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Magnomechanical phonon laser beyond the steady state
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Phonon lasers, the mechanical analogs of optical lasers, have long been a subject of interest as they provide
coherent sound waves. We numerically study a magnomechanical phonon laser that operates under a general
continuous-wave pump. This system consists of a microwave cavity, a sphere of magnetic material (yttrium iron
garnet), a microwave drive pump, and a uniform external bias magnetic field. A population inversion between
the supermodes of the system leads to phonon laser action. We study the population inversion and the stimulated
emission of phonons under various conditions, such as different drive pump powers and detunings. Unlike
previous studies, our results show that the population inversion between the supermodes oscillates with time.
Despite the oscillations of the population inversion, one can achieve relatively large stimulated phonon emission
if the power of the drive pump is beyond a threshold. Moreover, the optimum operation occurs if the frequency
of the drive field matches the frequencies of the cavity photons and magnons. Since it is highly tunable with low
loss and has an extra degree of freedom provided by the constant magnetic field, it is possible to develop the
system into an alternative to the optomechanical phonon lasers.
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I. INTRODUCTION

Phonon lasers generate intensified, coherent sound oscil-
lations (mechanical vibrations) induced by optical pumping
[1]. Since sound waves propagate 5 orders of magnitude
slower than the speed of light, their wavelength is much
shorter than that of light waves of the same frequency [2].
Therefore, one can perform precise, nondestructive measure-
ments and achieve a high concentration of energy using
focused sound waves. The phonon laser has potential appli-
cations in audio filtering, acoustic imaging, highly precise
sensing, imaging or switching, and topological sound control
[3-11].

Phonon lasers have been investigated in some platforms
such as in a trapped ion system driven by optical forces [12],
quantum dots [13-15], superlattices [16], electromechanical
resonators [17], and optomechanical systems [1,18-22]. Re-
cently, a phonon laser in a cavity magnomechanical system
has been proposed [23,24]. The system includes a microwave
cavity, a small sphere of magnetic material, a uniform external
bias magnetic field, and a microwave drive pump (Fig. 1). The
magnetic material should have a high spin density and a strong
spin-spin exchange interaction so that it can support a Kittel
mode (uniform magnetostatic mode) [25] with a relatively low
damping rate. One of the most promising materials for the
magnetic sphere is yttrium iron garnet (YIG), which can have
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a strong coupling to cavity photons [26—-30], phonons [31],
and superconducting qubits [32,33].

Compared with its optomechanical counterpart, the mag-
nomechanical phonon laser introduced in Refs. [23,24] has
an additional degree of freedom—an adjustable, uniform
magnetic field. Its high tunability enables the cavity mag-
nomechanical systems to be a promising platform to develop
various novel phenomena such as microwave-to-optical quan-
tum transducers for quantum information processing [34] and
quantum-enhanced detection of magnons in magnon spintron-
ics [35,36]. However, the previous schemes of magnomechan-
ical phonon laser were studied under the assumption of a
steady-state condition. As we know from certain optomechan-
ical phonon lasers, say, the P77 -symmetric ones, a truly steady
state does not exist under the normal operation conditions, and
the key parameters, such as the population inversion between
the supermodes and the phonon emission, can vary with time
[22,37]. In magnomechanical systems, the magnetostriction
force (the expansion or contraction of a magnetic material
in response to a magnetic field [38]) plays a role similar
to the radiation pressure force in optomechanical systems.
Therefore, one may ask whether the dynamical behavior of a
magnomechanical phonon laser demonstrates is important to
its operation. In this paper, we address this question by inves-
tigating the magnomechanical phonon laser in the dynamical
regime.

We organize the rest of the paper as follows. In Sec. II,
we first introduce the system and its Hamiltonian, and then
we linearize the nonlinear equations of motion of the system
by a special method of decomposing the total time evolution
operator [39-41]. Afterward, based on the physical picture in
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FIG. 1. Schematic diagram of the magnomechanical phonon
laser. Panel (a) shows the magnetic sphere is inserted in the mi-
crowave cavity mode. An external magnetic field B along the z
direction provides a uniform magnon mode for the magnetic sphere.
Moreover, we have applied a drive microwave pump with the am-
plitude E; and the angular frequency w, along the x direction.
Panel (b) symbolically shows that the magnetic sphere deforms in
response to the magnetic field of the microwave cavity mode. Panel
(c) demonstrates the schematic analogy between an optical laser and
the phonon laser. Here the stimulated transition of phonons occurs
between the two supermode states of the cavity, 6"1'|0) and 6"2'|0),
and their occupation numbers (67.6?.) (i = 1 and 2) are generally time
dependent in the dynamical operation of the setup.

Sec. ITI, we simulate the behaviors of the population inversion
and the phonon number by considering different parameters
in Sec. IV. Finally, in Sec. V, we summarize our results.

II. MODEL AND METHOD

A. System Hamiltonian

Figure 1 shows the scheme of the magnomechanical
phonon laser. Like in Ref. [23], we place a highly polished
magnetic sphere (regarded as an ensemble of N spins) of
1 mm in diameter in a microwave cavity. Simultaneously, we
apply a uniform external bias magnetic field B in the vertical
direction z. This adjustable magnetic field (varying between O
and 1 T) collectively excites the spins of the magnetic sample
and aligns them along the z direction—magnons. When the
static magnetic field is uniform, one calls the corresponding
mode the Kittel mode. The magnon mode Hamiltonian is
ﬁmagnon = w,,m M, where w,, is the angular frequency of the
magnon mode, and m' and 7 are the creation and annihila-
tion operators of the magnon, respectively. The frequency of
the magnon mode is related to the magnetic field by w,, =
veB/1o, where y, = 2m x 28 GHz/T is the gyromagnetic
ratio and o = 47 x 1077 H/m is the vacuum permeabil-
ity. The uniform magnetic field establishes the Kittel mode
and mediates the coupling between the magnons and cavity
photons of the angular frequency w,. One can write the Hamil-
tonian of the cavity photons as I-?phomn = w,a'a, where a' and
a are the creation and annihilation operators of the microwave
photon in the mode, respectively. The coupling depends on
the position of the magnetic sample and the intensity of the
magnetic field.

Moreover, we apply a microwave drive pump along the x
direction to harmonically excite the magnon mode. Since the
directions of B, the magnetic field of the drive pump, and

the magnetic field of the cavity mode are perpendicular to
each other, we can adjust each one independently. Further-
more, we assume that the diameter of the magnetic sphere
is much smaller than the wavelength of the cavity modes
so that the photon-photon coupling is negligible. We set the
position of the magnetic sphere to the maximum amplitude
of the microwave field. The time-dependent magnetic field
of the pump harmonically drives the magnons and changes
the magnetization. Therefore, the magnetic sphere is har-
monically deformed (magnetostriction effect), converting it
to a mechanical resonator with the phonon mode of angular
frequency wj. Thereby, the magnetostrictive interaction leads
to the coupling between magnons and phonons. The overlap
between the uniform magnon mode and the phonon mode
determines the magnetostrictive coupling strength.

The Hamiltonian of the microwave drive pump is H; =
iE (e~ — i e®d"), where wy is the drive pump fre-
quency and E; = éyg\/p_V By is the amplitude of the drive
field. In this equation, V is the volume of the magnetic sam-
ple, p = 4.22 x 10*” m~3 is the spin density of the magnetic
sphere, and By is the amplitude of the magnetic field of the
drive pump [42]. Notice we use the magnetic field of the pump
to drive the system and, hence, it includes 7.

The Hamiltonian I{Vdipole = J(@m' + a'm) describes the
magnon-photon coupling, which is similar to a scattering of
the magnons into the cavity photons through magnetic dipole
interaction. The coupling strength J between the Kittel mode
and the microwave cavity field mode, which can be tuned by
changing the position of the magnetic sphere [23], is given by
%g*pLB(SB«/N, where g* is the g factor and pp is the Bohr mag-
neton. This coupling is enhanced collectively by the factor
VN if there are N fully polarized spins in the unit volume of
the ensemble, an effect like the collective enhancement of the
atom-field coupling in atomic ensembles. Using an embedded
Jaynes-Cummings model, the enhancement by +/N times was
found for the magnetic dipole coupling of an ensemble of
spins to a superconducting microwave stripline structure [43].
The parameter 653 is the amplitude of the vacuum fluctuations
of the microwave cavity magnetic field in the ferromagnetic
crystal, and it is transverse to the external magnetic field.
If the microwave magnetic field is uniform throughout the
ferromagnetic crystal, the magnetic dipole coupling vanishes
except for the uniform magnetostatic (Kittel) mode [34] so
that the coupling between higher-order magnetostatic modes
and a microwave cavity mode requires a nonuniform cavity
magnetic field. If J > y,,, v,, where y,, and y, are the damp-
ing rates of the magnon and photon modes, the hybrid system
will enter the strong coupling regime [36].

The Hamiltonian of the magnomechanical interaction is
given by Ay = —gi'm(b + b"), where g is the magnome-
chanical coupling factor (the derivation of the Hamiltonian
is given in the Supplemental Material for Ref. [31]). This
interaction is usually negligible in the typical experiments, but
one can significantly enhance it by driving the magnon mode
with a sufficiently intense microwave field [42].

The total Hamiltonian can be written as the sum of the
linear and nonlinear parts:

H =H + A, (D
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where
B = 0,d'a + o,m'm+ wpb'b + J @'+ m'a)
+ l-Ed(mTeflwdt _ ﬁl@lwdt),

Hyi. = —gi' (b + b"). 2
Then we obtain the differential equations that
describe  the time  evolution of the system
operators:

= —(iwg + Ya)a — iJm,

= —(iwy, + Yu)ht — iJa + ign%(@ + b + Ege o

—(yp + iwp)b + igm' 3)

where y,, is the damping rate of the phonon mode. In our
analysis, we apply a strong pumping field so that |72 > 1 and
|a| > 1. Moreover, we are primarily concerned with the “co
herent” emission of phonons (similar to the coherent emission
of photons in an optical laser [44]) instead of the quantum
features of the mechanical field (such as the correlations in the
mechanical field). Therefore, we neglect the quantum noise
contributions in Eq. (3), though they may slightly modify the
results without giving a qualitative change as in the coupled
cavity systems [45].

The common method to solve the similar systems of non-
linearity is converting each operator (say, @) to a classical
average value plus a quantum fluctuation: @ — (a), + 8a [46].
This approximation assumes the existence of a steady-state
(a)s of the system, which should be found in the mean-field
approximation of the nonlinear dynamical equations of mo-
tion. However, in many realistic situations, there does not exist
a time-independent or simple harmonic oscillating steady
state for the magnomechanical phonon laser. For this reason,
we adopt an alternative method for linearizing the system
dynamics as in Refs. [22,39-41,47-52].

B. Linearization of dynamics

Referring to Refs. [39-41], we can decompose the total
time evolution operator as follows:

U(t) =T exp {—i/ ds[Hy (s) +HNL(S)]}
0

=0.(t) x f"exp {—i/ ds 0E(S)HNL(S)UL(S)}
0

=U(t) x T exp {—i/ ds [I-?l(s)—i-ﬂz(s)]}
0

= 0L(t)T exp {—i/ ds Uy(t, )H ()0 (t, s)}Uz(t)
0

= U.()U ()0 (1), )

where T indicates the time ordering and U;(r) = T exp[ —
i fot ds Hi(s)]. In the second line of this equation, we have
decomposed the total time evolution from the left, and in the
fourth line we have decomposed the remaining part of the time

evolution from the right side. First, we find Uy (¢) as

Up(t) =T exp [—i/ ﬁL(s)ds]
0

= exp [ — iwat &'a — iwgt MR — iwpt bTD
. At A PN Ey ~F( —iwgt
—iJt@m+m'a)+i—m (e a4 —1)
(0]
E 4
+ i~ — 1)}. (5)
(O]

To attain U, (t)An UL (7) = Hi(t) + Ha (1), we first should
obtain UE(I)@UL(T), where ¢ = a, m, and b. 1f U, =e¢ % and

A@) = eG&e’G, where G' = —G, then
dA dG ¢ [dG
— —.,ale™" = A 6
dt e[dt a]e |:dt ] ©

Similarly, we define M (t) = e%e=C and B(t) = eChe=C. Af-

ter the simplification we obtain

J (A —iw, —iJ 0\ (A 0
= = -/ —iw, O |||+ |Eseion
dr\ g 0 0 —iwp) \ B 0

(7N
We define Q= %\/4J2 + (wg — 0m)?, A =w, — w,, and

N = 2(wa + ). Also, noting that A(0) = a, M(0) = i, and
B(0) = b, we define the “superoperators” or hybrid photon-
magnon modes as

D
3

a+nm -
V2 V2
The superoperators are the orthogonal eigenstates of the Her-

mitian Hamiltonian w,ata + w,@'m + J(@'m + m'a). Then,
the solution of Eq. (7) in terms of the supermode operators is

01 02 (®)

A:(t) 1 cos(Q) — iz 52 sin(2t) — l§ sin(Qt)e™™  cos(Q) — iss sm(Qt) + l— sm(Qt)e””’ 0 01
M(t) | = —=| cos(Qt) + iz sin(Q) —ig sin(Q)e™ ™ —cos(Qu) — zm sin(Q2t) — z— sin(Qt e 0 6Az
Boy) V2 0 e J\b
. 2__ A2 —i(Q+n)t —iwyt i(Q—n)t —iw gt
e )(e (n+”s)2:2;d - e(nl;zii)d - ) o o 0 01 E;
+ itE_s;((mim((mwﬂfw) g (elmiw*ew)) =l oax 0 02|+ | Ex
e Gk 0 0 e@)\p 0
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Knowing how A, M, and B evolve with time, we can find H, and H, as

Hy = —g(an E3o1 + anEioy + af E2d| + alyExdl + |Eo|*)(B + BY) ©)

and
H2 = — g(a21a216' 01 + a21a220201 + 052205210 07 + a22a220202)(8 + BT) (10)

H, describes the coupling between the two-level system of supermodes and the phonons, and A, is a nonlinear Hamiltonian
without being intensified by the pump field (it does not contain a factor of Ej).

We assume the quantum state of our system is the product of a cavity vacuum state and the mechanical thermal state, as well as
a vacuum magnon state, i.e., p(0) = 0),(0| ® [0),, (0] @ Do, nn/(1 + nth)"’L1 |n)(n| where ny, is the thermal reservoir mean
occupation number, to have H(¢)|0). = 0. Having the specific forms of H; and H,, we can write the supermode populations as

(0]0:(1)) = Tr (U] ()0 ()0[ (1)8,6:01.(t)U, (1)0a(1)p(0))
= Tr(0; ()0, (1)6[6;0.(t)U1 ()02 (1) p(0)U; (1))
= Tr(0; ()0, (1)0[6:01.(t)U, (1)p(0)), (11)

for i=1 and 2, where the action U(t) does not change the quantum  state. The supermode populations (6"?) @®)),
therefore, only evolve as the result of the successive actions of Up(zr) and U;(z). In the definition of U(t) =
Texp[—lf0 dSUz(l $)H, (s)U (t, s)], we apply the Taylor expansion to U,. Since gL, J,n, ®a, W, Yas Vims We can safely
neglect all terms including g> and higher orders. This is the only approximation we use in the procedure. One should note that
the effect of a nonlinear magnomechanical term is included in H; because of the factor g it contains. This approximation, which
is independent of the value of Ej, linearizes the equations of motion. Note that the unitary operation Uy (r) only displaces the
supermode operators in Eq. (11) and the evolution of U; determines the equations of motion.
The action U, (t) of the Hamiltonian H, leads to a system of linear equations [53]:

d

Eal = — (@110} Va + @105, Ym)01 — (@120}, Ve + 02205 V)02 + igas Ex(be ™" + bTel ') + Ay,
d . . ) ~A At i
2= —(@110 Ve + 1105, V)01 — (@120 Ve + 0220 Vi )02 + igas, Ex(be ™™ + bTe™') + A,
EB = igay E5 e o) + igas E2e™" 0% + igon E5 e o + igasy E2e™ " 65 — ypb + 3. (12)
[
Its compact form write
B t
d A
=M 0. (13) T'exp / ds 'V'(S)}
dit,t) dipt, ) dis(t, 7)
where
| dn@ ) dn@T) ... das(t,T) (17)
&= (01,0,060,05, 5,67, (14) B : '
d de1(t, T) des(t, T)
an

Since there is no analytical expression for the matrix exponen-

A = —(Ya T EL + Y5 E2), tial, we use the following product

Ay = _(Vaaiszl + yma§2E2)’ R t 0
Iy s Pep [asto|~ TT a+mopm. s

i=N—1

has the solution where the step size h is chosen so small to assure
M(s; )M(s;11) = M(si41)M(s;), to numerically calculate the
evolved operators. We use the algorithm developed in
Refs. [22,37] to deal with such evolutions of the system op-

erators.

é(t) =T exp U drt M(r)]é(O)
0

+/ dt T exp [/ ds M(s):|k(r)
0 T

= (1) + Cas(0), (16)

C. Supermode population inversion

There are two terms in the solution (16). The supermode

where ¢,(t) and Cy4(¢) are the homogeneous and inhomoge-
neous parts of the solution, respectively. We can formally

populations from the first term are obtained by taking the
average of (o ,0i.5(t)) with respect to the system’s initial state
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0(0). This part of the contribution is found as
(0} ,01.5) =d1 (. 0)dyo(t, 0) + da3(t, 0) dia(t, 0)
+ dos(t, 0) dis(t, 0)(nn + 1)
+ dag (1, 0) dis(t, 0) (19)
and
(0} 02.5) =du (t,0)ds (2, 0) + duz(t, 0) daa(t, 0)
+ dys(1, 0) dsg (1, 0) (i + 1)
+ du(t, 0) dss(t, 0) . (20)

Considering the displacement terms due to the action of
U (t), the second pure drive term A(¢) yields the following
contribution:

(01 4s01.a5) = |E1 + Ex + 61,450,
(05, 4s02.45) = |E1 — Ea + 02,4517, 1)

where
t
Bras = / At [d (1, T) 01 + dia(t, T X + dis (1 T) 2
0

+dia(t, T)AS +dis(t, 1) A3 +dis(t, THA] (22)

and
t
02,45 = / dr[dsi(t, 1) M +dn(t, T)A] +ds(t, 1) A
0

+du(t, T)A; +dss(t, T) A3 + dse(t, T)A3]. (23)

The quantum noises may modify the result, but their con-
tribution is neglected here because the main source of such
contribution due to the thermal environment is proportional to
the small damping rate y, of the mechanical mode.

After numerically solving Eq. (13) and using Eq. (11), we
obtain the total supermode populations as

AT A

(0101) = (0] ,01.5) + (0] 401.ds)- (24)
Then, we define the population inversion as
AN = (8}01) — (8562). (25)

This quantity determines the performance of the magnome-
chanical phonon laser.

III. OPERATION OF THE MAGNOMECHANICAL
PHONON LASER

Like an optical laser, the phonon laser demonstrates
properties such as threshold, gain saturation, and linewidth
narrowing in the lasing regime [19,54-56], but its operation
is different. The medium of an optical laser is material, the
transition occurs between the energy levels or bands, and the
output is an optical beam (cavity mode). On the other hand,
the two supermodes of the magnomechanical system form
the medium of the phonon laser, the thermal or spontaneous
phonons mediate the transition between the supermodes, and
the material as a phonon mode provides the output (stimulated
phonons) [1,18].

The magnetostriction interaction in magnomechanical sys-
tems plays the role of radiation pressure in optomechanical

14
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FIG. 2. The population inversion between superoperators for dif-
ferent values of the drive pump. Here we have set y, = 2.6 MHz,
¥Ym = 1.6 MHz, y, = 628 Hz, 0, = w,, = wy = 20w GHz (the res-
onant condition), w, = 24w MHz, J = 27 MHz, g = 0.27 Hz, and
ny = 2.4 x 10°. (a) One obtains a higher population inversion for
a stronger drive pump. The green (bottom), red (middle), and blue
(top) curves correspond to drive powers E; =2 x 1083 y,, E; =
3 x 108 y,, and E; = 4 x 10'3 y,, respectively. (b) The normalized
amplified stimulated phonon emission. The green (bottom), red (mid-
dle), and blue (top) curves correspond to drive powers E; = 1.2 x
10 y,, E; = 1.4 x 108 y,, and E; = 1.6 x 10" y,, respectively. If
we double the drive power, the difference between the amplified
stimulated phonon fields is several orders of magnitude in long time
scales. We have used stronger drive pump powers in panel (b).

systems. However, unlike the radiation pressure force, the
magnetostrictive force is highly tunable via the external mag-
netic fields. This feature allows one to achieve a controllable
phonon laser [24]. Building up a mechanical mode by mag-
netostriction is the foundation for such phonon lasing. We
can describe the whole process as follows. Initially, we place
the magnetic sample in the microwave cavity. The uniform
magnetic field B generates a uniform magnon (Kittel) mode
in the magnetic sphere. On the other hand, the time-dependent
magnetic field of the microwave drive excites the magnons
harmonically, and the magnetostriction effect deforms the
magnetic sphere sinusoidally, converting it to a resonator.
Now the system can be modeled by three types of quan-
tized oscillations: the first one stands for the microwave
cavity field, which is between two mirrors; the second rep-
resents the magnetization in the magnetic sample; and the
third is the stimulated mechanical oscillation over the mag-
netic sphere. The magnetic dipole interaction ﬁdip couples the
quantized microwave cavity field (photons) to the quantized
magnons, and the magnomechanical interaction Hy; couples
the magnons with the phonons. The magnons and microwave
photons of the coupled resonators form the superoperators
defined in Eq. (8). This process is similar to the optome-
chanical system of two coupled whispering-gallery-mode
resonators in which the circulating photons in each one form
the hybrid modes or supermodes [22]. We define the superop-
erators as the symmetric and antisymmetric combinations of
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FIG. 3. (a)-(c) The population inversion for the same parameters used in Fig. 2, but here we allow a nonzero detuning between the
frequencies of the cavity photons and the magnons. In panel (a), the system is in resonant condition. The panels (b) and (c) correspond to
w, — 0, = 0.01 GHz and w, — w,, = —0.01 GHz, respectively. The population inversion is 1 order of magnitude larger than these nonresonant
cases. (d) The amplified phonon emission for the same parameters used in panels (a)—(c): blue (top) curve for panel (a), green (middle) curve
for panel (b), and red (bottom) curve for panel (c). To obtain a strong phonon emission, the detuning must be smaller than 1 MHz.

magnon and photon modes, and they form a two-level system
(TLS).

The microwave drive pump excites the mechanical mode
associated with the quantized phonons in the magnetic
sample. These phonons, which we call “thermal phonons,”
mediate the transition between the upper and lower levels of
the TLS and will be amplified to the stimulated phonon field
under the condition of population inversion. One can draw
an analogy between the spontaneous and stimulated emission
in an optical laser and the thermal and stimulated phonons
in a phonon laser. To achieve a reasonably strong stimulated
phonon field, one should provide a high population inversion
condition between the supermodes. As discussed in the previ-
ous section, the population inversion is a dynamical quantity,
whereas in, e.g., Refs. [18-20,23], it is treated as a constant
value. Similar to an optical laser [44], the phonon laser dy-
namical equations take the following forms [18,19,22,37],

dby ( iop)b .8
= (—yp — iwp)bs — i p,
dr Yb b )D; 217
d
d—f = '§AN(r>bx (Vo= Vm —2iDp.  (26)

by plugging in the dynamically evolving AN(¢), where p =
(6;61). In Eq. (26) we have used a subscript “s” to indi-
cate the stimulated phonon field. The variables in Eq. (26)
are mean-field ones, but the population inversion AN(?) is
determined quantum mechanically. This is similar to the semi-
classical treatment of an atomic level transition, in which the
atomic levels are described quantum mechanically while the
radiations are regarded as classical. Because of the mean-
field treatment, there are no noise terms in Eq. (26). After

we numerically solve the system of differential equations in
Eq. (26), we obtain the intensified field b,(¢). In the following
section, we demonstrate the dynamical evolutions of the popu-
lation inversion AN and the amplification ratio for the phonon
number |by(t)/b,(0)|>. Here we use the parameters close to the
experimental values used in other setups [31].

IV. PHONON LASING UNDER VARIOUS
SYSTEM CONDITIONS

A. Relevance of the pump power

We are interested in knowing how the population inver-
sion and the stimulated phonon emission vary under different
conditions. In the first case, we assume all parameters are
fixed, except the drive pump E;. In Fig. 2, we choose these
parameters: y,, = 1.6 MHz, y, = 628 Hz, 0w, = w,, = wg =
20 GHz (the resonant condition), w, = 24w MHz, J =
2w MHz, g = 0.27 Hz, and ng, = 2.4 x 10°. In the numerical
calculations, we choose y, as the parameter to normalize all
other parameters so that the algorithm works with the dimen-
sionless parameters. Here E, is a variable, with its order of
magnitude being 10" in Fig. 2(a) and being 10'* in Fig. 2(b).

Figure 2(a) shows that the population inversion demon-
strates a pattern of the fast oscillations modulated by a slow
oscillation, like in a wave packet with a certain envelope. Sim-
ilar to the optomechanical phonon laser, where the oscillation
of the mechanical mode brings about the sidebands with the
multipliers of the mechanical frequency to the cavity fields,
the mechanical mode here induces those sidebands to the
magnon field and the cavity field, thus leading to the different
oscillating components of the supermodes. As we increase
the power of the drive pump, we obtain a higher population

033511-6



MAGNOMECHANICAL PHONON LASER BEYOND THE ...

PHYSICAL REVIEW A 104, 033511 (2021)

%106

(a)

x10
15} (c)
Z2 10"
<
5 L
0 L 1 L 1 1 J
2 25 3 3.5 4 4.5 5

Ya t

2
z
<1
0
8 " : .
-w_=-0.001 GH
o 67 “a™Ya z (d) 1
— —_w,~w_=0
(=) d a
;,,, 4| —w,-w,=0.001 GHz g
~
o
€ 2 ]
n
2
2 2.5 3 3.5 4 4.5 5

Ta t

FIG. 4. (a)—(c) The population inversion for the same parameters used in Fig. 3, but here we allow a nonzero detuning between the
frequencies of the drive pump and those of the cavity photons and the magnons. Panel (a) shows the system in the resonant condition. Panels
(b) and (c) correspond to w; — w, = 0.001 and w,; — w, = —0.001 GHz, respectively. To have a reasonably large population inversion, the
detuning should be smaller than 1 MHz. (d) The amplified phonon emission for the same parameters used in panels (a)—(c): blue (top) curve
for panel (a) and red (bottom) (curve) for panels (b) and (c). The green curve is coincident on the red curve and, hence, invisible. Here there is

no stimulated phonon emission for the negative detuning.

inversion, but the maximum and the minimum in its evolved
envelops still occur at where they are for a lower pump power.
We also observe the same behavior for the stimulated phonon
emission—a stronger phonon emission is achieved for higher
drive power in Fig. 2(b). The time-dependent magnetic field
in the cavity increases with the power of the drive pump, to
have a more intense magnetostriction interaction and, hence,
a better phonon lasing.

B. Detuning effect

In addition to the drive pump power and the magnon-
photon coupling strength, the resonance condition of the
system can affect the phonon laser operation. In Fig. 3, we fix
the values of the drive pump power and the magnon-photon
coupling strength to E; =5 x 10y, and J = 27 x 10° y,,
but allow a nonzero detuning of w, — w,, = £0.001 GHz.
As we observe in Figs. 3(a)-3(c), the population inversion
can be 1 order of magnitude larger in the resonant condition.
Also, the amplified phonon emission is much larger under the
resonant condition after a long duration for those values of
detuning. The detuning is relatively large (10 Hz). Thus one
can see that, to have the best operation, the detuning must be
less than 1 MHz, so as not to affect the population inversion
and the phonon emission substantially.

We also investigate the mismatch between the frequency
of the drive pump w, and that of the cavity photon w, and the
magnon w,,. As we expect, the patterns in Figs. 3(a)-3(d) also
exist in Figs. 4(a)-4(d), where we use the same parameters as
those in Fig. 3, but fix w, = w,, = 20 GHz and allow a vari-
able wy. In Fig. 4(a), the system is in the resonant condition.

In Figs. 4(b) and 4(c), we set wg; — w, = 0.001 GHz and w; —
w, = —0.001 GHz, respectively. Particularly, in Fig. 3(d), one
sees that no phonon lasing will exist when the detuning is
wg — w, = —0.001 GHz. An analog in photon laser is that, if
one drives a two-level atom at a frequency very different from
the transition frequency, no lasing will occur as well. To the
currently concerned phonon laser, there will not be an efficient
phonon field amplification if the pump frequency mismatches
the frequencies of the cavity photon and magnon.

V. DISCUSSION AND CONCLUSION

Similar to an optical laser, one has the gain and the thresh-
old for the magnomechanical laser. The gain of an optical laser
depends on the population inversion between the ground state
and the excited state. The larger the population inversion is,
the higher the gain of the field will be. Furthermore, in an
optical laser, the pump power should be beyond a “threshold”
to provide the condition of population inversion. The same
argument is valid to the concerned phonon laser. In contrast to
the steady-state assumption, we here target the more general
situation that the population inversion can be time dependent,
so we adopt a different approach to the linearization of the
system dynamics and an analysis of the population inversion
in a numerical way.

It is also possible to study the pulsed phonon laser in the
approach we adopt. The pump field E;(¢) can take any form
in principle, and a sufficiently strong pump in pulses may give
rise to a pulsed output of the stimulated phonon field. This
issue should be studied with a further improved numerical tool
in the future.
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In summary, we have studied a magnomechanical phonon
laser beyond the steady-state approximation. Our numerical
simulations show that the population inversion between the
upper and lower supermodes of the system constantly varies
with time, in contrast to an assumption of constant population
inversion in the previous studies. We investigate the phonon
laser performance, in terms of the population inversion and
stimulated phonon field under various system conditions,
such as the pump powers, magnon-photon couplings, and
detunings. Despite the time-dependent population inversion,
one can achieve a relatively strong emission of stimulated

phonons if the power of the drive pump is beyond a threshold.
The increase of the pump power enables a stronger phonon
lasing. A lower magnon-photon coupling can lead to a higher
population inversion and a better phonon lasing. Moreover,
the phonon laser will have the optimum operation when the
frequency of the drive field matches the frequencies of the cav-
ity photons and magnons. Since the magnomechanical system
we consider is highly tunable with low loss and has an extra
degree of freedom provided by a magnetic field, it can work
as an alternative to a phonon laser based on optomechanical
systems.
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