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Quantum nonreciprocal devices have received extensive attention in recent years because they can be
used to realize unidirectional quantum routing and noise isolation. In this work, we show that the shift of
resonance frequencies of propagating phonons induced by spin-orbit interactions of phonons in a rotating
acoustic ring cavity can be used to realize nonreciprocal phonon blockade. When driving the cavity from
different directions, nonreciprocal single-, two-phonon blockade, and phonon-induced tunneling can take
place by varying the parameters of the system to an appropriate value. To realize phonon blockade, a two-
level system is employed to induce self-interactions of phonons in the cavity. We also show the possibility
of'this proposal for designing nonreciprocal phonon routing. This work provides a way to achieve acoustic
nonreciprocal devices, such as directional acoustic switches and quantum noise isolation, which may help

acoustic information network processing.
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I. INTRODUCTION

In quantum-information processing, reliable methods
for creation and manipulation of phonons have become the
subject of interest on account of their potential applications
[1-9]. Phononic devices work in the GHz frequency range
that corresponds to wavelengths on the order of um, which
makes them a bridge between optical and artificial circuits
[10,11]. Thus it has the potential to be a good candidate
for solid-state quantum devices [12—19]. Various methods
and architectures have been investigated to study quantum
phononic effects, such as phonon blockade (PB).

Phonon blockade is a phenomenon when one phonon
is present in a nonlinear acoustic cavity, the subsequent
phonons cannot be excited, which is one of the mecha-
nisms to realize the single-phonon source [20]. In close
analogy to Coulomb blockade [21] and photon blockade
[22—27], PB is a pure quantum effect, which plays a role
in unveiling the quantum behavior of a device. The initial
single-phonon blockade (1PB) was achieved in a nanome-
chanical resonator, which is coupled to a superconducting
quantum two-level system for inducing self-interactions of
phonons. On this basis, great effort has been made to study
other effects such as two-phonon blockade (2PB), equiv-
alent phonon-induced tunneling (PIT), and detection of
PB [28-33]. Optomechanical systems with second-order
nonlinearities are considered for photon-induced phonon
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blockade [28,34,35], with potential applications in hybrid
photon-phonon quantum networks.

Recently, nonreciprocal devices have garnered a lot of
attention [36—40]. Reciprocity is a fundamental theorem in
a network, which states that when the source and obser-
vation points of the network change the positions, the
response of the transmission channel is symmetric [41,42].
Nonreciprocal devices, allowing the flow of signal from
one side but blocking it from the other, have become
fundamental devices for building information-processing
networks, such as unidirectional transmission, cloaking
and noise-free information processing and amplifiers [43—
52]. In classical electromagnetic networks, one usually
uses magnetic materials or strong nonlinearities to destroy
reciprocity [53—57]. For acoustic networks, it has been
known for a long time that using moving fluids [58] or
magnetic materials [59] can break reciprocity. It is reported
that acoustic circulators can be realized using circulat-
ing fluids and synthetic angular momentum in acoustic
meta-atoms or metamaterials [60]. And acoustic gyrators
[61] and isolators [62] have been created in air pipes with
steady flowing. Furthermore, acoustic nonreciprocity can
also be accomplished by employing nonlinear materials
[63—67]. But in quantum networks, magnetic materials are
bulky and hard to integrate with other devices. And the
method of using nonlinear materials is effective when driv-
ing from only one side of the system. But it is difficult
to accomplish isolation when driving from both sides at
the same time [68]. So in recent years, using temporal
modulation to break reciprocity has received much
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attention, such as traveling-wave modulation [69—71],
Sagnac effect of light [72—75], one-way Bragg mirrors
[76—79], and nonreciprocal Willis coupling [80,81]. These
modulations are more flexible but are still challenging
experimentally to modulate precisely in time and space.
Moreover, acoustic nonreciprocity has also been suggested
as a result of topologically protected edge states [76,82—
88], elastic solitons [89], and acoustic radiation pressure
[90]. But so far, the nonreciprocal phonon blockade has
yet to be realized.

In this work, we study nonreciprocal PB and PIT in
nonstationary ring resonators, having counterprorogating
traveling acoustic modes coupled to a two-level system
(TLS). The TLS-phononic system, which can be regarded
as a phonon cavity QED system, may provide a promising
setup for realizing nonreciprocal PB. To be specific, we
use a two-level system to induce phonon self-interactions
in the rotating ring cavity. We find that, nonreciprocal 1PB
and PIT can be induced in the spinning ring resonator
when driving it from the left or right side of a coupled
phononic waveguide, because the cavity phonons satisfy
the sub-Poisson distribution or the super-Poisson distri-
bution. Furthermore, by varying other parameters of the
system, we can get other nonreciprocal phenomena such
as 2PB and multi-PB. The physical origins behind the non-
reciprocity phenomena are the spin-orbit interaction (SOI)
of phonons in the spinning ring resonator. It causes a shift
in the resonance frequency and phase of the propagat-
ing phonon mode in the cavity, which has been proved in
recent experiments [91]. Compared to other nonreciprocal
schemes, the proposed setup can easily tune the nonre-
ciprocity just by adjusting the angular frequency and other
experimental parameters. Such nonreciprocal PB can be
used for many acoustic devices, such as acoustic diodes
[92-96], which can play a key role in a phonon-basis
information network at the few-phonon levels [97].

The remainder of this paper is organized as follows. In
Sec. II, we describe the physical model of an acoustic ring
resonator coupled to a two-level system. In Sec. III, we
present phonon blockade in the case of the stationary ring
resonator coupled to the two-level system. In Sec. IV, we
present our result in the case of the rotating system. In Sec.
V, we show the possibility of designing nonreciprocal rout-
ing through our proposal. Experimental feasibility of our
scheme is given in Sec. VI. Finally, the conclusion is given
in Sec. VIIL

II. MODEL

The system we consider consists of an acoustic ring
cavity coupled to a phononic waveguide and to a TLS at
the same time, as illustrated in Fig. 1. Under the rotating-
wave approximation and neglecting two-phonon terms, the
Hamiltonian of such a system is given by
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FIG. 1. Schematic of the composite spin-phononic system.

The ring cavity is coupled with the phononic waveguide to the
input and output of the driving field, and at the same time coupled
to a two-level system to realize phonon blockade. In addition, we
add a rotator to the cavity to make the cavity rotate counterclock-
wise at an angular frequency €2. The phonons, which input from
the left or right side of the waveguide, rotate counterclockwise or
clockwise in the cavity corresponding to (a) or (b), respectively.

. 1 .
HO = hwa'a + Ehwoaz + hg (aor+ + a’G_)

+ hQS (O,+e—i(u1t + O._eiwlt) ,
H(d) — hf (aTefith + aeith) ) (1)

Here, w is the resonance frequency of the cavity, a(a’)
denote the annihilation (creation) operator of the cavity
field, hwy is the level splitting of the two-level system,
which is descried by the spin operator o, = |e)(e| — |g){g],
with |e) and |g) representing the excited and ground
state of the TLS, respectively. The ladder operators o* =
1/2 (6* £ io”) describe the interaction between the TLS
and the phononic cavity, with o* and ¢” as Pauli matri-
ces, where g is the coupling strength between the cavity
mode and the TLS. The parameter £ is the driving-field
amplitude with driving frequency w; .

We consider the regime where the TLS and phonon
modes are far detuned to the coupling strength A =
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(w — wp) > g and the Rabi frequency 2, by which the
TLS is driven with the field of frequency w;, obeys the
condition 2, > (g2 / A). Here we assume that w; = wy,
and then the Hamiltonian H® in Eq. (1) in the rotating
frame with V' = exp(—iwyo,t/2) can be written as [20,98]

Hégf) = hwa'a + hUa'a'aa, @)

with the effective phonon-phonon interaction term (nonlin-
earity strength)

)

Here, it is worth mentioning that after straightforward cal-
culations we ignore p, = |+){+| — |—)(—]|, with |£) =
(Ig) % |e))/~/2, by preparing the TLSs in the ground state
|=).

In the ring cavity, the phonon modes with two different
propagation directions [clockwise (CW) or counterclock-
wise (CCW), corresponding to driving of the cavity from
the left- or right-hand side, respectively] carry different
orbital angular momentum (OAM) [91,99]. The phonon
in different propagation directions will possess spins of
opposite direction because of SOI. Therefore, phonons
propagating CW or CCW experience the centripetal or
centrifugal Coriolis force, respectively [100]. When we
add a rotator that rotates CCW at the angular frequency
to the cavity, the resonant frequency of phonons will have
a change, i.e., w = w + Ap, where

AF = XQs (4)

where y = £0.12 is the chirality of the phonon. For the
rotator, rotating in the CCW direction, when the cavity
phonon rotates CW, Ar > 0, otherwise, Ar < 0. Now in
the rotating reference frame at the driving frequency w;,
the effective Hamiltonian of the driven system can be
written as

Hur=h(=AL + Ap)a'a+ hUd a"aa
+ & (a' +a), (5)
where A; = w; — w is the detuning between the field of
the nonrotation resonant cavity and the driving field.

In order to obtain the analytical solution of the system,
we first consider the isolated phononic system. We have

H.p = h(=AL + Ap)a'a + hUd a"aa. 6)

For a Fock state |n), we have
Hegln) = [—hAL&T& + hApata + hUaTaTaa] |n)
= [-haa'a+ (A — U)a'a+ hUa'aa’a] |n)
= [-nhAL + nh(Ap — U) + n*hU] |n)
= E,|n).
Thus we obtain the eigenenergy
E, = —nhA; + nhAp + (n2 - n) hU, 7

where n is the number of cavity phonons. The eigenen-
ergy is also effective for the weak-driving condition. In the
region of weak drive £ < y, we can truncate the Hilbert
space of the system to n = 2. Here, y = w/Q 1is the cav-
ity dissipation rate and Q is the quality factor. The state
of the system can be written as |p(f)) = Zi:o C,(H|n),
where C, is the probability amplitude. For the effective
Hamiltonian, Eq. (5), we can introduce a dissipation term
according to the quantum-trajectory method [101]: H =
H.y — (ihy/2)a"a. Then the equation of motion of the
dissipative system is given by

. Ey )
Co(r) = —I%Co(l) —iEC (),

Oty = —i (% - g) C1 (1) — iECo(t) — E2C5(1),
Colt) = —i (% - iy) Co () — iEV2C)(2).
®)
With the initial conditions: Co(0) =1 and C;(0) =

C1(0) = 0, the steady-state solutions of the system can be
derived as

€1(00) = -+ —
CErn

©)
Catooy = —Y2C10)

E E -\
(F-%-w)

Now we proceed to study PB and PIT. For this purpose,
we exploit the u™-order correlation function of zero-time
delay g (0) = (a*™a*) /(a)*, with 2 = a'a. Describing
the probability of finding » phonons in the acoustic cavity
by P(n) = |C(n)|?, we can define the correlation function
as follows:

2P,
(P) + 2P,)>

(—AL+ Ap)* +y?/4
(AL + AR+ U +y2/4

For n = 3, we can get the third-order correlation function

g?0) =

(10)
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6P5

[(_AL + Ap)* + yTz]Z

gV () = ~

(Pr+2P2 43P (A + Ar+ O + F ][ (AL + Ap +2072 + 5 |

The minimum and the maximum of g (0) are cor-
responding to 1PB, multi-PB, and PIT, respectively. For
example, when g2 (0) = 1/[4 (U/y)? 4+ 1] < 1 for A, =
Ap, the phonons satisfy the super-Poisson distribution
(phonon bunching state), which corresponds to 1PB;
when gggx(O) = 4(U/y)2 +1>1for Ay = A + U, the
phonons satisfy the sub-Poisson distribution (phonon anti-
bunching state), which corresponds to PIT. For u > 2, we

have similar results for multi-PB and PIT.

ITII. PHONON BLOCKADE

In this section, we study the realization of PB in the
hybrid quantum system including the dissipation effect.
The master equation for the system is given as

p= 1. Harl + 2 (20p3" —alap — pa'a),  (12)
where Hg is the Hamiltonian given in Eq. (5). We can get
the phonon-number probability P(n) = (n |,5| n> from the
steady-state solution p of the system.

We now focus on the properties of the cavity phonons
described by the second-order correlation function for var-
ious driving-field strengths &. In Fig. 2 we plot the results
given by Eq. (12) as a function of the nonlinear strength
U and detuning A; in the case of a stationary cavity,
i.e., Ar = 0. In the weak-drive condition (§ = 0.33y), one
can easily see the maximum and minimum regions of the
second-order correlation function shown in Fig. 2(a). The
multiple relative maximum curves in Figs. 2(b)}-2(d) cor-
responding to £ = 1y, & = 3y, and & = Sy, respectively,
are derived from the contribution of multiphonon reso-
nances rather than just two-phonon resonance; this effect
does not appear in the weak-drive case. At this time, the
entire system is equivalent to a conventional PB model.
Here we introduce a standard criterion for judging PB and
PIT [102—-104].

For n-phonon blockade (nPB), there is

@) g"(0) < exp(—(m) =1,

(i) g™ (0) > exp(—(m)) + (m) - g™V (0) =1 ™;
(13)
for PIT, there is
g"(0) > exp(—(m)), for p=>2. (14)

Here, (m) is the average phonon number of the cavity field.

(11)

(

In this work, we mainly consider the situation where the
number of phonons is small (z < 4). In this case, (m) < 1,
so Eq. (14) can be rewritten as

g™ ) >1, for 4>pu=>2. (15)
For nPB, we also have an equivalent standard for com-

paring the phonon-number distribution with the Poisson
distribution:

@ Pm) <P@m), for m>n,

(16)
(i) P(n) =P(n),
with P(n) = ('r’l—zn exp(—{(n)) is the Poissonian distribution.
To show a relative deviation of a given phonon-number
distribution from the corresponding Poissonian distribu-
tion, we use the formula [104]

[P(n) — P(m)]/Pn). (17)

To further elaborate the effect of weak drive on PB in the
nonrotating system (Ar = 0), in Fig. 3 we plot the n-order
correlation function for constant nonlinear strength (U).
Figure 3(a) shows the results for the n-order correlation
function with respect to the detuning (A;) for U = 20y.

log;g”(0)

(b) 3.0
1.5
0.0
-15
' -3.0
(d)

3.0
1.5
0.0
-1.5
0 s - . -3.0
=20 0 20 40 -20 0 20 40
Aly Aly

FIG. 2. g@(0) as a function of the nonlinear strength U and
the detuning A, here Ap = 0. (a),(b),(c),(d) corresponds to
the situation when £ = 0.33y, £ =1y, £ =3y, and & = 5y,
respectively.
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FIG. 3. (a) Under the weak-driving-strength region & =
0.33y, the correlation function versus the detuning A; at U =
20y. (b),(c) show the comparison for 1PB between the corre-
lation function and the standard value in Eq. (18). (d),(¢) show
the deviation between the phonon population and the Poisson
distribution for 1PB and PIT, respectively at A, =0 and A, =
20y.

Here, for g (0), the minimum and maximum values are
at A; = 0 and A; = 20y, which corresponds to 1PB and
PIT, respectively.

According to Eq. (13), 1PB should meet the following
conditions for n = 1:

(i) g2(0) < exp(—(m) =1,
(18)
(i) gM(0) > exp(—(m)) + () - g2 (0) =1 V.

Next, in Figs. 3(b) and 3(c) we plot the n-order correla-
tion functions and standard values given in Eq. (18) as
functions of A;. We find that the curves of the correlation
function satisfy the conditions in Eq. (18). Furthermore,
in Fig. 3(d), we find that P(1) > P(1), P(2) < P(2), and
P(3) < P(3), which is a clear signature of 1PB. Due
to PIT corresponding to the super-Poisson distribution
of phonons, we can find that P(2) > P(2) and P(3) >
P(3) in Fig. 3(e). In addition, we can find that g®(0) >
g®(0) > g®(0) > 1 in Fig. 3(a), which indicates the
emergence of PIT at this time.

Now we investigate PB under strong drive conditions
depicted in Fig. 4. Figure 4(a), shows the results for
the n-order correlation function versus the detuning (Ap)
for U= 20y and & = 3y. One can see the system still
shows 1PB at A; = 0. Unlike the aforementioned case in
Fig. 3(a), one may notice that there is second minimum in
the correlation curves in Fig. 4(a), corresponding to two-
phonon blockade. The results of 2PB and PIT can be seen
at Ay = 20y and A; = 40y, respectively.

3 10* 2.0
< ol@ (b} 707 ] 10f(e)—570)
ES Ls @ e
g 10° : '
k=] f—=n=1 0.5
£1072 - n=2 1.0
210+ T3 S
810"’ —n=4 0.5 0.0
-20 0 20 40 19 20 21 19 20 21
Ay Ay Ay
Il 10~
(d) (e)
& PIT
N
|
&
-V 0
0o 1 2 3 4 0O 1 2 3 4
Phonon number Phonon number

FIG. 4. (a) Under the strong-driving region £ = 3y, the corre-

lation function versus the detuning A; at U = 20y. (b),(c) show
the comparison for 2PB between the correlation function and the
standard value in Eq. (19). (d),(e) show the deviation between the
phonon population and the Poisson distribution for 2PB and PIT,
respectively at A; = 20y and A, = 40y.

According to Eq. (13), 2PB should meet the following
conditions for n = 2:

@) g%(0) < exp(—(i) =7, 19)
i) g?(0) = exp(—{)) + (i) - g¥(0) =/ .

In Figs. 4(b) and 4(c) we show the correlation function
versus the detuning A;, which satisfies the conditions in
Eq. (19). Further, in Fig. 4(d), we can see P(2) > P(2),
P3) <P@3), and P(4) < P(4), which meets our crite-
rion given in Eq. (16) for n = 2. Here, we can see that
P(3) > P(3) and P(4) > P(4) in Fig. 4(e). Different from
Fig. 3(a), here g (0) > g®(0) > g (0) > 1 in Fig. 4(a),
corresponding to three-phonon resonance, because of the
significant increase in the drive strength. It is worth men-
tioning that the PIT at £ = 0.33y [Fig. 3(a)] corresponds
to the 2PB at & = 3y, which can explain the emergence of
the hollow window of the maximum area in Figs. 2(b) and
2(c), i.e., the transformation of PIT to PB by enhancing the
driving strength. This can illustrate the equivalence of PB
and PIT.

IV. NONRECIPROCAL EFFECT

Now, let us consider the effect of rotating the cavity. In
Fig. 5 we plot the correlation function g®(0) as a func-
tion of the detuning A; when the angular velocity €2 takes
various values in the weak-driving regime. In Fig. 5(a)
[Fig. 5(b)] we can see the correlation curves shift to the
left (right) after the angular velocity €2 increases. Thus, the
rotation of the cavity is the source of reciprocity, which
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FIG. 5. The correlation function g (0) versus the detuning

A under weak driving & = 0.33y and nonlinear constant U =
20y. (a) and (b) is corresponding to the results of driving the
cavity from the right side and the left side of the waveguide,
respectively.

causes the input driving from two different directions to
have different resonance frequencies in the cavity.

By choosing the appropriate rotational angular veloc-
ity 2, we can make different quantum effects appear at
the same time. As shown in Fig. 6(a), we have 1PB that
appears when driving from one side, and PIT, which indi-
cates that the absorption of the first phonon enhances
the absorption of subsequent phonons and appears when
driving from the other side at Ap = A, = U/2 = 10y.
Furthermore, Fig. 6(a) shows that our analytical solution
and the numerical solution are consistent; here we use
gg)(O) and gg) (0) to indicate that Ar > 0 and Ar < 0,
respectively. We can clearly see that at A; = 10y, there
is 1PB when driving the system from the left side, and
PIT when driving the system from the right side, which
is conformance to our expectation. For the difference of
g (0) for opposite directions, there is nonreciprocity with
up to 6 orders of magnitude. This magnitude depends
on the intensity of nonlinearity, which can be proved in
Fig. 2. In Fig. 6(b), we can intuitively understand the rea-
son why we have 1PB and PIT by considering the change
of energy-level structure of the system.

In Fig. 7, we show the correlation function versus the
detuning A; in the strong-driving regime (§ = 3y) for
Ar = 10y. The solid curves represent the result of gg’ (0),

and the dashed line represents the result of gg' ) (0). Here,
at A; = 10y, we have 1PB and 2PB for the different driv-
ing directions. Furthermore, at A; = 30y, we obtain 2PB
and PIT caused by the three-phonon resonance for differ-
ent driving directions. These results are discussed in detail
in Figs. 8 and 9.

In Fig. 8(a), we can intuitively understand the reason
why we have 1PB and 2PB by considering the energy-
level structure of the system. The plots in Figs. 8(b)
and 8(c) show the comparison of correlation functions
[g%(0) and g*(0)] with the standard values given in Eq.
(19) for strong-driving strengths. We find that the curves of
correlation functions satisfy the 2PB equation given in Eq.

&’ (Num)
=== gf)z)o (Num)
* gy (Ana)
1+ &’y (Ana)

40
1PB

PIT PP

K
AE,= he) - A+ 2U hlf? AE,=ho +4,+2U

A4 --- ﬂvlT‘ T4 \
AE, = o - A, ha AE, = ho|+ A,
IR e
FIG. 6. (a) The correlation function g‘® (0) versus the detuning

A with & = 0.33y, Ap = 10y, and U = 20y. The chain (solid)
line is the numerical solution result of driving the system from
the left (right) side, and the triangle (square) scatter is the analyt-
ical solution result of driving the system from the left (right) side.
(b) The energy levels of driving the system from the left side and
driving the system from the right side become nonequidistant at
A L= 10)/

(19). Moreover, in Fig. 8(d), we can find that P(2) > P(2),
P@3) < P(@3), and P(4) < P(4), which meets the crite-
rion given in Eq. (16) for n = 2. In Fig. 8(e), we find
that P(1) > P(1), P(2) < P(2), and P(3) < P(3), which
meets the criterion in Eq. (16) forn = 1.

Next in Fig. 9(a), we show the energy-level structure
of the system, which enables us to understand the non-
reciprocity of 2PB and PIT. Similarly in Figs. 9(b) and
9(c), we show that the curves of the correlation function
satisfy the results given in Eq. (19). Furthermore, we can

Correlation

FIG. 7. The correlation function versus the detuning A; with
& =3y, Ar =10y,and U = 20y.
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FIG. 8. (a) Energy levels of driving the system from the left
and driving the system from the right side become nonequidistant
for A, = 10y. (b),(c) show the comparison for 2PB between the
correlation function and the standard value in Eq. (19), (d),(e)

show the deviation of the phonon population and the Poisson
distribution for 1PB and 2PB, respectively.

see that P(3) > P(3) and P(4) > P(4) in Fig. 9(d). In
Fig. 9(e), one can clearly see that P(2) > P(2), P(3) <
P3), and P(4) < P(4), which meets the criterion given
in Eq. (16) for n = 2. In addition to the above results,
we can also obtain nonreciprocity of 1PB and PIT caused
by three-phonon resonance at Ar = 20y and A, = 20y,
nonreciprocity of 2PB and PIT caused by four-phonon
resonance at Ay = 20y and Ay = 40y for U = 20y.

V. APPLICATION: PHONON ROUTERS

In this section, we show how to utilize our scheme to
design a nonreciprocal phonon router. We first consider the
most common case, as shown in Fig. 10(a), where the res-
onator is directly coupled to the waveguide without adding
any effect. In this case, phonons input from either end of
the waveguide can pass through the waveguide and output
from the other end. This is the simplest transport network.
Then, we consider the case after adding the drive to the
two-level system. In Fig. 10(b), we show the results of
the system under the nonlinearity of 1PB, and the spe-
cific parameters are the same as those of the system at the

(@) 2PB
/’_A
PIT )
7'y ~ 4 _
A ~. J/ AE = ho + A, +4U
AE,=haf — A, +4U ~F B) ’
v A he ,” 4 A
R - .
T2 AE, = ho| + A, +2U
AE, = haf - A, +2U 2 "

AE| = ho| = A, 10) AE = ho| + A,
y - - Yy .
Lo [0>
(b)| 220 0.6:(C)
L f@
5
£0.8
B 031 — g9(0)
8 t--f
0.6%. A
0.0} , ]
29.6 296 300 304
AL/}’
10° .
(d) (e)
o PIT 2PB
~
N
[
&

0 1 2 3 4 0 1 2 3 4
Phonon number Phonon number

FIG. 9. (a) Under the strong-driving-strength region § = 3y,
the energy levels of driving the system from the left and driv-
ing the system from the right side become nonequidistant for
A; =30y. (b),(c) show the comparison for 2PB between the
correlation function and the standard value in Eq. (19), (d),(e)
show the deviation of the phonon population and the Poisson
distribution for 2PB and PIT, respectively.

IPB case in Fig. 3. In this case, our system can be used
to implement single-phonon routing, with the system only
allowing input phonons to travel in the waveguide as sin-
gle phonons. The system in this situation can also be used
to realize two-phonon routing by adjusting the parameters
to realize the 2PB effect as shown in Fig. 4.

Next, we discuss the impact of nonreciprocity on the
router. As shown in Fig. 10(c), the system has a nonre-
ciprocity of 1PB and PIT, and the parameters are the same
as those in Fig. 6. When phonons are input from the left
side of the system, they can only be output as a single
phonon from the right end. When phonons are input from
the right, they can be output in the form of two or more
phonons from the left. We achieve nonreciprocal single-
phonon routing at this stage. When we adjust the system
to the case shown in Fig. 8, that is, with a nonreciproc-
ity of 1PB and 2PB, the system becomes a nonreciprocal
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(a) Without nonlinearity, with reciprocality

—> —> —> —> —> —> —>
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(b) with nonhnearlty of 1PB and remprocahty
—_— —> —>
. S <

S e Drive Q,
'Two-level system

(C) With nonlinearity and nonreciprocality of

1PB and PIT

> > — > —x» .
< EE EEEE

S <«—Drive O,
' Two-level system

(d) With nonlinearity and nonreciprocality of

1PB and 2PB

—-— > > 2
W ST

<«— Drive Qg

'Two—level system

FIG. 10. (a) Phonons input from both sides of the waveguide
can be transmitted to the other end. (b) The phonons input from
both sides of the waveguide can only be transmitted to the other
end in the form of a single phonon. (¢) Phonons input from both
sides of the waveguide, one side can be transmitted to the other
end, and the other side can only be transmitted to the other end
in the form of a single phonon. (d) For phonons input from both
sides of the waveguide, one side can only be transmitted to the
other end in the form of a single phonon, and the other side can
only be transmitted to the other end in the form of two phonons.

few-phonon routing, with a single-phonon output when
inputting phonons from the left and at most two phonons
output when inputting phonons from the right, as shown
in Fig. 10(d). The distinction between these two systems
under nonreciprocity is that the former allows output in

the form of three phonon, whilst the latter does not. Sim-
ilarly, by modifying the system parameters to different
states, we can achieve few-phonon routing with different
nonreciprocity.

VI. EXPERIMENTAL FEASIBILITY

For examining the feasibility of this scheme in the
experiment, we now discuss the relevant parameters. In
Fig. 11, we offer an example of a possible experimental
setup schematic. The phononic waveguides and annular
cavities, made of piezoelectric materials, are fabricated
on a substrate, and they are coupled by a wrap-around
coupler. Interdigital transducers at both ends of the waveg-
uide can input and output phonons. Two-level qubits can
be fabricated inside or on the surface of the substrate
to couple with the ring cavity. Commonly used piezo-
electric materials are ZnO, AIN, and GaN [105,106], and
optional substrate materials are silicon, sapphire, diamond,
and other wide-band-gap semiconductors [107—109].

Manufacturing technology for surface-acoustic-wave
devices has advanced, and the manufacture of waveg-
uides and ring cavities is no longer difficult [110,111]. In
our calculations, the resonance frequency of the cavity is
w/2m = 2.25 GHz, and the quality factoris Q = 1.5 x 10’
[112]. The rotation of the device can be solved by mount-
ing the device on a rotating stage, which has been achieved
in recent experiments [91].

Phonons in the surface-acoustic-wave devices can cou-
ple to various qubits, such as quantum dots, N-V, and
Si-V centers in diamond [113—125]. Quantum dot is a
suitable choice for our strategy, as it can be well character-
ized by an efficient two-level system [126]. It is strongly
coupled to phonons, with a coupling strength of 100
MHz [127]. Another intriguing system that matches our
approach is N-J and Si-V centers in diamond [128—131].
Experiments have demonstrated the fabrication of GaN

Substrate

Ring cavity

Qubit

FIG. 11. Possible setup for experimental implementation. Sur-
face acoustic waves can be generated by an interdigital trans-
ducer (IDT), which travel via a waveguide and output from the
IDT at the other end. Epitaxially grown layers of piezoelectric
material make up the waveguide and ring cavity. Qubits fabri-
cated on or inside the substrates, such as superconducting qubits,
or spin qubits, can be used to realize the qubit-phonon coupling.

054004-8



NONRECIPROCAL PHONON BLOCKADE IN A SPINNING...

PHYS. REV. APPLIED 17, 054004 (2022)

(ZnO/AIN)/diamond heterostructures and implantation of
N-V/Si-V centers in the shallow (10 nm below the surface)
of diamond [132—136]. The coupling strength is usually
in the MHz range [137]. Superconducting qubits are ideal
for regulating and measuring quantum states in mechanical
resonators due to their microwave transition frequencies,
and the coupling strength is also in the MHz range [138—
141]. According to Eq. (3), the coupling strength on the
order of MHz can induce nonlinearity on the order of 10
kHz, which is enough to achieve phonon blockade.

VII. CONCLUSION

In conclusion, we study the nonreciprocal phonon
blockade in a spinning acoustic ring resonator coupled to
a two-level system. We show that in this hybrid system,
the SOI of phonons causes a nonreciprocal response. The
statistical properties of phonons are exploited through cal-
culating the higher-order correlation functions. We inves-
tigate the PB for various system parameters like the non-
linearity strength, driving strength, and drive frequency in
a cavity rotating in the CCW direction. We find that in
the weak-driving regime, nonreciprocity of 1PB and PIT
for CW and CCW modes occurs, respectively. For strong
driving we obtain nonreciprocity of 1PB and 2PB with
the same system parameters. Furthermore, in the strong-
driving regime we have nonreciprocity of 2PB and PIT
for CW and CCW modes, respectively. We also show the
possibility of achieving nonreciprocal few-phonon routing
by our scheme. These results combined with the current
quantum technologies can be used to implement nonrecip-
rocal few-phonon sources, nonreciprocal phonon routers,
and other quantum unidirectional devices.
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