0

2.5 fm

-10-9

10-9

Figure 5.10: RF characterization of Gaussian IDT. a. Frequency domain simulated
admittance of a planar IDT using COMSOL Multiphysics 2D (yz ) cross-section. The sim-
ulation accurately predicts the IDT center frequency (352 MHz), and therefore acoustic
velocity vSAW = λf0, for a wavelength of 19.03 µm. b. Time domain simulated absolute
displacement (upper image) and longitudinal lattice slope (lower image). The applied IDT
voltage is 1 mV. The simulations confirm that the etched film window have a negligible
effect on the standing wave mode and displacements are enhanced at the structural defect
walls and corners. c. RF reflection measurements for Gaussian IDTs of varying the acoustic
wavelength, plotted with subtracted magnitude offsets. While keeping the Gaussian geome-
try factors (e.g. spot size w and electrode finger pairs Np) constant, the IDT center frequency
f0 is easily tunable by changing λ. d. RF measurement of the Gaussian IDT used in s-SXDM
experiments, wirebonded to a printed circuit board. The Gaussian IDT geometry appears
to induce an asymmetric relative amplitude of the sinc-squared side peaks. Sub-MHz errors
in f0 may come from non-uniform AlN thickness across the wafer. The target frequency of
Advanced Photon Source (APS) synchrotron timing structure is shown as a black dashed
line.

locations in the simulation are used for the linear scale factor, therefore, one the dynamic

strain near the pit corner should be treated as 10−4 order of magnitude.

5.7 SAW characterization and modeling

In order to find the proper SAW wavelength (λ) for s-SXDM experiments, we first by fabricate

planar, single transducer planar IDTs (no Gaussian focusing) using single layer lithography.

By attempting various acoustic wavelengths, such as 8, 12, 16 µm (not shown), and per-
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forming RF characterization with a vector network analyzer (VNA), we can estimate that

we require an IDT with λ ∼ 19±0.1 µm to get a center frequency f0 ∼ 352 MHz. This agrees

with an planar IDT simulation (Fig. 5.10a). Simulated 2D cross-sections (yz ) of Rayleigh

wave produced at this f0 and λ are shown in Fig. 5.10b, including the structural defect and

AlN film window. Between multiple rounds of device fabrication, we find that chips from

the middle of the wafer and 1 cm from the wafer’s edge (containing the same IDT designs)

produce center frequency variations ≤ 0.3%. This suggests that the effective Rayleigh waves

velocities between devices are reproducible and the AlN film thickness is sufficiently uniform

across the wafer.

The high degree of device repeatability and AlN thickness uniformity allows us to easily

fabricate many IDTs and vary their geometry until the frequency performance is optimal

for s-SXDM. We fabricate Gaussian IDTs (w0 = 1.5λ and 80 electrode finger pairs) and

vary the acoustic wavelength λ in the mask design between devices by 11 nm. Even though

optical lithography has limited resolution for a single feature, the increments in electrode

periodicity work well enough to experimentally find the λ needed for s-SXDM (Fig. 5.10c).

Using λ = 19.03 µm for s-SXDM, we fabricate Gaussian IDTS with extra electrodes for

improved SAW admittance and a smaller SAW focus (w0 = 1.25λ). Small structural defects,

like an etch pit, had little to no impact on RF reflection results. The 1 port reflection

measurement with VNA for the device used in experiments is shown in Fig. 5.10d. The

IDT could not be impedance matched to 50 Ω because AlN and SiC are strong piezoelectric

substrates, and we did not want to use even more electrode finger pairs, which could have

risked making the IDT bandwidth too narrow and cause f0 to miss the APS synchrotron

bunch frequency.

We show a full three-dimensional simulation of a SAW wave interacting with a pit in

5.11. This simulation uses approximately planar (non-curved) electrodes with an aperture

similar to the Gaussian acoustic focal spot, and a symmetry plane is used at x = 0 because

the device design is in fact symmetric. All scalebar values are from the simulation and can be
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globally, linearly scaled together in order to compare to experimental values (1 nm maximum

displacement expected in experiments). The strain distributions and E2 field from the SAW

in this model qualitatively agreed with the 2D model shown in the main text (Fig. 3). EOCC

enhanced by the pit is expected to be detected on the longitudinal (±y) sides of the pit at

the lower corner from (5.11d,e). Curvature (i.e. variations in lattice slope) enhancements

are predicted from the simulation (5.11c), however, this effect is much more noticeable in

the transverse curvature map near the pit (5.11f) because there is a node in ∂uz
∂y at x = 0

due to the mirror plane symmetry.
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Figure 5.11: Finite Element Model (COMSOL Multiphysics) in 3D of SAW inter-
acting with pit. a. Surface displacement profile of the AlN/SiC. The SAW is generated
in the time domain with linear (non-Gaussian shaped) electrodes for simplicity for 4 oscil-
lations. The models boundary conditions (x confinement) and finite planar electrode size
distort the SAW transverse mode profile into have two lobes. This is not the case for our
experimental Gaussian IDT. b. Cross-sectional view of the SAW illustrating the longitudinal
yz-plane and transverse xz-plane. Longitudinal Cross-Sections (yz ): c. Longitudinal
curvature. d. Uniaxial strain along SiC [0001]. e. Shear in the yz-plane (couples piezoelec-
trically to in-plane electric fields). Transverse Cross-Sections: f. Transverse curvature.
(g) Uniaxial strain along SiC [0001]. h. Shear in the xz-plane (couples piezoelectrically to
in-plane electric fields).
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Chapter 6

Spin-Phonon Interactions Addressed

by Gaussian Acoustics

The following chapter is adapted from previously published work in reference [103].

6.1 Introduction

Hybrid quantum systems [1] leverage the strengths of various modalities of representing

quantum information, including optical photons for sending quantum states across long

distances, spins for information storage, and microwave superconducting circuits for com-

putation, with the potential of using nanomechanics as an intermediary quantum bus. For

instance, coherently exchanging quantum information between optically active defect spins

and mechanical resonators [122] provides a route to couple optical photons to microwave

frequency phonons in a hybrid quantum system. Optically active defect spins in SiC, such

as the neutral divacancy [6], have recently been shown to support long-lived spin states

[7, 15, 123] a variety of quantum controls [5], and spin-photon interfaces [20] compatible

with quantum entanglement protocols. Importantly, SiC is a piezoelectric material and sup-

ports mature fabrication processes for production of high quality micro-electromechanical

systems (MEMS). Although progress has been made coupling spins to mechanics in similar
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defect systems, including the NV center in diamond with coherent sensing using single spins

[124, 125], strain tuning[40, 39], and mechanical driving [42, 44, 43, 54] defects in SiC are

well positioned to solve the materials challenges of coherently manipulating spins with strain

and strong coupling of spins with phonons.

While static strain will generate shifts in ground state (s = 1) energy sublevels, resonant

a.c. strain can coherently drive electron spin transitions. Large in-plane dynamic strains can

be generated by surface acoustic wave (SAW) devices, which are well developed for radio

frequency filters and offer simple engineering approaches for fabricating low loss resonators.

SAW devices have also been proposed as hybrid quantum transducers [102] and used to

demonstrate coupling to superconducting qubits [126, 127, 8] along with optomechanical

interactions involving defect excited states [115, 128].

Here, we demonstrate acoustically driven ∆ms = ±1 spin transitions, where ms = 0,±1

is the spin projection, on divacancy spin ensembles in 4H-SiC. We further demonstrate

∆ms = ±2 spin transitions through the Autler-Townes effect, mechanical Rabi oscillations,

and comparing the relative coupling strengths of inequivalent divacancy defects. These

results are well described by our theoretical model developed from a combination of direct

experimental observations and Density Functional Theory (DFT) calculations of anisotropic

spin-strain coupling coefficients. We find that uniaxial strain and shear drive divacancy spins

with coupling strengths of similar magnitude, but with generally different relative phase and

selection rules. These experiments utilize a patterned Gaussian SAW phonon resonator that

focuses strain and reduces resonator mode volumes in analogy to Gaussian optics. To image

the mechanical modes of our Gaussian SAW devices, we use a unique nanoscale scanning X-

ray diffraction technique that directly measures acoustic lattice perturbations. In addition,

spatial responses of Autler-Townes splittings are well explained by ensemble averaging shear

and uniaxial strain from the SAW mode. Shear provides an important way of controlling

three-level spins (qutrits) with phonons and opens avenues for coupling spins with MEMS.
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Figure 6.1: Strain focusing with a Gaussian SAW resonator. a. Schematic of the
SAW device geometry fabricated on sputtered AlN on a 4H-SiC substrate. Microwaves drive
spin transitions mechanically through the SAW resonator (cyan) and magnetically from
the backside coplanar waveguide (orange). b. Optical micrograph of the Gaussian SAW
resonators acoustic focus (λ = 12 µm, w0 = 2λ) with red lines illustrating the waves out-of-
plane displacement (uz). c. Magnitude (blue) and phase (red) measurements of the 1-port
reflection of the Gaussian SAW resonator used in spin experiments.

6.2 Gaussian SAW Devices for Spin Manipulation

We first describe device design and characterization with a nanoscale X-ray diffraction imag-

ing method, followed by spin manipulation. To amplify the piezoelectric response of the SiC

substrate, we use a thin, sputtered aluminum nitride (AlN) layer on the SiC surface before

fabricating a SAW resonator to create radio frequency mechanical strain. Standard planar

SAW resonator designs span wide apertures, often greater than 100 acoustic wavelengths

(λ), distributing the strain across large crystal areas. Since AlN and 4H-SiC have isotropic

in-plane Rayleigh wave velocities [59] (5790 and 6830 m/s, respectively), we fabricate sim-

ple Gaussian geometries, inspired by Gaussian optics, to focus strain while also suppressing

acoustic diffraction losses (Fig. 6.1a,b). A patterned aluminum interdigitated transducer
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Figure 6.2: Nanoscale X-ray imaging of the Gaussian acoustic mode. Mechanical
mode from a similar Gaussian SAW device (λ = 19 µm, w0 = 1.25λ), directly measured
with s-SXDM using the 4H-SiC [0004] Bragg peak. This quantifies the SAW peak-to-peak
longitudinal (a) and transverse (b) lattice slopes at the acoustic beam waist. The image is
skewed vertically due to sample drift during measurements.

transmits SAWs (λ = 12 µm), while grooves in AlN form Bragg gratings that act as SAW

cavity mirrors to support a resonator frequency ωm/2π ≈ 560 MHz and loaded quality fac-

tor of ∼ 16, 000 (Fig. 6.1c) at 30 K. The Gaussian SAW resonator internal quality factor

(Qi ≈ 22, 400 at 30 K) is likely limited by the polycrystalline AlN layer at low temperatures

(analysis shown in Fig. 6.15). In our experiments the Gaussian geometries for enhanced

strain focusing and reduced resonator mode volumes facilitate larger strains for fast coher-

ent manipulation of electron spin states.

To directly visualize the Gaussian mechanical mode, we use stroboscopic scanning X-ray

diffraction microscopy (s-SXDM) to image the phonons with nanoscale resolution (see Ch. 5).

This technique utilizes coherent X-rays from a synchrotron radiation light source, generated

at 8.00 keV and focused to a 25 nm spot size (3σ), and Bragg diffraction contrast to enable

local measurements of lattice curvature and strain along a particular crystal orientation

[111, 121]. We frequency match the radio frequency excitation to a Gaussian interdigitated

transducer with the timing structure of the synchrotron storage ring in order to measure
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the peak-to-peak amplitude of the acoustic standing wave. Due to the frequency matching

requirements for s-SXDM, we use a SAW transducer without a cavity (see Methods for device

specifications), which is designed to produce a spatial strain mode similar to resonators used

in spin experiments. Scanning the nano-focused X-ray beam in real space clearly shows

the SAW profile (Fig. 6.2a) is consistent with the fabricated geometry and approximately

nanometer Rayleigh wave displacements. The dynamic transverse lattice slope (Fig. 6.2b),

caused by a local lattice plane tilt towards the ±y direction, is expected from a Gaussian

focus and SAW confinement. These X-ray measurements confirm that the SAW out-of-

plane displacement (in phase with the in-plane uniaxial strain required for spin driving)

is maximized at the resonators precise center and demonstrate the value of using X-ray

diffraction microscopy for studying quantum devices [129] and materials.

6.3 Optically Detected Acoustic Paramagnetic Reso-

nance

Electron spin ground state sublevels of divacancy defects are typically measured using opti-

cally detected magnetic resonance (ODMR) with ∆ms = ±1 transitions magnetically driven

by microwave fields. Due to the defects intersystem crossing, ODMR probes the spin pro-

jections of |±1〉 versus |0〉 through changes in photoluminescence. The ground state spin

Hamiltonian neglecting hyperfine interactions takes the form, z z

H/h = γB · S + S ·D · S (6.1)

Where h is the Planck constant, γ is the electron gyromagnetic ratio (µB ≈ 2.8 MHz/G),

B is the external magnetic field vector, and D is the zero-field splitting tensor (also referred

to as Dij). In the absence of lattice strain, the divacancy spin-spin interaction simplifies to

D0S
2
z where D0 ≈ 1.336 and 1.305 GHz, depicted in Fig. 6.3a, for c-axis oriented defect
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configurations [18] hh and kk, respectively. The zero-field splitting Hamiltonian is sensitive

to local lattice perturbations [17] such as thermal disorder, an applied electric field, or strain.

When the lattice is perturbed by a small strain, characterized by a tensor εkl, the zero-field

splitting tensor is generally modified by ∆Dij = Gijklεkl, where Gijkl is the spin-strain

coupling tensor. The symmetry of the spin-strain coupling tensor is determined by the local

C3v symmetry of the hh and kk configurations for divacancy (Fig. 2.6) and also applies

to the NV center in diamond [47]. We utilize off-diagonal Hamiltonian elements containing

∆Dij to drive resonant spin transitions with phonons, and consider both ∆ms = ±1 and

±2 transitions for full ground state s = 1 spin control.

We first demonstrate mechanical driving of ∆ms = ±1 spin transitions with the Gaus-

sian SAW resonator. The point group symmetries of the divacancy in SiC allow for non-zero

spin-strain coupling coefficients for zero-field splitting terms that contain the anticommuta-

tors {Sx, Sz} and
{
Sy, Sz

}
(derivation in Ch. 2). In order to probe acoustic paramagnetic

resonance, we tune the axial magnetic field (B0) such that the spin |0〉 to |−1〉 transition

frequency is matched with the SAW resonator (Fig. 6.3a). It is critical to design an experi-

mental measurement sequence insensitive to stray magnetic fields from electrical currents in

the interdigitated transducer. To disentangle these effects, we use an interlaced pump/laser

probe sequence as well as lock-in amplification to measure the difference in luminescence

when the spin resonance frequency is shifted away from the cavity resonance via modulation

of B0 with a small coil. Spin rotations are primarily driven and detected during the SAW

cavity ring down period without radio frequency driving, although the spin ensemble will

also encounter some residual magnetic resonance when the drive is turned back on due to

lingering optical-spin polarization. We detect higher photoluminescence contrast when the

radio frequency drive is matched to our SAW cavity resonance (Fig. 6.3b), whereas smaller,

residual contrast is detected when the drive is far off the SAW resonance. When the photolu-

minescence contrast is normalized by ODMR experiments from magnetic driving, the kk/hh

mechanical drive rate ratio is 0.89± 0.10, which agrees with our theoretical model and DFT
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Figure 6.3: Optically detected acoustic paramagnetic resonance in silicon carbide.
a. Energy level diagram showing the SAW frequency on resonance with the spin transition
between the |0〉 and |−1〉 states. b. (Top) Interlaced pump-probe sequence during mag-
netic field-modulation. (Bottom) Photoluminescence (PL) contrast at 30 K when electrical
excitation is on and off cavity resonance (ωm/2π = 559.6 MHz). Radio frequency power is
32 mW at sample, and ∆B0 is in reference to the drive frequency. c. Integrated photolu-
minescence contrast from kk resonance (evaluated at ∆B0 = 0) as a function of the SAW
resonator transverse position. Driving on-resonance (Ωm) uses the interlaced sequence from
(b), whereas off-resonance data (ΩB) uses a continuous, non-interlaced sequence. The radio
frequency power is 200 mW at the sample, and the beam waist model is exp[−y2/(w2

0)], using
fabrication parameters and a scaled amplitude. All error bars are 95% confidence intervals.

calculations (ratio ∼ 1.0) where shear couples more strongly to ∆ms = ±1 transitions than

does uniaxial strain (Table 6.2). The transverse spatial dependence (Fig. 6.3c) confirms that

the photoluminescence contrast we measure on resonance matches our Gaussian resonators

mechanical mode shape. Magnetic field driving from the transducer, on the other hand,

results in a flat profile (two-dimensional spatial mapping is shown in Fig. 6.9). The long

cavity ring up time prevents us from performing pulsed Rabi oscillations, though this could

be solved using fast B0 pulses to tune the spin resonance frequency. Our demonstration

of ∆ms = ±1 transitions by phonons enables direct photoluminescence contrast (optical

detection) of resonant spin-strain coupling for sensing applications without electromagnetic

microwaves.
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6.4 Coherent Magnetically Forbidden Spin Transitions

To complement ∆ms = ±1 spin driving, we further use the strain coupling terms S2
x − S2

y

and
{
Sx, Sy

}
in the zero-field splitting Hamiltonian to show ∆ms = ±2 spin transitions. For

these transitions, photoluminescence contrast from ODMR cannot directly measure resonant

strain without extra electromagnetically driven spin resonance because photoluminescence

contrast is insensitive to differences between |+1〉 and |−1〉 states. The mechanical transition

rate (Ωm) is instead measured using Autler-Townes (AC Stark) splittings, where in the

dressed basis, the new eigenstates are split in energy by Ωm. This splitting can be observed

in the ODMR spectrum. We use a continuous magnetic microwave pump (Rabi frequency

ΩB : ±1 ∼ MHz) for |0〉 to |±1〉 transitions while the SAW is driven at a constant frequency

ωm/2π (Fig. 6.4a). Dressed state level anti-crossings are most clearly seen when the |±1〉 spin

sublevels are tuned to the SAW resonance frequency. The dressed spin eigenstate energies

observed for a 400 mW drive power on the Gaussian SAW resonator closely match predictions

for Ωm/2π ≈ 4 MHz (Fig. 6.4b). Additionally, the Autler-Townes splitting scales linearly

with square-root of radio frequency drive power delivered to the SAW, which is expected as

Ωm is linearly proportional to strain (Fig. 6.4c). The resolved Autler-Townes splitting shows

that the mechanical drive rate is faster than the ensemble spin inhomogeneous linewidth

(decoherence rate), allowing for measurement of coherent Rabi oscillations.

We mechanically drive coherent Rabi oscillations of kk electron spins using the pulse

sequence in Fig. 6.4d to differentiate between populations transferred to |+1〉 versus |−1〉

spin states. The spin ensemble inhomogeneous linewidth (∼ 1 MHz) and relatively long

cavity ring up time (2Qi/ωm ≈ 16µs) prevent fast mechanical pulsing, so we keep the

mechanical drive on continuously. A pair of magnetic microwave π pulses defines the effective

mechanical pulse time τ seen by the spin ensemble (Fig. 6.4d). Using this pulse sequence

and positive ODMR contrast of kk defects, normalized photoluminescence values of ±1

can be interpreted as |∓1〉 spin populations, respectively, before the second magnetic π

pulse. We find that three-level system dynamics are necessary to explain the observed
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Figure 6.4: Coherent mechanical driving of kk spin ensembles. a. Divacancy ground
state illustration with magnetic (ΩB:±1) and electromechanical (Ωm) drives shown. b.
Autler-Townes measurement on a kk ensemble at 30 K; dressed for N phonons (black) and
undressed (white) spin transitions. The mechanically dressed eigenstates and corresponding
transitions are split by Ωm. c. Mechanical transition rates obtained from Autler-Townes
splittings agree with a linear fit to the square-root of drive power. Error bars are 95%
confidence intervals from fits. Inset shows an Autler-Townes splitting measurement (black)
at B0 ≈ 100 G, with Gaussian fits (red) to the divacancy electron spin and weakly cou-
pled nearby nuclear spins. d. Pulse sequence for mechanically driven Rabi oscillations. e.
Mechanically driven Rabi oscillations at ∼400, 100, and 25 mW, respectively, and typical
error bars are 95% confidence intervals. The photoluminescence signal for each Rabi oscilla-
tion is normalized by a global factor, and simulations are ensemble average predictions with
inhomogeneous strain distributions from finite element modeling.

mechanical Rabi oscillations shown in Fig. 6.4e, in particular the ensemble population at

τ = 0. Specifically, during each magnetic pulse, the simultaneous mechanics Ωm drives

some unintended population transfer between the |+1〉 and |−1〉 spin states, which leads to

a modified initial projection of the population at τ = 0.

The observed Rabi oscillations qualitatively agree with spin simulations predicted using

a physical model consisting of spin-strain coupling parameters from DFT calculations and

experimental knowledge, including (i) the ensemble spin resonance spectrum from ODMR,
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(ii) spin-mechanical drive amplitudes from fitted Autler-Townes splittings, (iii) spatial distri-

bution of spins in the SiC bulk and implanted layer, (iv) finite element analysis of strain and

shear distributions from Rayleigh waves, and (v) optical point spread function (Fig. 6.11).

Our physical model reproduces the mechanically driven Rabi oscillation rates, asymmetric

decay shape, higher frequency features from hyperfine detuned spins, and initial spin popu-

lation at τ = 0. This demonstrates we can mechanically drive ∆ms = ±2 transitions with a

Rabi frequency about four times greater than the ensemble ODMR linewidth. During Rabi

oscillations with 400 mW radio frequency power, we estimate from input-output theory ap-

plied on a SAW model (derivation shown in Section 6.8) that the mechanical field strength

is approximately 10−3 strain order of magnitude, in agreement with DFT simulation results.

Short Rabi decay times are primarily explained by SAW strain inhomogeneity across the en-

semble, though another source of damping may be present in the experiments. Manipulation

of single divacancies [7, 20] will offer the opportunity to extend coherent Rabi oscillations

up to or beyond the spin T∗2. Coherent Rabi oscillations in ensembles for quantum phonon-

ics applications could be improved by using higher quality material and controlled aperture

implantations [130] for more homogeneous strain distributions.

6.5 Quantum Sensing of Gaussian Acoustics

We spatially map the Gaussian SAW mode in order to show that ∆ms = ±2 transitions occur

due to the mechanical driving and not due to any stray electromagnetic fields [131]. We map

changes in the Autler-Townes splitting, shown in Fig. 6.5a, at a constant magnetic field

while sweeping the laser position across the SAW beam waist. In the resonators transverse

direction, a clear Autler-Townes splitting maximum, and therefore resonant strain amplitude,

is observed at the Gaussian acoustic focus. Ωm as a function of transverse position is well

described by a model Gaussian beam waist of the fundamental mode in the device geometry

(FWHM = 3.3λ) and not due to predicted stray electric fields (Fig. 6.10). Scanning the
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Figure 6.5: Spatially mapping mechanical spin drive rates. a. Autler-Townes splitting
of kk |−1〉 sublevel as a function of transverse position (left) at x = 0 and the analyzed
mechanical transition rates (right). The beam waist model only uses fabrication parameters
with a scaled amplitude. b. Mechanical transition rate (left) as a function of longitudinal
position at y = 0, plotted with a line through the experimental data. FFT (right) shows a
peak and Gaussian fit in red at the expected acoustic periodicity λ/2 (6µm). c. Strain εxx
and εxz of the SAW modeled with COMSOL Multiphysics.

laser spot longitudinally (Fig. 6.5b), along the SAW propagation, reveals oscillations in

the Autler-Townes splitting at the resonators acoustic half wavelength. Surprisingly, in

conflict with assumptions of a simple sinusoidal standing wave containing uniaxial strain

nodes (Fig. 6.2a,b), we observe the mechanical drive rate oscillations are less than 5% peak-

to-peak. This is contrary to expectations from previous theoretical work [46] neglecting the

full strain tensor, so we interpret our experimental results using a spin Hamiltonian under

anisotropic strains also including shear.

The spatial mapping results can be understood by employing a combination of finite-

element simulations in conjunction with DFT calculations of spin-strain interactions. The

{1120} mirror plane symmetry in 4H-SiC is broken by shears εxz and εxy, which drive the

spin out-of-phase with εxx − εyy, εyz (mirror symmetry preserving). In our experiments,

the Gaussian SAW beamwaist is oriented to propagate in the {1100} plane (defined as the

xz-plane). The mechanical transition rate is Ωm = 1
2(G11−G12)εxx− 2iG14εxz correspond-

ing to ∆ms = ±2 transitions, where the spin-strain coupling tensor G is written in Voigt

notation. In Fig. 6.5c we show finite element simulation results for uniaxial strain εxx and

shear εxz for a Rayleigh wave propagating along the x direction. We model the experimental
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Figure 6.6: Divacancy defect comparisons of mechanical drive rates. Autler-Townes
splitting measurements (black points) for kk, hh, and PL6 with Ωm ∼4.0, 1.1, 3.4 MHz,
respectively, under the same conditions. The fits (red lines) are from simultaneously fitting
the data with ODMR spectra to common Gaussian distributions (Fig. 6.14). All error bars
are 95% confidence intervals from fitting and measurements are performed at 30 K.

results by converting the strain maps to Ωm using G calculated from DFT, which is then

convolved with both an optical point-spread function and estimated spatial distribution of

the spins (Fig. 6.11). In our model, spatial averaging causes the spin ensemble to experience

similar transition rate magnitude |Ωm| from (G11 − G12)εxx and G14εxz contributions at

their respective spatial maxima. These uniaxial strain and shear components, which are

spatially offset, do not interfere destructively since Ωm is proportional to a linear combina-

tion of εxx(S2
x − S2

y) and εxz(SxSy + SySx). Consequently, in qualitative agreement with

our calculations (Fig. 6.12), we always experimentally measure a non-zero Autler-Townes

splitting in Fig. 6.5b. Furthermore, our model explains the relative Ωm amplitudes between

kk and hh (4.0 : 1.1) observed in Fig. 6.6, and the results for ∆ms = ±2 transitions are well

described by the zero-field splitting tensor when the full strain tensor is taken into account.

Lastly, we measure mechanical-spin driving on the PL6 defect species in SiC, previously

used to demonstrate electron-nuclear spin entanglement in ambient conditions [25]. We find

that PL6 experiences similar mechanical transition rates compared to hh and kk (Fig. 6.6);

therefore, mechanical control of SiC spin ensembles should be possible at room temperature.
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6.6 Conclusions

We established a Gaussian surface acoustic wave platform for ground state spin control and

imaged the phononic modes using a novel nanoscale X-ray imaging technique. Local de-

fect symmetries are critical to understanding spin-phonon interactions in a general model of

anisotropic lattice perturbations that we developed based on ab initio calculations. Surpris-

ingly, shear and uniaxial strain couple to the ground state spin with equivalent magnitudes

and different relative phases depending on the strain tensor component. This property could

be used to engineer material and device designs that capitalize on mechanical interactions.

Since a complete model of spin-strain coupling with C3v symmetry requires six indepen-

dent coupling parameters, strain cannot necessarily be treated as an equivalent electric field

vector. Even so, the zero-field splitting tensor is also affected by electric fields with three

independent coupling parameters and can be used for both ∆ms = ±1 and ∆ms = ±2

spin transitions. In order to further enhance defect-phonon interaction strengths for hybrid

quantum systems, defect excited state electronic orbitals [132, 116] and spins [133] could

be utilized as opposed to ground state spins [134], and strain effects on defect hyperfine

couplings have not been well explored. In addition, new defects [135] with greater spin-

spin or spin-orbit coupling, with minimal cost to their spin coherence, may greatly improve

spin-phonon coupling strengths and be advantageous for quantum control of phonons with

optically addressable spins. Our combined theoretical understanding and demonstrations of

spin-strain coupling with SiC divacancies provide a basis for quantum sensing with MEMS

[48] as well as engineering strong interactions with single phonons for quantum transduction

[1], spin squeezing [136], and phonon cooling [137] applications.
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6.7 Materials and Methods

6.7.1 Samples and Devices

The substrate was an on-axis, high-purity semi-insulating 4H-SiC commercial wafer (Cree

Inc. serial no. W4TRF0R-0200). Defects were created in the 4H-SiC wafer by carbon-12

implantation with a dose of 1012 cm−2 at 170 keV and 7◦ tilt, which generated vacancies

∼ 300 nm deep calculated using the Stopping and Range of Ions in Matter software; however,

there was a high defect density in the SiC bulk from material growth. After annealing the

wafer at 900 ◦C in N2 for 2 hr, the substrate was then cleaned sequentially with organic

solvents, nanostrip and HF BOE before AlN was sputtered 500 nm thick on the wafer Si

face by OEM Group Inc. The sputtered AlN layer had a film stress of -42 MPa and a

rocking curve of 1.52◦ full-width at half-maximum on the AlN [0002] X-ray diffraction peak.

The interdigitated transducer, consisting of 80 finger pairs with a window at the SAW focus

spanning 3 wavelengths of missing fingers, was fabricated with 10 nm Ti and 150 nm Al.

The Ti/Al and AlN device layers were each dry-etched by inductively coupled plasma (ICP)

with 10 sccm Ar, 30 sccm Cl2 and 30 sccm BCl3, 400 W ICP power. AlN grooves (650

strips for each grating) in all SAW devices were etched nominally 180 nm deep. The SAW

resonator for spin transitions for Figs. 6.1, 6.4 and, 6.5 was oriented longitudinally (SAW

propagation direction) along [1120], and the resonator for Fig. 6.3 was oriented along [1100].

The x, y, z crystal directions are [1120], [1100] and [0001], respectively. Both devices had

Gaussian geometry parameters λ = 12 µm and w0 = 2λ, containing 80 electrode finger

pairs and 650 grating strips. All interdigitated transducer electrodes and grating strips were

overlapped 3σ = 3w/
√

2 in the transverse direction, where w is the Gaussian spot size [68]

along the axis of SAW propagation, while electrodes were apodized by only 2σ. Since the

X-ray imaging experiments require specific frequencies for stroboscopic X-ray diffraction,

the results in Fig. 6.2a,b used a similar transducer geometry and without AlN grooves

for increased frequency bandwidth. This transducer was less impedance matched to 50
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Ω compared to the Gaussian SAW resonators. Figure 6.2a,b used a Gaussian transducer

with λ = 19.03 µm, w0 = 1.25λ and 120 electrode finger pairs, yielding an interdigitated

transducer center frequency f0 ≈ 352 MHz with 1 MHz bandwidth. This was purposefully

matched to an integer multiple of the Advanced Photon Source electron bunch frequency

(∼ 88 MHz) at Argonne National Laboratory.

6.7.2 Measurements

All divacancy spin manipulation experiments in this study were carried out in a closed-cycle

cryostat from Montana Instruments Corp. operated with the sample temperature at 30 K.

The sample is illuminated using 405 nm and 976 nm laser diodes, with the 405 nm acting as

a charge-state reset[82] for neutral divacancies and 976 nm for exciting photoluminescence

(>1,000 nm) and initializing the spin state. For pulsed laser experiments, the 976 nm laser is

modulated using an acousto-optic modulator (< 50 ns rise time), while the 405 nm laser diode

is directly modulated by a current driver (250 kHz bandwidth). Emitted photoluminescence

was separated by a dichroic and passed through a 1,000 nm long-pass filter, and then collected

into a 62.5 µm core optical fibre. Measurements were realized with an InGaAs photodiode at

1 kHz bandwidth, combined with a lock-in amplifier set at a reference frequency of ∼ 400 Hz

for all experiments. Spin ensembles of divacancies near the Gaussian resonators beam waist

(defined by the acoustic focal spot w0) are initialized and read out optically. To tune the

ground-state spin sublevels, we use a combination of a permanent magnet and a wire loop

on a printed circuit board to produce static magnetic fields (B0) oriented along the 4H-SiC

c-axis. A coplanar waveguide behind the sample provides microwaves for in-plane magnetic

spin control.

6.7.3 Mitigating Outgassing and Device Heat Fluctuations

Resonator frequency (f0) and internal quality factor (Qi) stability are critical for the experi-

ments described in the main text. These parameters in SAW resonators are sensitive to mass
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loading and viscous dampening effects at the surface: any out-gassing in cryogenic systems

can cause unwanted condensation on the resonator. At low temperatures, e.g. T < 50 K,

we observed drifts in the Gaussian SAW resonator frequency of ≥ 1 kHz/min towards lower

frequencies only. We attributed the drop in resonance frequency to mass loading from con-

densation, thereby decreasing the SAW velocity.

In order to minimize surface area and organic contaminants, the cryostat chamber interior

shielding and machined aluminum components were polished by hand, followed by degreasing

with organic solvents. The chamber pressure at low temperatures was further reduced by

adding zeolite, thermalized to T = 30 K, with < 10 Å pore size. Inside the cryostat, a

secondary 0.2 mm thick quartz window was added to effectively shield the sample, blocking

any direct path between out-gassing components or o-rings and the sample.

Additionally, resonator Qi and f0 were sensitive to microwave powers over ∼10 mW.

We observed f0 shifts toward lower frequencies, which can be interpreted as the wavelength

increasing from thermal expansion. In order to keep f0 stable and eliminate temperature

variations, microwave power to the SAW resonator was continuous at constant power. The

microwave frequency was also corrected with a PID loop using the resonator’s f0, mea-

sured by microwave reflection with a Schottky diode. During Rabi oscillations and pulsed

experiments, the PID loop was disabled.

6.8 Supplementary Data and Analysis

6.8.1 Density Functional Theory Calculations of G Parameters

In this section we discuss the spin-strain coupling tensor and its values predicted by den-

sity functional theory (DFT). We mainly focus on the experimentally relevant divacancies

(hh, kk)-VV in 4H-SiC (Fig. 6.7). To validate the computational protocol of our DFT cal-

culations, we also report the spin-strain coupling tensor for the NV center in diamond and

compare with existing literature values.
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In the following discussion we use the Cartesian frame for 4H-SiC and diamond defined in

Ch. 2. Under this convention, there is a mirror plane perpendicular to the x axis for both 4H-

SiC and diamond. The structures of (hh, kk)-VV and NV in their respective frames are shown

in Fig 2.6. To compute the numerical values of G components, we assume that the zero-field

splitting effects for VV and NV are dominated by the magnetic dipole-dipole interaction, and

we neglect the spin-orbit coupling effect. The magnetic dipole-dipole interaction between

the two unpaired electrons in the defect ground state is given by

Hdd =
µ0

4π
(γe~)2 r2s1 · s2 − 3(s1 · r)(s2 · r)

r5
, (6.2)

where µ0 is the vacuum magnetic permeability, γe is the electron gyromagnetic ratio, ~ is

the reduced Planck constant, s1 and s2 are spin-1/2 operators for the two unpaired electrons,

r and r are the relative coordinate between two electrons and its norm, respectively. The

D tensor can be computed as the expectation value of the dipole-dipole interaction on the

ground state from Kohn-Sham DFT calculations

Dab =
1

2

1

s(2s− 1)

µ0

4π
(γe~)2

occ.∑
i≤j

χij

〈
Ψij |

r2δab − 3rarb
r5

|Ψij

∣∣∣∣Ψij |
r2δab − 3rarb

r5
|Ψij

〉
(6.3)

Figure 6.7: Electron spin wavefunction of the kk in 4H-SiC. Spin polarization density
of a divacancy modeled in 4H-SiC supercell. The centers of blue vertices are Si atoms and
the brown vertices are C atoms
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where s is the effective electron spin (s = 1 for triplet defects like the neutral VV or

negatively charged NV center). The summation runs over all pairs of occupied Kohn-Sham

orbitals, and χij = ±1 for parallel and anti-parallel electrons respectively. Ψij ’s are 2 × 2

Slater determinants of occupied Kohn-Sham orbitals, and expectation values of dipole-dipole

interaction are evaluated following the recipe in Ref [138].

We performed DFT calculations for the (hh, kk)-VV in 4H-SiC and NV in diamond

with the PBE exchange-correlation functional[139]. The Projector Augmented Wave (PAW)

method[140] with datasets compiled in the PSL1.0 library[141] are used to represent electron-

ion interactions. When evaluating the expectation values in Eq. 6.3, we used the normalized

pseudo-wavefunctions [142, 17, 21]. We used 55 Ry. kinetic energy cutoff and Γ-point

sampling of the Brillioun zone. Furthermore, the structures are relaxed until forces on

atoms are smaller than 5× 10−4 eV · Å−1
, and all DFT calculations are performed with the

Quantum ESPRESSO code[143].

To simulate isolated defects, we create point defects in large supercells built by periodic

replication of hexagonal unit cells of 4H-SiC or diamond. Figure 6.8 shows the convergence

of D0 value with respect to supercell size. For all of the following results reported, 7× 2× 2

supercells are adopted, which contain 782 and 588 atoms for pristine 4H-SiC and diamond,

respectively. With the computational formalism described above, the D values obtained

for (hh, kk)-VV in 4H-SiC and NV in diamond agree very well with experimental results

[144][18].

Table 6.1: Calculated D0 values for the (hh, kk)-VV in 4H-SiC and NV in dia-

mond. All values are in GHz.

This work (DFT) Ref (Exp.)[144][18]

hh-VV 1.41 1.34

kk-VV 1.36 1.31

NV 2.92 2.88
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Figure 6.8: Super-cell size convergence of the zero-field splitting. D0 value (1
2(Dxx+

Dyy) − Dzz) for VV in 4H-SiC (left) and NV in diamond (right) as functions of supercell
sizes. Calculations are done without strain and thus all defects have C3v symmetry. E values
(1

2(Dxx −Dyy)) are smaller than 2 MHz for all calculations.

To compute the spin-strain coupling tensor G, the zero-field splitting D tensor is com-

puted for defects in strained lattices with 0.0%, ± 0.25%, ± 0.5%, ± 0.75%, ± 1.0% amount

of each strain component {xx, yy, zz, yz, xz, xy}. We extract each component of G by per-

forming a linear fit for individual components of D to each applied strain. Due to numerical

noises, G tensors predicted by DFT do not exactly obey the symmetric form in (2.36).

Therefore, we symmetrized G tensor results from DFT by projecting them onto the A1 irre-

ducible representation of the C3v group. Table 6.2 presents the 6 independent symmetrized

components of G. For all values reported, the standard deviations from linear fitting are

smaller than 0.1 GHz/strain. It is assumed that the numerical noises from linear fitting

for different G components are independent to each other, so the variances of different G

components are additive.
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Table 6.2: Spin-strain coupling parameters from ab initio calculations. Independent

components of spin-strain coupling tensors for (hh, kk)-VV in 4H-SiC and NV in diamond.

All values are given in GHz/strain.

hh-VV kk-VV NV

G11 −3.99 −3.35 −4.63

G12 −0.42 −0.93 −1.67

G13 1.74 1.26 1.23

G14 0.34 1.93 −4.68

G41 0.30 −0.10 0.48

G44 0.46 0.47 0.80

6.8.2 Spatial Mapping of ∆ms = ±1 Transitions in SAW Resonator

To further study the effects of ODMR and strain induced spin contrast, we map the PL

contrast spatially mode in two dimensions (x, y) . By scanning our confocal microscope and

imaging VV0 PL, we locate the device geometry (Fig. 6.9a,b top). If the SAW is driving

∆ms = ±1 transitions then spatial mapping should reveal the mechanical mode. Magnetic

field driving, on the other hand, would show a more homogeneous spatial map across the IDT

region, caused by a wider distribution of current (throughout all IDT fingers and the CPW)

and compared to the Gaussian mechanical mode. While the RF mechanical drive frequency

is on cavity resonance (ωm/2π) we use the interlaced measurement sequence from Fig. 6.3b,

containing 1 µs buffer times between RF drive and optical measurement (∼10 µs). Spatial

mapping with RF on-resonance reveals the Gaussian SAW mode (Fig. 6.9a). Mapping with

RF drive off-resonance (ωm/2π + 10 MHz) shows an overall flat 2D profile and higher PL

contrast near the IDT fingers due to stronger magnetic driving close to the wires/electrodes.

In conclusion, the spatial mapping confirms that we are measuring an effect from mechanics

at the drive frequency (ωm/2π). All PL contrast measurements here were taken at static
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Figure 6.9: Two-dimensional spatial mapping of acoustic paramagnetic resonance.
a. kk PL contrast from SAW resonator when driven on cavity resonance (fMW = ω/2π),
measured with interlaced sequence described in the main text (Fig. 6.3). The spatial mode
at x = 0 is the Gaussian mechanical profile in Fig. 6.3c. b. kk PL contrast from ODMR
when driven off cavity resonance (fMW = ω/2π + 10 MHz), measured in CW mode. The
spatial mode is flat in the center, and there is stronger ODMR in between the electrodes.
Uncertainties are σ from PL contrast measurements.

magnetic fields B ≈ 266.3 Gauss for Fig. 6.9a and B ≈ 262.7 Gauss for Fig. 6.9b with

magnetic field modulation.

Another possible explanation for the optically detected acoustic paramagnetic resonance,

i.e. mechanical driving of ∆ms = ±1 transitions, is misalignment of the static magnetic field

with respect to the defect axis, which would cause a first-order mixing of the |0〉 and |±1〉

states and a second-order mixing of |−1〉 and |+1〉 states. Spin mixing could then permit

spin-strain interactions from ∆ms = ±2 transitions to couple and show up as ∆ms = ±1
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Figure 6.10: Simulated electric fields produced by a Gaussian IDT. a. Top-down view
of the Gaussian IDT used in experiments (partial device mask file imported into COMSOL);
3D electrostatics simulation using 1 V. b. Ex simulation results. Most of the field lines are

concentrated between the IDT electrode fingers. c. Ey simulation results. E⊥ =
√

E2
x + E2

y

in the center of the IDT is minimal and the spatial profile of E⊥ does not match a Gaussian
SAW/mechanical mode. All results are plotted 100 nm below the SiC surface. The color bar
scale is saturated at ±2000 V/cm; the maximum value of Ex is 7100 V/cm.

transitions. However, ∆ms = ±2 characterized earlier showed an Autler-Townes splitting

ratio ≈ 4.0 for kk : hh. Since the ∆ms = ±1 transitions have a kk : hh drive strength ratio

≈ 0.9 experimentally and ∼ 1.0 theoretically, we conclude that the ∆ms = ±1 transitions

are not due to spin mixing, which would also be a much weaker effect.

6.8.3 In-Plane Electric Fields from a Gaussian IDT

The electric field distributions near the center of the Gaussian IDT are shown in Fig. 6.10.

The mask design is directly imported into COMSOL MultipPhysics and used in an electro-

statics simulation.

6.8.4 Numerical Models and Simulations

In order to compare the various experimental results and theoretical calculations of spin-

strain tensors, we have to take into account various spatial distributions:

1. The spatial distribution of the various strain components

2. The defect distribution in the sample

3. The optical point-spread function from the confocal microscopy setup
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These will described and quantified in sections 5.1 and 5.2, then the model results are

summarized as well as compared with both Autler-Townes and mechanically driven Rabi

oscillation experiments.

6.8.5 Surface Acoustic Wave Model

We perform simulations with COMSOL Multiphysics to quantitatively understand the full

strain tensors and their respective spatial distributions in our SAW resonators. We only

consider strain tensor components εxx, εzz, εxz near the acoustic beam waist because the

SAW is collimated at the resonator’s focus, assuming the wave acts according to Gaussian

optics[68] analogies (partially confirmed by X-ray imaging phononic mode in Fig. 6.2a,b).

The finite-element simulation is 2D (xz plane) and replicates the device geometry longitu-

dinally, though it is non-Gaussian since the model is constant throughout the out-of-plane

(y) direction. We use anisotropic elastic constants[58] and piezoelectric constants[145] for

both AlN and 4H-SiC using 16 electrode finger pairs. In the frequency domain COMSOL

predicts a maximum in real admittance (Y11) at 556 MHz, along with the sinc-squared shape

from an IDT (Fig. 6.11a). The 556 MHz resonance comes from Rayleigh waves, and this

quantitatively matches with experimental values we’ve measured (556-560 MHz depending

on Ti/Al thickness). The uniaxial strain (εxx) and shear (εxz) from a SAW are shown in

Fig. 6.5c.

We transform the strain distributions into local spin drive rates Ωm for ∆ms = ±1 (∝
Dxz−iDyz√

2
) and ∆ms = ±2 transitions (∝ 1

2(Dxx−Dyy)− iDxy) by using the G tensor from

DFT, before performing convolutions and ensemble averaging due to our confocal microscope

resolution.

6.8.6 Confocal Microscope and Spin Distribution

Understanding the ensemble average signal from the defects’ photoluminescence requires

taking into account the point-spread function (PSF) of the confocal microscope used in the
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Figure 6.11: Spin ensemble distribution and optical spot averaging. a. Real admit-
tance from an IDT, modeled in COMSOL with massless Al, using 150λ in y (λ = 12 µm).
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on kk ensemble |−1〉 sublevel as a function of depth into the sample. Due to the index of
refraction of SiC and the numerical aperture of the objective, the depth axis must be scaled
up by a factor of 2.91 for z < 0. The sample surface is at z = 0.

experiments. The effective PSF was directly estimated from optical measurements on the

sample: the interdigitated metallic contacts provided a knife-edge measurement of the in-

plane resolution (≈ 2.5 µm FWHM), and the Raman signal from the thin AlN layer provided

a depth resolution of ≈ 23 µm FWHM (taking into account the objective 0.65 numerical

aperture and the index of refraction of SiC). The Gaussian optical spot model is plotted in

Fig. 6.11b.

TRIM calculations show that our ion implantation (170 keV, 7◦ tilt) into SiC had a

stopping range 300 ± 120 nm (2σ). Knowing that VV has about a 5% creation efficiency

per 12C ion from implantation[18] followed by annealing, we estimate a VV density ≈ 4 ×

1015 cm−3 in the implanted layer. Though the bulk VV defect concentration in our HPSI

SiC material is smaller than the implanted concentration by about one to two orders of

magnitude, poor depth resolution of the confocal microscope results in equal PL contributions

from both bulk and implanted layer when focused near the surface. This approximation of

∼ 1014 cm−3 VV density in the bulk is consistent with ODMR scans versus depth (z), which

show the kk PL contrast from the implanted layer is nearly equal to kk contributions from

the bulk (Fig. 6.11c).
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6.8.7 Autler-Townes Splitting vs. x Position

After computing the Ωm spatial distributions for both hh and kk in the SiC, we simulate

the ensemble Autler-Townes splittings for ∆ms = ±2 transitions. The simulation shows

the expected Ωm after weighting the mechanical drive distributions by the spin spatial dis-

tribution and convolving it with the optical PSF. The experimental data and simulation

of Autler-Townes splittings (ms = −1 sublevel) as a function of x position are plotted in

Fig. 6.12a. To analyze the level of agreement, we compare the ensemble mechanical drive

rates in the experimental data and simulation as a function of position (Fig. 6.12b). The

experimental data shows Ωm oscillations with ≈ 4% contrast (Ωm ≈ 3.99 - 4.14 MHz near

the center), and the simulation has ≈ 11% contrast (Ωm ≈ 3.85 - 4.28 MHz near the center).

Additionally, both data sets contain the λ/2 periodicity as shown by Gaussian peaks in their

FFT spectra at kx/2π = 2λ.

6.8.8 Rabi Simulations

To fully model ∆ms = ±2 mechanically driven Rabi oscillations, we use i) the physical model

described above as an ensemble inhomogeneous mechanical drive distribution ii) ensemble
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ODMR spectrum for transition frequency detunings and iii) three-level system dynamics due

to simultaneous magnetic and mechanical drives. By propagating a pure spin state, beginning

in |0〉 from optical initialization, through our pulse sequence we find the simulated change in

photoluminescence and will directly compare this to experimental results. The simulation is

repeated 101 times for different detuning values and 351 times for different mechanical drive

rates using ensemble distributions described later on. Our simulations show good qualitative

agreement and moderate quantitative agreement with important asymmetric features and

oscillation rates in our experimental results.

The Hamiltonian in the rotating frame ({|+1〉 , |0〉 , |−1〉} basis):

HRF =


∆ ΩB+1

/2 Ωm/2

ΩB+1
/2 0 ΩB−1/2

Ωm/2 ΩB−1/2 δ

 (6.4)

Where Ωm is the mechanical transition rate, ΩB±1 are the magnetic transition rates, ∆

is the microwave one-photon detuning from |0〉 to |1〉, and δ is the one-photon plus one-

phonon detuning from |0〉 to |−1〉 in our Λ system by convention (Fig. 6.13a). The diagonal

elements of HRF are consistent throughout the entire spin simulation so that relative phases

are properly accounted for by staying in a single reference frame. Only the off diagonal

elements of HRF are changed between each propagator (U1(t),U2(t),U3(t)) used for spin

simulations (Fig. 6.13b). ΩB+1
and ΩB−1 are equivalent to the magnetic Rabi frequencies

during magnetic driving. The transition frequencies during ∆ms = ±2 Rabi experiments

are ωm + ωB−1 = ωB+1
.

For different parts of the pulse sequence we define the Hamiltonians:

Hπ−1 =


∆ 0 Ωm/2

0 0 ΩB−1/2

Ωm/2 ΩB−1/2 δ

 , (6.5)
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Hm =


∆ 0 Ωm/2

0 0 0

Ωm/2 0 δ

 , (6.6)

Hπ+1 =


∆ ΩB+1

/2 Ωm/2

ΩB+1
/2 0 0

Ωm/2 0 δ

 . (6.7)
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The final state |Ψ(τ)〉 just before measurement is calculated from the initial state |0〉 by

time-evolution operations:

|Ψ(τ)〉 = U3U2(τ)U1 |0〉 (6.8)

Where U1 = e
−iHπ−1tπ and U2(τ) = e−iHmτ . In the lock-in sequence, U3 = e

−iHπ+1tπ

for sequence 1 while U3 = e
−iHπ−1tπ for sequence 2. Here, ~ has been set to 1, ΩB±1 are

both 5.26 MHz, and tπ = 85 ns is the time to do a magnetic π pulse (found by performing

two-level system Rabi oscillations and fitting to similar ensemble spin simulations).

The spin ensemble mechanical drive rates and detunings now are taken from experimental

values. The Ωm for > 9000 spins are calculated using the COMSOL and spin-strain coupling

models described earlier. We bin Ωm values, plotted in Fig. 6.13c, and use results from

experimental Autler-Townes splitting for the expectation value < Ωm >. The Autler-Townes

data and fits are shown in Fig. 6.13d, and splitting frequency results are plotted in Fig. 3c.

Detuning parameters ∆ and δ are modeled from small static magnetic field fluctuations,

which shift the eigenstates |±〉 by γB. Assuming negligible D shifts (e.g. temperature

fluctuations), the detunings 1 simplify:

∆ = −γ ∆B ; δ = γ ∆B (6.9)

The ensemble distribution of magnetic field shifts (γ ∆B) are known directly from ODMR

without mechanical driving, using Gaussian fits for electron and hyperfine coupled spins.

The ensemble < Ωm > is known from Autler-Townes splitting measurements, which were

simultaneously fit for Ωm (Fig. 6.13d).

Finally, since ODMR measures an increase in PL for kk spins, the simulated PL contrast

from ∆ms = ±2 Rabi oscillations is:

1. The detunings ∆ and δ acquired a minus sign relative to Ch. 2 because the transformation matrix
used here was relative to |ms = +1〉 instead of |ms = 0〉.
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∆PL ∝ |
〈
0|Ψ(τ)seq. 2

∣∣0|Ψ(τ)seq. 2
〉
|2 − |

〈
0|Ψ(τ)seq. 1

∣∣0|Ψ(τ)seq. 1
〉
|2 (6.10)

Putting everything together, simulation results are shown in Fig. 6.13e plotted against

the experimental data. The model results (red lines) have a globally scaled amplitude across

all simulations, so the initial projection of the spin population at ∆PL(τ = 0) can be mean-

ingfully compared between Rabi oscillation experiments. The simulations capture multiple

unique features in the experimental data, such as the population at τ = 0, oscillation rates,

and overall shape. The reason that the population decreases at τ = 0 for larger Ωm values

is because ΩB ∼ Ωm, so more of the spin population gets transferred to |+1〉 during the

first magnetic π pulse. The fast decay time in < 1 µs is due to the inhomogeneous Ωm

distribution (Fig. 6.13c). Additionally, the detuning also plays an important role. Although

the pulse sequence would produce symmetric oscillations about ∆PL = 0 for a single spin,

the Gaussian detuning spectrum combined with distribution for Ωm produce an asymmetric

decay. Ensemble detunings were also necessary to quantitatively obtain the observed oscil-

lation rates. We note that there could be extra sources of damping our model does not take

into account.

6.8.9 Summary of kk:hh Relative Mechanical Drive Strengths

We perform ODMR and Autler-Townes splitting experiments under similar conditions in

order to accurately discern the relative spin-strain coupling for both c-axis oriented VV hh

and jj (also called PL1 and PL2, respectively, in literature) as well as PL6. For each defect

configuration we measure ODMR with the Gaussian SAW resonator drive off (Ωm = 0), and

then we measure the electron spin resonance again with the mechanical resonator driven

to probe the Autler-Townes splitting and determine Ωm. The results are shown in Fig.

6.6 and Fig. 6.14. We fit the ODMR and Autler-Townes splittings simultaneously with
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2 unique Gaussian distributions (model of electron spin ensemble and hyperfine couplings)

and a constant offset, so even a small Ωm value is detectable as a broadening in the Autler-

Townes measurement. We find the values of Ωm for kk, hh, and PL6 to be 4.0±0.1, 1.1±0.2,

and 3.4 ± 0.4, respectively (Fig. 6.14). Since optical spot and spatial distributions remain

constant between each measurement, only variations in spin-strain coupling parameters can

explain large differences in Autler-Townes splittings between each defect species.

We find that the simulations described above, using only DFT results and experimental

parameters, can reproduce the experimentally observed ensemble Autler-Townes splittings

≈ 4.0 MHz (≈ 1.0 MHz) for kk (hh), respectively. Thus, we obtain quantitative experiment-

theory agreement of the Ωm ratio kk:hh ∼ 4.0 for ∆ms = ±2 transitions, and a ratio ∼ 1.0

for ∆ms = ±1 transitions. We note that our model is robust to small parameter changes,

such as optical spot size and spin distributions. In general, the model always predicts Autler-

Townes splitting ratios kk:hh trends kk > hh for ∆ms = ±2 transitions, and kk ∼ hh for

∆ms = ±1 transitions when using strain distributions and from a Rayleigh wave and spin

ensembles.

In addition, the results of Autler-Townes simulations with DFT spin-strain coupling

tensors can be used to back-out strain values needed to achieve Ωm ≈ 4 MHz. This yields

εxx, εxz ∼ 10−3 order of magnitude at the Gaussian resonator’s beam waist during 400 mW

RF power at sample - matching expectations from back of the envelope predictions (using

theory discussed in [102]), which are detailed in Section 6.8.11.

6.8.10 RF Characterization of Gaussian SAW Resonators

We measure resonators the Gaussian SAW resonators by RF reflection using a Vector Net-

work Analyzer (VNA). A SAW resonator can be modeled as a Butterworth-Van Dyke (BVD)

[60], which is a capacitor (geometric capacitance of the IDT) in parallel with a series RLC

circuit for the mechanical resonance. In the case of a small geometric capacitance, the circuit

can be approximated as just the series RLC that we define as Zr = R + iωL + 1/(iωC),
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Figure 6.14: Autler-Townes splittings and ODMR of hh, kk, and PL6. Top row:
ODMR when the Gaussian SAW resonator is disabled (no mechanics). Bottom row: ODMR
signal, showing the Autler-Townes splitting, when the Gaussian SAW is driven with 400 mW
power at sample. All experiments were performed under similar conditions and the sample
temperature is 30 K. Only the static magnetic field (B0) and frequency of the magnetic
microwave drive (ωB:−1/2π) is changed between experiments for each different defect site
(hh, kk, and PL6). Black data points are experimental data with error bars representing two
standard deviations of the mean, and the fits are shown in red.

which has a resonance at ω2
0 = 1/(LC). Furthermore, an asymmetric resonance lineshape

can result from impedance mismatches, for example, from cables, wirebonds, and improperly

designed coplanar waveguides. We model an arbitrary impedance mismatch a short length

of lossless transmission line with a characteristic impedance Zc mismatched from Z0 = 50Ω

(Fig. 6.15a). The fit equation derived from ABCD matrix methods is,

S11(ω) =
κi − κ∗ee−iφ + 2i(ω − ω0)

κi + κ∗ee−iφ + 2i(ω − ω0)
(6.11)

The loss rate κi (κe) is related to the internal (external) quality factors, by κi,e = ω0/Qi,e.

When Zc 6= Z0, the external quality factor is modified to Q∗e = QeAe
iφ where the impedance

mismatch terms A and φ are real constants. Notice that this equation is similar to that of

a bare series RLC circuit [69], however, here the external quality factor is modified by a
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magnitude (κ∗e = ω0/Q
∗
e) and complex phase that causes a rotation of S11 in the complex

plane. In addition to these fit parameters, we fit with magnitude and phase offsets on S11

to account for external losses and phase offsets from to the cables.

Our reflection data for Gaussian SAW resonators are well fitted by this model (Fig.

6.15b). The Qi near room temperature for both devices used in experiments is ∼ 20, 000

order of magnitude. We always observe the mechanical resonator internal losses decrease (Qi

increases) as the temperature decreases (Fig. 6.15c). However, the absolute Qi improvement

between different resonators at cryogenic temperatures is not consistent. Additionally, Q∗e

typically stays constant as a function of temperature, and the resonance frequency increases

by < 0.2% at cold temperatures due to thermal lattice contraction and changes in acoustic

wavespeeds. The Q∗e is smaller for one device (4) in Fig. 6.15c at low temperatures because

the cables and measurement setups had changed between experiments.
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6.8.11 Theoretical Model of Strain Amplitude in a driven SAW

Resonator

Zero-point strain fluctuations

In this section we estimate the amplitude of zero-point strain fluctuations in the SAW res-

onator while keeping in mind the anisotropic elastic constants of SiC and full strain tensor. A

planar SAW resonator will be evaluated first, and then the effects of Gaussian geometry will

be discussed. First, we will approximate the material as pure SiC in the absence of an AlN

thin layer. This approximation greatly simplify the following calculations to Rayeligh waves

in a half-space. The second approximation is we will neglect the effects of piezoelectricity

because the piezoelectric constant k2
SiC ≤ 10−4 [59], which intuitively means about 0.01% of

the energy is stored in the associated electromagnetic field.

We begin by defining the three dimensional displacements ui using Eq. 3.8 for a planar

Rayleigh wave propagating in the x1 direction and constant in the x2 direction given by,

u1(x1, x2, x3) = kφ0(eκ`x3 − 2κ`κt
k2+κ2t

eκtx3)ei(kx1−ωt) ,

u2(x1, x2, x3) = 0 ,

u3(x1, x2, x3) = −iκ`φ0(eκ`x3 − 2k2

k2+κ2t
eκtx3)ei(kx1−ωt) .

(6.12)

where x1 is the propagation direction in-plane and x3 > 0 is the depth into the substrate.

The constant k = 2π/λ is the wavenumber in the propagation direction, κ2
t = k2(1 −

(vR/vt)
2) and κ2

` = k2(1− (vR/v`)
2) are the decay coefficients, φ0 is a scalar, and ω = kvR

is the SAW angular frequency. Numerical values for the bulk wave velocities (v`, vt) and

Rayleigh wave velocities (vR) for 4H-SiC can be found in reference 3.2.

The strain tensor is defined as,

εij =
1

2
(∂ui/∂xj + ∂uj/∂xi) (6.13)

The general form of the acoustic Hamiltonian [146] for an anisotropic, elastic material
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that is homogeneous can be written as,

H =
1

2

∫
d3R[ρ(

∂ui
∂t

)2 + λijklεijεkl] (6.14)

where ρ is the density and λijkl is the tensor of elastic constants. Next, we treat the

two terms as the kinetic and potential energies by analogy, which both contain half the total

system energy, and we set H = ~ω0/2 in order to calculate the amplitude of zero-point

vacuum fluctuations of strain. It is simpler to perform the calculation in Voigt notation and

matrix form. Additionally, we re-write the strain as a normalized standing wave by taking

the real part Re[εij ]→ εzpf ε̃i.

~ω0

2
=
ε2
zpf

2

∫
d3R ε̃iλij ε̃j (6.15)

Here, ω0 is the frequency of the resonator, εzpf is the amplitude of the zero-point fluctua-

tions, ε̃i are normalized strain wave functions, and the remaining factor of 1/2 before the in-

tegral comes from averaging out the time dependence cos2(ω0t). Note that ε̃4,5,6 = 2εyz,xy,xz

in Voigt notation. The bounds of the definite integral, which is over the entire mode volume

of a planar SAW resonator, only depends on the cavity length (Lc) since the aperture of the

SAW is a constant W (usually equal to the IDT overlap) and the strain is independent of

x2.

We estimate Lc from known dimensions of the SAW resonator. The total cavity length is

the sum of the IDT length and penetration depth into each Bragg mirror (Lc = LIDT +2Lp).

The IDT longitudinal length LIDT is 83λ for the resonators used in spin experiments. The

SAW penetration depth into each Bragg mirror is Lp = λ/(4|rs|) [60], where |rs| = 0.5% is

the magnitude of the reflection per grating strip measured for a similar SAW resonator on

AlN/SiC [73].

εzpf =

√
~ω0

WHs
(6.16)
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Hs =

∫ Lc/2

−Lc/2

∫ ∞
0

dx1 dx3 εiλijεj (6.17)

The results for amplitude of zero-point vacuum fluctuations of in-plane uniaxial strain

εxx ≈ 3.3x10−13 at the crystal surface x1 = x2 = x3 = 0 for a planar SAW resonator with

λ = 12 µm and W = 150λ.

Mode volume reduction by applying a Gaussian geometry

In general, more Gaussian focusing will shrink the beam waist (w0) at x1 = 0. In addi-

tion, the power in a wave front is conserved at all positions along the propagation axis (x1

direction) [68], so changing the beam waist parameter can be considered as modifying the

total resonator mode volume. Gaussian resonator geometries also modify transverse mode

frequencies, but we will not address that in this work. By changing the beam waist, for

example from W to w0, the strain field strength in eq. 6.16 gets multiplied by a factor of

∝
√
W/w0.

Compared to the planar SAW resonator discussed above, a Gaussian SAW resonator with

w0 = 2λ result in a larger εzpf by a factor ( 150λ
2.35(w0/

√
2)

)1/2 ≈ 6.7. The denominator of this

factor comes from approximating the new effective aperture as the Gaussian distribution’s

full width at half maximum. In summary a Gaussian SAW resonator, like the one used in

our experiments, would have zero-point strain fluctuations εxx ≈ 2.2x10−12 at the center

and crystal surface.

High power strain and displacement

The strain magnitude in the resonator during coherent driving can be predicted from the

zero-point vacuum fluctuation and drive power [147]. For a resonator with one port and RF

drive power P , the number of phonons in the mechanical resonator is,
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Nph =
4κeP

~ω0(κe + κi)
2

; (6.18)

where the resonator loss rates κe and κi are defined in Section 6, and here we substitute

κ∗e into κe given external impedance mismatches. Finally, the a.c. strain is related to the

number of phonons in the resonator by,

ε = εzpf

√
Nph; (6.19)

Using characterized resonator properties for the device in Fig. 6.1 (ω0/2π = 560.33 MHz,

Qi = 2.24x104, Q∗e = 5.51x104) and 400 mW of RF power at sample, we estimate the a.c.

strain amplitude εxx ≈ 5.3x10−3. This strain calculation overestimates the acoustic strain in

our resonator compared to DFT calculations for spin-strain coupling parameters with Aulter-

Townes splitting experiments (expect εxx ≈ 10−3). Nevertheless, this back-of-the-envelope

estimate agrees with our spin driving model outlined in Section 5.5 and should be treated

only as an order of magnitude due to the approximations we made in 7.1. The corresponding

displacement magnitude, using relations from eq. 6.12 and eq. 6.13, is |u3| ≈ 70 nm.

145



Appendix A

Device Fabrication Methods

A.1 Lift-Off Recipes with an Undercut

In lift-off processes for depositing metal and other materials by physical vapor deposition

it is desirable to have an undercut in the mask. By using an undercut, it is possible avoid

flagging and tearing caused by the metal forming a conformal coating around the mask. Two

methods using optical photoresist are shown here quantum devices are negative photoresists

and LOR for use with electron-beam evaporation and sputtering.

A.1.1 Negative Photoresist AZ nLOF series

1. Spin nLOF2020.

On silicon and SiO2 substrates, HMDS vapor prime should be used to promote pho-

toresist adhesion. Spinning at 4500 RPM for 45 seconds usually results in ≈ 1.6 µm

thick resist on a 4” wafer.

2. Bake at 110 ◦C for 60 seconds.1

3. Expose.

1. A bake temperature of 115 ◦C was often used due to convenience of available hotplates at the time
instead of the optimal 110 ◦C.
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Figure A.1: Lift-off of superconducting niobium (Nb) with nLOF2020 photoresist.
Fabrication steps are depicted on the left. The image on the right is a scanning electron
micrograph (SEM) edge-on after step (4) by cleaving the sample, which directly shows the
undercut.

Areas exposed to UV light (e.g. 365-375 nm) will harden and remain after development.

4. Bake at 110 ◦C for 60 seconds (critical).

5. Develop for 60 seconds using AZ MIF 300.

Quench into a bath of DI water for ∼20 seconds and then rinse with copious amounts

of fresh DI water for 30-60 seconds. If the sample is small, then placing it in a beaker

of DI water and agitating/swirling may work well enough to avoid losing the sample

in the sink. Perform an O2 plasma descum before moving onto deposition.

6. Deposit.

See Fig. A.1 (right) for the result of e-beam evaporated Nb at 0.5 Å/s onto Si with

an nLOF2020 mask (exposed with 125 mJ/cm2 from a 375 nm light source using a

Heidelberg MLA150.). This film had a superconducting Tc of 8 K.

7. Lift-off resist with organic solvents.

Recommended procedure: sonicate in NMP at 80 C for 30 minutes or greater, sonicate
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Figure A.2: Process flow for sputtering with Lift-Off Resist (LOR).

in IPA at room temperature for 10 minutes or greater, rinse with DI water, then N2 or

spin dry. If one wants to avoid sonication, it is possible to lift-off by soaking for much

longer periods of time as long as there was a proper undercut.

A.1.2 Lift-Off Resist (LOR) & Sputtering Thick Copper

Sputtering, which uses a plasma to remove material from a target and deposit atoms on

the substrate, often yields different material quality from e-beam evaporation and is more

chemically versatile. Sputtering also offers more atmospheric control and sometimes less

oxygen absorption into films for reasons like higher deposition rates and lower base pressures.

The process flow below details a recipe for producing a ≈500 nm undercut and nearly

micron thick resist underlayer. The undercut is tunable with development time and bake

temperature while the resist thickness is tunable with spin speed.

1. Spin LOR.

Adhesion promotion by HMDS is not necessary, and LOR typically has superior ad-

hesion on most materials. One micron thick LOR can be accomplished with LOR5A

spun at 2000 RPM or a thicker series at higher speeds. LOR3A is useful for thicknesses
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of a few hundred nanometers.

2. Bake at 180 ◦C for 3 minutes.

Consistent temperature between processes is critical. Wait for the sample to cool after

this step.

3. Spin the top layer of photoresist.

This ‘image resist’, which could be a high resolution photoresist like AZ 703 MiR, sets

the feature size upon exposure/development. The LOR develops faster and should not

be depended on for the final pattern.

4. Bake (at temperature and time suitable for top resist layer, e.g. 95 ◦C for

60 seconds).

5. Expose.

6. Post-exposure bake suitable for top layer (image) photoresist.

7. Develop in AZ 300 MIF or 726 MIF for 60 seconds.

Gently agitate during development. In order to further clear out the undercut region,

rinse in DI water for ∼30 seconds and then develop for another 15 seconds without

drying. Afterwards, rinse with copious amounts of DI water and then dry. AZ Devel-

oper 1:1 will not develop LOR A or B series. Perform an O2 plasma descum before

moving onto deposition.

8. Deposit.

Before sputtering onto the sample, run a short deposition on a dummy wafer in order

to clean and prime the chamber. A longer Ti deposition on a dummy wafer is also

recommended to decrease the chamber base pressure. Figure A.3a shows an SEM of

a cleaved sample (cross sectional view) of 20 nm Ti/∼200 nm Cu sputtered on silicon

with an AZ 703 MiR/LOR5A mask. The LOR5A was spun at 2000 RPM for 75 seconds
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Figure A.3: Sputtering thick (0.8 µm) copper with lift-off.

and baked at 190 ◦C for 3 minutes, so the undercut was unsufficient to protect material

from sputtering underneath the image resist overhang. Sputtering is semi-conformal,

so it is nearly impossible to prevent deposition on the LOR.

9. Lift-off resist.

See sections on nLOF2020 for recommendations and details.

Results of thick Cu sputtering are shown in Figure A.3. In the optical micrograph in Fig.

A.3b, we see that there is no dramatic flagging (tearing), roughness on the metal features or

edges at this resolution. The metal edge is imaged with scanning electron microscopy in Fig.

A.3c-d, which reveal that the a couple hundred nanometers within the edge exhibit large

variations in metal thickness. These Cu thickness variations result from metal deposition

directly onto the LOR without connecting the metal outside the image resist, top layer.
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Figure A.4: SAW device layers with inductively coupled plasma (ICP) etching.

A.2 Etching with Inductively Coupled Plasmas

In this section we discuss the process for fabricating device layers, specifically for surface

acoustic wave devices on AlN/SiC (Fig. A.4). This process is generalizable for different

systems and layers barring chemistry and material constraints.

0. Clean the sample.

Organic solvent cleaning with acetone, isopropanol (IPA), DI water consecutively with

sonication is recommended at a minimum to ensure there are neither organic residues

nor dust on the substrate prior to fabrication. After solvent or acid cleaning, bake

the sample at a temperature of 115 ◦C or greater (180-200 ◦C recommended) for 3

minutes in order to dehydrate the material surface. More aggressive cleaning options

include ‘TAMI’ (toluene, acetone, methanol, isopropanol), oxygen downstream plasma

with heat, RCA cleaning (pirhana acid, DI, hydrofluoric acid, DI), or hydrofluoric &

nitric acid 1:1 for SiC.
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1. Electron-beam evaporate device layer.

Our AlN/SiC SAW devices typically used 20 nm Ti and 150 nm Al in that order, evap-

orated at 1 Å/s and 3 Å/s, respectively. The Ti undermetal layer provides improved

adhesion (empirically observed to reduce pitting and roughness in the Al) as well as a

source of X-ray fluorescence for synchrotron experiments.

2. Optical lithography for the metal layer etch mask.

If necessary to promote photoresist adhesion (e.g. on SiO2), oven vapor prime with

HMDS. Spinning HMDS is possible but may reduce the device yield or have worse

effects on non-Si substrates. Afterwards, spin photoresist on the sample. For AZ1512

and AZ 703 MiR positive photoresists spinning at 4500 RPM results in approximately

1.2 and 0.85 µm thick resist, respectively. Bake the sample at 95 ◦C for 60 seconds after

spinning. Pattern with direct write or mask-based optical lithography by exposure to

UV light; bake at 115 ◦C for 60 seconds; let sample cool down for at least a minute to

stabilize development time; develop in AZ Developer 1:1 (minimum Al attack compared

to AZ MIF 300) for 120 seconds.

3. Etch metal device layer.

Before etching, using an O2 downstream plasma descum may improve sidewalls and

etch results. O2 plasma will oxidize more of the sample surface, so this step should

be avoided for various materials and applications such as superconducting metals for

low loss quantum circuits. Chlorine chemistry is efficient at etching Al: Cl2, BCl3, Ar

with flow rates 30, 30, 10 sccm, bias power 50 W, ICP run power 400 W. The Al etch

rate is ≈500 nm/min and photoresist etch rate is ∼200 nm/min. Chamber cleaning

and priming is recommended by running an O2 plasma clean for 10 minutes and then

the desired etch recipe for 3 minutes on a dummy wafer.

4. Lift-off resist with organic solvents.

An O2 descum (mildly aggressive at 70 ◦C and higher power to remove ∼100 nm of
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photoresist) can help remove a cross-linked layer from plasma etching. For maximum

yield, soak the sample in N-Methyl-2-Pyrrolidone (NMP) at 80 ◦C with the sample

supported upside down for > 4 hours, transfer the sample to a new beaker of fresh

NMP and sonicate at 80 ◦C for 30 minutes, transfer to a beaker of IPA and sonicate

for > 10 minutes, rinse with DI water and then N2 or spin dry.

5. Optical lithography for the AlN Bragg gratings.

See previous optical lithography step for further details. AZ Developer 1:1 is recom-

mended again for minimal attack of AlN as well as any potentially exposed Al.

6. Etch grooves into the AlN layer.

Before etching, using an O2 downstream plasma descum may improve sidewalls and

etch results. O2 plasma will oxidize more of the sample surface, so this step should be

avoided for various materials and applications such as superconducting metals for low

loss quantum circuits. Chlorine chemistry is efficient at etching Al: Cl2, BCl3, Ar with

flow rates 30, 30, 10 sccm, bias power 50 W, ICP run power 400 W. The AlN etch rate

is ≈100 nm/min.

7. Lift-off resist.

See previous lift-off step for further details.

A.3 Film Stress

Thin film stress is an important metric when considering material performance, stability or

adhesion, and resonator quality factors. When a newly deposited thin film is too stressed,

it can lead to buckling if highly compressive or cracking and delamination (decohesion) if

highly tensile [148]. Localized buckling or ‘hillocks’ in the film are points of stress relief as

shown in Figure A.5 in low and high magnification optical micrographs of AlN sputtered on

4H-SiC.
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Figure A.5: Defects in highly stressed AlN. Hillocks form randomly distributed in the
1 µm thick AlN film on the 4H-SiC substrate.

In membrane mechanical resonators, it can be shown that the quality factor is directly

proportional to the tensile film stress, so highly stressed SiN films in fact have enabled

ultrahigh quality factors at megahertz frequencies [149]. Therefore, we usually want to

deposit slightly thicker films on bulk substrates, such as piezoelectric AlN, with close to zero

stress in order to avoid mechanical failures while at the same time remaining tensile.

Measurement of film stress is easily accomplished by comparing the substrate radius of

curvature before and after deposition. Assuming that the film thickness (tf) much smaller

than that of the substrate (ts), the radius of curvature is inversely proportional to the internal

film stress in the Stoney Equation,

σf =
t2sEs

6tf(1− ν)R
(isotropic substrate), (A.1)

where Es and ν are the Young’s modulus and Poisson’s ratio of the substrate. This

(100)

(010)
(001)

Figure A.6: Wafer crystal axes. Corresponding substrate schematic for Eq. (A.2).
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Figure A.7: Film stress measurement by substrate curvature. a. Sketch of a stressed
thin film and the initial lateral stress distribution (σzz = 0 at the surface boundary con-
dition). The stress causes a change in wafer curvature. b. Stress measurement on a 500
µm thick Si (100) wafer performed using a KLA Tencor profiler. The wafer surface profile,
which must be measured in the same location (position and orientation) is fit to a 5th order
polynomial.

formula takes the substrate’s radius of curvature before deposition to be infinity (flat wafer)

and R is the radius of curvature after deposition.

Anisotropic substrates, which includes all crystalline materials such as silicon, have di-

rection dependent elastic moduli and Poisson’s ratio. It can be shown that for a wafer with

cubic symmetry and the surface normal along (001) as depicted in Fig. A.6 that the Stoney

Equation takes the form [150],

σf =
t2s

6tf(s11 + s12)R
(anisotropic substrate), (A.2)

where s11 and s12 are elements of the compliance tensor sE (cEsE = sEcE = 1 where cE

is the elasticity tensor). We can see that a positive radius of curvature corresponds to tensile

film stress (illustrated in Fig. A.7a) that we define as σxx > 0 in this convention. Figure

A.7b shows an example stress measurement on a Si (100) square sample that is 35 mm x 35

mm large with 500 nm thick of sputtered AlN.

Using some handy relations from Nye, ”Physical Properties of Crystals” Chapter 8.7

[56], one finds that s11 + s12 = 180.65 GPa for Si (100). Many other literature values range
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Figure A.8: Schematic of reactive a.c. magnetron sputtering tool for AlN. Ultra-
high purity aluminum targets receive a.c. power at 40 kHz and usually kilowatts of power,
which allows the inner and outer targets to each act as the anode and cathode. This diagram
is adapted from Ref. [151].

from 180.3 GPa [150] to 180.7 GPa probably varying because of rounding and precision

errors on the compliance tensor elements. For Si (111) we must rotate the system, yielding

s11 + s12 → 4s11 + 8s12 + s44 = 229.1 GPa. Since hexagonal 4H-SiC has a crystal class

6mm, there are similarities between the elasticity/compliance tensors of Si and 4H-SiC, so

Eq. (A.2) is again applicable. We find that s11 + s12 = 602.2 GPa for 4H-SiC.

A.4 Aluminum Nitride

A.4.1 Reactive Sputtering

Reactive sputtering is among the most common deposition methods for depositing piezo-

electric AlN for electromechanical devices [152]. We use an OEM Endeavor to reactively

sputter AlN on 4” wafers or smaller samples by using metal wafer adapters. The system has
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a load-lock and has a robotic system to transfer samples into the process module. Inside

the process module (Fig. A.8) the sample surface faces downward towards the cylindrical

targets shaped like annuli. Unlike d.c. sputtering, which is prone to arcing and dielectric

build-up on the targets, a.c. sputtering keeps the target corners clean by alternating each

Al targets role as the anode or cathode. Radio frequency (RF) biasing at 13.6 MHz offers

Ar+ plasma etching, and infrared (IR) heater directed towards the sample through a quartz

window provides temperature control up to 500 ◦C maximum, and the constant, tunable

resistor box (5-50 Ω or open) allows the grower to set a relative voltage between the targets

allowing some control of ion bombardment and therefore independent film stress tunability.

Summarized below are the typical process flows for sputtering polycrystalline (002)-oriented

AlN on Si and 4H-SiC substrates.

Table A.1: Reactive sputtering of AlN - typical parameters. These deposition pa-

rameters demonstrate reasonably good oriented AlN growth on Si and provide a starting

place for creating new recipes.

Ar flow N2 flow Power Pressure Resistor box

5 sccm 17 sccm 6,000 W 5 mTorr 15 or 20 Ω

Silicon:

1. Precondition chamber on a dummy sample.

This process step interleaves Al and AlN sputtering steps for a few hundred nanometers

of each material. The dummy sample should be etched if it has not been used before

to improve adhesion and avoid material flaking. Do not re-use the same Si sample for

more than 5 microns of conditioning growths, and run a longer condition if the tool

has not been used for more than 24 hours.

2. Etch.

RF bias at 200 W of power with 4 sccm of Ar for 180 seconds.
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3. Heat.

Power at 100%, that we believe corresponds to ∼ 450 ◦C, for 60 seconds.

4. Sputter AlN.

Sputter with the parameters from Table A.1 without heat.

5. Wait.

This step allows the wafer to cool down before transferring in order to avoid ther-

malization effects on the film from rapid thermal expansion or contraction. This is

particularly important for thick aluminum electrodes because aluminum is soft and

prone to migration. Approximately 60 seconds is sufficient.

Silicon carbide:

1. Precondition chamber on a dummy sample.

See silicon recipe above for details.

2. Etch (heated).

RF bias at 200 W of power with 4 sccm of Ar for 600 seconds with the IR heater at

100% power (∼ 450 ◦C). Occasionally the RF impedance matcher, which is near the

chamber wall and wafer land, has trouble keeping up with the heat, so this etch step

could be broken up with intermittent wait steps.

3. Heat.

Power at 100% (∼ 450 ◦C) for 60 seconds.

4. Sputter AlN (heated).

Sputter with the parameters from Table A.1 with heat at 100% power.

5. Wait.

Approximately 60 seconds is sufficient.
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Figure A.9: AlN uniformity as a function of Ar flow rate. Ellipsometry measurements
of AlN on Si (100) taken as a function of position. The error bars are the 95% confidence
interval from fits.

In the results summary we show that more heating during the etch and growth steps result

in better AlN. However, we have not run enough tests to prove which steps are essential and

what is the optimal order. For example, it is possible that a long heat step before etching

could improve the AlN (002) X-ray diffraction rocking curve (crystallinity).

A.4.2 Summary of Growths

Sputtering AlN on Si substrates with results detailed in Table A.2 show good crystallinity

from X-ray diffraction peak rocking curve measurements that are robust to changes in Ar

flow rate. The Ar flow rate tunes the deposition rate, uniformity, and stress. We first find

the optimal Ar flow rate, which seems to be around 5 or 6 sccm for consistent AlN thickness

that varies < 1% across the entire wafer (Fig. A.9). Using 5 sccm gives stress values closer

to zero and a larger available dynamic range with the resistor box settings. On a separate

set of samples, varying only the resistor box yields stress tunability from nearly zero at 25

Ω to highly tensile films nearly 1 GPa. If we wanted compressive AlN we could tune the

resistor to > 25 Ω.

On 4H-SiC we observe that the AlN crystallinity (diffraction peak) is very sensitive to

the etching step and heated growths. When the sputter step is performed under heated con-
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ditions, we find that the AlN monotonically gets more crystalline, and furthermore heating

during the etch step also improves the film crystallinity. This suggests that it is more diffi-

cult to etch SiC and expose fresh crystal substrate. Additionally, heated growth is needed

in order to bring the rocking curve FWHM below 3◦ in our configuration (Table A.3). In-

terestingly, the film stress progressively becomes more tensile after using heat and correlates

to the improved crystallinity, which may be due to interstitials or presence of larger gaps

between grain boundaries [148] or thermal expansion effects.
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Table A.2: AlN sputtering results: Si (100) substrates. The substrate size corresponds
to either the diameter of a wafer (W) or side length of a diced square (S), manufactured by
Nova Electronic Materials. Samples were solvent cleaned prior to sputtering. The AlN film
thickness (tf) was measured by ellipsometry and X-ray diffraction rocking curves (FWHM)
are measured using a Brucker D8 on the AlN (0002) diffraction peak and fit to a Gaussian
distribution. The target AlN thickness was 500 nm for all samples. All uncertainties in
parentheses are 95% confidence intervals from fitting on the last digit.

Size Ar flow Resistor (Ω) tf (nm) Stress (MPa) FWHM (◦)
100 mm W 4 15 492.0(4) -246.2 1.82(1)
100 mm W 5 15 507.9(4) +29.2 1.77(2)
100 mm W 6 15 522.2(5) +225.0 1.87(1)
35 mm S 5 10 501.7(4) +800.9 1.91(1)
35 mm S 5 15 517.0(4) +172.3 1.86(2)
35 mm S 5 20 498.1(4) +139.7 -
35 mm S 5 25 493.8(7) +81.3 1.87(2)

Table A.3: AlN sputtering results: 4H-SiC substrates. All substrates were diced from
100 mm wafers manufactured by II-VI Inc. for the N-type (16-28 mΩ cm), development grade
and Norstel AB for the high purity semi-insulating (SI), production grade SiC. Samples were
solvent cleaned prior to deposition and each sputtered with a resistor box value of 20 Ω and
Ar flow rate of 5 sccm. X-ray diffraction rocking curves (FWHM) are measured using a
Brucker D8 on the AlN (0002) diffraction peak and fit to a Gaussian distribution. The
target AlN thickness was 500 nm for all samples. All uncertainties in parentheses are 95%
confidence intervals from fitting on the last digit.

Type Miscut Etch w/o
heat (s)

Etch w/
heat (s)

Sputter w/
heat (nm)

Sputter w/o
heat (nm)

Stress
(MPa)

FWHM
(◦)

N-type 4◦ 600 0 10 490 -223.7 3.20(5)
N-type 4◦ 600 0 50 450 -100.4 3.01(2)
N-type 4◦ 600 0 200 300 -25.3 3.04(2)
N-type 4◦ 420 180 50 450 -194.5 2.73(2)

SI 0 420 180 50 450 +124.5 5.2(6)
SI 0 0 600 50 450 +217.4 4.11(2)
SI 0 0 600 500 0 +310.7 2.65(1)
SI 0 0 600 500 0 +482.5 2.39(1)
SI 0 0 600 500 0 - 2.50(1)
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Appendix B

Spin-Stress and Electric Field

Coupling

The results in these sections were published in the supplementary materials of [103].

B.1 Comparison of Spin-Stress Coupling Parameters

In additional to checking the supercell convergence for zero-field splitting D0 values, we

validate the computational protocol by comparing our theoretical results for the NV center

in diamond with the work by Udvarhelyi et al. [47] and Barson et al. [134]. Udvarhelyi et

al. computed the spin-strain and spin-stress coupling coefficients of NV centers by DFT.

Barson et al. measured the coupling strength between spin and stress for NV centers in a

diamond nanomechanical structure.

To make a direct comparison, we converted the 6 spin-strain coupling coefficients for NV

centers in Table 6.2 into the 6 spin-stress coupling coefficients a1, a2, b, c, d, e as defined

in their work [47, 134]. In the conversion we used the compliance tensor (sE = (cE)−1) of

diamond in Ref [153]. Table B.1 shows the comparison of spin-stress coupling coefficients

from different works. Note that Ref [134] used a different sign convention for strain, and
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therefore their results are multiplied by a negative sign in the table.

Table B.1: Spin-stress coupling coefficients for the NV in diamond. All values are

in MHz/GPa.

This work (DFT) Ref (DFT)[47] Ref (Exp.)[134]

a1 -3.82 -2.65 -4.4

a2 3.80 2.52 3.7

b 1.80 1.94 2.3

c -2.77 -2.84 -3.5

d -0.23 -0.12

e 0.60 0.67

From Table B.1 we find that our results match well with both references. The agreement

is a validation for the computational setup we used for the calculations of G.

B.2 Electric Field Coupling to Spin Defects

The response of D to strain (2nd rank tensor) is different from its response to applied electric

field (1st rank tensor). Similar to spin-strain coupling tensor, we can expand the effect of

an electric field (E) perturbation on the D tensor,

Dij(Ek) = D0S
2
z +

∂Dij
∂Ek

Ek +O
(
E2
)
. (B.1)

We can define a tensor F as the first-order coupling between D and the electric field

vector E:

Fijk =
∂Dij
∂Ek

. (B.2)

where i, j, k are indices, each representing the three Cartesian coordinates ∈ x, y, z. Simi-
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lar to the previous discussions of spin-strain coupling, we define the Cartesian frame for kk, hh

divacancies in 4H-SiC to be x̂ ≡ [1̄1̄20], ŷ ≡ [11̄00], ẑ ≡ [0001], in consistence with the SAW

experiment, and for the nitrogen-vacancy center diamond as x̂ ≡ [1̄10], ŷ ≡ [1̄1̄2], ẑ ≡ [111].

In Voigt notation, the response of D to an applied electric field E is given by



∆Dxx

∆Dyy

∆Dzz

∆Dyz

∆Dxz

∆Dxy


=



F11 F12 F13

F21 F22 F23

F31 F32 F33

F41 F42 F43

F51 F52 F53

F61 F62 F63




Ex

Ey

Ez

 =



F12 F13

−F12 F13

−2F13

F42

F42

F12




Ex

Ey

Ez

 (B.3)

where C3v symmetry was considered in the last equality. Combining the above equation

with H =
∑
i,j Si(∆Dij)Sj , one can see that an applied electric field can drive ∆ms = ±1

and ∆ms = ±2 transitions, similar to the case of applying a strain. However, an electric field

and a strain enters the Hamiltonian by dissimilar response tensors with different dimensions

and rank. F is 6 × 3 matrix while G is 6 × 6 matrix in Voigt notation. For C3v defects,

F has only 3 independent components while G has 6 independent components; F also has

completely different symmetric form as G even if only the first 3 columns of G (corresponding

to normal strains εxx, εyy, εzz) are considered.
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Appendix C

High-Q Superconducting SAW

Cavities

In order to test the limits of silicon carbide (SiC) as a low loss mechanical material, piezo-

electric properties without AlN, and applicability for future hybrid quantum systems with

spin ensembles, SAW resonators are fabricated directly on 4H-SiC substrates. All 4H-SiC

substrates are chemically-mechanically polished (CMP), high-purity semi-insulating (HPSI)

sourced by Cree Inc. and are RCA cleaned before fabrication. Both niobium (Nb) and

aluminum (Al) SAW devices are investigated separately with optical lithography methods

(positive photoresist S1813) and lift-off using electron-beam evaporation in an Angstrom

EvoVac. The Nb is evaporated at 1 Å/s to a thickness of 100 nm, while devices using Al was

evaporated in at 2 Å/s rate to a thickness of 100 nm. Lift-off was performed by sonicating

in NMP at 80 ◦C for at least one hour. An example of the final device is shown in Fig.

C.1a, which has Np = 50 finger pairs in the IDT, 1100 grating strips in each Bragg reflector,

aperture size W of 150λ, the acoustic wavelength is 16 µm.

All radio frequency (RF) reflection measurements are performed with a vector network

analyzer (VNA). The samples are wirebonded to a PCB inside a copper box, placed in

a Quantum Design PPMS for 1.8-300 K measurements or a dilution refrigerator for mea-
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Figure C.1: Result for superconducting niobium SAW resonator on 4H-SiC. a.
Optical micrograph of the device. The niobium metal was deposited on top of a clean
4H-SiC with optical lithography and lift-off. The IDT (inset) is made up of single finger
interleaved electrodes. Faint horizontal patterns are from the direct write lithography where
the pattern was stitched together with multiple passes (small dose variations). b. RF
reflection measurement of the SAW resonator at room temperature with a calibrated VNA.
Notice the y-axis is very close to 100% reflection. c. RF reflection measurement of the same
resonator at a temperature of 1.8 K. This niobium superconducted at ≈ 8 K in a Quantum
Design PPMS.

surements down to 26 mK, and the sample/PCB is connected via SMA cables. All SAW

resonators experiments use a 1-port grounded configuration, such that one side of the IDT is

connected to RF while the other side of the IDT is grounded. All grating reflectors are shorted

and floating. At room temperature, the Nb SAW resonator is normal and has stray resistance

in the IDT and CPW that is much greater than 50 Ω, so only a weak peak is observed (Fig.

C.1b) at f0 = 421.735834 MHz. The inferred acoustic wavespeed vf = f0λ = 6, 748 m/s is

very close to the expected value from literature (6,830 m/s) Below 8K we observe that the

Nb superconducts and yields a very high Q cavity. Using the fit equation (3.42) find a higher

resonance frequency at f0 = 422.468665 MHz due to thermal expansion/contraction and a

change in acoustic wavespeed, internal quality factor Qi = 2.41×105, external quality factor

Qe = 7.59× 106, and asymmetry rotation angle φ = 13.7◦. This is among the highest inter-

nal quality factors reported to date for a SAW resonator at 1.8 K. Nonetheless, the result

comes at a cost of the weak piezoelectric coupling provided by SiC, so this cavity is not as

useful for strongly driving spins at high RF excitation powers. Our high-Q superconducting
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Figure C.2: Temperature dependence of aluminum SAW resonators on 4H-SiC.
a. Temperature dependence of RF reflection measurement, performed in a Quantum Design
Physical Property Measurement System. b. Analyzed internal quality factor Qi as a function
of temperature. The data point taken at T = 26 mK was performed in an Oxford dilution
refrigerator with high microwave power (-50 dB attenuation on the input lines, low noise
HEMT amplifier at 4K on the output, and a room temperature amplifier for a total of +40
dB gain on the output.).

Nb SAW cavity is well suited for hybridizing with spin ensembles as long the cavity does not

need to be overcoupled to a transmission line.

The Al SAW resonators on SiC, which were actually the first ones to get fabricated

after testing on ST-X quartz, are also found to yield internal quality factors. For the same

temperature, the Qi is slightly lower, and this is probably due to having rougher lithography

from a hard contact aligner in the Searle cleanroom compared to direct writing that was

used for Nb devices in the Pritzker Nanofabrication Facility. A temperature sweep of the RF

reflection response (Fig. C.2a) clearly shows the resonator frequency shift as the temperature

increases, and there is a dependence reminiscent of T3 from thermal expansion. The Qi

reaches nearly 3× 105 near 26 mK, and Qi as a function of temperature appears to be linear

on a log-log scale. Other materials including GaAs and ST-X quartz have also exhibited

power-law behaviors for Qi(T ).
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Appendix D

Creating Defect Ensembles and

Annealing 4H-SiC

In this appendix we present the details and recipes for ion implantation by Cutting Edge Ions

Inc. to create divacancy ensembles and chromium ion (substitutional Cr4+) ensembles. All

samples are annealed in tube furnaces with a gas controlled environment, which is usually

argon (Ar) for an inert atmosphere1. We found that many atmospheres including argon

and air worked similarly to create defect ensembles and did not notice photoluminescence

differences with/without oxygen. Forming gas (4% H2, 96% Ar) was found to damage SiC

samples and create hexagonal shaped pitting above ∼ 1300 ◦C, in addition to causing charge

unstable single divacancies (not shown here), so forming gas should be avoided during defect

spin creation when possible.

D.1 Divacancy Ensembles

1. Clean samples. Organic solvent cleaning (acetone, isopropanol, DI water rinse) is

sufficient to remove any organic residues. This step is to avoid thick residues and

1. The gas flow rates and pressures were not well controlled. The pressure was usually close to one
atmosphere.
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Figure D.1: Stopping range of carbon-12 implanted into SiC. Results of SRIM cal-
culations for a the 12C ions in the SiC lattice at 170 keV with a 7◦ tilt and b vacancy
distribution produced by the implantation events. Approximately 500 vacancies are created
per ion.

materials that could mask ion implantation, and additionally any materials or sur-

face contamination that becomes heavily damaged could be very difficult to remove

afterwards.

2. Implant with carbon-12. We use 170 keV energy (from a 170 kV accelerating

potential) of the 12C+ ions, tilt of 7◦, dose of 1012 ions cm−2. The tilt helps to

prevent channeling, which would yield a less predictable distribution of deeper ions

that avoided the lattice nuclei. The exact energy is not critical; we choose to use

170-190 keV in various experiments because we wanted to generate vacancies as deep

as possible, but higher energies than 190 keV require double ionization and cost more

money per batch.

3. Anneal the sample at a temperature of ∼ 850 ◦C. We use ultra-high purity

argon gas cylinder and a small over-pressure in the tube furnace to prevent oxygen

leaking.

The implanted carbon ions are expected to penetrate into the SiC approximately 290±

57 nm deep (Fig. D.1a). The width of the implantation profile in depth is called the ion
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straggle. The vacancies from these carbon ions are distributed more of a flat profile while still

concentrated at a similar depth (Fig. D.1b). We can estimate the defect density formed by

implantation and annealing. Using the straggle and 5% creation efficiency per carbon-12 ion

found by A. L. Falk et al. in Ref. [18], we approximate a density of ≈ 1016 divacancies cm−3

from a dose of 1012 ions cm−2. If, for comparison, we assume that each vacancy generated

in the wider distribution has a 0.1-1% creation efficiency like nitrogen-vacancy centers in

diamond, then we find a density of ≈ 2× 1016 − 1017 divacancies cm−3 for the same dose.

D.2 Chromium Ensembles

This section details a recipe for implanting and annealing chromium defect ensembles for

creating Cr4+ substitutional ions in semi-insulating 4H-SiC [154].

1. Clean samples. Organic solvent cleaning (acetone, isopropanol, DI water rinse) is

sufficient to remove any organic residues. This step is to avoid thick residues and

materials that could mask ion implantation, and additionally any materials or sur-

face contamination that becomes heavily damaged could be very difficult to remove

afterwards.

2. Implant with chromium (ICr−52 = 0, ICr−53 = 3/2.) We use 190 keV energy

(from a 170 kV accelerating potential) of the 52Cr+ ions, tilt of 7◦, dose of 5×1011 ions

cm−2. The tilt helps to prevent channeling, which would yield a less predictable

distribution of deeper ions that avoided the lattice nuclei. The exact energy is not

critical; we choose to use 1190 keV in various experiments because we wanted to

generate chromium defects as deep as possible, but higher energies than 190 keV require

double ionization and cost more money per batch. Our first experiments also used a

carbon co-implantation at 100 keV to generate defects at a similar depth because it is

known to increase transition metal electrical activation [155], but it probably was not

needed. The SRIM calculations are shown in Fig. D.2.
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Figure D.2: Stopping range of chromium-52 implanted into SiC. a Ion ranges and
paths taken shown in a depth cross section (horizontal is depth into the SiC substrate
and vertical is the transverse direction if ions penetrated from a point at the surface). b.
Results of SRIM calculations for the 52Cr ions in the SiC lattice at 190 keV with a 7◦ tilt.
Approximately 2000 vacancies are created per ion.

3. Make a photoresist carbon cap on the SiC Si-face (implantation surface).

A simple recipe for example is to use a common optical photoresist (e.g. AZ1512 or

AZ5214-E), spin coat (e.g. 3000 RPM for ∼ 2 µm thickness), bake at 95 ◦C for 60

seconds to harden the resist, and then bake at bake at 350 ◦C for 30 minutes to remove

solvents. A carbon cap will prevent Si sublimation and roughening caused by annealing

at temperatures over 1400 ◦C. Other materials unfortunately have been found to alloy

with the SiC at high temperatures and then cannot be removed, whereas carbon will

not react or mix with the SiC.

4. Anneal the sample at a temperature > 1500 ◦C. We use ultra-high purity argon

gas cylinder and a small over-pressure in the tube furnace to prevent oxygen leaking.

We use a tube furnace with MoSi2 heating elements and an alumina tube rated up

to a maximum temperature of 1700 ◦C. We ramp at 100 ◦C/hr to the desired temp,

dwell for 30 minutes, and ramp at ◦C/hr to room temp. Higher temperatures ranging

1500-1900 ◦C have been performed at companies such as Centrotherm and Fraunhofer

IISB in Germany and usually yield much smoother results because their furnaces ramp
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Figure D.3: SiC anisotropic etching caused by annealing at 1600 ◦C. a. Sample
after annealing in a tube furnace for b. 4H-SiC surface that was not capped. All of these
issues can be mitigated by annealing for minimal times with a proper graphite cap or by
only using temperatures less than 1400 ◦C.

faster (50-75 ◦C/min) and have better atmosphere control.

5. Remove the carbon cap by annealing at a temperature of > ∼ 750 ◦C in

oxygen or air. The exact temperature is not critical as long as oxygen in the atmo-

sphere can react with the graphite to turn C into CO2. Downsteam oxygen plasma

can also work for cap removal but the plasma is actually quite slow at etching graphite

and more physically destructive to the substrate compared to a box furnace in air.

Some examples of bad outcomes are shown in Fig. D.3a. When the carbon cap is not

made well or thick enough, pitting can occur simply from Si sublimation. The pits look

either hexagonal or triangular because of the 4H-SiC crystal symmetry. Since any oxygen

can remove the carbon (graphite) cap at high temperatures, a long anneal in nominally argon

may eventually etch away the entire cap and expose fresh SiC. At that point, the surface will

most certainly be roughened as shown in Fig. D.3b. In order to avoid losing the graphite cap

during long, high temperature anneals, it can be helpful to collaborate with or pay another

institution with access to advanced tools for rapid thermal processing.
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[109] T. Reusch, F. Schülein, C. Bömer, M. Osterhoff, A. Beerlink, H. J. Krenner, A. Wix-
forth, and T. Salditt. Standing surface acoustic waves in LiNbO3 studied by time
resolved X-ray diffraction at Petra III. AIP Advances, 3:072127, 2013.

[110] J.-D. Nicolas, T. Reusch, M. Osterhoff, M. Sprung, F. J. R. Schülein, H. J Krenner,
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