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By developing a gain-embedded cavity magnonics platform, we create a gain-driven polariton (GDP) that
is activated by an amplified electromagnetic field. Distinct effects of gain-driven light-matter interaction,
such as polariton auto-oscillations, polariton phase singularity, self-selection of a polariton bright mode, and
gain-induced magnon-photon synchronization, are theoretically studied and experimentally manifested.
Utilizing the gain-sustained photon coherence of the GDP, we demonstrate polariton-based coherent
microwave amplification (~40 dB) and achieve high-quality coherent microwave emission (Q > 10?).

DOI: 10.1103/PhysRevLett.130.146702

One of the recent spotlights in the realm of light-matter
interaction is the renaissance of the cavity magnon polar-
iton (CMP) [1-6]. It has led to the emergence of cavity
magnonics [7] that uses the magnon as a key component for
developing classical and quantum computing systems [8].
Over the past decade, the CMP has attracted broad interest
from communities studying quantum information [9],
cavity QED [10], and cavity optomechanics [11-13]. It
has enabled the innovation of magnonic memories [14,15],
cavity spintronics [6,16], quantum sensors [17], and a
variety of transducers [8,18]. Intriguing effects such as
polariton bistability [19], level attraction [20-22], excep-
tional points [23], Floquet ultrastrong coupling [24,25],
unidirectional invisibility [26], and bound states in the
continuum [27] have been observed in cavity magnonics.
All these progresses stem from the hybrid nature of the
CMP, which enables using photons to control magnons and
vice versa. However, this benefit comes at a cost: the light-
matter interaction, in general, produces nondegenerate
polariton states, so that photon states depend on the
superposition of polaritons oscillating at different frequen-
cies with different phases and damping rates. This effect
causes amplitude modulation and phase aberration for
photons, hindering photonic applications that require stable
monochromatic operation with well-sustained photon
coherence.

Can light-matter hybridization, monochromatic opera-
tion, and sustained photon coherence be engineered to
coexist in polaritonics? The answer is yes, but the only
example that nature has taught us is Bose-Einstein con-
densation (BEC) of cavity exciton polariton [28-30].
Although polariton BEC has invigorated polaritonics
[30] and transformed laser technology [31], it is not a
silver bullet since BEC is not easy to realize in most
polariton systems. Another approach, proposed very
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recently, was to integrate magnon-photon coupling with
the spin-torque effect, generating macroscopic phase coher-
ence in spin-torque oscillators [32]. Yet, this intriguing idea
awaits experimental validation.

In this Letter, by developing gain-embedded cavity
magnonics, we reveal a new path for achieving mono-
chromatic polariton operation with sustained photon coher-
ence. A gain-driven polariton (GDP) is created, which
exhibits distinct features such as polariton phase singular-
ity, polariton auto-oscillations, and spontaneous polariton
mode selection. Using these properties, we demonstrate
polariton-based coherent microwave amplification and
high-quality microwave emission.

To explain the idea of the GDP, let us start from the CMP
produced in closed cavity magnonics governed by the
coherent magnon-photon coupling [7],

&= —id.a—iJm,

m

—id, i — iJa. (1)

Here, a and 71 represent the annihilation operator of the
cavity photon and magnon modes, respectively. J is the rate
of the coherent coupling. &, = w,. — ix. and @,, = w,, —
ik,, correspond to the complex frequencies of the cavity
and magnon modes, respectively, where k. and «,, are the
damping rates. The solution of Eq. (1) is a pair of CMP
modes p, = c,a + c/m with eigenfrequencies @, = .+
A/2+ A, where ¢, = [(A F A/2)/2A]'/? are the state
amplitudes with A = @,, — @, and A = [J? + (A/2)?]'/2.
They show in- and out-of-phase oscillations of the magnons
and photons as depicted in Figs. 1(a) and 1(b).

The GDP is created by incorporating two new ingre-
dients (gain and nonlinearity) into the cavity, changing its
complex frequency to
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FIG. 1. CMP vs GDP. (a) Conventional CMP modes charac-

terized by Rabi oscillations and (b) level repulsion. (c) GDP that
leads to a photon steady state and (d) self-selection of a bright
polariton mode. (e) Schematic device architecture showing the
one-photon gain G and the two-photon damping rate y|a|*.
(f) For closed cavity magnonics, the phase of the GDP (green
dots) exhibits a singularity at A = 0, resembling the phase of a
driven oscillator (black dashed curve). The phases of the two
CMP modes (orange and blue dotted curves) are plotted for
comparison.

& = 0, +i(G =k, —7laP). )

Here, G represents the one-photon gain, a is the expectation
value of @, and y|al? is the two-photon (nonlinear) damping
rate. Setting G > k. and switching on the gain, |a(7)]
exponentially increases to the steady-state value |A..|, where
the nonlinear damping balances the net gain with
G — k. = y|A.|*. At the steady state, the cavity becomes
an auto-oscillator with zero damping populated with a
constant number of photons n. = |A.|>. Such a cavity
resembles the gedanken oscillator conceived in 1920 by
van der Pol [33,34], which has been broadly used for
understanding nonlinear biological processes and quantum
dynamics [35,36].

As sketched in Fig. 1(c), when coupling the zero-
damping cavity with a damped oscillator, such as the
magnon mode, an intriguing gain-driven light-matter inter-
action takes place. Mathematically, Eqs. (1) and (2) have
a steady-state solution (see Supplemental Material [37])

with the expectation values a(t) = Ae ™ and m(t) =
Me ¢ where A and M are the steady-state amplitude
of photons and magnons, respectively. At the steady state,
magnons and photons are synchronized at the frequency Q
with a relative phase 6 that depends on the detuning
A = w,, — w.. Meanwhile, the CMP states p, = cra =+
¢z evolve to the GDP with the steady-state amplitudes

Py =ciA+cze M. (3)

Physically, due to the nonlinear term in Eq. (2), the phase
0 is set by the initial condition for Eq. (1). Solving Eqs. (1)
and (2) numerically [37], we find two cardinal features of
the GDP: (1) A phase singularity emerges at the critical
detuning A., where 6 switches abruptly from 6~ 0 to

~ x. In general, as we will see later in Fig. 2, A depends
on the initial condition and the coupling parameters, but in
the simplest case for the closed cavity magnonics operating
with the initial condition a(0) ~ 0 and m(0) ~ 0, we find
A, =0, where the calculated 6(A) plotted in Fig. 1(f)
indicates that the GDP has both characteristics of a driven
oscillator and polariton. (2) Along with the phase singu-
larity, the GDP spontaneously selects a bright mode [37],

for A < A_;
(4a)

P_|=0, [P|>0. Qro,.

|P.| =0, |P_| >0, Qrw_, for A>A,.

(4b)

Equation (4) means the GDP is composed of a bright and
a dark polariton mode, whose frequencies abruptly inter-
change at A, as shown in Fig. 1(d). By spontaneously
selecting the bright mode, the magnon and photon are in-
phase synchronized at w, for A < A_, but they become
out-of-phase synchronized at w_ for A > A_.. Hence, at any
detuning, the GDP unifies light-matter hybridization with
monochromatic auto-oscillation. This observation leads to
sustained photon coherence, opening new avenues for
polariton applications, as we will demonstrate later.

Experimentally, we design gain-embedded cavity mag-
nonics to realize our idea. Figure 1(e) shows the schematic
picture of our device: A half-wavelength microstrip line
resonator is connected with two measurements ports, and a
voltage-controlled amplifier is engineered on the microstrip
to amplify the cavity mode. A yttrium iron garnet (YIG)
sphere with a diameter of 1 mm is mounted on a probe
attached to an x-y-z stage so that its position is controlled
with the resolution of 5 pm. Setting the YIG sphere on the
cavity and applying a magnetic field H to control the Kittel
mode frequency w,, = y.puo(|H| + Hy), we measure the
microwave transmission and emission spectra at polariton
steady states. Here, y, = 27 x 27.3 GHz/T is the electron
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gyromagnetic ratio, yoH, = —6.2 mT is the effective field
of YIG, and y, is the vacuum permeability. A dozen devices
with different geometries are measured by placing the YIG
sphere at different positions, all of which exhibit the
same feature as summarized by Eq. (4). The data presented
below are rendered from one of our typical devices
with parameters w./2z = 3.588 GHz and «,,/27z = 0.9,
k./2m = 142, and y/27 = 2.6 x 10~'> MHz [37]. In this
gain-embedded device, in addition to the coherent coupling
rate of J/2zx = 4.5 MHz, the insertion of the amplifier
exposes magnons and cavity photons to the environmental
photon bath, which induces a dissipative magnon-photon
coupling [26] with the rate I'/27z = 6.1 MHz. This effect
shifts A, from zero, as was displayed in Fig. 1(d) for the
simple case of the closed cavity magnonics, but as we will
see from the experimental data presented in Fig. 2, it does
not change the cardinal feature summarized by Eq. (4). The
gain is controlled by a dc voltage V. Unless specified, the
data are measured at V =7 V with G/2z = 312 MHz.

Figure 2(a) shows the microwave transmission spectra
|S5; ()| measured by using the vector network analyzer to
sweep the frequency w. The power level of the probe signal
is kept at =50 dBm. As predicted by Eq. (4), instead of
level repulsion of twin CMP, only one bright GDP mode is
observed, which suddenly changes its mode frequency at
A.. The dispersion of the bright GDP mode, measured by
either increasing or decreasing A, is plotted in Figs. 2(b)
and 2(c), respectively. In both cases, we determine
A./2z = 18 MHz.

To quantitatively analyze A, in our devices, we numeri-
cally calculate (A) by generalizing Eq. (1) to open cavity
magnonics [37]. The obtained phase mapping, by setting
a(0) = A, and changing m(0), is plotted in Fig. 2(d),
where the sharp boundary marks the phase singularity. The
experimental data of Figs. 2(a)-2(c) are measured in the
no-memory setting: at each detuning, the gain is switched
on before measuring |S,;(@)|, and then it is switched off
before changing to the next A. This setting corresponds
to the initial condition of m(0) =0 at each detuning, as
indicated by the horizontal line in Fig. 2(d), where we
find A./27 = 18 MHz.

Changing the initial condition m(0), A, shifts as shown
in Fig. 2(d). To verify such nonlinear characteristics, we
further measure the microwave transmission in the memory
setting, where the gain is kept on while changing A. In this
setting, as shown by the red and blue curves in Fig. 2(d),
m(0), at the next detuning “remembers” the steady-state
value of the previous detuning, so that A . should depend on
the sweeping history. Indeed, as shown in Figs. 2(e) and
2(f), the measured phase singularity appears at A./2z = 40
and 18 MHz for up and down sweeping, respectively. Using
the same set of device parameters (see Supplemental
Material [37]), the fitted GDP dispersions (solid curves)
agree very well with the measured dispersions in all cases
that are shown in Figs. 2(b), 2(c), 2(e), and 2(f). Thus, we
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FIG. 2. Phase singularity. (a) |S,;(w)| measured in the
“no-memory”’ setting by sweeping w, with the detuning increased
from —42 to 40 MHz. The dispersion of the bright GDP
mode, measured by (b) increasing and (c) decreasing A in the
no-memory setting. The vertical arrows in (b) mark the detunings
for the spectra presented in (a). (d) Numerically calculated 6(A)
at different initial conditions, where the sharp boundary marks the
phase singularity. Solid curves correspond to |m(0)|? calculated
for different sweeping settings. (e) The dispersion measured by
increasing and (f) decreasing A in the “memory” setting. The
solid and dotted curves in (b),(c) and (e),(f) are the fitted GDP and
CMP dispersions, respectively.

have created the GDP that spontaneously selects a bright
polariton mode. Such a unique polariton enables gain-
sustained photon coherence, as we demonstrate below in
photon emission experiments.

Emission spectra are measured in the memory setting at
A =0 when up sweeping. Without any probe signal, we
use a signal analyzer to measure the power spectral density
S(f) of the emitted photons. As shown in Fig. 3(a), an
emission peak of about 4.3 mW is detected with S(f) =
6.5 mW/kHz at Q/27z = 3.600 GHz. The measured line-
width (full width at half maximum, or FWHM) is 360 Hz,
which is remarkable for magnetic systems: via the light-
matter interaction, the FWHM is 3 orders of magnitude
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FIG. 3. Coherent emission. (a) The power spectral density of

the microwave emission measured at Q/27z = 3.600 GHz.
(b) The heterodyne demodulation circuit to perform real-time
in-phase (/) and quadrature (Q) measurements. LO represents a
local oscillator. The 7Q histograms measured by setting the cavity
amplifier at (c) 0, (e) 0.77, and (g) 7 V, showing the enhanced
amplitude coherence by increasing G. The output power
(I> + Q?) is calibrated and converted to the photon number N,
and the obtained photon number statistics P(N) is fitted to
exponential and/or Gaussian distributions in (d), (f), and (h).

smaller than the magnon damping (~900 kHz) that limits
the quality factor of spin-torque oscillators [52-54].
Furthermore, the measured FWHM exceeds the perfor-
mance of the proposed spin-torque-oscillator maser, where
simulations indicate an upper bound emission linewidth of
about 4 kHz [32].

To quantitatively analyze the photon coherence, we
investigate the statistics of the emitted photons. We first
mix the emission signal through a modulator board with
a local oscillator and then record the down-converted
in-phase (/) and quadrature (Q) (90° out-of-phase) signals
with an oscilloscope. The gain dependence of the amplitude
coherence is systematically shown in Fig. 3. At V = 0 with
G =0, the /Q histogram in Fig. 3(c) shows all outputs
around zero. The output power (/> + Q?) is calibrated [37]
and converted to the photon number N, and the obtained
photon number distribution P(N) is described as an

exponential distribution in Fig. 3(d), indicating incoherent
emission subjective to thermal and charge noises [55].
Tuning the voltage to 0.77 V (G = k,), outside of the center
spot of the noise signal, the histogram in Fig. 3(e) develops
nonzero outputs with a donut shape that agrees with the
distribution of a coherent source [55]. Here, P(N) can
be approximately fitted by a combined exponential and
Gaussian distribution in Fig. 3(f), where the Gaussian
distribution indicates the onset of coherent emission.
Setting V =7 V (G > «,), the IQ histogram vanishes at
the center and uniformly distributes in a ring in Fig. 3(g).
The histogram in Fig. 3(h) can be well fit by the Gaussian
line shape P(N) ~ e™W=N)/2" with N = (6.600 £ 0.001) x
10" and ¢ = (3.40 +0.01) x 102, demonstrating ampli-
tude coherence of the emitted photons [56]. Furthermore, we
have studied the phase coherence of the emission by analyz-
ing the first-order coherence function g(!)(z), which con-
stitutes as the convolution of the 7Q signal and its complex
conjugate with time delay 7. We deduce that, at V =7 V, the
phase coherence time reaches 0.9 ms, confirming the gain-
sustained photon coherence of the GDP [37].

Finally, we demonstrate the capability of the GDP for
coherently amplifying weak microwave signals. Using a
signal generator, we inject the weak signal (about 1 pW
with 1.5 x 10'° photons) into the GDP at the frequency
Wipi/2m = Q/2n = 3.594 GHz. As shown in Fig. 4(a),
the injected signal has an ultrahigh quality (FWHM of
0.84 Hz). With the injected weak signal, we measure the
output power spectral density S(f) of the photons emitted
by the GDP. As shown in Fig. 4(b), the GDP amplifies the
input power by 4 orders of magnitude without undermining
the ultrahigh quality of the input signal.

Why could the GDP, with an intrinsic emission FWHM
of about 360 Hz, coherently amplify the signal of the
FWHM of 0.84 Hz so well? To clarify the mechanism, we
study S(f) by systematically changing @;,;. The measured
S(f) mapping is plotted in Fig. 4(c), where the solid curves
are calculated using Adler’s classical theory [57] describing
the locking phenomena of oscillators [37]. It reveals that,
as an auto-oscillator, the GDP can be phase locked by the
weak signal via the injection locking mechanism [57]. At
|winj — Q|/27 > 0.8 MHz, the wave mixing between the
injected signal and the GDP emission produces a frequency
comb with sideband oscillations. When w;,; approaches €2,
the injected signal is amplified, so that all sideband oscil-
lations are suppressed and the frequency of the GDP
emission is pulled toward the injection tone. Within the
injection locking bandwidth of Af = 1.6 MHz, the GDP
enables about 40 dB coherent amplification, as shown in
Fig. 4(d). Such a mode-selective amplification boosts the
GDP’s performance as a gain-driven coherent photon source,
enhancing its emission quality factor to exceed 10°. The
superb emission and amplification performance can be
further improved by utilizing the flexible controllability of
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FIG. 4. Coherent amplification. (a) An ultrahigh-quality weak
microwave signal is injected at w;,/27 = Q/27 = 3.594 GHz
from a signal generator into the GDP. (b) The output power
spectral density S(f) of the photons emitted by the GDP. (c) The
S(f) measured by changing the frequency of the injection tone
@jy;- The number 7 indicates the index of the sideband harmonics.
The red and orange solid curves are calculated from the theory
developed by Adler. (d) Within the injection locking bandwidth
of Af =1.6 MHz, the GDP enables about 40 dB coherent
amplification [deduced along the diagonal line in (c)].

the cavity magnonics platform. For example, the bandwidth
can be easily improved by using frequency-tunable planar
cavities.

In summary, we have explored the physics of a gain-
driven polariton. Contrary to conventional polaritons
formed in dissipative systems, here, the light-matter inter-
action is activated by an amplified electromagnetic field
and stabilized by nonlinear damping. A GDP at microwave
frequencies is created by incorporating the gain mechanism
into the cavity magnonics platform. First, the transmission
spectra of GDP are measured, revealing intriguing effects
such as the initial condition dependent phase singularity
and spontaneous mode selection that governs magnon-
photon synchronization. Then, the photon emission of
the GDP is studied by analyzing the photon statistics,
demonstrating the gain-sustained phase and amplitude
coherence. By using the injection locking technique, the
emission linewidth of the GDP is optimized to below 1 Hz,
exceeding many state-of-the-art masers. Our work opens
new horizons for exploring gain-driven light-matter inter-
action. The polariton auto-oscillation revealed in our Letter
may broadly impact the study of synchronization, fre-
quency combs, on-chip masers, and chaotic behaviors in
light-matter interactions.
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