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Acoustic-vortex generation through orbital angular momentum transfer
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We explore the phenomenon of orbital angular momentum (OAM) transfer within a high-quality single-crystal
diamond mechanical resonator containing nitrogen-vacancy (NV) centers. By employing a weak acoustic field
in conjunction with two microwave fields, we establish a three-level closed-loop system within the spin-triplet
ground states 3A of the NV center. Analytical findings illuminate the potential for OAM transfer to take place,
originating from Laguerre-Gaussian microwave fields and extending to the input acoustic field, consequently
engendering an acoustic vortex. In this context, the initial weak microwave probe field is presumed to possess
OAM content, and the transference of OAM to the input acoustic field is meticulously examined through the
mechanism of three-wave mixing under the condition of multiphoton resonance. We extend our investigation to
encompass a composite acoustic vortex, accounting for nonzero radial indices and topological charges attributed
to both microwave fields. The outcomes of this paper bear significance as they hold the promise of refining
the precision of acoustic sensors deployed in applications encompassing sonar systems, nondestructive testing,
medical procedures, medical imaging, and synchronized acoustical tweezers.
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I. INTRODUCTION

In recent years, there has been a growing acknowledgment
of the transfer of two fundamental properties of light—
spin and angular momentum—to matter, as demonstrated in
various experiments [1,2]. The transfer of orbital angular mo-
mentum (OAM) from vortex beams to matter results in the
generation of an azimuthal force at the object’s center, causing
the object to rotate in an orbit centered on the vortex core.
These vortex beams, which carry OAM, exhibit a null pressure
amplitude at the core and possess a spiral phase dislocation
[3]. A screw dislocation exhibits a phase variation around its
core represented by eilϕ , where ϕ denotes the azimuth angle,
and l corresponds to the topological charge (also known as
the azimuthal index) for various wave types, including optical
waves [4], acoustic waves [5,6], and electron waves [7]. The
screw wavefront of a vortex beam exhibits clockwise rotation
for a positive topological charge and counterclockwise rota-
tion for a negative topological charge. Several techniques have
been developed for the detection and measurement of OAM
in vortex electromagnetic beams [8,9]. The first ultrasonic
beam with a helical phase wavefront was produced in 1998 by
Hefner and Marston [3]. In recent years, significant attention
has been devoted to the study of acoustic waves with spiral
phases and OAM due to their diverse applications in various
fields. These applications include nondestructive and con-
tactless manipulation of microparticles [10,11], biomedical
applications [12,13], and enhancing the capacity of acoustic
communication [14,15].

An intriguing application of the acoustic vortex is found
in acoustic tweezers, showcasing considerable potential as
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a technological advancement for trapping and manipulat-
ing microparticles or cells. This is achieved through the
targeted implementation of a focused ultrasound beam, con-
sequently obviating the need for direct physical contact [16].
In contrast to optical tweezers, which may induce deleterious
photothermal damage through absorption-induced heating or
photochemical damage via the excitation of reactive com-
pounds like singlet oxygen, acoustic tweezers offer a more
favorable approach to maintaining cell integrity. Additionally,
acoustic tweezers demonstrate a distinct advantage in facili-
tating in vivo studies by enabling precise cell manipulation.
In the context of acoustical tweezers, it is noteworthy that,
for most particles of practical interest, objects with positive
contrast factors, such as rigid particles or cells, are typically
expelled from the focal point of a focused wave. Acoustical
vortices present an elegant solution to this challenge, offering
a mechanism to overcome such limitations and enhance the
effectiveness of acoustic tweezers [12].

Due to their significant impact, numerous methods, based
on active phase control consisting of a phased spiral source
[17–19] or passive structure with a physically spiral source
[20–24], have been proposed for the generation of acoustic
vortices [25]. These techniques offer a variety of approaches
for creating and manipulating acoustic vortices, enabling their
application in various fields. It is essential to highlight that
the use of active phased arrays is hindered by electronic
complexity and high power consumption, limiting their prac-
tical application potential. Additionally, the spatial aliasing
effect resulting from the bulky size of existing active elements
reduces the effective areas of the generated spatial patterns
and compromises the quality of the acoustic vortex, leading
to decreased manipulation efficiency [26]. Analog apertures
are also unsuitable due to their complexity, high cost, and the
need for separate apertures to generate diverse acoustic-vortex
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modes. Therefore, it becomes highly intriguing and important
to explore alternative and effective methods for the genera-
tion of acoustic vortices. Finding such methods could unlock
new possibilities and applications for acoustic-vortex-based
technologies. Nonlinear processes offer a highly efficient
means for generating acoustic vortices across different fre-
quencies, presenting a contrast to conventional approaches.
Numerous theoretical contributions have been reported, aimed
at describing the OAM exchange between electromagnetic
fields [27–36]. These studies explore the potential transfer of
OAM between different light frequencies. Notably, Juzeliūnas
et al. [33,34] investigated the exchange of OAM modes using
four- and five-level quantum systems. Furthermore, several
other works have focused on the transfer of optical vortices,
including those involving four-level electromagnetically in-
duced transparency [27], coherent population trapping [28],
and phaseonium media [29]. Recent research has demon-
strated the exchange of optical vortices between different
frequencies by leveraging interdot tunneling [37]. Moreover,
the interaction of optical vortices with a crystal of four-level
molecular magnets has been studied, revealing the occurrence
of OAM transfer between different frequencies via the four-
wave mixing mechanism in the microwave region [38]. These
investigations collectively pave the way for new possibilities
in the efficient generation and manipulation of acoustic vor-
tices. It is noteworthy that considerable research has been
conducted on vortex microwave and radio beams. However,
the investigation into acoustic vortices has experienced a
notable surge, particularly following the publication of two
comprehensive review papers by Thomas et al. in 2017 [39]
and Baudoin and Thomas in 2020 [40]. However, there is a
notable gap in our understanding of acoustic-vortex genera-
tion and manipulation, making it an intriguing and promising
area for future research.

Inspired by recent research, our paper focuses on the trans-
fer of OAM in a high-Q single-crystal diamond mechanical
resonator (DMR) embedded with nitrogen-vacancy (NV) cen-
ters from the microwave to the acoustic wave. The NV center
in a diamond crystal consists of a nitrogen atom adjacent to a
carbon vacancy in various orientations relative to N, making
it a solid-state point defect. Due to its long electronic spin co-
herence time at room temperature [41,42], the NV center has
found extensive applications in solid-state quantum physics
experiments, quantum information processing [43,44], and
magnetometry [45,46].

In the ground state, the NV center has a total spin angular
momentum of S = 1, resulting in a spin-triplet ground state
with different eigenvalues of Sz: ms = 0,+1,−1. The corre-
sponding states with ms = 0 and ±1 experience a zero-field
splitting of approximately 2.87 GHz [47]. The application
of an external magnetic field lifts the degeneracy and splits
the states |±1〉, allowing for the study of the NV center’s
quantum dynamics in the spin-triplet ground state. However,
the coupling between the degenerate levels |+1〉 and |−1〉 is
restricted. To overcome this limitation, we utilize the strain-
mediated coupling mechanism in the DMR. The DMR is
a diamond cantilever embedded with NV centers, enabling
coupling between the energy levels of the NV center’s ground
state through the microwave and strain fields. The strain field
is generated by lattice vibrations and transmitted into the

DMR via a thin piezoelectric film grown on the surface of
the diamond layer [47,48]. In other words, the electric strain
induced can be effectively controlled by an external voltage.

With the notable optical capabilities of the diamond NV
centers, numerous studies have explored coherent interac-
tions between light and the NV centers, revealing intriguing
optical phenomena. These studies include entanglement be-
tween photons and spins [49], entanglement among single
spins [50], coherent population trapping [51], electromag-
netically induced transparency [52], magneto-optical rotation
[53], four-wave mixing [54], optical bistability [55], and
magneto-optic dual switching [56]. Additionally, electromag-
netically induced acoustic wave transparency (EIAT) [57] and
phase control of EIAT [58] have been reported in high-Q
single-crystal diamond nanomechanical resonators embedded
with NV centers.

Based on the above-mentioned studies and the remarkable
optical capabilities of diamond NV centers, our paper focuses
on a sample of a diamond NV center interacting with a vor-
tex beam. We investigate the exchange of optical vortices in
a three-level closed-loop system of the NV center’s ground
state in the DMR, in the presence of a strain field and two
microwave fields. Our findings reveal that a single probe beam
carrying an OAM, initially shined on one transition of the spin
states of the ground-state triplet of the NV center, creates an
acoustic vortex with the same azimuthal and radial indices
as that of the incident beam. It is noteworthy that the energy
difference associated with the strain field transition in the NV
center can be regulated by the static magnetic field. Con-
sequently, the proposed technique can cover the generation
of the acoustic vortices from a few kHz to the hypersonic
GHz band. Moreover, we demonstrate that interference of
two initially nonzero vortices generates a pattern of complex
beams with peripheral vortices propagating inside a sample
of a diamond NV center in the DMR. This paper provides
valuable insights into the manipulation of optical vortices and
acoustic vortices in a solid-state system, offering potential
applications in quantum and optical technologies.

II. THEORETICAL FRAMEWORK

Consider the configuration of a closed-loop three-level
system involving spin-triplet ground states (3A) within the
NV center. This arrangement is depicted in Fig. 1. Among
the levels, the state |ms = 0〉 displays distinct characteristics
due to spin-spin interactions, setting it apart from the other
two states, |ms = ±1〉. When a static magnetic field surpasses
102 mT, the state |ms = −1〉 shifts below |ms = 0〉 due to this
interaction effect, as reported by Jin et al. [59].

In this setup, the system is subjected to a microwave field
with a Rabi frequency denoted as �c = �μ23 · �Ec/h̄, driving the
transition between states |2〉 and |3〉. Simultaneously, another
transition between states |1〉 and |2〉 is induced by a weak
microwave field exhibiting Laguerre-Gaussian (LG) charac-
teristics. The Rabi frequency for this latter field is represented
as �pr = �μ12 · �Epr/h̄. Additionally, the typically forbidden
transition |1〉 ↔ |3〉 can be coherently excited by an acoustic
field with a Rabi frequency λ = �μ13 · �Ea/h̄, which can be
generated using a thin piezoelectric device, as discussed by
Ovartchaiyapong et al. [60]. Here, Ec, Epr, and Ea show the
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FIG. 1. (a) Schematic representation of the three-level closed-
loop system within the ground-state configuration of the NV center.
The transition |1〉 ↔ |3〉 is excited by an acoustic wave field charac-
terized by the Rabi frequency λ. Additionally, the transitions |1〉 ↔
|2〉 and |2〉 ↔ |3〉 are excited by two separate microwave fields
possessing Rabi frequencies denoted as �pr and �c, respectively.
(b) The diagram illustrates the proposed experimental setup, where
the electro-optical modulator, quarter-wave plate, neutral-density fil-
ter, and mirrors are represented by the abbreviations EOM, QWP,
ND, and M, respectively.

amplitude of the coupling, probe, and acoustic fields, respec-
tively. Moreover, �μ12, �μ23, and �μ13 are the electric dipole
moments of the corresponding transitions.

The expression for the LG field in cylindrical coordinates
is given by
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Here, E0, wLG, n, ω, c, z, l , and p represent the strength,
beam waist, refractive index of the medium, light frequency,
velocity of light in vacuum, propagation direction of light, and

azimuthal (OAM) and radial indices of the LG modes, respec-
tively. Additionally, zR = nωw2

LG/2c stands for the Rayleigh
range. The associated Laguerre polynomial, denoted as L|l|

p , is
expressed in the following form:
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p (x) = exx−|l|
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d p

dxp
[x|l|+pe−x], (2)

where x = 2r2/w2
LG determines the radial dependence of the

LG beams for different radial mode numbers.
The diagram depicting the proposed experimental configu-

ration is illustrated in Fig. 1(b). A microwave source serves as
the source for generating two microwave fields, one with left
polarization (Ec) and the other with right polarization (Epr).
The microwave beam traverses a polarized beam splitter,
dividing the light into reflected S-polarized and transmitted P-
polarized beams. Subsequently, each beam undergoes passage
through a quarter-wavelength plate to establish left and right
circular polarized microwave fields before being directed to-
wards a diamond NV center. For manipulating the detunings,
an electro-optical modulator can be employed. The intensity
of each beam is adjustable via a neutral-density filter. External
magnetic fields are applied to the diamond NV centers through
the utilization of Helmholtz coils. The diamond NV center is
poised to convert acoustic waves into an acoustic vortex, in
the presence of the microwave and magnetic fields by means
of OAM transfer.

Using the Liouville equation and multiphoton resonance
condition, we derive the density matrix equation of motion
for the three-level closed-loop system as follows:

ρ̇22 = �31ρ33 − �21ρ22 − γ2dρ22

+ i�prρ12 + i�∗
ce−iφρ32 − i�∗

prρ21 − i�ceiφρ23,

ρ̇33 = −γ3dρ33 − (�32 + �31)ρ33

+ iλρ13 + i�ce−iφρ23 − iλ∗ρ31 − i�∗
cρ32,

ρ̇12 =
[

− iδpr − �21 + γ2d

2

]
ρ12

+ i�∗
prρ22 + iλ∗ρ32 − i�∗

prρ11 − i�ceiφρ13,

ρ̇13 =
[

− iδλ − (�32 + �31) + γ3d

2

]
ρ13

+ iλ∗(ρ33 − ρ11) + i�∗
prρ23 − i�∗

ce−iφρ12,

ρ̇23 =
[

− iδc − �21 + γ2d

2
− (�32 + �31) + γ3d

2

]
ρ23

+ i�prρ13 + i�∗
ce−iφ (ρ33 − ρ22) − iλ∗ρ21,

ρ̇11 = −(ρ̇22 + ρ̇33). (3)

Here, �i j is the spontaneous emission from |i〉 to | j〉 and
γ3d (γ2d ) is the dephasing rate of the state |3〉(|3〉). The
steady-state analytical expressions for the coherence terms,
ρ21 and ρ31 by solving Eq. (3) for �32 = �31 = γ3d = γ1

and �21 = γ2d = γ2, under exact resonance condition δc =
δpr = δλ = 0, and in weak probe field approximation, can be
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written as

ρ21 = (3iγ1�pr − 2λ�c)

2|�c|2 + 3γ1γ2
,

ρ31 = 2(iγ2λ − �c�pr )

2|�c|2 + 3γ1γ2
. (4)

To further analyze the system’s behavior, we consider the
Maxwell wave equations under the slowly varying envelope
approximation, as given by

∂�pr (z)

∂z
= i

α�21

2L
ρ21,

∂λ(z)

∂z
= i

α�31

2L
ρ31. (5)

The parameter L signifies the length of the atomic medium,
and α quantifies the optical depth for both fields. By in-
corporating the expressions for coherence terms ρ21 and ρ31

[Eq. (4)] into the wave equations [Eq. (5)], and assuming,
λ(z = 0) = λ(r, ϕ) and �pr (z = 0) = �pr (r, ϕ), we derive an
expression for the Rabi frequency of the acoustic wave field,
as shown in

λ(r, ϕ, z) = λ(r, ϕ)[i(2γ2�31 − 3γ1�21)(eA+ − eA− )

2D
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where A+, A−, D, and �pr (r, ϕ) are given as follows:
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Equation (6) takes into account direct medium response as
well as the scattering of the microwave probe field into the
acoustic field via |1〉 → |2〉 → |3〉 three-photon transition
[62]. The latter process contributes significantly to the transfer
of OAM to the acoustic field.

III. RESULTS AND DISCUSSIONS

The central objective of this research paper is to in-
duce the creation of an acoustic vortex by harnessing OAM
transfer from a relatively low-intensity microwave field in a
high-quality single-crystal DMR containing NV centers. As
indicated by Eq. (6), our anticipation is that the OAM inherent
in the microwave field can be conveyed to the associated
acoustic field, primarily facilitated by the second term within
the equation. This implies that the acoustic field obtains a
vortexlike pattern if the initial microwave field possesses a
vortex beam configuration. In the context of the NV center
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FIG. 2. The impact of the primary (dashed line) and secondary
(solid line) components of the produced acoustic vortex in accor-
dance with Eq. (6), as influenced by the coupling Rabi frequency. The
employed parameter values are as follows: �21 = 0.01γ , �31 = γ ,
�1 = γ , �2 = 0.01γ .

in diamond, it is indeed possible to couple microwave and
acoustic fields via magnetostrictive effect. The magnetostric-
tive effect refers to the change in dimensions of a material in
response to an applied magnetic field [61]. In the case of NV
centers, microwave radiation can be used to manipulate the
electronic spin states of the NV center, leading to changes in
the local magnetic field. These changes in the magnetic field,
in turn, can induce mechanical vibrations (acoustic waves)
in the diamond lattice through the magnetostrictive effect.
However, to optimize the effectiveness of OAM transfer, it
becomes imperative to minimize the impact of the first term.
We achieve this by elevating the Rabi frequency associated
with the coupling field. Through this adjustment, the promi-
nence of the first term is magnified, leading to the facilitation
of efficient OAM transfer even at relatively low values of the
coupling Rabi frequency. In situations where 2|�c|2 > 3γ1γ2
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holds true, we can reformulate Eq. (6) as follows:
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where �e = �c/2
√

�21�31. The graphical representation of
the contributions stemming from both the first and second
terms in Eq. (9) is depicted in Fig. 2(a), where they are plotted
against the Rabi frequency of the coupling field. The utilized
parameters consist of γ1 = γ , �21 = 0.01γ , �31 = γ , and
γ2 = 0.01γ . Evidently, the contribution of the second term
reaches its peak value at a specific coupling Rabi frequency,
approximately determined by

�e = c1 tan

(
zα

4L

1

�e

)
+ c2

�e
(10)

where c1 = (3γ1�21 + 2γ2�31)/4�21�31 and c2 =
3γ1γ2/4�21�31. In this context, we explore a scenario
wherein the vortex beam nature is attributed to the weak
microwave field denoted as �pr, while the acoustic field λ is
approximated as a plane wave. All the outcomes presented
in this paper are derived employing the formulation detailed
in Eq. (6). Furthermore, the energy efficiency factor (EEF),
denoted as the ratio of the square absolute value of the second
term in Eq. (9) to the summation of the square absolute values
of the applied Rabi frequencies, can be expressed as follows:
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Figure 2(b) depicts the relationship between the EEF and the
dimensionless parameter zα

4L for a probe Rabi frequency �pr =
0.03γ and varying coupling field strengths. The different
curves are related to the different values of the coupling field,
i.e., �c = 0.1γ (solid), 0.2γ (dashed), 0.3γ (dash-dotted),
and 0.5γ (dotted). The parameters employed in Fig. 2(a)
are consistent throughout. Analyzing Fig. 2(b) reveals that
a higher EEF is evident at lower intensities of the coupling
field. Nevertheless, the optimal coupling field strength can be
determined by referring to the insights provided in Fig. 2(a) to
achieve a high-quality output.

In Fig. 3, we illustrate the intensity (first row) and phase
(second row) profiles of the resulting acoustic wave field
corresponding to values of λ = 0.01γ1 [Fig. 3(a)] and
0.0001γ1 [Fig. 3(b)], with spatial dependencies on x and
y at z = L. Various winding numbers l ∈ −2,−1, . . . , 2
are considered, keeping the radial index fixed at p = 0.
The simulation parameters are set as follows: γ1 = γ ,
�21 = 0.01γ , �31 = γ , γ2 = 0.01γ , wLG = 0.5 mm,
�pr0 = 0.03γ1, and �c = 0.3γ1. The magnitude of the

coupling Rabi frequency is judiciously chosen through
Eq. (10) to minimize the influence of the first term in Eq. (9)
on the transfer of OAM. The spatial axes x and y are scaled
in millimeters. An inspection of Fig. 3 reveals that for l = 0,
the intensity profile assumes a Gaussian shape, with the
highest intensity centered at (x = 0, y = 0), while the phase
profile remains constant across different x and y values. In
the case of nonzero topological charges, the initial plane
acoustic input field transforms into a vortex field, leading to
doughnut-shaped intensity profiles featuring a central dark
(blue) hollow region. Furthermore, discernible helical phase
fronts emerge for nonzero l values, offering insight into
the singularity present in the generated acoustic vortex. A
comparison between Figs. 3(a) and 3(b) demonstrates that
when dealing with a weak input acoustic field, the OAM of
the weak probe field is faithfully transferred to the resulting
acoustic field. Upon increasing the Rabi frequency of the input
acoustic field, the intensity and phase profiles of the
output acoustic field undergo slight adjustments in relation
to the input weak probe field profile. This phenomenon
arises from the fact that the generated acoustic vortex stems
from a composite response of the medium, comprising
both direct and indirect contributions, as articulated in
Eq. (6). The indirect response, manifesting as the dominant
second term in Eq. (6), primarily governs the OAM transfer.
Conversely, the direct response exerts a mitigating influence,
necessitating a reduction in the Rabi frequency of the weak
input acoustic field to minimize its impact. Notably, the
phase difference of the generated acoustic vortex with respect
to the input weak LG microwave field is π/2, an outcome
attributed to the coefficient −i present in the second term
of Eq. (9). Presently, our focus shifts toward the exploration
of OAM transference involving higher LG modes within the
framework of a feeble microwave field. Our objective is to
induce the emergence of higher-order acoustic-vortex modes
characterized by nonzero radial indices. Consequently, we
consider a scenario where the weak probe field encompasses
a nonzero radial index along with a distinct topological
charge. Illustrated in Fig. 4, the ensuing acoustic vortex
manifests itself through intensity representations (first row)
and corresponding phase profiles (second row) for the
specific configuration of p = 1, encompassing a range of
topological charges denoted by l ∈ −2,−1, . . . , 2. The
parameters adopted for this paper remain consistent with
those employed in Fig. 3(b). It is notable that the intensity
patterns featured in Fig. 4 exhibit dual concentric rings with
a central region of darkness. This distinctive arrangement
directly corresponds to the selected radial index p = 1.
The connection between the topological charge and the
number of complete 2π phase cycles in the phase profile
is well established. Consequently, the helical phase profile
experiences an inversion as the sign of l changes. The findings
delineated in Fig. 4 unequivocally demonstrate the successful
transfer of OAM, leading to the generation of an acoustic
vortex possessing a radial index of p = 1 across a diverse
set of topological charges spanning l ∈ −2,−1, . . . , 2. Now,
we delve into the influence wielded by the intensity profile
of the initial feeble acoustic field on the emergence of an
acoustic vortex. Our investigation unfolds with the adoption
of a Gaussian-shaped profile for the weak input acoustic
field. Within this context, we consider the inclusion of OAM
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FIG. 3. Intensity (top row) and helical phase (bottom row) distributions of the generated acoustic vortex as functions of x and y, featuring
a radial index of zero, for Rabi frequencies λ = 0.01γ1 (a) and 0.0001γ1 (b). These profiles are presented for various winding numbers l2

spanning from −2 to 2, with the observations taken at a distance of z = L. The following parameters are utilized: wLG = 0.5 mm, γ1 = γ ,
�pr0 = 0.03γ , �c = 0.3γ , �10 = 0.01γ , �20 = γ , γ2 = 0.01γ .

within the weak microwave probe field and scrutinize the
consequent OAM transference. The outcomes, presented as
intensity representations (first row) and corresponding phase
profiles (second row) in Fig. 5, unveil the acoustic vortex’s
properties as functions of x and y for varying modes of
the probe microwave field. Specifically, the exploration

encompasses l ∈ −2,−1, . . . , 2 for two cases: p = 0
[Fig. 4(a)] and p = 1 [Fig. 4(b)]. The parameters utilized
for these investigations mirror those detailed in Fig. 3(b).
Upon close examination of the findings in Fig. 5, it is evident
that the effective transfer of OAM to the weak input acoustic
field is proficiently achieved across both zero and nonzero

FIG. 4. Intensity (top row) and helical phase distribution (bottom row) of the generated acoustic vortex, depicted as functions of spatial
coordinates x and y, corresponding to p = 1 and winding numbers l ∈ −2, −1, . . . , 2, under the influence of a weak probe field. The parameter
values are consistent with those detailed in Fig. 3(b).
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FIG. 5. Intensity profile (top row) and phase distribution (bottom row) of the generated acoustic vortex as functions of spatial coordinates
x and y, for different modes of the weak probe field with l ∈ −2, −1, . . . , 2 for p = 0 (a) and p = 1 (b). The input weak acoustic field is
characterized by a Gaussian-shaped profile. The parameter values remain consistent with those elucidated in Fig. 3(b).

radial indices in the context of the planar input weak acoustic
field.

Lastly, our attention turns to the generation of a composite
acoustic vortex employing LG microwave fields. This intricate
scenario envisions both the coupling and the weak probe fields
to possess OAM attributes, prompting an in-depth inquiry into
OAM transference to the input acoustic field. It is anticipated
that this composite setup engenders the transfer of a blend of
diverse modes. Figure 6 offers a visual representation of the
intensity [Fig. 6(a)] and the helical phase [Fig. 6(b)] profiles
associated with varying topological charges. The employed
configuration involves LG-profiled probe and coupling fields
characterized by zero radial indices and diverse topological
charges. The parameters align with those enlisted in Fig. 3(b).
The outcomes underscore that the generated acoustic vortex
embodies a cumulative topological charge given by lpr + lc,
orchestrated through a three-wave mixing mechanism encom-
passing the |1〉 → |2〉 → |3〉 → |1〉 transitions. This results
in an amalgamation of OAM attributes. Notably, a distinct
scenario emerges when probe and coupling fields adopt op-
posing OAM attributes, manifesting as a doughnut-shaped
intensity profile devoid of any vortex features, emblematic of
zero OAM. However, the scenario takes on a distinct character
when both the probe and coupling fields embrace nonzero

radial indices. In this configuration, the generated acoustic
vortex emerges as a linear superposition of various modes
[37]. Figure 7 articulates this phenomenon, portraying the
intensity (first row) and helical phase (second row) profiles
of the composite acoustic vortex across diverse topological
charges and radial indices. The corresponding linear super-
position terms are indicated atop each profile. Notably, each
linear superposition term incorporates LG modes with a cu-
mulative topological charge of lpr + lc and radial indices pc,
ppr, and pc + ppr. This arises from the interference of two
or more vortex beams and proves valuable for the accurate
manipulation of two distinct microparticles and human cells
using synchronized acoustical tweezers [63].

IV. CONCLUDING REMARKS

We have presented a straightforward theoretical approach
for acoustic-vortex generation in a high-Q single-crystal DMR
embedded with NV centers via OAM transfer. Our paper re-
veals that the OAM associated with a low-intensity microwave
field can be effectively transmitted to an acoustic field, thereby
instigating the emergence of an acoustic vortex through the
mechanism of three-wave mixing. The composite acoustic
vortex has been theoretically generated when two microwave-

023523-7



AMIRI, MAHDAVI, AND MAHMOUDI PHYSICAL REVIEW A 109, 023523 (2024)

FIG. 6. Intensity (a) and helical phase (b) distributions of the produced acoustic vortex, presented as functions of spatial coordinates x and
y. The probe and coupling fields exhibit LG profiles characterized by a zero radial index, and they encompass diverse topological charges. The
remaining parameters are consistent with those detailed in Fig. 3(b).

applied fields contain OAM. This paper lays the foundation
for potential applications in manipulating acoustic fields using
OAM-based techniques.
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FIG. 7. Intensity (first row) and helical phase (second row) distributions of the composite acoustic vortex, presented as functions of
spatial coordinates x and y. The profiles correspond to various topological charges and radial indices for the probe and coupling fields. The
superposition of the individual modes contributing to each profile is depicted above. The parameters utilized are consistent with those presented
in Fig. 3(b).
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Off-axis optical vortices using double-Raman singlet and dou-
blet light-matter schemes, Phys. Rev. A 101, 063828 (2020).

[31] Y. Hong, Z. Wang, D. Ding, and B. Yu, Ultraslow vortex
four-wave mixing via multiphoton quantum interference, Opt.
Express 27, 29863 (2019).

[32] J. Qiu, Z. Wang, D. Ding, W. Li, and B. Yu, Highly efficient
vortex four-wave mixing in asymmetric semiconductor quan-
tum wells, Opt. Express 28, 2975 (2020).

[33] J. Ruseckas, A. Mekys, and G. Juzeliūnas, Slow polaritons with
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