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Solid-state elastic-wave phonons are a promising platform for a wide range of quantum information applica-
tions including facilitating quantum transduction from microwave to optical electromagnetic fields, long-lived
quantum memories, in addition to potentially acting as qubits themselves. An outstanding challenge and enabling
capability in harnessing phonons for quantum information processing is achieving sufficiently strong nonlinear
interactions between them. To this end, we propose a general architecture for generating strong quantum
phononic nonlinearity using piezoelectric-semiconductor heterostructures consisting of a piezoelectric acoustic
material hosting phononic modes that is in direct proximity to a two-dimensional electron gas (2DEG). Each
phonon in the piezoelectric material carries an electric field, which extends into the 2DEG. The fields induce
polarization of 2DEG electrons, which in turn interact with other piezoelectric phononic electric fields. The net
result is coupling between the electric fields associated with the various phonon modes. We derive, from first
principles, the nonlinear phononic susceptibility of a piezo-2DEG system and provide a prescription to calculate
all orders of the susceptibility in a perturbative expansion. We show that many nonlinear processes are strongly
favored at high electron mobility, motivating the use of the 2DEG to mediate the nonlinearities. We derive
the first, second, and third-order susceptibilities and calculate them for the case of a lithium niobate surface
acoustic wave interacting with a GaAs-AlGaAs heterostructure 2DEG. We show that, for this system, the strong
third-order phononic nonlinearities generated could enable single-phonon Kerr shift in an acoustic cavity that
exceeds realistic cavity linewidths, potentially leading to a new class of acoustic qubit. We further show that the
strong second-order nonlinearity could be used to produce a high-gain, traveling-wave parametric amplifier to
amplify—and ultimately detect—the outputs of the acoustic cavity qubits. Assuming favorable losses in such a
system, the combination of these capabilities, combined with the ability to efficiently transduce phonons from
microwave electromagnetic fields in transmission lines, thus hold promise for creating all-acoustic quantum

information processors.
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I. INTRODUCTION

Quantized elastic waves in solids, or phonons, have
become increasingly ubiquitous in quantum information
processing applications. For example, they can act as a
nearly “universal” quantum bus [1,2], allowing coupling to
many useful solid-state qubit modalities. Phonons naturally
couple to optomechanical cavities [3—7], which provide a
means for optical generation of nonclassical phonon states
[8-11] and optical teleportation of quantum information
[12,13]. Moreover, piezoelectric elastic wave phonons can
be used to efficiently couple to traveling wave [14-18]
and standing wave [19,20] microwave fields in important
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quantum phononic materials, couple to superconducting cir-
cuits [21-26], or potentially act as quantum memories to
store quantum information from superconducting circuits due
to their long lifetime [21,22,27-31]. If those piezoelectric
phonons are stored within optomechanical cavities, then they
provide a means for optical addressing of quantum infor-
mation in superconducting qubits [32-36]. Phonons also can
couple to solid-state color centers and their spin degrees of
freedom [2,37-46].

The ability of phonons to act as a universal quantum bus
or even as a qubit in universal linear acoustics are undoubt-
edly useful, but these abilities would be far more useful if
one could perform quantum logic operations on the phonons,
themselves. This, of course, requires single-phonon nonlin-
earities that are large compared to system losses. No material
currently possesses such strong nonlinearities and low losses;
thus, it is imperative to explore other means for generat-
ing these properties. Recently, we have demonstrated that
phononic nonlinearities can be increased by orders of mag-
nitude by mediating them with electronic nonlinearities in
a piezoelectric-semiconductor heterostructure [47]. Classical
theories of such nonlinearities [48—50] show that the non-
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FIG. 1. Diagram of a system consisting of an acoustic Kerr cavity (left) coupled to a degenerate traveling-wave parametric amplifier (right).
The coupling in the acoustic cavity between the 2DEG (red) and the piezoelectric material (blue) gives rise to a Kerr nonlinearity and in turn
a qubit. The qubit is then amplified by the 3-wave-mixing in the parametric amplifier due to the coupling between the 2DEG there (red) and
the piezoelectric material (blue), before being transduced into a microwave field at the system output. Note that the thin waveguide carries the

pump phonons.

linearity depends directly on the mobility. Thus, one must
wonder what would be possible in materials with ultrahigh
mobilities, such as two-dimensional electron gasses (2DEGs),
which can attain mobilities multiple orders of magnitude
higher than bulk semiconductors [51,52].

To this end, we study a heterostructure consisting of a
2DEG bonded to a strongly piezoelectric elastic slab waveg-
uide substrate (e.g., thin-film LiNbOj3 on Si, sapphire, or SiC
or thin-film Al; xSc,N on SiC). Only the critical layers of the
2DEG remain on the surface of the piezoelectric substrate,
which can be achieved with modern heteroepitaxy and chem-
ical etching (e.g., in a GaAs/AlGaAs heteroepitaxial stack).
Similar piezoelectric-semiconductor phononic heterostructure
systems have been realized in the classical regime utiliz-
ing bulk semiconductors to achieve phonon amplification
[14,53-55], phononic switches [56], phononic circulators
[53], phononic mixing [47], and acoustoelectrically Brillouin
optomechanical processes [57]. A 2DEG-piezoelectric het-
erostructure has itself been experimentally realized in the
context of measuring a large acoustoelectric effect [58], while
more recently, a quantum-dot-piezoelectric heterostructure
has been realized for optomechanical applications [59]. In all
these cases, including the one at-hand, the acoustic field in
the piezoelectric material takes the form of a slab waveguide
mode or surface acoustic wave. As in the case of the classical
systems, an evanescent electric field associated with the elas-
tic wave phonons extends into the 2DEG, where it induces
the polarization of 2DEG electrons. The polarized electrons,
in turn, interact with other electric fields stemming from other
elastic wave phonon excitations in the system, yielding mixing
of multiple phonons mediated by the 2DEG electrons.

Here, we theoretically analyze the electron-phonon inter-
actions in the above system and perform ab initio quantum
calculations of the resulting acoustic nonlinearities and

multiphonon mixing processes that result from them. This
allows for the exact calculation of phononic mixing processes
such as second harmonic generation, parametric amplifi-
cation, Kerr nonlinearity, etc. We find, for example, that
these kinds of systems could produce high-gain and low-
loss quantum-limited degenerate parametric amplification via
three-wave mixing with only nanowatts of acoustic pump
power; we also find that the effective Kerr nonlinearity in
the system could be sufficient to produce an effective two-
level system in a wavelength-scale cavity with sufficiently low
losses, given a high-Q acoustic cavity, which has recently been
achieved [60]. Thus, our results allow one to imagine a new
class of quantum information processing tools for phonons
based on electronically mediated nonlinearity in heterostruc-
tures and calculate the exact details of these processes.

Such a system is illustrated in Fig. 1. Here, a 2DEG in a
nearly single-mode cavity—the qubit cavity—creates a qubit
at frequency (wave vector) wy (kp) via four-wave phononic
Kerr nonlinearity. The qubit cavity is coupled to a tunable
readout cavity that allows adiabatic transfer of the qubit state
into a purely phononic state of the readout cavity. The read-
out cavity is strongly coupled to an output phononic bus
waveguide that leads to a degenerate, traveling wave para-
metric three-wave mixing phononic amplifier. A pair of pump
waveguides inject and extract the pump field at frequency
(wave vector) wwg (2kg) via acoustic evanescent coupling.
The amplified phononic field at @y can then be transduced
into a microwave field at the system output, to be measured
by room temperature electronics after a series of progres-
sively higher temperature amplifiers. Note that elastic waves
with highly restricted transverse dimensions can be efficiently
excited (low microwave insertion loss and low elastic wave
loss) by focusing transducers [61-63], phononic negative re-
fraction in phononic crystals [64,65], and phononic crystal
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gradient-index (GRIN) lenses [66]. Essentially, with the inclu-
sion of 2DEGs playing the role of spatially selective sources
of single-phonon nonlinearities, one can imagine circuit QED
for phonons that mimic the functionalities of those of super-
conducting circuit QED.

The manuscript is organized as follows. In Sec. II, we
derive the electric field per phonon experienced by the 2DEG
electrons based on the piezoelectric material’s properties, as
well as the 2DEG electric field screening. In Sec. III, we
derive the susceptibility of the 2DEG to the electric fields as-
sociated with the elastic wave phonons. In Sec. IV, we present
numerical and analytical results for the 2DEG susceptibility
in certain relevant limits. In Sec. V, we combine the suscep-
tibility values from Sec. IV with the electric-field-per-phonon
values from Sec. II to calculate the resulting phononic sus-
ceptibility of the system and multiphonon mixing dynamics.
As a check on validity, in Sec. VI we derive the classical
susceptibilities up to second order based on our quantum
susceptibility model and compare to existing classical results
in the literature.

II. DERIVING THE ELECTRIC FIELD PER PHONON

We start with the critical task of deriving the electric field
per phonon from the elasticity, dielectric coupling, and piezo-
electric coupling tensors given a shear-wave surface acoustic
field. In general, the following relationships must hold for any
piezoelectric material [67]:

Ty = Z(Cijlekl — exijEp), 1)

k,l
1>k

D; = Z(GijEj + €S i), )
Jok
k>j
where c, €, and e are the elasticity, dielectric, and piezoelectric
coupling tensors, respectively, while T', S, E, and D represent
the stress, strain, electric field, and electric displacement field,
respectively.

Our first goal is to determine the electric field for a given
strain. In the absence of an external electric field, the electric
displacement field D goes to 0 regardless of how the coor-
dinate system is defined, yielding the following relationship
between the electric field and the strain field based on Eq. (2):

Ei = — Z(eil)ijejklskb 3)
kil
1>k

The electric field per phonon can thus be calculated from the
strain amplitude per phonon.

We thus turn to solving the strain amplitude for a given
mode as a function of phonon number in that mode. In general,
for a surface acoustic wave propagating along the plane of
the surface, the displacement amplitude will vary along the
axis perpendicular to the surface. Defining the x axis as the
direction of propagation and the z axis as the axis perpendic-
ular to the surface, we can express the displacement field as a
superposition of modes as follows:

U(r) =ty g foq(2)( @ 4 7 HTN)

= Zun,qﬁLq(Z) cos (gx — wt), 4

where the functions f,, are orthogonal for a given wave
vector q:

/dzfn,q(z)fm,q(z) = Lzsm,n- 5

The strain components corresponding to the displacement
u(r) are calculated as follows:

ou; ou;j
S;(r) = y(") + (- 5i,j)8—r'.(")
j i

= U g(8ijng(RE P + gl e ), (6)
where g;; . 4 1s defined as follows:

gij,n.q(z) = iqfn,q(z)(cos en,q.iaj,x =+ cos Oll,q,j(l - Si,j)(si,x)
+ fr;’q(z)(COS en,q.igj,z + cos en,q,j(l - 8i,j)8i,z)7
@)

where 6, ; , is defined as the angle between the displacement
vector u,, , and the m axis.

The goal is to determine the global amplitude u,, as a
function of the number of phonons N in the mode (n, g). To
that end, we relate the rate of change of the displacement &
to the kinetic energy T and use the fact that the total mode
energy N/ is twice the kinetic energy for a simple harmonic
oscillator:

1
<N + —)ha) =2T
2
=z/d3r1pzu=2(r)
2n
= 4pw2ui_q/dy/dxsin2 (gx — wt)

X / dzf; ,2)

L
= 4pw2uiqu?xLz,

v 12m
U =\ T 00y ®)

where V = L,L,L is the mode volume in the piezoelectric
material. Note that if the displacement consists of a superpo-
sition of modes, then there will be no direct coupling between
the modes, due to two factors. First, if the modes are of
different wavelengths, then the integral of the product of the
amplitudes over the x axis (i.e., the propagation axis) will go
to zero. Second, even for two modes of the same wavelength,
the fact that the z-varying functions f are orthogonal to one
another ensures that the integral of the product of the ampli-
tudes over the z axis will go to zero.

Finally, having solved for the strain amplitude per phonon,
we calculate the electric field per phonon at the surface. In
general, the electric field amplitude corresponding to a plane
wave of frequency @ and wave vector g propagating in the
m direction can be expanded in a manner analogous to the
displacement and strain amplitudes:

E(r)= En,q(z)ei("x”_‘”’) 4 E;q(z)e_i(qx”’_‘“’). 9)
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We solve for the z-dependent electric field amplitude E,, ; as a function of the phonon numbers in the respective modes using
Eq. (3) as follows:

Engi(@) ==Y (€ )ijejtittn 48k1.n.q(2)

Iy
>k
[N+1/2h — ,
= - ﬁ Z(G Y€ k1(iq fn.q(2)(COS O g xSk.x + €08 By g1 (1 — 85.1)8k.x)
p® Iy
1>k
+ f0.g(2)(€08 0 181 2 + €08 6, 41(1 — 8k 1)8k ) (10

We can assume that a surface acoustic wave exponentially decays into the bulk with a decay length similar to the wavelength,
yielding f, 4(z) o< e”%. Then, given a diagonal dielectric tensor (i.e., €;; = €;;8; ;), the electric field amplitude at the surface

(which we define as z = 0) reduces to the following:
C |hw
E=——["Apm, (an
e\ v

where C is the effective ratio between the piezoelectric coupling coefficient and the square-root of the elasticity (i.e., in a linear
piezoelectric material, C = e/./k, where e and « are the piezoelectric coupling and elasticity coefficients, respectively), € is
the effective dielectric constant, and Ay, is a measurement of the square-root of the propagating strain field power density (i.e.,

power per unit area) in units of Ziw. Each of these parameters is defined in the following manner:

Cc— Jn.q(0)
V2vZp v

1>k

€ = €xx, (13)

Ap = ,/vsw. (14)

For the electron-phonon interaction, we use the dielectric ten-
sor for the 2DEG as ¢, instead of the dielectric tensor for
the piezoelectric material. In Sec. V, we will use Ay, as a
measurement of the overall field amplitude for each mode.

III. GENERAL DERIVATION OF HIGHER-ORDER
SUSCEPTIBILITIES

Having determined the electric field amplitude per phonon,
we now derive the general Nth-order susceptibility of the
2DEQG electrons as a function of the input electric field ampli-
tudes. By definition, the Nth-order susceptibility corresponds
to the average electron dipole moment (normalized to ma-
terial volume and amplitude of each input field) induced
by N field modes simultaneously interacting with the elec-
trons. We specifically consider the interaction at a quantum
level: i.e., how N phonons simultaneously polarize a single
electron via the electric field amplitudes associated with the
respective phonons. First, we calculate the amplitude for a
single electron-phonon interaction, which is proportional to
the strength of an electron’s dipole moment if it successfully
interacts with N phonons. Then, we derive the probability (as
a function of the field amplitudes) that the electron success-
fully interacts with N phonons, which yields the Nth-order
susceptibility.

Z eik[(i(COS 011,q,k8k,x + cos gn,q,l(l - (Sk,l)sk,x) - (COS Gn.qfksl,z + cos Qn,q,l(l - ‘Sk,l)(sk,z))a (12)

A. Deriving the electron-phonon interaction amplitude

Here, we derive the electron-phonon interaction Hamil-
tonian from first principles, ultimately yielding the effective
electron dipole moment as a function of the acoustic field
wavelength. As previously discussed, the phonon acts on the
electron through the piezoelectric field associated with the
phonon. Generically defining the effective electron dipole mo-
ment along the axis of field polarization as d.¢ and the electric
field amplitude as E, we apply the standard dipole interaction
Hamiltonian:

Hiy = —deE. (15)

To solve for the dipole matrix elements, we thus need to cal-
culate the Hamiltonian matrix elements. The reason for using
this indirect method is that given the longitudinal nature of
the electric field associated with the acoustic field, the dipole
moment cannot be separately promoted to operator form in the
basis of 2DEG electronic states, since the electric field also
spatially varies along the axis of propagation. We therefore
start with the fundamental piezo-2DEG interaction Hamilto-
nian, given an electric field polarized in the x direction:

mm=—/ﬁ%aa, (16)

where P is the 2DEG polarization. For an acoustic field (and
thus an associated piezoelectric field) propagating in the x
direction with a wave vector g, the electric field E, takes the
fo‘llowing form in terms of the acoustic field latter operators
b

Ey = Eprbe™ + Ecb'e™, (17)
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where E,p is the zero-point piezoelectric field amplitude.
Note that the spatial dependence of the field is entirely isolated
to the phases %",

Next, we express the polarization P, in the basis of 2DEG
electronic states. Here, we assume that the spacing between
consecutive impurities is significantly smaller than the y di-
rection span of the 2DEG, yet much larger than the z-direction
span (which represents the axis perpendicular to the piezo-
2DEQG interface). Consequently, the Fermi level cuts through
several subbands in the k, direction, while cutting through
only the lowest subband in the k, direction (with the next k,
subband being located a vast distance from the lowest subband
in phase space). We can therefore ignore k, and index all
states as (ky, k,). The polarization P, can thus be expanded in
terms of the carrier transitions between any initially occupied
ground state (k;, k,) and an initially unoccupied excited state
(ki + Ak, k) [68]:

_ 9P el

Py
Ly 2mey 4 Ak k;

ki, Ak

X (E bk (O ap g, Chiky T Eip st CICL g Chiakky)

(18

J

where cl(:,)k, is the fermionic annihilation (creation) operator
for the electronic state at (ky, ky), Wi4ak,k, = Ok+ak — Wk, 18
the change in carrier energy (this is independent of k), ¢(z) is
the wave function along the z axis, L, is the span of the 2DEG

along the y axis, and £ is defined as follows:
1 _. ‘ ) .
B akfy (1) = (7 ARG — (g™ A )

2k + Ak
i—kJLr £ mitanr, (19)

where L is the waveguide length. It is worth noting that
Wi,+Ak k; can be solved as follows:

Wi+ Ak ki = Oki+Ak — WOk,
h
= —((ki + Ak)* — k7
2m (( AR ! )

_ hAkQ2k; + Ak)

2m 20)

Substituting the above expressions into the Hamiltonian in
Eq. (16), we express the Hamiltonian in electron-phonon in-
teraction form as follows:

.o . . q i . . dy
PIint — \/‘dx(Eprbelql + Ez*pfble qu) Z l—e(e I(Ak)xczﬁ_Ak!kvcki’ky _ el(Ak)xC]Li,k‘_ck,'-‘rAk,ky) / dZ|¢(Z)|2 / L_
' i y

ki, Ak LAk

ki, Ak ey

qeEnpt | &
= —p(ck#q’kibsq,Ak + bTCk,erq,k,-(Sq,fAk)-

As desired, the spatially varying phases in the field and the
polarization combine to enforce momentum conservation. The
effective dipole matrix element thus becomes a function of the
phonon wave-vector amplitude g:

qe
dest kot Ak,k, (@) = —?&,,Ak, (22)

for any initial wave vector k,. This implies that the matrix
element amplitude is inversely proportional to the phonon
momentum, and hence directly proportional to the acoustic
wavelength.

It is worth analyzing the reason why the dipole moment
is proportional to the acoustic wavelength but independent
of the material length. Intuitively, this results from the alter-
nating nature of the piezoelectric field (as shown in Fig. 2),
which limits the separation of charges to the order of a half-
wavelength, regardless of the material dimensions. As we
increase the number of phonons (corresponding to an increase
in field intensity), the dipole moment per polarized electron
will stay constant, but the number of polarized electrons will
increase, as will be shown in the next subsection.

. q i(g— —i

2D

B. Deriving the higher-order interaction probabilities

We now seek to determine the higher-order electron-
phonon interaction probabilities, which yields the polarization
field as a function of the acoustic (and thus piezoelectric)
field strength, by deriving the generic Nth-order susceptibility
in terms of the general electronic decay rate y = gq./(mu),

FIG. 2. Conceptual diagram of how the alternating electric field
E associated with the acoustic field induces dipole formation in the
2DEG. Note that the dipole size is limited to the order of a half-
wavelength.
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and from this deriving the conversion efficiency for specific
nonlinear processes. As in the case of an atom interacting with
an optical field [69], the energy conservation requirement for
the intermediate states is relaxed due to the momentary nature
of these intermediate states (per the energy-time uncertainty
principle). However, unlike the atom-optical interaction, the
much slower propagation speed of the acoustic signal ensures
that each phonon features a significant momentum relative to
its energy. The need for momentum conservation thus col-
lapses the range of possible intermediate states, as the results
in this section will show.

We start by considering the self-Hamiltonian of each ex-
cited 2DEG state. We incorporate the decay rate y as an
anti-Hermitian effective Hamiltonian term [70], yielding the
following unperturbed Hamiltonian for the 2DEG states:

Ho = Zh(wzg - z%) UXUP (23)

I>g

where wj; = w; — w, represents the energy of the excited state
|I) (with the energy of the ground state |g) set as the baseline),
and y; = y for all excited states |[) in our system (though
we express the decay rate independently for each state for
the sake of generality). Turning to the piezoelectric field, we
specifically consider a set of waves of varying frequencies
polarized along the x axis and traveling in the +X% direction.
The fields interact with the electron dipole moment d via the
following time-dependent interaction Hamiltonian:

Hin(t) = —dy ) | (E(@p)e" =) + E*(@p)e™ @)
plw,>0)

==Y deir(gp)E(wp)e ", (24)
p

where g, = w,/v,, and the spatial variation of the field is
incorporated into the effective dipole moment d.g [which is
defined as in Eq. (22)]. Note that E(—w,) = E*(w,), ensuring
the realness of the composite field at all points. We can also
express a generic field of frequency @, > 0 in terms of the cor-
responding ladder operators ag) as E(wp) = Ezpr(wp)ap and
E(—wp) = E*(wp) = Ez*pf(a);,)az. This will play an important
role later in this section when we convert the semiclassi-
cal fields to quantum form for the purpose of deriving the

J

ffooo (dg‘\t{)(_qpl

N-j

Iin-j)

FIG. 3. Depiction of the ladder of intermediate states for the
N-step transition described by x ™ (w,,, ..., @, ), with the horizontal
(vertical) axis representing the wave vector g (frequency w). Note
that the set of generic modes (7, ..., ry) can be composed of any per-
mutation of the set of input modes (py, ..., py), With the requirement
that w,, + ... + w,y, = @,, + ... + w,,. Also note that each interme-
diate state is broadened in energy but fixed in momentum.

frequency conversion rate from the Heisenberg equation of
motion.

The interaction Hamiltonian enables us to derive the ex-
pectation value of the effective dipole moment, (ds), as a
series expansion in the field amplitudes E. Reducing the
expectation value of the interaction Hamiltonian using the
rotating-wave approximation (such that we only consider the
time-independent (H;,) terms), we express this expectation
value as follows:

N
X( )(a)pl, s Wy )

x E(wp,)...E(w,,)e", (25)

where the Nth-order susceptibility x ™ is defined as a function
proportional to the Nth-order expansion of (df), in the case
where a unique set of frequencies w,,, ..., ), add up to —w,:

= gy ) et

N
X( )(wpl’ ey W) =

€0VapeGE (wp,)...E(wp,)

g N j
ffoo & (@py Foetp )t ijo (\P(-’)(I)Ideff(—qp,

— e = gV (1))

where |1 (¢)) is the nth-order expansion of the composite
2DEG wave function |W(z)). Note that the variation of (ds)
with the field amplitudes in Eq. (25) is entirely due to the
variation of the density of polarized electrons rather than the
dipole strength corresponding to a given polarized electron

, (26)

€0VapegE (w)p))...E(w),)

(

(which is fixed by the acoustic wavelength, as discussed in
the previous subsection). Intuitively, x ¥ (w,,, ..., w,) corre-
sponds to the probability that an electron becomes polarized
upon interacting with N fields of wave vectors g, , ..., g,y
respectively (normalized to the amplitude of each field and to
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the material volume), multiplied by the strength of the dipole
moment itself.

Appendix A shows how x™) is calculated for a set of N
propagating acoustic waves with wave vectors g, , ..., p, . As
for the 2DEG states, the well-defined momentum for each
state ensures strict momentum conservation for each transi-
tion. However, due to the spectral broadening encapsulated
in the decay rate y, the energy conservation requirement
is somewhat relaxed. This dynamic is depicted in Fig. 3.
Due to the availability of permutations within the set of
modes (p1, ..., pv), we have left the mode indices in the
generic form (7y, ..., ry), where w,, + ... + 0,y = wp, + ... +
wpy» and hence g, + ... + q,, = g, + ... + g;,. The transi-
tion to (from) |/,,) is mediated by the mode r,,, form < N — j
(m > N — j). The transition from |ly_;) to |ly_;4+) is unique

J

in that it is not mediated by any individual mode in the
set (p1, ..., py), but rather by the composite mode —p; —
... — pn. Quantitatively, this mode will become relevant when
considering the interaction Hamiltonian term associated with
X(N)(a)pl, ey Wpy )

The most critical takeaway from Fig. 3 is that while the
intermediate 2DEG states are broadened in frequency w (cor-
responding to a wide range of possible real states), each
intermediate state is fixed in wave vector ¢, since the effective
dipole moment d ¢ conserves momentum. As a result, for a
given initial state, each intermediate state reduces to a single
real state (rather than a superposition of multiple states). The
summation over intermediate states in Eq. (A8) thus reduces
to a sum over initial states [which we index with the 2D wave
vector (ky, k)]

Ty y

J=0 ke,ky  P1,-PN

1

1Y 7Y
(wkx_(IpNak.r + a)pN + lE)"'(a)k,\_(IpN_~~~_qer_j+] ke + (wPN—ﬁ»l + e + wPN) + li)

1

4
(wk»‘*‘im"'m""hw_,wk» - (wpl T w[’N—n) - lf)...(&)kx+qpl Ky

>y (27)
— Wp, — l%)

N) ( ) 1 qi,V“
X W,y eey @ =
" o hNGOVZDEG gp1--p, (Gp, + - +qp,
X
X
[
where we have wused the fact that degr i, k() =

(9e/191)84.k;—k;» and the symbol P preceding the summation
over pi, ..., py denotes a permutation of the mode indices.
The expression thus includes N!(N 4 1) = (N + 1)! terms,
due to the N possible values of j and the N'! permutations of
the field mode indices.

IV. SUSCEPTIBILITY RESULTS

Here, we specifically consider the susceptibility results
up to third order. In calculating the nonlinearity produced
by the third-order Kerr susceptibility, it is also important to
compare its value to the spectral broadening. For a high-Q
acoustic cavity (which has recently been achieved [60]), the
spectral broadening is dominated by the phonon absorption

J

4 4
qe UY

2R eotippg @*w1 2w — ;)

X(3)(a)7 w, _wl) =

by the 2DEG electrons, for which we need to determine
the imaginary part of x". In performing these calcula-
tions, we make the assumption that the average spacing
between consecutive charge carriers is much smaller than
the acoustic wavelength, corresponding to the limit g < kp
(where g and kp are the acoustic and Fermi wave vectors,
respectively).

The general procedure for calculating the susceptibili-
ties from phase-space integrals is derived in Appendix B.
We start by considering the third-order Kerr susceptibility.
To this end, the degenerate four-wave-mixing susceptibil-
ity x®(w, w, —w) (corresponding to the processes where 2
phonons of frequency w each are absorbed, and 2 phonons of
frequency w; and w; = 2w — w; are emitted) reduces to the
following form:

k[-‘ kF_q
x ( / k2, [k — 2O (@, 0, 1) — / dk2\Jk2 — (g + k)2 O (@, o, —wo), (28)

—q/2

3

where fk(x Nw, w, —w) is approximately the following:

—q/2

1

3 ~
D, 0, o) ~

_l.

(wka{kaY — w2 i%)(wkx+2‘1=kx — 20— i%)(wkﬁ-q,kx —w- l%)

1

(wkx+qlakx —w; + i%)(a)kx_;,_zq.kx — 2w — i%)(wkx+q,kx —w — if)

4
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ky

L.

X

(a)

(c) (d)

FIG. 4. Phase-space depiction of processes contributing to x ®(w, w, —w; ), with (a), (b), (c), and (d) corresponding, respectively, to the
first, second, third, and fourth terms of Eq. (29). The shaded (unshaded) regions represent initially occupied (unoccupied) electronic states.
Note that the crescent region represents the range of allowed initial states, while electrons in the rest of the Fermi circle are prohibited from
interacting with the given phonons.

1
(Ok+qk, + @+ i5) (O 20k + 20 + i) (O 1,k + 01 — i5
1

(@ +qp, + @ +iL) (k420 0 + 20 + i 5) (O 4ok, + @2 +iL)]

+

(29)

where we have defined ¢ = w/v, and g1 = w;/v,. The first two terms are resonant, corresponding to the absorption of two
phonons of frequency w each, followed by the emission of a phonon of frequency w; and another of frequency w, = 2w — w;.
However, the latter two terms are counter-resonant, corresponding to the emission of w; and w, phonons followed by absorption
of two w phonons. The process described by each term is depicted in Fig. 4. It is worth noting that if we ignored the initial
occupation of the states, then there would be 12 separate processes contributing to x ®(w, w, —w;). However, assuming that
q << kr, and given the fact that all states within the Fermi circle |k| < kr are occupied, we can make the approximation that
the only valid processes are either two absorptions followed by two emissions (resonant) or two emissions followed by two
absorptions (counter-resonant). The third-order Kerr susceptibility equals the degenerate four-wave-mixing susceptibility in the
limit w; — w.

Next, we examine the second-order susceptibility, focusing first on the case of sum-frequency generation encapsulated by

x @ (w1, ,), where two phonons of frequency w; and w, are absorbed and a phonon of frequency 2w = w; + w; is emitted:
4 v
2n2ﬁ260t2DEG wiw(w) + w2)

kr kr—q
x ( | akafi —esPenen - [ aka i - <q+kx>2f,§f>(w1,wz)), (30)

—q/2 —q/2

x P (w1, ) =
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L.

(c) (d)

FIG. 5. Phase-space depiction of processes contributing to x ®(w;, w,), with (a), (b), (c), and (d) corresponding, respectively, to the first,
second, third, and fourth terms of Eq. (31). The shading scheme is identical to that in Fig. 4.

where fk(f)(wl, w»y) is approximately the following:

1
@
(w1, wp) & ( - - 5 -
Ji (@r (k429 — 20 — l%)(a)kﬁ—ql,kx —wy — l%) (k42 — 20 — l%)(wkﬁ—qz,lq —wy — l%)
+ ! ) 31)
(@k 120k + 20 + %) (@k gk + @2+ %) (Or42gk, + 20+ i) (01 gk + @1 +i5) )

where q; = w; /vy and ¢» = wy/v,. The first two terms are resonant and the latter two terms are counter-resonant, with the
processes depicted in Fig. 5. As with the case of x®, we apply the high-carrier-density limit ¢ < k, causing the requirement
for unoccupied intermediate states to approximately reduce the six processes that would feed into a generic second-order process
to 4 processes. The susceptibility governing the second-harmonic generation process equals the above susceptibility for the
general sum-frequency generation in the limit w; = w,.

In the context of second-order susceptibility, it is also worth examining the case of parametric amplification encapsulatd by
x? (2w, —w,), where a pump phonon of frequency 2w is absorbed, causing one phonon each of the signal frequency w; and the
idler frequency w; to be emitted. Since the frequencies involved are the same as the sum-frequency generation, the coefficients
for x®(2w, —w;) are the same as those for x ®(w;, w») in Eq. (30). However, fk(f)(wl,wz) in the integral is replaced by
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ky

L.

(a)

(b)

FIG. 6. Phase-space depiction of processes contributing to xV(w), with (a) and (b) corresponding, respectively, to the first and second

terms of Eq. (34). The shading scheme is identical to that in Fig. 4.

k(f)(Za), —wy), defined as

1

2
2w, —w)) ~ (
(wkx+2q»kx

1

— 2w — i%)(a)kﬁql,kx —w; + l%)

1
— 2w — i%)(wkxﬂ]z,kx — Wy — l%)

1

(a)kx +24,ky

(k42,4 + 20 + i%)(wkﬁ—qz,lq + oy +i%)

Note the sign flip [relative to Eq. (31)] in the second imaginary
term of the first and fourth processes. This has important
implications for the relationship between the parametric-
amplification susceptibility and the mobility in the case of
degenerate parametric amplification (w; = w,), as we will
show in Sec. IV D.

Finally, we calculate the linear susceptibility x " (w) cor-
responding to the absorption and emission of a phonon of
frequency w:

) a v " 2 )
= ¢ 5 dk2./k? — k2
x (o) 272 heohpg © /;q/z x F xka (w)

kp—
- / k2 k§—<q+kx)2f,§j><w)>, (33)

—q/2
where fk(xl)(a)) is defined as follows:

1

—, (34)
Wk, 4k, T @+ 15

1
D(w) = -
Oky+q.ky — W — 1y

where ¢ = w/v;. The first term is resonant, while the second is
counter-resonant, as shown in Fig. 6. As previously discussed,
these susceptibility expressions govern the corresponding pro-
cesses in the high-carrier-density limit. The susceptibility
values can be numerically evaluated from these expressions.
However, it is useful to derive the analytical forms for the
purpose of optimization. In the coming sections, we will do
s0 in two limits: low-mobility and high-mobility.

+ - - . (32)
(04,4244, + 20 + i) (W 1q1k, + @1 — l%))

\
A. High-mobility regime

Here, we seek to derive a general procedure for analyt-
ically determining the susceptibilities in the high-mobility
(low-decay) regime. We start by considering an electron in its
ground state inside the Fermi circle. The probability that this
electron interacts with an phonon of wave vector ¢ = w/v;
propagating in the % direction is governed by the detuning
Aw between the phonon’s frequency and the transition fre-
quency corresponding to the electron jumping from k, —
k. + q. Consequently, Aw is a function of the electron’s ini-
tial x-direction wave vector k, but is invariant in the initial
y-direction wave vector k,:

_ hqk +q)

Aw = Wy gk, — @0
x T Ky 2m

h
Usq = Zq(kx - kx,0)7
(35)

where wy = v,q denotes the phonon’s angular frequency, and
ky.0 = mvg/h — q/2 represents the initial wave vector corre-
sponding to a fully resonant electron-phonon interaction.

We therefore focus on the near-resonance region, i.e., the
band of electrons around the initial wave vector k, ( ranging in
detuning from Aw &~ —y /2 to Aw =~ y /2. In the high-carrier-
density /high-mobility regime, the k, span of this band is much
less than the diameter 2k of the Fermi circle. We solve for the
k. span of the near-resonance band from Eq. (35) as follows:

2my

g (36)

m ~
kx,span = E(Aw)span ~

Conveniently, the k, span of the near-resonance band is pro-
portional to the electronic decay rate y (and hence inversely
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L.

(@)

muvgy

fl(})o

m(wo—y/2)
hkp m(wo+y/2)
kg

(b)

FIG. 7. Phase-space diagram of near-resonance band spanning the electron-phonon detuning range Aw ~ —y /2 to Aw = y /2, zoomed
out to show the position of the orange/light-colored band relative to the overall Fermi circle (a), and zoomed in to show the dimensions of

each half of the band (b).

proportional to the mobility w). Intuitively, this is due to the
fact that the electron-phonon detuning varies linearly with
ky. Applying the high-mobility requirement K span <K 2kr, we
derive the following condition for y:

hak
y « A (37)
m

which corresponds to the following condition for the mobility
W, upon applying the definition u = g./(my):

qe
hqkp ’

u> (38)

Since the susceptibility corresponding to each initial electron
is invariant in k,, the total susceptibility corresponding to all
electrons with a particular initial k, is proportional to the k,
span of valid initial electronic states with the given k, value.
In the limit of high carrier density (i.e., k. o < kr), the k, span
given in Eq. (B2) for k, values near k, o can be approximately
linearized in k, as follows:

yspun = 2(/K2 — k2 = JI& — (ke + )?)

ki (ke 4 g)?
~ 2kp < -5+ #)
2k} 2k}

_ 4k tq) 9
kr
We can express any given k, near ko as ky = ky o + Aky,
where Ak, is the deviation of the initial wave vector from
that corresponding to a resonant electron-phonon interaction.
Then, per Eq. (35), the detuning Aw varies linearly with the
wave-vector deviation Ak, as Aw = fig(Ak,)/m. Substituting
this relationship as well as the definition of k, o into the above
expression, we find that to first-order, the k, span varies lin-

early with the detuning Aw:

Kespan & q(2k;;:; +49) n quikx
_ 2mwy  2mAw
T ke Rk
where we have also substituted the phonon frequency
wo = vyq. Using the fact that dk, = md(Aw)/(hq) =

mvsd(Aw)/(hwy), a generic susceptibility term f(Aw) can be
integrated over phase space in the following manner:

/dkx/dkyf(Aw)
2m

*® mu,

- % —00 hay

: (40)

d(Aw)(wo + Aw)f(Aw)

2 o]
_ 2y / d(Aw)(wo + Aw)f(Aw)

_rlzkpwo —00

_ 2mPy, | [ d(Aw) f(Aw), f(Aw) even,

 RPhran | 7, d(Ao)(Aw)f(Aw),  f(Aw)odd
41)

Note that we only need to consider the resonant terms
for f(Aw), since the counter-resonant terms are negligible
relative to the resonant terms in the high-mobility limit. Intu-
itively, these results are explained by Fig. 7. Two observations
are worth making here. First, we note that the k, span of valid
initial states in the near-resonance band varies inversely with
the Fermi wave vector kr [as shown in Fig. 7(b)], ensuring that
the overall susceptibility also varies inversely with kr as well.
It might seem counterintuitive that a larger Fermi circle would
yield a smaller span of valid initial states. This can be visually
explained based on Fig. 7(a) by the fact that for the given
value of k,, as the Fermi wave vector is increased, the total
range of k, included inside the Fermi circle also increases,
but the part of that range inside the forbidden (purple/circle-
minus-crescent) zone grows even faster due to a reduced circle
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curvature. Therefore, the range of k, included inside the valid
(green/crescent) region actually decreases as the Fermi wave
vector increases. Since kr varies as /n (where n is the carrier
density), this implies that any susceptibility term varies as
n~1/2 (with the exceptions of the real parts of x" and x®,
discussed later in this section).

The second observation regards the scaling of the near-
resonance band area with the decay rate y. For convenience,
we define a new decay parameter ' = y /2. For each electron
in the near-resonance band, the average Nth-order susceptibil-
ity is proportional to 1/y"V. If a single-electron susceptibility
term is even in the detuning Aw, then the total susceptibility
corresponding to that term is simply determined by multiply-
ing the average single-electron susceptibility by the area of the
near-resonance band [which is proportional to y’, as shown
in Fig. 7(b)]. Therefore, the overall susceptibility for the pro-
cess represented by an even term is proportional to 1/y"N =1,
However, if a single-electron susceptibility term is odd in Aw,
then the contributions from the electrons featuring positive
and negative electron-phonon detuning values largely cancel
each other out. In this case, the net contribution comes from
the difference in the number of electrons between the negative-
detuning and positive-detuning cases. As Fig. 7(b) shows, this
difference is proportional to ' rather than y’ when integrated
over the band. As a result, the overall susceptibility for the
process represented by an odd term is proportional to 1/ 2.

It is worth addressing the special cases of Re[x"] and
Re[x®]. In the case of Re[x"], the integral does not
converge. Therefore, the contributing electron-phonon in-
teractions are concentrated far off-resonance rather than
near-resonance. This is evidenced by the fact that the resonant
and counter-resonant terms for Re[x ()] are always approx-
imately equal even in the high-mobility limit. Consequently,
Re[x "] is invariant in the mobility. It is also important to note
that since the contributions to Re[x ('] are far off-resonance,
the initial electronic states are primarily concentrated around
k, = kr. Since Aw o k, for k, > ¢, and Re[x "] o« 1/(Aw)
for far-off-resonance electrons, the susceptibility for each
electron varies inversely with kr. However, the size of the
region of valid initial states varies directly with kg (i.e., the
radius of the Fermi circle). As a result, these two variations
cancel out, and Re[x (] is invariant in the Fermi wave vector
and thus independent of carrier density.

The case of Re[x®] is complicated by the fact that
the near-resonance contributions cancel out when integrated.
However, it also converges to zero for high detuning values,
unlike Re[x 1’]. Consequently, in the high-mobility limit, the
electronic contributions to Re[x )] are neither dominantly
near-resonance or far-off-resonance, but rather in between the
two limits. We will thus tackle the problem of Re[ x @7 in the
high-mobility limit solely through numerical means.

B. Low-mobility regime

Here, we focus on deriving a procedure for analytically de-
termining the susceptibilities in the low-mobility (high-decay)
limit. Conceptually, this corresponds to the regime in which
the k, span of the near-resonance band is much greater than
the diameter 2ky of the Fermi circle, such that all electrons
are included in the band and the electron-phonon detuning for

any electron is negligible compared to the electronic decay
rate y. Following a derivation analogous to the high-mobility
regime, the following conditions on y and the mobility © hold
for the low-mobility regime:

hgk
y > L (42)
m
o -t 43)
hqu

In this regime, the far-off-resonance electrons will dominate
the susceptibility terms.

We start by considering how the real-valued susceptibility
terms are reduced. In general, the real part of f®) can be
expressed as a power series in the electron-phonon detuning
Aw as follows:

LWN=1+=1
Re[fV(Aw) = )

m=0

e y/Zm(Aw)N—Zm
,m
[T @ (Ao +y?

where each a, is a positive integer and each cy,, represents a
coefficient that derives from expanding the numerator. In the
low-mobility limit, we can make the approximation |Aw| <
y’. As such, we can reduce each summation to the leading
term in y’. This yields a real part of V) that varies linearly
with the detuning for odd N, while being invariant in the
detuning for even N (assuming that this result does not cancel
out):

(44)

) ~ c';‘f,’v/z, N even,
RASTAONS | ducppso -y ogq @)

Consequently, in the low-mobility limit, the real part of

varies with the mobility u as u (uV*') for even (odd) N,
assuming that the leading term does not cancel out. To deter-
mine the overall x ™) values, we devise a scheme to integrate
the single-electron values over the entire phase space of valid
initial states rather than just the near-resonance region. To this
end, we approximate the k, span by applying the approxima-
tion ¢ < kp but not k, < kp:

kyspan(ke) = 2 /K2 — K2 =[R2 — (ke + qP)

gk«
SN RN —k3<1 -5 —k2)
F X

2qk,
= (46)

The available phase-space area, which we label Appase, is
solved by simply integrating the k, span over k, as follows:

2gk,
Vi =k

kr kp
Aphase = / dkxky, span (ky) ~ / dky
0 0

2w

kF k
0 / dk——
wh e

2wnk /2
_ Zeotr f df cos 0
0

Us

2ok
= 2 7)

Us
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Since the single-electron processes feeding into Re[ x Y] for
even N are invariant in the detuning, the overall susceptibil-
ity can simply be calculated by multiplying Re[f™] by the
phase-space area Appase. To determine the overall Re[x™]
for odd values of N, however, we need to integrate the de-
tuning Aw over this phase-space area. Since the electrons
in the overall range of valid initial states are concentrated
near k, = kp, we can make the approximation k, > g and
thus Aw ~ wg 4.1, ~ higk,/m. We thus integrate Aw over the
valid initial phase-space as follows:

ke ke
/ dkky span (k) Ao / dk,——=

—q/2

k2 —k2 m
2ha)0 ke ak
mv2 [ m

2}‘160(2)1612F /2 )
= —2/(; df cos” 6

mu?
7 habk?
= . 48
2mv? “%)

Note that the result as k7. This is due to two factors. The
first is that the available phase space area (corresponding to
the number of available electrons) scales as kr. The second is
that the probability that an electron interacts with the phonon
fields also scales as kr in the given regime, since (Aw) X kp.
As such, Re[x™] scales linearly with the carrier density n
for odd N. However, for even N, Re[x ] scales as n'/?,
since the electron-phonon interaction probability in this case
is invariant in the detuning Aw.

It is also worth examining the integral of (Aw)" more
generally over the valid initial phase space. This is especially
useful for the cases where the leading term cancels out, leav-
ing behind secondary terms that vary as (Aw)” where n > 1:

/k[ dkoky oo (k) (Aw)! ~ /k' k2% (ﬁqk>
Vs n w ~
2 spa %k)%

kn+1

n+1 kr
= dky, ———
mh U"+1 f \/j

K" n+1kn+1 /2
= wo—lF/ dé cos" o
mhtynt 0
\/_Fl” n+1kn+l F(%) (49)
()

This result varies as k’}“, since the number of available elec-
trons scales linearly with kz, while the interaction probability
for each electron scales as kj..

Finally, we comment on the imaginary parts of x V). Sep-
arating these into individual terms corresponding to specific
processes, the imaginary parts of the individual susceptibility

terms f) take the following form:
2N+ =1 2m—1 N—2m+1
’ enmy " (Aw)N A
mif Aol = Y —
m=1 l_[n 1 n(Aw) +V
(50)

Using the same argument as with the real parts, the leading
term reduces to the following in the low-mobility limit:

cnNpAw

N even
. N INFT ’
m[f Y (Aw)] ~ ch(;V# N odd. eb

The leading term for Im[x V)] therefore scales with mobility
as uNt! (uM) for even (odd) N. However, it is critical to note
that in the low-mobility regime, the resonant and counter-
resonant terms largely cancel out, corresponding to the fact
that stimulated emission largely balances out absorption. As a
result, the overall Im[ x V)] for a generic N must be calculated
by making a higher-order expansion of the terms to account
for the slight difference between the absorption and emission
probabilities.

C. First-order susceptibility

We now apply our findings for the low-mobility and high-
mobility limits to derive the first-order susceptibility in these
limits. In parallel, we numerically determine the susceptibil-
ity as a function of mobility. We start with the real part of
x D, which governs the dielectric constant for the 2DEG. As
discussed in the previous sections, Re[x ("] follows a special
rule in the high-mobility limit, while following the generic
behavior in the low-mobility limit.

We thus focus first on the low-mobility limit. Substituting
Eq. (34) into Eq. (44) and simplifying per Eq. (45), we find
that Re[ fk(xl)] approximately reduces to the following:

Re[/ M (Aw)] ~ 202 (52)
Note that the real part of x! thus scales with mobility as
u? in the low-mobility limit. Integrating Aw over the phase-
space area of the initial electronic states as in Eq. (48) and
multiplying by the constants shown in Eq. (33), we find the
following analytical expression for the real part of x ! in the
low-mobility limit:

2.2 2
q,v, 2 (mhodks
Relx V()] ~ | 55— ) 5 ( —-5F
2 heotQDEGa)O Y 2mvs
_ a4k
27 eotrpegmy
2mk2 u?
— —F“’ (53)
T €0/2DEG

where we substituted the relationship y' = ¢g./(2mu) in the
last line. Note that this susceptibility is independent of the
phonon frequency wy in the limit ¢ < k. This is because the
total number of electrons (encapsulated by the phase space
area) and the real part of the inverse detuning per electron
each varies linearly with wy, thus canceling out the inverse
dependence of the dipole interaction probability with }.
Next, we examine the real part of x " in the high-mobility
limit. As discussed in Sec. IV A, Re[x "] is dominated by the
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far-off-resonance interactions, unlike the general case for the
high-mobility limit. Using the approximation |Aw| > y’, we
find that Re[fk(xl)] approximately reduces to

Re[fV(Aw)] ~ Ai. (54)
w

As with the generic low-mobility case, we use the fact that the
valid initial states are concentrated near k, = kg, leading to
the approximation k, 3> g and thus Aw ~ wy 4k, ~ higk,/m.
Integrating (Aw)~! over the valid initial phase-space area
yields the following result:

kp kF
f ks span (k) (D)™ ~ / k2K

~q/2 / — 2 hqk

2m
2m /2

= — do
i Jo
am

=, 55

5 (55)

Multiplying this by 2 [per Eq. (54)] and by constants shown
in Eq. (33), we find the following analytical expression for the
real part of x () in the high-mobility limit:

2.,2
Rely D (wn)] ~ e Vs o
L™ (o)l <27T2h60l2DEGa)g h

___gewm (56)
wh EotzDEGa)g

Note that this is independent of both mobility and carrier den-
sity. The invariance in mobility can be explained by the fact
that the dielectric screening is dominated by far-off-resonance
electron-phonon interactions, causing the detuning to domi-
nate over the decay rate, as explained earlier. The invariance
in carrier density n is explained by the fact that the number
of electrons available to interact with phonons varies as i/n
(since the corresponding phase-space area varies as kr), while
the probability that any given electron actually interacts with
a phonon varies as 1/4/n (since in the far-off-resonance limit,
this probability scales inversely with the average detuning,
which in turn varies as kr and thus as /7).

We now turn to the imaginary part of x, which gov-
erns the net phonon absorption rate and thus the spectral
broadening for the phonon energy levels. As discussed in
Sec. IV B, the imaginary parts follow a special rule in the
low-mobility limit due to cancellation between absorptive
and emissive processes. We thus start by analyzing the high-
mobility limit. Here, we can agprommately ignore the second
(counter-resonant) term in fk in Eq. (34), yielding

1
M N
S (Aw) Aoy (57)
M ~_ ¥V
m[ /' (Aw)] Boy T2 (58)

Using the near-resonance approximation and the corre-
sponding procedure in Eq. (41), we integrate this over the
near-resonance band (noting that the integrand is even in Aw)

and multiply by the coefficients in Eq. (33), leading to the
following result for the imaginary part of x!) in the high-
mobility limit:

Im[x P (wo)]

2.2 2 oo /
v 2m- vy
%( > e Vs 2> n; A/ d(Aw)%
2 fleol‘zDEGwo kr J-co (Aw) + vy

23,2
qevsm

q;v; 2m-v;
= 2 2 ) 72, T 2,
2 heot2D50w0 hkr ﬂh EOIZDEG(U()kF
(59

As such, the imaginary part of x ") is invariant in y’ and hence
independent of mobility in the high-mobility limit. This is
because the number of electrons in the near-resonance region
scales linearly with y’, while the interaction probability for
each electron scales inversely with y’, causing the overall
interaction rate to be constant in y’.

Finally, we solve for the imaginary part of x " in the low-
mobility limit. If we take the resonant and counter-resonant
terms (corresponding to phonon absorption and emission, re-
spectively) in Eq. (34) individually, then the magnitude of the
imaginary part of each of those terms should approximately
reduce to 1/y’, since ¥’ > |Aw| > wy in the low-mobility
limit. However, this dynamic is fundamentally altered by the
fact that the two terms cancel each other out to first-order. This
requires us to make a higher-order approximation, altering the
mobility-dependence of the net susceptibility:

Im[ £ ] o)

/ /

14 14
(O tgk, — @0 + V7 (Wk gk, +@0)* + 72

__ 400wk 1qk,
~ —J/B

N dwoAw

~ T
Intuitively, this result can be conceptualized as follows: the
probability of the 2DEG electrons absorbing a phonon from
the field (represented by the resonant term) is almost (though
not fully) canceled out by the probability of 2DEG electrons
emitting a phonon into the field. The former (deamplifying)
process narrowly edges out the latter (amplifying) process,
yielding a positive imaginary part of the electron-phonon
interaction probability. As with the real part of f (]), the
imaginary part is approximately linear in the electron- phonon
detuning Aw. We therefore integrate over the phase-space
area of initial electronic states as in Eq. (48) and mutiply by
the coefficients in Eq. (33):

2.2 27,2
q,v 4wy [ mhogk

Im[X(l)(wO)] ~ (2 - e’s 2) - ( 02F
mheotpEcw] ) ¥ 2mv?

2 2
qgwok[r

T egmbpEGY ">

(60)

8 2 k2 3
- M. 61)
T €04 12DEG
Although the overall susceptibilities corresponding to the ab-

sorptive and emissive processes individually scale linearly
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FIG. 8. Results for the real (a) and imaginary (b) parts of x"(wp) as functions of the carrier mobility 1, including numerical (solid,
green), low-mobility analytical (dotted, red), and high-mobility analytical (dashed, blue) calculations. We use a phonon angular frequency of

wy =21 x 10° s7!, speed of sound v, = 4 x 103 m/s, a carrier density n = 2 x 10" m

thickness topgg = 2 x 1078 m.

with the mobility u, the net process scales as u>. As with the
real part of x! in the low-mobility regime, this result also
varies linearly with carrier density n o k%, due to a combi-
nation of the overall number of available electrons varying
and the single-electron interaction probability each varying
asn'/2,

Figure 8 depicts the numerically calculated results for the
real and imaginary parts of x ! (given a phonon angular fre-
quency of wy = 27 x 10° s™!, speed of sound v, = 4 x 10
m/s, a carrier density n =2 x 10" m~2, a carrier effective
mass m = 0.067m, relative to the bare electron mass my,
and a 2DEG thickness toppg = 2 x 1073 m), along with the
analytical results in the high-mobility and low-mobility limits.
As desired, the numerical and analytical results match in the
low-mobility and high-mobility regimes, with the real (imagi-
nary) part varying as > () in the low-mobility regime, and
with both parts plateauing in the high-mobility regime. Note
that for all mobility values, Re[x "] vastly exceeds Im[x "].
The dielectric constant can thus be approximated as fully real
rather than complex, which features important implications
when calculating the wave-mixing dynamics.

D. Second-order susceptibility

We now derive the second-order susceptibility, using
numerical means to calculate the susceptibility for all mo-
bility values and analytical means to specifically derive the
low-mobility limit. We start with sum-frequency generation,
governed by x P (w1, ). In the low-mobility limit, we can
reduce Re[ fk(xz)] in Eq. (31) to the following using the approx-
imation |Aw| > Wk, 44,4,k > @1, @2:

2 4

Re[ /7] ~ Ty
The sum-frequency-generation susceptibility thus varies with
mobility as p? in this regime, following the general low-
mobility rule laid out in Eq. (45). We can analytically solve
for the overall susceptibility in the low-mobility regime by
multiplying by the available phase-space area in Eq. (47)
and the coefficients in Eq. (30). It is important to consider,
however, that for two of the terms in Eq. (31), the width of
the phase-space area is q; = w; /v, [see Figs. 5(a) and 5(d)],
while for the other two terms, the width is g, = w,/vs [see

(62)

~2, a carrier effective mass m = 0.067my, and a 2DEG

Figs. 5(b) and 5(c)]. Consequently, for the available phase-
space area expression in Eq. (47), we apply the replacement
wy — (w1 + wy)/2, yielding the following overall second-
order susceptibility in the low-mobility limit:

@ 9evs
Re[x (w1, w2)] ~ ( — )
2712h260t2DEGa)1w2 (w1 + wy)

( 4 )(2(w1 +a)2)kp)
X —_— — —
J//2 21)5

23 vk

e

- 2
T2 i €gthpEgwiwr Y ?

2,2 2
- _—quvsm kep” (63)
72 I €0tpEG W1 W2
Note the linear variation in kr, implying that the susceptibility
scales with the carrier density as n'/2. This is because the
number of available electrons (corresponding to the available
phase-space area) varies linearly with kr, while the interaction
probability per electron is independent of k.
Figure 9 depicts the numerically calculated results for the
amplitude of the real part of x®(w, ;) in the degener-

4
107 —Numerical
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E — 0
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— 2 / i |
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D
= 0r / |
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A 0 1 2 3 4 5
p (m?/(V-s)) 107

FIG. 9. Results for the amplitude of the real part of x®(wy, wy)
as a function of the carrier mobility u, including numerical (solid,
green) and low-mobility analytical (dotted, red) calculations. We
use a phonon angular frequency of wy = 27 x 10° s™!, speed of
sound v, = 4 x 10° m/s, a carrier density n = 2 x 10" m~2, a car-
rier effective mass m = 0.067mg, and a 2DEG thickness tpgg =
2 x 1078 m.
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ate limit w; = wy = w; representing the second-harmonic-
generation process [we label this quantity XS(%-I)G(Q)O)]’ along
with the analytical result in the low-mobility limit, given the
same parameters as in the X(l) calculation. As desired, the
numerical and analytical results match in the low-mobility
regime, with the susceptibility varying as p2. It is interesting
to note that the susceptibility plateaus in the high-mobility
regime. As discussed in Sec. IV A, the near-resonance elec-
tronic contributions to the real part of x® cancel out in the
high-mobility regime, leaving behind electronic contributions
that are somewhat off-resonance (but not far-off-resonance,
since Re[x®] converges to zero for large detuning values).
Along with the very low value of y, this causes the effect of
the decay rate y on the electron interaction probabilities to be
negligible, leading Re[x®] to be constant in mobility in the
high-mobility limit.

Next, we turn to parametric amplification, focusing specif-
ically on the degenerate case (w; = wyp = w;). Examining
Re[ f,ff)] from Eq. (32) in the low-mobility limit, we note
that the amplitude of each of the terms can be approximated
as 1/y” to first order, as with second-harmonic genera-
tion. However, the key difference here is that the leading
terms cancel out for both the resonant case and the counter-
resonant case, due to destructive interference of probability
waves in the degenerate traveling-wave parametric amplifier.
Consequently, we shift to the secondary term, which equals
2(Aw)?/y"* (where Aw = Wk, +q0.k. — @0). As a result, the
parametric amplification susceptibility varies with mobility as
wu* instead of p?:

2
Re[ /2 (Aw)] ~ S(ji") . (64)

To analytically solve for the low-mobility susceptibility, we
need to integrate (Aw)? over the available phase-space area.
Since the electron-phonon transitions in the low-mobility limit
are concentrated far-off-resonance, we approximate Aw ~
hqk,/m, enabling us to apply the generic higher-order integral
shown in Eq. (49) as follows:
kr 2 313
| dhkdmtiraor ~ PO (6s)
—q/2 3m vy

Multiplying this f&) and the coefficients in Eq. (30), we find
the following degenerate parametric amplification susceptibil-

ity in the low-mobility limit:

@ V]
Re[ 2wp, —wp)] ~ (#>
X Qe 0) 2772h260t2DE62w8

8\ (4R’ wiky
X R R
pr4 3m?v3
B 8, ki
 3n2eotppgm?y’t
_ 128m?k;
372€0qeDEG

Note that this is independent of the frequency wy. This is
because the number of available electrons varies linearly
with wp, while the interaction probability for each electron
varies inversely with wg, and the two variations cancel out.

(66)
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FIG. 10. Results for the amplitude of the real part of
x@® 2wy, —wy) as a function of the carrier mobility u, including
numerical (solid, green) and low-mobility analytical (dotted, red)
calculations. We use a phonon angular frequency of wy =27 x
10° s7!, speed of sound vy = 4 x 103 m/s, a carrier density n =
2 x 10 m™2, a carrier effective mass m = 0.067my, and a 2DEG
thickness topeg = 2 x 1078 m.

Furthermore, since the interaction probability per electron
now varies as k%, the susceptibility scales as k3, implying a
variation with carrier density as n’/2.

Figure 10 depicts the numerically calculated results for
the amplitude of the real part of x® (2w, —wy) [we label
this quantity X](,i)(wo)]. As desired, the numerical and an-
alytical results match in the low-mobility regime, with the
susceptibility varying as pu*. The susceptibility levels out in
the high-mobility regime for the same reason as in the second-
harmonic-generation case.

E. Third-order Kerr susceptibility

We conclude our susceptibility calculations by deriving the
third-order Kerr susceptibility x® (wp, wy, —wg) governing
the Kerr shift and the degenerate four-wave-mixing process.
In the low-mobility limit, we simplify Re[£,”'] in Eq. (29) to
the following, since |Aw| > wy 124k, , @:

y/2 Aw

3 4Aw

. (67)

where Aw = wy 14k — wo. Following the general rule for
the low-mobility regime as outlined in Eq. (45), the Kerr
susceptibility varies with mobility as u* in this regime. We
analytically solve for the overall susceptibility in the low-
mobility limit by integrating over the phase-space area of
initial electronic states using the procedure in Eq. (48) and
multiplying by the coefficients in Eq. (28):

Re[x P (wo, wg, —wp)]

( RN )( 4 )(nha)ék,%)
72 eotprc W y 2mu?
24, vk
i egmtaprgdy ™
320 miks put

= 68
NhZE()mtzDEGa)(z) (68)

%
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The quadratic variation in kr implies a linear scaling with
the carrier density n. This is because the number of available
electrons and the interaction probability per electron each
scales as n'/2.

We now turn to the high-mobility limit. Here, we have to
account for the fact that the transition frequency wy 124,k 44
for the electron upon absorbing a second phonon of wave
vector g exceeds that upon absorbing the first phonon wy, 14,
by a constant (k.-independent) offset frequency, which we
label ':

/
W = Wk 42q.k+q — Oke4q.k;

_ gkt +4q) gk +9)

2m 2m

= (69)
|

) 2m? vy
2
25’ Golzl)Ecwo kg

/mﬂAw@m+Am

In terms of this offset, Re[ fk(z)] in Eq. (29) takes the following
form, considering only the resonant (first and second) terms:

Re[fP(Aw)]
N 1
- Xi: (Ao F iy )2Aw + o — iy)(Aw — iy')

_ QAw+ o) A) — y* (Ao £ 3A0 £ )
(AP 4 y?)P(QRA® + ') + ¥7?)

where the top and bottom indices in the + and F
operations represent the first and second terms of
Eq. (29), respectively. We integrate this over the
near-resonance band [using the procedure in Eq. (41)]
and multiply by the coefficients in Eq. (28), leading to the
following result for the overall Kerr susceptibility in the
high-mobility limit:

. (70)

QAw + ) Aw)? — y*(Aw £ 3Aw + o)
(Aw)? + y?) (A0 + ') + y7?)

Re[x P (wo, wo, —wp)] ~ (
B

7By + o' wp) 2nﬂmu<
y'Oy? + 0?) qe

where 8 is defined as follows:

2q45 2

5
w2h EOU)OkFtZDEG

B = (72)
Note that the Kerr susceptibility varies linearly with @ in
the high-mobility limit. However, the slope of this variation
is three times greater in the ultra-high-mobility limit than in
the medium-high-mobility limit. This is because the linear
variation originates from different sources for the two cases.
In the medium-high-mobility case, the electronic spectrum
effectively becomes harmonic, thus making Re[f®(Aw)]
odd in Aw and yielding (Re[f®(Aw)) o< 1/y". As such,

1088 =
<
NE4 P T
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FIG. 11. Results for the amplitude of the real part of
%@ (wp, wy, —wp) as a function of the carrier mobility u, includ-
ing numerical (solid, green), low-mobility analytical (dotted, red),
and high-mobility analytical (dashed, blue) calculations. We use a
phonon angular frequency of wy = 27 x 10° s~!, speed of sound
v, =4 x 10° m/s, a carrier density n =2 x 10" m™2, a carrier
effective mass m = 0.067my, and a 2DEG thickness t)pgg = 2 X
10~¥ m.

3¢% + 40 wom® 1*
9qg + 40)/27’”2/1/2 ’

(71)

(

integrating the product of this function and Aw over the near-
resonance band results in Re[x(3)(w0, wo, —wp)] x 1/y’ «
w. However, in the ultra-high-mobility limit, the size of the
electronic anharmonicity in phase space exceeds the width of
the near-resonance band, making Re[ f®)(Aw)] even in Aw
and yielding (Re[ f®(Aw)) o 1/y"%. Integrating this over the
near-resonance band also results in Re[x ) (wo, wg, —wg)]
1/y’ o u, but with a different slope than the medium-high-
mobility case.

Figure 11 depicts the numerically calculated results for
the amplitude of the real part of x®(wp, wy, —wy), which
we label X(?H(wo) We use the same parameters as in the
¥ and x® calculations. As desired, the numerical and an-
alytical results match in the low-mobility and high-mobility
regimes, varying as u* in the low-mobility regime and as !
in the high-mobility regime. The aforementioned change in
the proportionality coefficient with © between the medium-
high-mobility and ultra-high-mobility regimes is apparent in
the intercept shift in the log-log plot around 10° m?/(V - s).

V. CALCULATION OF MIXING DYNAMICS

The Nth-order susceptibility manifests itself in the (N +
1)-wave-mixing process. For a quantitative understanding, we
can substitute the expression for (dcfr(g,)) in Eq. (25) into the
interaction Hamiltonian in Eq. (24), yielding an expansion in
product of field amplitudes:

Hiy = —€0VapEG Z Z Z

.....

X XM (wp,, s Wp VE*(@)E (@p,).- E(@py).  (73)

Intuitively, this corresponds to the fact that the different field
modes are coupled to one another via interactions with the
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2DEG electrons. At the elemental level, the field modes p,
through py simultaneously polarize the electrons, which in
turn interact with the field mode p through field-dipole cou-
pling. It is apparent that the real part of the susceptibility
corresponds to the conversion efficiency between modes (or
to an energy shift in the acoustic states, for the case of mode
self-coupling), while the imaginary part yields a broadening
of the acoustic states caused by loss due to phonon absorption
by the electrons.

The Hamiltonian corresponding to the interaction of a
phonon from each of the modes p, ..., py and a phonon of
frequency w = wp, + ... + w,, can be expressed in operator
form as follows:

H = h(ga'a,...ay + g*a}L...a;iva), (74)

where, as evidenced by Eq. (73), the (N + 1)-phonon interac-
tion rate g is given by the following:

€0V2pEG
h

X EZ*pf ()Ept(wp,)...Epi(@py,), (75)

g=- X(N)(a),,l,...,a),,n)

where E,¢ represents the zero-point electric field experienced
by the 2DEG electrons. Intuitively, since x®) represents
the total induced electron polarization per unit amplitude
of the N polarizing fields pi, ..., py, multiplying it by
VapeG Ept (@), )...Ezpt (wp, ) yields the product of the prob-
ability that an electron becomes polarized by absorbing N
phonons and the resulting dipole moment of the polarized
electron. This polarized electron then interacts with the (N +
1)-st field (represented here by the frequency w) through the
dipole interaction. The net process is electron-mediated cou-
pling of N 4 1 phonons from the respective fields, with the
interaction rate given by Eq. (75).

In general, we can determine the time-evolution of the
output electric field w in terms of the amplitudes of the input
electric fields using the Heisenberg equation of motion as
follows:

E(w) = Ezpf(w)a
= —%Ezpf(w)[a, H]

= —iEpr(w)gay...ay

i€0V2DEG
h

X E(a)l)E(a)N) (76)

XM @p,s ey 0 ) Egpt (@)

The zero-point electric field E,p; is determined by substitut-
ing Aph = /vs/(2V,,) (corresponding to a vacuum fluctuation
spanning the mode volume) into Eq. (11), yielding:

C h
Epi(@) = = (w),/i, (77)

where V,, is the overall mode volume for the acoustic wave.
From this, we can determine the spatial evolution of the out-
put field amplitude App(w) in terms of the input amplitudes

Aph(a)l ), ...Aph(a)N):

8xAph(a))
_ ie_o X(N)(a)p], ey Wp, )OO ...ON _c ﬁ N+
TR e*(w)e(wy)...€(wy) Vg
VopEG
2 A (@) Ap(on). (78)

Note that the conversion efficiency is proportional to the ra-
tio between the 2DEG volume Vopgg and the overall mode
volume V,, (which simply reduces to the ratio between the
2DEQG thickness #,pgg and the mode depth L., if the 2DEG
covers the piezoelectric material’s surface). This is because
the fraction of the total mode energy stored in the 2DEG field
is proportional to the ratio of the two volumes.

It is also worth noting that the conversion efficiency varies
inversely with eVt where € is the effective 2DEG dielectric
constant, which is in turn proportional to Re[x "']. Naively,
we would assume that € = gRe[x (]. However, there are 2
critical caveats. The first is that due to the thin-film nature
of the 2DEG (i.e., the fact that the 2DEG thickness is much
smaller than the field wavelength), the dielectric screening is
strongly suppressed. As explained in Appendix C, this atten-
uates the dielectric constant by a factor a, which is a function
of the ratio between the 2DEG thickness tpgg and the field’s
half-wavelength [:

t [
a=26(210g +3). (79)
2l DEG

The second caveat is that when Re[x "] is low enough that
the corresponding dielectric constant is below the dielectric
constant of the piezoelectric material €, the latter provides
the effective dielectric constant for the 2DEG, since the fact
that the 2DEG is much thinner than the piezoelectric material
ensures that the fringe induced field from the piezoelectric
material fully penetrates the 2DEG. As such, the dielectric
constant can be approximated as follows:

aeoRe[x D(wp)], aeoRe[x V] > ¢,

€(wo) ~ { (80)

€p, aeoRe[x V(wp)] < €.

The 2DEG dielectric constant is plotted in Fig. 12 given
€, = 43.6¢p, with all the other parameters the same as in
the susceptibility plots. Given the dielectric constant and the
susceptibilities, we solve for the rates of 3 processes: linear
absorption (corresponding to Im[x"]), as well as second-
harmonic generation and parametric amplification (corre-
sponding to Re[x ®)]). We also derive the figure-of-merit for
the Kerr nonlinearity by calculating the ratio between the
phonon Kerr shift (corresponding to Re[ x ?’]) and the phonon
spectral broadening (corresponding to Im[x ('], given a high-
Q acoustic cavity, which has recently been achieved [60]).

A. Linear absorption

We start with the case of linear absorption. Based on
Eq. (78), the spatial evolution of a single field propagating
through the heterostructure and experiencing linear absorption
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FIG. 12. Dielectric constant in units of €, as a function of
the carrier mobility p, given a piezoelectric material dielectric
constant €, = 43.6¢p, a phonon angular frequency of wy = 27 x
10° s7!, speed of sound v, = 4 x 10° m/s, a carrier density n =
2 x 10 m™2, a carrier effective mass m = 0.067my, and a 2DEG
thickness topgg = 2 x 1078 m.

takes the following form:
0xAph(wp) = —aApn (@), (81)
where « is the amplitude attenuation rate, given as

& (iIm[x(l)(w)])\/aT%( ~ C\/E>2V2DEG
Vs

h 6*(600)6(&)0) 2V

_ €C*Vapegwo Im[x " (wp)]
2u,V le(wo)l?

Figure 13 depicts the absorption rate given C? = 6.1¢
and effective mode depth L. =2 x 107 m (i.e., the half-
wavelength of the w field) along with the same parameters
used in the susceptibility calculations, assuming that the
2DEG covers the piezoelectric material such that Vopgg/V =
troeg/L.. At very low mobility, the imaginary part of x"
varies as u3, while the dielectric constant is flat in mobility,
causing the absorption rate to vary as u’. For moderately
low mobility, though, the dielectric-constant-squared varies

(82)
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FIG. 13. Linear absorption coefficient per unit length o as a
function of the carrier mobility u, given a piezoelectric material
dielectric constant €, = 43.6¢, C? =6.1¢y, a phonon angular fre-
quency of wy = 27 x 10° s7!, mode depth L, = 2 x 107 m, speed
of sound vy, = 4 x 10° m/s, a carrier density n =2 x 10 m™2, a
carrier effective mass m = 0.067my, and a 2DEG thickness t)pgg =
2 x 1078 m.
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FIG. 14. Amplitude of coupling strength G for second-harmonic
generation as a function of the carrier mobility u, given a piezoelec-
tric material dielectric constant €, = 43.6¢, C? = 6.1¢y, a phonon
angular frequency of wy =27 x 10°s™!, 2w,-field mode depth
L;2w, = 1 x 1078 m, speed of sound v; =4 x 10* m/s, a carrier
density n =2 x 10" m™2, a carrier effective mass m = 0.067my,
and a 2DEG thickness f,ppg = 2 x 1078 m.

as pu*, causing the absorption rate to decrease with mobility
as s~ !. The linear absorption coefficient reaches a constant
value of about 25 m~! at the high-mobility limit (since both
the dielectric constant and the imaginary part of x (I are con-
stant at high mobility), corresponding to an effective phonon
coherence length of 40 mm.

B. Second-harmonic generation

Next, we solve for the second-harmonic-generation cou-
pling strength. From Eq. (78), the output field spatially
evolves as follows:

0xAph (2wo) = iGAph (w1)Apn(@2), (83)

where 2wy = w; + w», and G is the coupling strength, given
as

T h e Qap)e(wr)e(wr)

@Re[x(z)(wl, W)V 2wow @ (- c h ? Vabeg
Vg 2V2w0 ’
(84)

where V), is the mode volume corresponding to the 2wy field.
Here, the half-wavelength yields an effective mode depth of
L. 20, = 1 x 107® m. For degenerate second-harmonic gener-
ation (i.e, w; = wy = w,), the coupling strength becomes the
following:

G—_ €0C*Vapeg | 2hiwg Re[x @ (wo, wo)]' (85)
2Vau, v €*(2wo)le(wo)l?

Figure 14 depicts the second-harmonic coupling strength us-
ing the same parameters as in the linear absorption case
(except for the mode depth, as previously mentioned): At
very low mobility, x® varies as u?, while the dielectric
constant is flat in mobility, causing |G| to vary as u?. Once
the dielectric constant starts rising with mobility, however, the
strong inverse dependence of |G| with the dielectric constant
(specifically, the € = variation) causes |G| to sharply drop with
increasing mobility despite the fact that x® increases with
mobility in this regime. However, at the high-mobility limit,
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FIG. 15. Diagram of the degenerate traveling-wave parametric amplifier system. Note that the S-curve on the left carries the pump input,
while the curve on the right drains the pump phonons remaining after the 3-wave-mixing process. The region in between represents the core
amplifier region, with the 2DEG (red) on top of the piezoelectric material (blue).

both x® and the dielectric constant reach constant values,
causing |G| to level out at 7.6 x 107! s1/2,

C. Parametric amplification

Here, we solve for the parametric amplification gain per
unit length. We specifically design a phase-sensitive, degen-
erate, traveling-wave parametric amplifier due to its ability to
achieve the minimum possible additive quantum noise for an
amplification process [71-75]. It is worth noting that resonant,
degenerate parametric amplifiers could alternatively be de-
signed to minimize the pump power required for a given gain,
though a phase-preserving amplifier can never achieve the
same additive quantum noise as a phase-sensitive (traveling-
wave) amplifier [71,76].

A diagram of a traveling-wave parametric amplifier is
shown in Fig. 15. Given an input signal field with frequency
w; and a pump field with frequency 2wy = w; + w,, the out-
put field w, evolves in a manner analogous to the output field
in Sec. VB:

IxAph (@2) = iG ) 1 Aph (200)Ay, (1), (86)

where G, is the parametric conversion efficiency per unit
length per pump phonon current density amplitude (defined
as the square-root of the number of pump phonons per unit
time per unit cross-sectional area), defined as

€ Re[x?Qwy, —01)]V2wow10;

h €(2wo)e*(wr)e*(w2)
i\’ V-

o —c 1) Vanes
vy ) 2V,

Conversely, if we consider w, as the input signal field, then
the time-evolution of w; is modeled by switching w; and w,

Gp, 1

87)

in Eq. (86), yielding

IAph(@1) = iG ) 1Aph (2w0)Ar, (@2). (88)

We now specifically consider the case of a degenerate
traveling-wave parametric amplifier (i.e., ®; = wy = wy). If
we set the phase of the pump field A, (2wp) such that it is in
phase with —iAyp(wo) /A;h (wp), then the time-evolution of the
signal/idler field amplitude is solved by summing Eqs. (86)
and (88):

AxclApn(@o)| = 2[Gp,1[|Aph 2wo)[|Apn(wo)l.  (89)

As such, the amplitude |Apn(wo)| grows exponentially at a
rate 2|Gp,1||Apn(2wo)|. The signal/idler field power P(wp) is
proportional to the field intensity |Aph(a)0)|2 and thus evolves
at twice the rate of the amplitude:

P(w, x) = P(e, 0)e* 0 Mmoo, (90)

The gain per unit length per pump phonon current density
amplitude is thus expressed in dB form as

10 40G,.1|
Gpr = [ ——— )4IG, | = —21.
P2 (1n(10)> (Gt In (10)

An alternative metric for parametric amplification is the gain
per unit length per pump power amplitude (defined as the
square-root of the pump power). This is solved from G, in
the following manner:

Gpo

Gy= ——to
+\/ hZa)OLyLZ,sz

_ 20€)CVapeg wj  |IRe[x® Q2awy, —wy)]
In(10)Ve, | v3LyL;20, 1€Qwo)lle(wo)®

92)
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FIG. 16. Degenerate parametric amplification gain per unit
length per unit power amplitude G, as a function of the carrier mobil-
ity u, given a piezoelectric material dielectric constant €, = 43.6¢,
C? = 6.1¢, a signal/idler angular frequency of wy = 7w x 100 s7!,
signal-field mode depth L., = 4 x 10~" m, pump-field mode depth
L3, =2 x 1077 m, width L, = 1.2 x 107> m, speed of sound v, =
4 x 10° m/s, a carrier density n = 2 x 10" m~2, a carrier effective
mass m = 0.067my, and a 2DEG thickness f,ppg = 2 x 1078 m.

Note that G, features an inverse dependence on the pump
mode’s cross-sectional area L,L;,, in addition to the stan-
dard Vopgg/ V., variation for G, 1. This is because for a given
pump power, the pump field amplitude increases with decreas-
ing cross-sectional area. Since the gain is proportional to the
pump field amplitude rather than the power, this causes the
gain to increase for lower cross-sectional area values.

Figure 16 depicts the parametric amplification gain per
unit length per pump power amplitude, given the same pa-
rameters as in the second-harmonic-generation case, except
that we use a signal/idler frequency of 5 GHz (corresponding
to wp = w x 10! s7!) and a mode width of 15 wavelengths
(i.e., Ly =12 pm). The mode depths corresponding to the
signal and pump fields, respectively, are the half-wavelengths

Phononic

Crystal Mirrors

L., =400 nm and L;,, = 200 nm. At very low mobility,
¥ P 2wy, —wy) varies as u*, while the dielectric constant
is invariant in mobility, causing G, to vary as u*, peak-
ing at 43 dB/(um+/puW), corresponding to a 20-dB gain in
4.7 um (about 2.4% of the Rayleigh length) given a 10-nW
pump power input. As the mobility is increased from this
point, though, the strong inverse dependence of the gain
with the dielectric constant causes G, to decline with in-
creasing mobility for the intermediate-mobility case, as with
the second-harmonic case. Eventually, at the high-mobility
limit, both x ® (2w, —wy) and the dielectric constant become
constant, causing G, to level out at 11 dB/(um./uW), cor-
responding to a 20-dB gain in 19 um (about 9.5% of the
Rayleigh length) given a 10-nW pump power input.

D. Kerr nonlinearity

Finally, we solve for the Kerr nonlinearity figure-of-merit
(F.O.M.), which we define as the ratio between the Kerr-
induced anharmonicity and the spectral broadening. This will
determine whether the electron-phonon interaction induces
enough anharmonicity in the phonon spectrum such that the
system can be used as an artificial atom. A diagram of the
acoustic cavity giving rise to the Kerr nonlinearity is shown in
Fig. 17. From Eq. (75), the anharmonicity induced by the Kerr
shift in a phonon ladder of fundamental angular frequency wq
is calculated by doubling the Kerr coupling coefficient, which
we calculate from the third-order Kerr susceptibility XI(:e)rr as
follows:

€oVapEG
2| gKerr| = 2%xé1L(wo)|Ezpf<wo>|“. (93)

However, given a high-Q acoustic cavity (which has recently
been achieved [60]), the spectral broadening is given by the
linear absorption per unit time, which corresponds to Im[x (V].
We convert the result for the linear amplitude attenuation

2DEG

(.()0'QU bit
Cavity

FIG. 17. Diagram of the acoustic cavity, with the 2DEG (red) stacked on top of the piezoelectric material (blue) in the central region. The
coupling between the two gives rise to a Kerr nonlinearity through four-wave-mixing.
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FIG. 18. Kerr nonlinearity figure-of-merit (F.O.M.) as a function
of the carrier mobility w, given a piezoelectric material dielectric
constant €, = 43.6¢y, C> = 6.1, a phonon angular frequency of
wy = x 109 s7!, mode length of 4 x 10~7 m along each dimen-
sion, speed of sound v, =4 x 10° m/s, a carrier density n =2 x
10" m~2, a carrier effective mass m = 0.067my, and a 2DEG thick-
ness tpeg = 2 X 1078 m.

coefficient per unit propagation distance o from Sec. VA
into per-unit-time absorption by doubling it (to convert from
amplitude attenuation to energy absorption) and multiplying
by the speed of sound vy, yielding

oV2DEG
h

Yon = 22225 1y D) E e (@), (94)

where yp is the phononic spectral broadening. The Kerr-
nonlinearity figure-of-merit (F.O.M.) is therefore solved as
follows:

2 |gKerr|
Vph

FOM. =

_ X (@0)| Egpr (@)’
Imx ) (wp)]

_ Clhoyxge (@)

T 2VeX(o)Im[x D (w))]’

95)

As this expression shows, the Kerr nonlinearity is maximized
by minimizing the acoustic field’s mode volume. This is be-
cause the Kerr shift varies with the electric field intensity per
phonon, which varies inversely with mode volume.

Figure 18 depicts the Kerr nonlinearity figure-of-merit
using the same parameters as in the linear absorption and
second-harmonic generation cases, except that the angular
frequency @, is changed to w x 10! s7! to align with the
5-GHz transmon frequency. We minimize the mode volume
by setting the mode length equal to the half-wavelength of
400 nm along each dimension. At high mobilities, the Kerr
figure-of-merit scales linearly with w. This is because X1(<3e)rr
also scales linearly with p in this regime, while both the
real and imaginary parts of x (! are constant in mobility. At
very high mobilities [above 10* m?/(V s)], the figure-of-merit
exceeds unity, indicating that the phononic system can be used
as an artificial atom.

VI. COMPARISON OF QUANTUM AND CLASSICAL
RESULTS IN FLUID LIMIT

Although the previous sections treated the carrier states
as coherent fermionic states, it is interesting to analyze the
system in the incoherent (fluid) carrier limit for the purpose
of comparing the quantum results for the linear absorption
(corresponding to Im[ x ("']) and the sum-frequency generation
(corresponding to Re[ x ®)]) processes to classical results from
previous studies. Here, we operate in the low-mobility limit
and effectively treat the electrons as bosonic. Due to the latter,
all electrons are capable of interacting with phonons, and due
to the former, the probability of such an interaction is ap-
proximately uniform for all of the electrons. Furthermore, we
only consider the resonant interaction processes, in line with
previous theoretical studies of various types of interactions
[77-81].

A. Linear absorption in fluid limit

We start by considering the linear absorption. In the low-
mobility regime, the resonant part of Im[ kal)] from Eq. (34)
reduces to

! 1
I O = Y N —, 96
m[fres ] (wkx+q,kx _ a))z 4 y/z )// (96)

which is uniform for all electrons, as expected. If we make the
assumption that all electrons in the Fermi circle are capable of
absorbing phonons, then we solve for the imaginary part of
x D simply by multiplying this expression by the Fermi circle
area and the coefficients in Eq. (33), yielding

2.2
v 1
Tl (oo & [ —e¥s _(nkZ)
b o)) 272 heotpece] ) ' N
g
li€otpeG W]y’
_ 2q.vimnp

= , O7)
lieotopEG W)

where we substituted k7 = 27 n in the second line (where 7 is
the area carrier density) and ¥y’ = ¢./(2mu) in the third line.

Now, we apply another consequence of the fluid treatment
of electrons: that all ground-state electrons feature zero mo-
mentum (k = 0). Then, a momentum kick from absorbing
a phonon of wave vector ¢ would elevate a ground-state
electron’s energy to /ig” /(2m). If we assume that the electron-
phonon interaction is resonant, then /g?/(2m) must equal v,q
(.e., hiwg = 2mvS2). Substituting this into the above expression
for the imaginary part of x () yields the following result:

Imfx D (wp) & LEME 2 (98)
€0Wo €0wo

where we defined a bulk volumetric electron density npyx =
n/tpgg, along with the frequency parameter w, = npyKge L/ €.
It is worth noting that the imaginary part of x! varies
linearly with both carrier density and mobility via w.. The
former is due to the fact that a higher carrier density leads
to a larger number of electrons available for interacting with
phonons, while the latter is because for a given electron, the
electron-phonon interaction probability scales inversely with
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the spectral broadening in the limit in which the detuning is
much smaller than the broadening.

Next, we determine the phonon absorption per unit length
a from the imaginary part of x" by multiplying by
€0VapeG |E (wo)|? /1 to determine the absorption per unit time
and dividing by the propagation speed v;. Recall that the
zero-point electric field intensity is a function of the effective
dielectric constant €., the elasticity «, and the frequency wy:

&2 B |2 K?%ehwy
el

2
|Ezpt(wo)|” = = oo
2 | €eff |2Vpiezo

. (99

where € is the dielectric screening (i.e., the real part of x )
and K? = ¢?/(ek) represents the square of the electromechan-
ical coupling. This accords with Eq. (77), except for the fact
that e incorporates both the real and imaginary parts of y
for the sake of generality:

eeir = €o(Re[x " (w)] + ilm[x P (w9)]) = e(l + l&>
wo
(100)

J

Re[£2] 1

The absorption per unit length « thus becomes the following:

eV K?eh
o = 0Y2DEG Im[X(l)]((,()()) . (0N
hivg 2|€efr| Vpiezo
€0VapEG W€ K?ehw,

vy €owy 2€2(1 4+ w2 /wi)VabeG

K? 0, w?\ !
2 v @y

where in the first line, we inserted v; in the denominator
to convert from per-unit-time to per-unit-length absorption,
while in the second line, we used the fact that Vpiezo = Vopeg

for a bulk piezoelectric semiconductor. Note that this result
matches that derived previously in the classical limit [82].

(101)

B. Sum-frequency generation in fluid limit

We now turn to the question of resolving the real part
of x® in for the purpose of deriving the dynamics of
sum-frequency generation. In the low-mobility regime, the
resonant part of Re[fk(f)] from Eq. (31) reduces to the
following:

((wk)-kql-&—qz,kx — (01 + ) — iL) Wk qu ke — @1

which is also uniform for all electrons. Then, assuming that all
electrons are capable of undergoing second-order interaction
with phonons, we solve for the real part of x ® by multiplying
this expression by the Fermi circle area and the coefficients in
Eq. (30), yielding the following result:

o 70
Re[x (w1, w2)] =~ ( — )
2n2h260t2DEGa)1w2(a)1 + wy)

(-2

2q3vin

T2
h*eotpecwima (w1 + w2)y”?

8q.vim*nu®

- _— (103)
R eotappcwi w3

where w3 = | + w,, and we substituted k> = 2wnand y"> =
q>/(4m*11?) in the second and third lines, respectively.
Applying the ground-state approximation described in the
linear absorption derivation, along with the single-phonon res-
onance condition that fig?/(2m) must equal vyq (i.e., i*w? =
4m*v?, where w; ~ w ~ w,), we find that the real part of x®

J

2 e 2
|Ezpf,n| = Wlszpf,n|
n

- %)

+ Y

1
(wkt+611+f12qu — (01 + w) — i%)(a)kx-ﬁ-qz,kx —wy — iE))

(102)

(

reduces to the following:

2 npuk 4 2€wcfu

2 A~ u

Re[x P (w1, )] & —— =-—",
€0Vs3 €0V;3

(104)

where ny,x and w,. are defined as in the linear absorption
calculation, and w3 = w; + ws.

Next, we use the real part of x® to determine how the
w3 field evolves in time given input fields w; and w,. To
that end, the rate of change of the field F3 due to the sum-
frequency-generation process can be calculated by promoting
the fields to operators, such that E,, = E ,a,, where a,, is the
lowering operator for the mode n and E, ,, is the zero-point
electric field amplitude. Recall that the electric field amplitude
is directly proportional to the strain field amplitude:

e

E, = _isn =—-——35,, (105)
€, el’,
where T, is defined as follows for the given mode n:
W
I,=1+i—. (106)
a)ﬂ

Also, recall that the zero-point electric field intensity varies
linearly with the phonon frequency and inversely with the
mode volume as follows:

K*ehw, K*ho,

T 20eT,2V T 26,2V

(107)
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The time-evolution of E3 due to sum-frequency generation is thus solved by applying the three-wave-mixing Hamiltonian:

. E
E3(2) = —i—zzm [a

eV +
zTRe[x(”](wl, )| Ept 31 E2E: [a3, al]

%

h

€0Vsw3
2
5 € W 1

= —iK _
e?v, I )2

Finally, we solve for E3(2) by dividing both sides by —iws
(since E3(2) = —ia)3E3(2)):
2
Il VROF 1
—— ——55. 109
v, w3 T Ty 5P (1o

Note that this result matches that calculated in the classical
limit [48] if K> — 1 and |T5])*> — 1.

@ _
E® =K

VII. CONCLUSION

Using time-dependent perturbation theory, we have theo-
retically derived the nonlinear acoustic susceptibilities up to
an arbitrary order for a technologically feasible heterostruc-
ture consisting of a 2DEG stacked on top of a piezoelectric
material. We have also used this susceptibility to derive the
equations of motion for various nonlinear quantum phononic
processes. We presented the first, second, and third order
susceptibilites in detail, both analytically and numerically, and
their variations with important parameters such as carrier con-
centration and mobility. Our results demonstrate that both the
second-order and third-order susceptibilities are maximized at
high mobility, demonstrating the advantage that a 2DEG cre-
ates by virtue of its ultrahigh mobility. We note that in the case
of classical acoustoelectric mediation of phonon-mixing non-
linearities [47], the application of bias fields causes profound
modification of these nonlinear processes. These modifica-
tions range from amplification or deamplification in space
of the waves involved in the mixing processes, to relaxation
of phase-matching conditions, to direct modification of the
phononic susceptibility. Though the treatment of the interac-
tion of these quantum phononic mixing processes with bias
fields is beyond the scope of this paper, we expect that in this
regime, the effect of bias fields will be similarly profound, and
we plan to analyze it in future work.

It is particularly noteworthy that the Kerr nonlinearity con-
tinues to increase with mobility, even at high mobility values.
If we are able to achieve a sufficiently high-mobility in a
2DEG and fabricate a device such that a heterostructure island
mostly fills the inside of an acoustic cavity, then the phenom-
ena such as phononic cavity blockades (analogous to photon
blockades [83,84]) and other types of single-phonon level
quantum interactions or even logic gates are achievable. The
relevant metric to enter this regime is the Kerr shift per phonon
inside the cavity relative to the cavity linewidth, given a high-
Q acoustic cavity (which has recently been achieved [60]). If
we can produce such a system with a high enough mobility

AYNE

€V 2ew it K2hws e e
i ~ s - L,
2¢|T3|2V el el

(108)

(

and small enough cavity linewidth such that only the transition
from the ground state to a single-phonon excitation is effec-
tively resonant with the cavity, then this system could provide
a new type of artificial atom, analogous to a superconducting
circuit qubit and at the same microwave frequencies but with
a length scale of microns instead of centimeters. Furthermore,
the large second-order nonlinearity of our heterostructure sys-
tem at high mobilities could be used to create a parametric
phonon amplifier. This combination of artificial atom cavities
and traveling-wave parametric amplifiers, together with bus
waveguides, make a complete analog to the primary hardware
components of superconducting circuit quantum computers.
Together with a method for microwave-to-phonon transduc-
tion (well-established interdigital electrode transducers) and
for tuning the coupling rate between cavities [27,85], one has
the pieces necessary to perform state preparation, single and
multiqubit gates via tunable cavity-cavity coupling, and room
temperature readout after parametric amplification. Thus, it
could be possible to make microwave frequency phononic
quantum processors based on these heterostructures that are
highly analogous to superconducting circuit quantum comput-
ers and operating at the same frequency and temperature but
with many orders of magnitude higher qubit density. We note
these qubits would require no shielding from the environment,
as there are no phononic modes in the vacuum to exclude and
their size compared to a microwave wavelength gives them
a vanishingly small electromagnetic dipole moment. Finally,
their reduced size and wholly different mechanism for gen-
erating nonlinearity may lead to reduced decoherence from
sources such as charge fluctuations and two-level systems.
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APPENDIX A: CALCULATION OF HIGHER-ORDER
SUSCEPTIBILITIES FROM TIME-DEPENDENT
PERTURBATION THEORY

We now seek to derive this using the overall Hamiltonian
H = Hy + Hin(¢) and applying time-dependent perturbation
theory. From the 2DEG self-energy in Eq. (23), we deduce

023288-24



AB INITIO CALCULATIONS OF NONLINEAR ... PHYSICAL REVIEW RESEARCH 6, 023288 (2024)

that | U™ (¢)) can be expressed as a generic superposition of To solve for the higher-order coefficients, we start with

2DEG eigenstates |I) in the following manner: the( Sclglrodinger—equation relationship linking W™ (t)) with
. W=D (@)):
(WO @) = 8u0lg) + Y @O e ) (Al
> 0 ‘-IJ(”) t
. p O (W) + Hi () ¥ V@), (A2)

The goal is to solve for the time-varying coefficients al”)(t) o1

For the zeroth-order wave function |W(©(¢)), the 2DEG which takes the following form when each side is expanded in
is fully in the ground state |g), yielding a\”(t) =8,  the 2DEG basis:

J

s (1 —iwygt ,— % i n —iwygt ,—4
ZI:az“)(l)e il 5'|l>=—£213a§ Y(t)e @ e 3 Hin (1) |1) . (A3)

Applying (m| ene3'" to both sides and integrating over time, we find the following recursive expression for the coefficients:

i . Yl
a,(;')(t) = E Z/ dl‘,al(n_l)(t/) (m|Hine (t)]1) el(wmzﬂyz—‘)t
)i —0Q

i ' (n—1) i(wpy, —wrﬂ'm ’
= 7 Xr:E(wr) Xl:deff,ml(lh)'/_oo dl‘/al (t’)e( ] il (Ad)

where y,y = ¥ — Y1, and we substituted the interaction Hamiltonian from Eq. (24) in the second line. Starting with aEO)(t) =6
we find that the time-dependence in the integral becomes entirely contained in an easily integrable exponential expression. Using
the recursive process from the above expression yields the following analytical result for the coefficients:

Ing
al”(t) = Z Z et ’uln (G- deft,1,g(qr ) E (@,)..E (@y, ) @ne @rFrtn )50 (A5)
In - : -V
Iveoidumt 1oy wlng — (@ + ... +op,) — Vlzg)"'(wllg —oy —i Izlg)
This intuitively corresponds to an n-step process from g to /, through the intermediate states /1, ..., [,—;, with the mth step

mediated through an absorption of a phonon with frequency w,, and wave vector ¢g,,, = w,, /vs. It is also important to derive the
complex conjugate of these coefficients:

Yy
Ing

l(wr+(w/+ +wr) —i )iz

(”)*(t)— Z Z et g1 (—=qr; )--destr, 1,(=qr JE(— wrl) E( wy,)e _
. Ilg
L/ R SN (CL)[/,g (a), + .. +Cl)r )+l ) “(wl]’g _wr{ +ZT)

Yl g
i(w, —(wy+.. 4wy )—i—Z—)t
dett g (@) dettr, 1,(@r VE(@p)...E(p Je w0 v

= D D e , (A6)

I, U, r r;, (wl}g,g + (wr{ + ...+ wr;, 5, ) (wl’g + wrl + l )

yeeey

where in the first line we used the facts that E*(w) = E(—w) for any field frequency w and dj fl(q) deir,if(—q) for the
corresponding field wave vector ¢ = w/v;, and in the second line we reversed the signs of the field frequencies w,, ..., Wy, 10
ensure that the time-dependent phase corresponding to the fields would align with the nonconjugated coefficients.

Having derived the coefficients for the wave function, we now solve for the Nth-order expectation value of the effective dipole

moment corresponding to the wave vector g, = —g,, — ... — gp,:
N
N ; N_i
(@), = 3 WV Olderr (g WY @)
Jj=0
(e ;=) @1 it o ion =i /

=¥ Z > aay Ve T e (gl )
Jj=0 l/ Ay j
Z Z Z e_l(wyl+ +w,N)t dEff glN(qu)"'deff,lN,,’+2lN,j+1 (qu*jJrl)

ww Y Viy_ 18
J=0 1,y Tseess (CUINg + Wry +i Ng) "(wlN—_i+lg + (w’N—jH +..+ w’N) + INT]H)

X dett 1y 1iv—;(qp)
dest 1y_j1y_;-, (Gry_;)---dett 1, g

Vi . VI
(01 ,g — (@, + ... + @y, ) — 175 )...(wllg —w, — lTlg)

E(w;,)...E(wr,). (A7)
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Calculating the Nth-order susceptibility x ™ using Eq. (26), we find that the field frequencies w,,, ..., @,

that w,, + ... + w,, = wp, + ... + wp,, as desired:

(N) _
X (wpy s oy 0py) = hNe v
OVY2DEG 04, 1y risery

dett J8ln (qrzv )"'deffslejJrlefjH (qu—jJrl )

are constrained such

Z Z Z / dtez((w,,,+ AOp )~ (@ FoF Oy )

x et iy_ ity (—Gpy — -+ — dpy)
Iy Vi_; CILIN— j+1iN—j p1 PN
(szg 4w, +1i 1’”) ..(w;ijHg +( @y + o opy) ti N2/+1x)
" det iy siy_;1 (Gry_;)---dett g
ViN_ng - Vi
(a)Zang — (a),] + ...+ a)erﬂ) — l—N2 )-~-(a)11g — Wy, — lTlg)
o Z Z P2
T GOVZDEG =0l PleeeesDy
y deff iy (@py ) et 1y_aly_ i (Dpy_jir) d (= — o — g )
Ve Viy_ g1y Cethv-jln-; dpy — - —dpy
(wlNg +wpy T 15 ) ..(a)[N*j+lg + (wPijJrl +...+ a)I’N) +1 2 )
y deff,zN,ij,,,l (Gpy_;)---dett g (A8)

(a)lN—ng -

where in the second line, we use the fact that f_oooo dte =
8,.0. It is also worth noting the symbol P in front of the
summation over the modes py, ..., py, which denotes a permu-
tation over the mode indices. This is due to the fact that there is
no specific requirement that each generic mode frequency w;,,
equal the corresponding input frequency w,,,, but rather that
the sum of the generic mode frequencies (i.e., o, + ... + wy,)
equal the sum of the input frequencies (i.e., @, + ... + w,,).
As a result, the set of transitions encapsulated by the real
part of x¥) conserves the energy of the acoustic field, which
is required in order for an electron starting in the ground
state |g) to return to that state after transitioning through the
intermediate states |l;), ..., |Iy). Since each mode features a
well-defined momentum as well, the net momentum of the
field is conserved too.

APPENDIX B: CALCULATING SUSCEPTIBILITY
THROUGH PHASE-SPACE INTEGRALS

Here, we convert the summation over states in the suscep-
tibility expressions to phase-space integrals. Given a 2DEG
area Aspgg, the following replacement can be used for any
summation over generic initial wave vectors k:

2AzDEG
= o /dk /dky, (B1)

k

where the factor of 2 in the numerator is inserted to account
for two spin states per spatial state. The main challenge is to
determine the boundaries of integration for k, and k. The key

J

Viy_ Vieg\’
(@p, + oo F@py ) — I752) (0 — 0, — i5)

(

requirement is an occupied initial state paired with an unoccu-
pied final state. To this end, Fig. 19(a) depicts the initial and
final states in phase space. As explained in the caption, the
possible final states for a single excitation from the ground
state is represented by the area enclosed by the red (right)
circle, minus the shaded (overlapping) area. To represent the
zone of forbidden initial states, the shaded zone representing
the forbidden final states can be shifted leftward by ¢ to cover
the corresponding part of the blue (left) circle. The resulting
range of valid initial states is depicted in Fig. 19(b). The states
in the purple region (Zone 1) are forbidden from serving as
initial states, while the rest of the states within the circle
(green region) are allowed to act as initial states. We separate
the range of allowed states into Zone 2 (left of dotted line)
and Zone 3 (right of dotted line) to streamline the process of
establishing the integral boundaries. In Zone 2, k, ranges from
—q/2 to kr — g. For each given k, in this range, the span of k,
is determined as follows:

2(\/k1% — k2 —\/k,% — (g +ke)?). (B2)

In Zone 3, k, ranges from kr — g to k. The corresponding
span of k, for each value of k, is the following:

2,/k2 — k2. (B3)

Consequently, the conversion of the summation over k into
integral form, laid out generically in Eq. (B1), takes the fol-
lowing concrete form:

k k
3= 2(‘23;35 (/ a2 e -k — ik — g+ ko) + / ki —k§>
k q/2 kr—q

_ Awec [ [ .
_F</q/2dk2,/k iy f

kr—q
2Jk2 = (g + kx)2). (B4)
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FIG. 19. (a) Phase-space diagram of valid states for absorption of a phonon with wave vector £ by an electron. The blue (left) circle
is the Fermi circle, which in the ground state is completely filled. The red (right) circle is the Fermi circle shifted in the K, direction by
g, with the enclosed area representing potential destinations for the excited electrons. However, the shaded (overlapping) area represents
states that are banned from serving as final states, since they are already occupied. Consequently, the range of possible destination states are
represented by the area within the red (right) circle, less the shaded (overlapping) area; (b) phase-space diagram of the range of possible initial
states. The purple region (Zone 1) represents the forbidden initial states, while the green region (Zones 2 and 3) represents the allowed initial
states.

We will evaluate this integral both numerically and analytically (in the high-mobility and low-mobility limits) to determine the
susceptibility results.

We start by examining the third-order Kerr suscepbility Xl((3e)rr by applying Eq. (27) to the specific case of degenerate four wave
mixing. The x® susceptibility for this process features the input frequency triplet (w, w, —w;) (where w and w; are positive
frequencies), yielding the following expression:

xP(w, 0, —or)

q vy !
T WeVapeg @01 2w — o)) Py <(a)kx+2qql,kx — Qw — o) — i5) (01294, — 20 — i5) (O 194, — 0 — i)

) 1

| | e ——
. 1

(0h—qk, + @ + %) (0,294, + 20 + i%) (W =gy, + @1 — %)

1

o T Do 73 D e T G 71D >

where we have defined ¢ = w/v; and q; = w; /vy, and the factor of 2 has been added in front to account for the permutations of
. We convert the summation over k, and k, into integrals using the procedure from Eq. (B4). Note that the integral boundaries
for all terms can be aligned if we flip the signs of all wave-vector arguments for the frequency shift terms wy, x,, which is valid

since the energy spectrum and occupation probabilities are symmetric about the k, axis. Then, x® reduces to the following
form:

4 4
qe vS

2B egtapeg @?w1 (20 — wy)

ke kr—q
x( | ki -k —on - [ dkxzw/k%—(q+kx>2f,§>(w,w,—w1)>, (B6)

q/2 —q/2

xP(w, 0, —w)) =
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where f,S)(w, w, —w1) is approximately the following:

1
(3)
(w, 0, —w1) = - - -

CTTT Ok, — @2 = 15) (k4208 — 20— 15) (kg — @ — %)

n 1

(a)kﬂquvkx —wr t i%)(wk,chZq,kx — 20— i%)(a)kﬂqukx —w- l%)
1
+

+

(@t T @ +i5) (@ 120k, + 20+ i5) (@k4g .k, + 01 — iF)

1

(@k gk + @ +i5) (@208 + 20 + %) (@k gk, + @2 + %)

B7)

The third-order Kerr susceptibility equals the degenerate four-wave-mixing susceptibility in the limit w; — .

Next, we examine the second-order susceptibility, focusing first on the case of sum-frequency generation encapsulated by
xP(w;, ws), where two phonons of frequency w; and w, are absorbed and a phonon of frequency 2w = w; + w; is emitted.
Applying Eq. (27) again, we obtain the following expression for the second-order susceptibility:

3 3
q. Uy

1

x (w1, @) =

ky ((wkx‘FQI"rqg,kX - ((1)1 + a)Z) —

2 €0Vapeg @102(w1 + @) P i) (0t — @1 — i%)
1
+ —
(Oktgr 4k — (@1 + @) = i5) (@ 1g0k, — @2 — i)
N 1
(wkx—éh—qz,kx + (01 + w2) + i%)(wkx—qz,kx + w + l%)
1
+ : — . (B8)
(“)qulfqz,kx + (@01 + @)+ l%)(a)qul,kx +w; + l%))

where g; = w; /vy and g, = w,/v,. Converting the summation over wave vectors to integrals using the same procedure and
symmetry arguments as in the x @ calculation, we find that x ® reduces to the following form:

3 3
Qe US

27‘[275260[21)5(‘, wiwy (w1 + w2)

xP (w1, ) =

kg kr—q
x / dk2,\/K2 — 2P (w1, @n) — / dk2\/k2 — (g + k) 2 (01, @) | (B9)
-q/2 ’ -4/2 :
where fk(f)(a)l, wy) is approximately the following:
1 1
[P @ o)~ ( : A : :
b (W 20k = 20 = i5) (@ktgik, — @1 = i5) (s — 20 = i5) (O rqub, — 02 = i5)

1

+

The susceptibility governing the second-harmonic generation
process equals the above susceptibility for the general sum-
frequency generation in the limit w; = w;.

Finally, we use Eq. (27) once more to briefly derive the
linear susceptibility x"(w) corresponding to the absorption
and emission of a phonon of frequency w:

)
1 s
h60V2DEG w Okytgk, — O — 15

1
+ ) BIl
Wk, —q.k, + @ + l%) (B

(@kr2g.k, +20 + %) (@ tgok, + @2 +i5)

1
+ , — |- (BlO)
(0, 42,6, + 20 + i5) (@, 44, 4, + @1 + l%))

(

where ¢ = w/v;. Converting to an integral form over phase
space in a manner analogous to the x® and x® calculations,
we find the following x (:

2 kg
_ 9 Y / k2 i —
272 heotpeG w* \ J_yp

kp—
- f qdkxzw/k% - <q+kx)2fk§”(w)>, (B12)

—q/2

x V(@) = K2 (@)

where £ (o) is defined as follows:

1

Wi, +q,k, +o+ i%

FP () =

- (B13)
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FIG. 20. Depiction of induced electric field in the 2DEG due to
charge polarization effectively giving rise to two plates of charge
density +P separated along the x axis by the dipole length in the
material, which we label as /.

APPENDIX C: RELATING 2DEG POLARIZATION
TO INDUCED ELECTRIC FIELD

Here, we seek to derive the relationship between the in-
ternal electric field induced by the polarization in the 2DEG
versus the polarization itself. The key difference between a
bulk material and a thin-film 2DEG is that the charges con-
tributing to the polarization in the latter must be modeled as
finite rather than infinite distributions, as we will show.

We start with the definition of polarization: the number of
dipole moments per unit volume multiplied by the amplitude
of each moment. For now, we will express the size of each mo-
ment as /. Then, if we take a volumetric segment of the 2DEG
with an x-axis length of /, the number of dipole moments in
that segment becomes the following (see Fig. 20):

PlLyLZ _ PLytzDEG

The charge density per unit of cross-sectional area is thus
solved as follows:

N, segment

(C2)

Osegment = (e LytzDEG
If we consider the dipoles in the 2DEG as a uniformly dis-
tributed cloud, then the induced electric field comes from
two oppositely charged plates, with area charge densities
+05egment = P, separated by a distance /. For the case of a
bulk material, the length of a plate along each cross-sectional
axis far exceeds the dipole length /. Consequently, the electric
field is equivalent to that between two infinite-area plates
of charge density £P, i.e., Ei,q = —P/€o. However, for the
case of a thin-film material with thickness t,pgg, the aver-
age electric field between the plates is sharply attenuated if
tpec & [. We express this attenuation by defining a factor a,
such that the average induced field becomes (Ei,q) = —aP/€.
This yields the following relationship between the external
field Ecy, overall field E, and polarization P:

€0Eex = €0(E — (Eina)) = €oE + aP. (C3)

Note that if k = 1, then the above expression reduces to the
familiar relationship for bulk materials. However, in the thin-
film limit, we need to solve for the induced electric field as a
function of polarization by considering two finite plates with
charge density =P. The setup is depicted in Fig. 20. Since
L, > 1, the plates can be considered as essentially infinite
along the y axis. However, along the z axis, each plate features
a finite width #,pgg. The field lines therefore diverge from
each plate before returning to the opposite plate, ensuring that
while the electric field between the plates is uniform along the
y axis, it varies along the z and especially x axes. To calculate
the induced electric field along the x axis at a point (x, z), we
integrate the contributions from all of the infinitesimal charges
along the two plates:

Nsegment = (Cl)
gl qe |
P Z+tpEG /2 o0 X 1 —x
Ena(x,2) = — / d7 / d ( + )
D= e e L@ Y
p  [Ethome/2 2x 2(1 — x)
=" / dz’( s o T 2 2)
4meg 2—tpEG/2 x-+z (I—x)Y+z
P / / Z+1pEG /2
=— |:2 tan ! (Z—> + 2tan”! < < )i|
47-[60 X [ —x 7'=z—tpEG/2
- 2mey X —Xx

t 2 t 2 t 2 — t 2 —
(ml (M) +tan-! <M> +tan-! <M> +tan-! <M>> (4
X

X | —

Next, we average this field over x ranging from O to / and z ranging from —t;pgg/2 to f,peg/2. Note that by symmetry, each
of the terms features the same average value. We therefore pick one term to calculate the average induced field, yielding the
following relationship between the induced field and the polarization:

—4

(Eind> =

P < _1 (tzDEG/2+Z>>
tan _—
2mey X

2P

7 €otpEG!

hpEG /2 / t 247z
/ dz/ dxtan™! (%)
—hpEG/2 0
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(C5)

where we have used the approximation #,ppg < / in the fourth line. The attenuation factor k takes the following form in terms

t [
a=25(210g +3). (C6)
2ml hHDEG

The overall field E inside the 2DEG can be solved by substituting the relationship P = €y x "E into Eq. (C3):

of the dipole length and 2DEG thickness:

€0Eex = €0 + acoxVE,

where in the last line, we have used the approximation ax " > 1.

Eexl ~ Eexl

E = 1+ax(1) ~ ax(1)7

(€7

[1] H. Raniwala, S. Krastanov, L. Hackett, M. Eichenfield, D. R.
Englund, and M. E. Trusheim, Piezoelectric nanocavity inter-
face for strong coupling between a superconducting circuit,
phonon, and spin, Phys. Rev. Appl. 19, 064051 (2023).

[2] T. Neuman, M. Eichenfield, M. E. Trusheim, L. Hackett, P.
Narang, and D. Englund, A phononic interface between a su-
perconducting quantum processor and quantum networked spin
memories, npj Quant. Inf. 7, 121 (2021).

[3] M. Eichenfield, J. Chan, R. M. Camacho, K. J. Vahala, and
O. Painter, Optomechanical crystals, Nature (London) 462, 78
(2009).

[4] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Cavity
optomechanics, Rev. Mod. Phys. 86, 1391 (2014).

[5] T. J. Kippenberg and K. J. Vahala, Cavity opto-mechanics, Opt.
Express 15, 17172 (2007).

[6] M.-A. Lemonde, N. Didier, and A. A. Clerk, Nonlinear inter-
action effects in a strongly driven optomechanical cavity, Phys.
Rev. Lett. 111, 053602 (2013).

[7] M. Metcalfe, Applications of cavity optomechanics, Appl.
Phys. Rev. 1, 031105 (2014).

[8] R. Riedinger, S. Hong, R. A. Norte, J. A. Slater, J. Shang,
A. G. Krause, V. Anant, M. Aspelmeyer, and S. Groblacher,
Non-classical correlations between single photons and phonons
from a mechanical oscillator, Nature (London) 530, 313
(2016).

[9] S. Hong, R. Riedinger, I. Marinkovic, A. Wallucks, S. G. Hofer,
R. A. Norte, M. Aspelmeyer, and S. Groblacher, Hanbury
Brown and Twiss interferometry of single phonons from an
optomechanical resonator, Science 358, 203 (2017).

[10] J. Li, S. Groblacher, S.-Y. Zhu, and G. S. Agarwal, Generation
and detection of non-Gaussian phonon-added coherent states in
optomechanical systems, Phys. Rev. A 98, 011801(R) (2018).

[11] A. Zivari, R. Stockill, N. Fiaschi, and S. Groblacher, Non-
classical mechanical states guided in a phononic waveguide,
Nat. Phys. 18, 789 (2022).

[12] N. Fiaschi, B. Hensen, A. Wallucks, R. Benevides, J. Li, T. P.
Mayer Alegre, and S. Groblacher, Optomechanical quantum
teleportation, Nat. Photon. 15, 817 (2021).

[13] D. Soh, E. Chatterjee, and M. Eichenfield, High-fidelity state
transfer between leaky quantum memories, Phys. Rev. Res. 3,
033027 (2021).

[14] L. Hackett, M. Miller, R. Beaucejour, C. M. Nordquist, J. C.
Taylor, S. Santillan, R. H. Olsson, and M. Eichenfield, Alu-
minum scandium nitride films for piezoelectric transduction
into silicon at gigahertz frequencies, Appl. Phys. Lett. 123,
073502 (2023).

[15] A. H. Safavi-Naeini and O. Painter, Proposal for an optome-
chanical traveling wave phonon-photon translator, New J. Phys.
13, 013017 (2011).

[16] F. Massel, T. T. Heikkild, J.-M. Pirkkalainen, S. U. Cho, H.
Saloniemi, P. J. Hakonen, and M. A. Sillanpid, Microwave am-
plification with nanomechanical resonators, Nature (London)
480, 351 (2011).

[17] M. Wu, E. Zeuthen, K. C. Balram, and K. Srinivasan,
Microwave-to-optical transduction using a mechanical super-
mode for coupling piezoelectric and optomechanical resonators,
Phys. Rev. Appl. 13, 014027 (2020).

[18] G. Arnold, M. Wulf, S. Barzanjeh, E. S. Redchenko, A. Rueda,
W. J. Hease, F. Hassani, and J. M. Fink, Converting microwave
and telecom photons with a silicon photonic nanomechanical
interface, Nat. Commun. 11, 4460 (2020).

[19] J. D. Teufel, J. W. Harlow, C. A. Regal, and K. W. Lehnert, Dy-
namical backaction of microwave fields on a nanomechanical
oscillator, Phys. Rev. Lett. 101, 197203 (2008).

023288-30


https://doi.org/10.1103/PhysRevApplied.19.064051
https://doi.org/10.1038/s41534-021-00457-4
https://doi.org/10.1038/nature08524
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1364/OE.15.017172
https://doi.org/10.1103/PhysRevLett.111.053602
https://doi.org/10.1063/1.4896029
https://doi.org/10.1038/nature16536
https://doi.org/10.1126/science.aan7939
https://doi.org/10.1103/PhysRevA.98.011801
https://doi.org/10.1038/s41567-022-01612-0
https://doi.org/10.1038/s41566-021-00866-z
https://doi.org/10.1103/PhysRevResearch.3.033027
https://doi.org/10.1063/5.0151434
https://doi.org/10.1088/1367-2630/13/1/013017
https://doi.org/10.1038/nature10628
https://doi.org/10.1103/PhysRevApplied.13.014027
https://doi.org/10.1038/s41467-020-18269-z
https://doi.org/10.1103/PhysRevLett.101.197203

AB INITIO CALCULATIONS OF NONLINEAR ...

PHYSICAL REVIEW RESEARCH 6, 023288 (2024)

[20] A. H. Safavi-Naeini, D. Van Thourhout, R. Baets, and R. Van
Laer, Controlling phonons and photons at the wavelength scale:
Integrated photonics meets integrated phononics, Optica 6, 213
(2019).

[21] C. Chamberland, K. Noh, P. Arrangoiz-Arriola, E. T. Campbell,
C. T. Hann, J. Iverson, H. Putterman, T. C. Bohdanowicz, S. T.
Flammia, A. Keller, G. Refael, J. Preskill, L. Jiang, A. H.
Safavi-Naeini, O. Painter, and F. G. S. L. Brand3o, Building a
fault-tolerant quantum computer using concatenated cat codes,
PRX Quant. 3, 010329 (2022).

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

[23] P. Arrangoiz-Arriola, E. A. Wollack, M. Pechal, J. D. Witmer,
J. T. Hill, and A. H. Safavi-Naeini, Coupling a superconducting
quantum circuit to a phononic crystal defect cavity, Phys. Rev.
X 8,031007 (2018).

[24] S. Barzanjeh, A. Xuereb, S. Groblacher, M. Paternostro, C. A.
Regal, and E. M. Weig, Optomechanics for quantum technolo-
gies, Nat. Phys. 18, 15 (2022).

[25] J. J. Viennot, X. Ma, and K. W. Lehnert, Phonon-number-
sensitive electromechanics, Phys. Rev. Lett. 121, 183601
(2018).

[26] K. J. Satzinger, Y. P. Zhong, H.-S. Chang, G. A. Peairs, A.
Bienfait, M.-H. Chou, A. Y. Cleland, C. R. Conner, E. Dumur,
J. Grebel, 1. Gutierrez, B. H. November, R. G. Povey, S. J.
Whiteley, D. D. Awschalom, D. I. Schuster, and A. N. Cleland,
Quantum control of surface acoustic-wave phonons, Nature
(London) 563, 661 (2018).

[27] J. C. Taylor, E. Chatterjee, W. F. Kindel, D. Soh, and M.
Eichenfield, Reconfigurable quantum phononic circuits via
piezo-acoustomechanical interactions, npj Quant. Inf. 8, 19
(2022).

[28] S. V. Kilina, D. S. Kilin, V. V. Prezhdo, and O. V. Prezhdo,
Theoretical study of electron-phonon relaxation in PbSe and
CdSe quantum dots: Evidence for phonon memory, J. Phys.
Chem. C 115, 21641 (2011).

[29] C. T. Hann, C.-L. Zou, Y. Zhang, Y. Chu, R. J. Schoelkopf,
S. M. Girvin, and L. Jiang, Hardware-efficient quantum random
access memory with hybrid quantum acoustic systems, Phys.
Rev. Lett. 123, 250501 (2019).

[30] A. Wallucks, 1. Marinkovi¢, B. Hensen, R. Stockill, and S.
Groblacher, A quantum memory at telecom wavelengths, Nat.
Phys. 16, 772 (2020).

[31] J. Chan, T. P. Mayer Alegre, A. H. Safavi-Naeini, J. T. Hill, A.
Krause, S. Groblacher, M. Aspelmeyer, and O. Painter, Laser
cooling of a nanomechanical oscillator into its quantum ground
state, Nature (London) 478, 89 (2011).

[32] J. Bochmann, A. Vainsencher, D. D. Awschalom, and A. N.
Cleland, Nanomechanical coupling between microwave and op-
tical photons, Nat. Phys. 9, 712 (2013).

[33] M. Mirhosseini, A. Sipahigil, M. Kalaee, and O. Painter, Su-
perconducting qubit to optical photon transduction, Nature
(London) 588, 599 (2020).

[34] M. Forsch, R. Stockill, A. Wallucks, I. Marinkovi¢, C. Gértner,
R. A. Norte, F. van Otten, A. Fiore, K. Srinivasan, and S.
Groblacher, Microwave-to-optics conversion using a mechan-
ical oscillator in its quantum ground state, Nat. Phys. 16, 69
(2020).

[35] W. Jiang, C. J. Sarabalis, Y. D. Dahmani, R. N. Patel, E. M.
Mayor, T. P. McKenna, R. Van Laer, and A. H. Safavi-Naeini,
Efficient bidirectional piezo-optomechanical transduction be-
tween microwave and optical frequency, Nat. Commun. 11,
1166 (2020).

[36] K. C. Balram and K. Srinivasan, Piezoelectric optomechanical
approaches for efficient quantum microwave-to-optical signal
transduction: The need for co-design, Adv. Quant. Technol. 5,
2100095 (2022).

[37] K. V. Kepesidis, S. D. Bennett, S. Portolan, M. D. Lukin, and P.
Rabl, Phonon cooling and lasing with nitrogen-vacancy centers
in diamond, Phys. Rev. B 88, 064105 (2013).

[38] A. Albrecht, A. Retzker, F. Jelezko, and M. B. Plenio, Cou-
pling of nitrogen vacancy centres in nanodiamonds by means of
phonons, New J. Phys. 15, 083014 (2013).

[39] R. Albrecht, A. Bommer, C. Deutsch, J. Reichel, and C. Becher,
Coupling of a single nitrogen-vacancy center in diamond to a
fiber-based microcavity, Phys. Rev. Lett. 110, 243602 (2013).

[40] S. D. Bennett, N. Y. Yao, J. Otterbach, P. Zoller, P. Rabl, and
M. D. Lukin, Phonon-induced spin-spin interactions in diamond
nanostructures: Application to spin squeezing, Phys. Rev. Lett.
110, 156402 (2013).

[41] J. Teissier, A. Barfuss, P. Appel, E. Neu, and P. Maletinsky,
Strain coupling of a nitrogen-vacancy center spin to a diamond
mechanical oscillator, Phys. Rev. Lett. 113, 020503 (2014).

[42] M. L. Goldman, A. Sipahigil, M. W. Doherty, N. Y. Yao,
S. D. Bennett, M. Markham, D. J. Twitchen, N. B. Manson,
A. Kubanek, and M. D. Lukin, Phonon-induced population
dynamics and intersystem crossing in nitrogen-vacancy centers,
Phys. Rev. Lett. 114, 145502 (2015).

[43] S. Meesala, Y.-I. Sohn, H. A. Atikian, S. Kim, M. J. Burek, J. T.
Choy, and M. Loncar, Enhanced strain coupling of nitrogen-
vacancy spins to nanoscale diamond cantilevers, Phys. Rev.
Appl. 5, 034010 (2016).

[44] P-B. Li, Z.-L. Xiang, P. Rabl, and F. Nori, Hybrid quantum
device with nitrogen-vacancy centers in diamond coupled to
carbon nanotubes, Phys. Rev. Lett. 117, 015502 (2016).

[45] T. Oeckinghaus, S. A. Momenzadeh, P. Scheiger, T.
Shalomayeva, A. Finkler, D. Dasari, R. Stohr, and J. Wrachtrup,
Spin-phonon interfaces in coupled nanomechanical cantilevers,
Nano Lett. 20, 463 (2020).

[46] A. Liu and S. T. Cundiff, Spectroscopic signatures of electron-
phonon coupling in silicon-vacancy centers in diamond, Phys.
Rev. Mater. 4, 055202 (2020).

[47] L. Hackett, M. Koppa, B. Smith, M. Miller, S. Santillan, S.
Weatherred, S. Arterburn, T. A. Friedmann, N. Otterstrom, and
M. Eichenfield, Giant electron-mediated phononic nonlinear-
ity in semiconductor-piezoelectric heterostructures, Nat. Mater.
(2024), doi:https://doi.org/10.1038/s41563-024-01882-4.

[48] E. M. Conwell and A. K. Ganguly, Mixing of acoustic waves in
piezoelectric semiconductors, Phys. Rev. B 4, 2535 (1971).

[49] C.-C. Wu and H. N. Spector, Ultrasonic harmonic genera-
tion in piezoelectric semiconductors, J. Appl. Phys. 43, 2937
(1972).

[50] G. Johri and H. N. Spector, Boltzmann-equation approach to
nonlinear acoustoelectric interactions in piezoelectric semicon-
ductors, Phys. Rev. B 12, 3215 (1975).

[51] L. Pfeiffer, K. W. West, H. L. Stormer, and K. W. Baldwin,
Electron mobilities exceeding 107 cm2/Vs in modulation-
doped GaAs, Appl. Phys. Lett. 55, 1888 (1989).

023288-31


https://doi.org/10.1364/OPTICA.6.000213
https://doi.org/10.1103/PRXQuantum.3.010329
https://doi.org/10.1126/science.abc7312
https://doi.org/10.1103/PhysRevX.8.031007
https://doi.org/10.1038/s41567-021-01402-0
https://doi.org/10.1103/PhysRevLett.121.183601
https://doi.org/10.1038/s41586-018-0719-5
https://doi.org/10.1038/s41534-022-00526-2
https://doi.org/10.1021/jp206594e
https://doi.org/10.1103/PhysRevLett.123.250501
https://doi.org/10.1038/s41567-020-0891-z
https://doi.org/10.1038/nature10461
https://doi.org/10.1038/nphys2748
https://doi.org/10.1038/s41586-020-3038-6
https://doi.org/10.1038/s41567-019-0673-7
https://doi.org/10.1038/s41467-020-14863-3
https://doi.org/10.1002/qute.202100095
https://doi.org/10.1103/PhysRevB.88.064105
https://doi.org/10.1088/1367-2630/15/8/083014
https://doi.org/10.1103/PhysRevLett.110.243602
https://doi.org/10.1103/PhysRevLett.110.156402
https://doi.org/10.1103/PhysRevLett.113.020503
https://doi.org/10.1103/PhysRevLett.114.145502
https://doi.org/10.1103/PhysRevApplied.5.034010
https://doi.org/10.1103/PhysRevLett.117.015502
https://doi.org/10.1021/acs.nanolett.9b04198
https://doi.org/10.1103/PhysRevMaterials.4.055202
https://doi.org/10.1038/s41563-024-01882-4
https://doi.org/10.1038/s41563-024-01882-4
https://doi.org/10.1103/PhysRevB.4.2535
https://doi.org/10.1063/1.1661635
https://doi.org/10.1103/PhysRevB.12.3215
https://doi.org/10.1063/1.102162

CHATTERIJEE, WENDT, SOH, AND EICHENFIELD

PHYSICAL REVIEW RESEARCH 6, 023288 (2024)

[52] V. Umansky, M. Heiblum, Y. Levinson, J. Smet, J. Niibler,
and M. Dolev, MBE growth of ultra-low disorder 2DEG with
mobility exceeding 35 x 10° cm?/(V - s), J. Cryst. Growth 311,
1658 (2009).

[53] L. Hackett, M. Miller, F. Brimigion, D. Dominguez, G. Peake,
A. Tauke-Pedretti, S. Arterburn, T. A. Friedmann, and M.
Eichenfield, Towards single-chip radiofrequency signal pro-
cessing via acoustoelectric electron-phonon interactions, Nat.
Commun. 12, 2769 (2021).

[54] L. Hackett, M. Miller, S. Weatherred, S. Arterburn, M. J. Storey,
G. Peake, D. Dominguez, P. S. Finnegan, T. A. Friedmann,
and M. Eichenfield, Non-reciprocal acoustoelectric microwave
amplifiers with net gain and low noise in continuous operation,
Nat. Electron. 6, 76 (2023).

[55] L. Hackett, X. Du, M. Miller, B. Smith, S. Santillan, J.
Montoya, R. Reyna, S. Arterburn, S. Weatherrend, T. A.
Friedmann, R. H. Olsson III, and M. Eichenfield, S-band
acoustoelectric amplifier in an InGaAs-AlScN-SiC architecture,
Appl. Phys. Lett. 124, 113503 (2024).

[56] M. . Storey, L. Hackett, S. DiGregorio, M. Miller, G. Peake, M.
Eichenfield, and D. Weinstein, Acoustoelectric surface acous-
tic wave switch in an epitaxial Ingaas on lithium niobate
heterostructure, in Proceedings of the 21st International Con-
ference on Solid-state Sensors, Actuators and Microsystems
(Transducers) (IEEE, Orlando, FL, 2021), pp. 545-548.

[57] N. T. Otterstrom, M. J. Storey, R. O. Behunin, L. Hackett,
P. T. Rakich, and M. Eichenfield, Modulation of Brillouin op-
tomechanical interactions via acoustoelectric phonon-electron
coupling, Phys. Rev. Appl. 19, 014059 (2023).

[58] M. Rotter, A. Wixforth, W. Ruile, D. Bernklau, and H. Riechert,
Giant acoustoelectric effect in GaAs/LiNbO3 hybrids, Appl.
Phys. Lett. 73, 2128 (1998).

[59] E. D. S. Nysten, A. Rastelli, and H. J. Krenner, A hybrid
(AD)GaAs-LiNbO3 surface acoustic wave resonator for cavity
quantum dot optomechanics, Appl. Phys. Lett. 117, 121106
(2020).

[60] L. Shao, S. Maity, L. Zheng, L. Wu, A. Shams-Ansari, Y.-I.
Sohn, E. Puma, M. N. Gadalla, M. Zhang, C. Wang, E. Hu, K.
Lai, and M. Loncar, Phononic band structure engineering for
high-Q gigahertz surface acoustic wave resonators on lithium
niobate, Phys. Rev. Appl. 12, 014022 (2019).

[61] A. Siddiqui, R. H. Olsson, and M. FEichenfield, Lamb wave
focusing transducer for efficient coupling to wavelength-scale
structures in thin piezoelectric films, J. Microelectromech. Syst.
27, 1054 (2018).

[62] Q. Liu, H. Li, and M. Li, Electromechanical Brillouin scattering
in integrated optomechanical waveguides, Optica 6, 778 (2019).

[63] M. Eichenfield and R. H. Olsson, Design, fabrication, and
measurement of RF IDTs for efficient coupling to wavelength-
scale structures in thin piezoelectric films, in Proceedings of
the IEEE International Ultrasonics Symposium (IUS) (IEEE,
Prague, Czech Republic, 2013), pp. 753-756.

[64] X. Zhang and Z. Liu, Negative refraction of acoustic waves in
two-dimensional phononic crystals, Appl. Phys. Lett. 85, 341
(2004).

[65] J. H. Page, Focusing of ultrasonic waves by negative refraction
in phononic crystals, AIP Adv. 6, 121606 (2016).

[66] T.-T. Wu, Y.-T. Chen, J.-H. Sun, S.-C. S. Lin, and T. J.
Huang, Focusing of the lowest antisymmetric lamb wave in a

gradient-index phononic crystal plate, Appl. Phys. Lett. 98,
171911 (2011).

[67] M. J. A. Schuetz, E. M. Kessler, G. Giedke, L. M. K.
Vandersypen, M. D. Lukin, and J. I. Cirac, Universal quantum
transducers based on surface acoustic waves, Phys. Rev. X §,
031031 (2015).

[68] Y. Todorov, Dipolar quantum electrodynamics of the two-
dimensional electron gas, Phys. Rev. B 91, 125409 (2015).

[69] R. W. Boyd, Nonlinear Optics, 3rd ed. (Elsevier, Rochester, NY,
2008).

[70] E. Chatterjee, D. Soh, and M. Eichenfield, Optimal quantum
transfer from input flying qubit to lossy quantum memory, J.
Phys. A: Math. Theor. 55, 105302 (2022).

[71] C. M. Caves, Quantum limits on noise in linear amplifiers, Phys.
Rev. D 26, 1817 (1982).

[72] B. Yurke, L. R. Corruccini, P. G. Kaminsky, L. W. Rupp,
A. D. Smith, A. H. Silver, R. W. Simon, and E. A. Whittaker,
Observation of parametric amplification and deamplification
in a Josephson parametric amplifier, Phys. Rev. A 39, 2519
(1989).

[73] D. Levandovsky, M. Vasilyev, and P. Kumar, Amplitude
squeezing of light by means of a phase-sensitive fiber paramet-
ric amplifier, Opt. Lett. 24, 984 (1999).

[74] M. A. Castellanos-Beltran, K. D. Irwin, G. C. Hilton, L. R. Vale,
and K. W. Lehnert, Amplification and squeezing of quantum
noise with a tunable Josephson metamaterial, Nat. Phys. 4, 929
(2008).

[75] M. Karlsson, Transmission systems with low noise phase-
sensitive parametric amplifiers, J. Light. Technol. 34, 1411
(2016).

[76] A. A. Clerk, M. H. Devoret, S. M. Girvin, F. Marquardt, and
R. J. Schoelkopf, Introduction to quantum noise, measurement,
and amplification, Rev. Mod. Phys. 82, 1155 (2010).

[77] B. S. Wherrett, A comparison of theories of resonant nonlinear
refraction in semiconductors, Proc. R. Soc. London A 390, 373
(1983).

[78] R. H. Lehmberg, J. Reintjes, and R. C. Eckardt, Negative non-
linear susceptibility of cesium vapor around 1.06 pm, Phys.
Rev. A 13, 1095 (1976).

[79] T. Yajima and H. Souma, Study of ultra-fast relaxation pro-
cesses by resonant Rayleigh-type optical mixing. I. Theory,
Phys. Rev. A 17, 309 (1978).

[80] I. C. Khoo and R. F. Code, Time-delayed laser scattering in a
multilevel atom with raman resonance, Opt. Commun. 32, 145
(1980).

[81] R. Panock and R. Temkin, Interaction of two laser fields with a
three-level molecular system, IEEE J. Quant. Electron. 13, 425
1977).

[82] D. L. White, Amplification of ultrasonic waves in piezoelectric
semiconductors, J. Appl. Phys. 33, 2547 (1962).

[83] K. M. Birnbaum, A. Boca, R. Miller, A. D. Boozer, T. E.
Northup, and H. J. Kimble, Photon blockade in an optical cavity
with one trapped atom, Nature (London) 436, 87 (2005).

[84] P. Rabl, Photon blockade effect in optomechanical systems,
Phys. Rev. Lett. 107, 063601 (2011).

[85] L. Shao, D. Zhu, M. Colangelo, D. Lee, N. Sinclair, Y. Hu,
P. T. Rakich, K. Lai, K. K. Berggren, and M. Loncar, Elec-
trical control of surface acoustic waves, Nat. Electron. 5, 348
(2022).

023288-32


https://doi.org/10.1016/j.jcrysgro.2008.09.151
https://doi.org/10.1038/s41467-021-22935-1
https://doi.org/10.1038/s41928-022-00908-6
https://doi.org/10.1063/5.0178912
https://doi.org/10.1103/PhysRevApplied.19.014059
https://doi.org/10.1063/1.122400
https://doi.org/10.1063/5.0022542
https://doi.org/10.1103/PhysRevApplied.12.014022
https://doi.org/10.1109/JMEMS.2018.2865855
https://doi.org/10.1364/OPTICA.6.000778
https://doi.org/10.1063/1.1772854
https://doi.org/10.1063/1.4972204
https://doi.org/10.1063/1.3583660
https://doi.org/10.1103/PhysRevX.5.031031
https://doi.org/10.1103/PhysRevB.91.125409
https://doi.org/10.1088/1751-8121/ac4fa6
https://doi.org/10.1103/PhysRevD.26.1817
https://doi.org/10.1103/PhysRevA.39.2519
https://doi.org/10.1364/OL.24.000984
https://doi.org/10.1038/nphys1090
https://doi.org/10.1109/JLT.2015.2507866
https://doi.org/10.1103/RevModPhys.82.1155
https://doi.org/10.1098/rspa.1983.0137
https://doi.org/10.1103/PhysRevA.13.1095
https://doi.org/10.1103/PhysRevA.17.309
https://doi.org/10.1016/0030-4018(80)90334-X
https://doi.org/10.1109/JQE.1977.1069354
https://doi.org/10.1063/1.1729015
https://doi.org/10.1038/nature03804
https://doi.org/10.1103/PhysRevLett.107.063601
https://doi.org/10.1038/s41928-022-00773-3

