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Significance

 Photon–phonon coupling plays  
a critical role in light–matter 
interaction. Reductions of 
phonons in specific modes 
(cooling) can be realized through 
anti-Stokes light scattering,  
a nonlinear up-conversion process  
by absorbing phonons. This 
ability to coherently manipulate 
phonons through light is critical 
for various fields in metrology, 
information processing, and 
sensing. However, phonons 
usually are not isolated in 
systems and are constantly 
exchanged with external modes; 
this constrains phonon cooling/
heating efficiency. Here we 
experimentally observe  
super-cooling/heating states in  
a non-Hermitian phononic dimer, 
where two independent phonon 
modes of distinct cooling/heating 
rates become synchronous in 
Parity–Time symmetric state. 
These results pave ways for 
thermal management, 
optomechanical coherent 
control, and precision quantum 
metrology.
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The ability to coherently manipulate phonons through light permits cooling and heating 
microscale quantum systems for various critical fields in metrology, information pro-
cessing, and sensing. However, these physical systems often are hard to isolate and open 
for exchanging energy externally, making themselves non-Hermitian. Here, we exper-
imentally observe a super-cooling/heating state in a non-Hermitian phononic dimer, 
where the two independent phonon modes of distinct cooling/heating rates become 
synchronous in cooling/heating. Such super cooling/heating is manifested in a Parity–
Time symmetric state controlled by two counterpropagating optical pumps. These results 
reveal the non-Hermitian nature of the phonon dimer and illustrate a coherent technique 
for synchronous cooling/heating non-Hermitian systems, paving the way for practical 
applications in quantum sensing and metrology.

non-Hermitian physics | Parity–Time symmetry | microcavity | Brillouin scattering |  
optomechanical cooling

 Cooling of mechanical motions remains a cornerstone for achieving exceptional sensitivity 
in high precision metrology ( 1   – 3 ), exploring the frontiers of quantum information pro-
cessing ( 4   – 6 ), and probing the classical-to-quantum transition in macroscopic systems 
( 7   – 9 ). Brillouin-based optomechanical cooling offers a unique path toward cooling pho-
nons in optomechanical systems, complementing established laser cooling techniques for 
gases ( 10     – 13 ) and solids ( 14   – 16 ). Landmark demonstrations of forward Brillouin scat-
tering in microcavities have allowed access to low frequency acoustical modes where 
phonon dissipation is lower than photons, allowing Brillouin cooling/heating of specific 
phonon modes through corresponding anti-Stokes/Stokes processes ( 17 ). Moreover, 
Inter-mode Brillouin cooling in a silicon waveguide has achieved a record 30 K reduction 
from room temperature for a phonon band ( 18 ). This approach opens exciting avenues 
for exploring quantum nonlinear optics ( 19 ), quantum computation ( 20 ,  21 ), and quan-
tum networks ( 22   – 24 ) by leveraging broad optical and mechanical bandwidths.

 However, a critical challenge limits further cooling/heating due to the phonon’s inter-
action with the open environment, making the systems non-Hermitian ( 25 ). Among 
them, the simplest form of a dimer structure, also known as photonic/phononic molecule 
( 26     – 29 ), permits energy exchange within the dimer, while individual gain/loss control of 
each phononic cavity leads to intriguing dynamics like phonon amplification ( 30 ), phonon 
laser ( 31 ,  32 ), and optomechanical cooling ( 33 ). More surprisingly, the competition 
between the internal coupling and the gain/loss control is composed of an emerging 
Parity–Time (PT) symmetry ( 34 ), enabling exotic behaviors of PT phonon laser ( 35 ), 
lasing at an exceptional point (EP) ( 32 ), and phononic dissipative coupling ( 36 ). Like its 
photonics counterpart, many of these prior works focus on the real eigenvalue solution 
to the non-Hermitian Hamiltonian, e.g., a degenerate supermode for a single mode 
phonon laser ( 32 ,  35 ), or mode splitting near an EP for enhanced sensing. However, less 
attention has been paid to the imaginary part of eigensolution ( 37 ). However, manipu-
lating the imaginary part is essential for the optomechanical cooling/heating of ultranarrow 
linewidth Brillouin Lasers ( 38 ,  39 ), Superfluid Brillouin optomechanics ( 40 ), and con-
tinuous optomechanical waveguide ( 41 ). So far, the experimental demonstration of such 
optomechanical cooling has remained elusive in the non-Hermitian regime.

 In this work, we experimentally demonstrate coherent and synchronous super- 
cooling/heating states in a PT symmetric phononic dimer, in which two counterpropa-
gating phonon modes, i.e., clockwise (CW) and counterclockwise (CCW), are effectively 
coupled inside a Whispering-Gallery mode (WGM) type microcavity. A PT symmetry 
can be effectively realized in the dimer through nonlinear Brillouin scattering induced 
gain/loss, where two independently tunable optical pumps in two directions can individ-
ually control the directional phonon gain (Stokes) and loss (anti-Stokes). In this manner, 
the cooling/heating of phonons can be induced by the optical pumps through anti-Stokes 
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or Stokes Brillouin scattering, respectively. Meanwhile, by manip-
ulating the CW/CCW pumping ratios, the two counter-propagating 
phonon modes experience a phase transition breaking the PT 
symmetry, where the two independent phonon modes, originally 
possessing distinct cooling/heating rates, become synchronous in 
the cooling/heating, i.e., super cooling/heating. Such simultane-
ous cooling/heating states govern the overall non-Hermitian dimer 
even at split phonon frequencies, given the effective energy transfer 
between the two modes. These results reveal the non-Hermitian 
nature of the acoustic phonon systems, indicate exotic dynamics 
due to the hidden phononic interaction, and pave the way for 
thermal management, optomechanical coherent control, and pre-
cision quantum metrology. 

Results and Discussions

 Microscale optical microcavities offer strong confinement and 
enhancement effects for both light and acoustic waves ( 42 ,  43 ). 
The optical microcavity is fabricated by arc-firing the tip of a silica 
fiber with a diameter of approximately 130 μm ( Fig. 1A  ). Here, 
we excite an optical forward type Brillouin scattering in both 
directions inside a silica microsphere cavity to and realize a PT 
symmetric dimer of phonons in  Fig. 1  ( 44 ,  27 ). A CW pump laser 
is launched from the left, coupling into the microsphere cavity via 
a tapered fiber. By resonantly coupled into a CW WGM, the CW 
pump can strongly induce an electrostriction effect, exciting non-
linear Brillouin scattering (BS). As a result, a strong acoustic pho-
non mode cycles in the CW direction. Meanwhile, a second CCW 
pump laser is injected oppositely from the other end of the fiber, 
generating another phonon mode in the CCW direction ( Fig. 1A  ), 
effectively composing a phononic dimer. Here, the pump lasers 
are solely used to excite Brillouin scattering and provide gain for 
each phonon mode. Consequently, the CW/CCW pumps can 
individually control directional gains for phonons by adjusting 
the corresponding pump laser’s intensities, which can be utilized 
for constructing a PT symmetry later.        

 Ideally, the CW and CCW acoustic modes are independent of 
each other. Due to the nonuniformity of material and structure 
in the actual system, symmetric breaking can occur. This disorder 
introduces scattering between modes, resulting in the coupling of 
acoustic modes in two directions. When the disorder induced 

scattering rate is low, an indirect coupling model can be used, 
which is the coupling of high-Q phonon modes with reverse 
low-Q phonon quasimode thermal bath ( 17 ), as in the case of ref. 
 45 . When the disorder induced scattering rate is high, a direct 
coupling model can be used, which means that the high-Q pho-
non modes in two directions are directly coupled without the 
indirect effect of a large number of pseudo spin phonon modes 
of the same family. The use of direct coupling models can effec-
tively explain the peculiar behavior of phonons in our work. In 
this manner, a PT symmetry can be constructed with directional 
BS gain and inherent phonon loss in such a phononic dimer 
( 46   – 48 ).  Fig. 1B   illustrates such a PT symmetric dimer composed 
of the two opposite phonon modes, in which the pump’s intensity 
differences can modulate the phonon modes, resulting in a lossy 
(blue) CW mode and a gain (red) CCW mode. Through the 
aforementioned internal coupling, the two phonon modes form 
the PT symmetric dimer ( 49 ,  50 ).

 The cooling of phonons occurs when the pump light enters the 
anti-Stokes mode ( Fig. 1C  ). In this process, a phonon and a photon 
of the pump are simultaneously absorbed, releasing a blue-shifted 
anti-Stokes photon ( 51 ,  52 ). Physically, the light exerts compres-
sive pressure on the expanding acoustic wave, extracting energy 
from the acoustic field and causing the acoustic wave loss, this 
process is referred to the phonon cooling. Conversely, the heating 
of phonons can be achieved when the pump light enters the Stokes 
mode ( Fig. 1D  ). In this case, the pump light releases a red-shifted 
Stokes photon along with an acoustic phonon, effectively providing 
gain for the phonon mode. As the light contracts the acoustic field, 
it applies pressure to the acoustic wave and transfers energy gain 
into it; this process is known as phonon heating. In both cases, the 
incident pump photons are annihilated, resulting in scattered pho-
tons with red-shifted Stokes frequencies or blue-shifted anti-Stokes 
frequencies. These scattering events either generate or annihilate 
phonons, causing the heating or cooling of phonons. Traditionally, 
the heating or cooling of mechanical modes is controlled by 
directly manipulating light radiation pressure. However, in our PT 
symmetric dimer system composed of phonons, the two acoustic 
modes are coupled together; this effectively introduces a second 
channel to provide gain or loss for the phonons, affecting the 
heating and cooling. By adjusting the pumps and cavity detunings, 
the phononic PT symmetric dimer can achieve synchronous 

Fig. 1.   Schematic diagram of super heating/cooling in a PT symmetric phononic dimer. (A) The model of bidirectional acoustic waves in microcavities. The pump 
light in CW and CCW directions is injected into the microcavity and coupled with the acoustic field in their respective directions through Brillouin scattering. 
Acoustic fields in two directions form standing waves and exhibit PT symmetry. The illustration on the Right is a photo of a microcavity under a microscope. The 
cross-sections of the acoustic field in two directions are shown in (B). Here, we present a scenario. Blue indicates the loss process for CW, while red indicates 
the gain process for CCW. The coupling between CW and CCW acoustic modes is achieved through a direct coupling coefficient V1, forming a PT symmetric 
phonon dimer. Pump light absorbs phonon energy to produce high frequency anti-Stokes light. This is an acoustic energy loss process, therefore called cooling, 
as shown in the energy level diagram in (C). On the other hand, the pump light releases a phonon, producing low frequency Stokes light. This is a process of 
acoustic energy gain, called heating, as shown in (D).D
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cooling or heating rates in both directions despite their different 
pumping conditions; this phenomenon is termed super cooling/
heating.

 Like electromagnetic induced transparency in atoms, probe light 
can propagate without loss through destructive coherence between 
atomic energy levels, forming a transparent window. Nonlinear 
Brillouin scattering coupling can also lead to transparent or absorp-
tion peaks of the probe light in optical modes, known as Brillouin 
scattering induced transparency or absorption ( 49 ,  53 ,  54 ). Using 
the coupling wave equation, we conducted theoretical simulations 
and detailed analyses of the transmission spectra under different con-
ditions in SI Appendix . And theoretical fitting curves (dashed line) 
can be obtained for the experimental data (solid line) in  Figs. 3A    – 5A   
using the three-wave coupling equation. For convenience, we can 
express the high frequency anti-Stokes process and the low frequency 
Stokes process using the same set of equations. We have derived the 
theoretical analysis of Brillouin scattering induced transparency 
(BSIT) and Brillouin scattering induced absorption (BSIA) ( 53 ,  54 ) 
processes in detail in SI Appendix . Here, we can distinguish different 
processes by marking the symbol “±”.  H−    represents the anti-Stokes 
process and H﻿+  represents the Stokes process. For acoustic modes in 
two directions, we can obtain the non-Hermitian Hamiltonian:

﻿﻿

H± =

⎛

⎜

⎜

⎜

⎝

�B0− i� ± i
g2
1

�

V1

V1 �B0− i� ± i
g2
2

�

⎞

⎟

⎟

⎟

⎠

,

  

  where  �B0    is intrinsic Brillouin frequency shift, Г  is intrinsic 
acoustic linewidth,  g1    and  g2    are the acoustic-optic coupling 
strength for CW and CCW, respectively, κ  is optical mode line-
width, and V﻿1  is the direct coupling coefficient between acoustics. 
Under the condition of considering the pump light nondepletion 
approximation, we solve for the eigenvalue corresponding to the 

above non-Hermitian Hamiltonian, which is the eigenfrequency 
﻿�±    of the bidirectional acoustic fields corresponding to two 
processes:

﻿﻿

�± =�B0− i� ∓ i
g2
1
+g2

2

2�
±

√

4�2V 2
1
−ΔG2

2�
,

  

﻿
 where  ΔG= g2

1
−g2

2
  , which represents the two pumps’ coupling 

strength difference. It should be noted that the sign before the 
square root in Eq.  2   does not indicate two different processes 
(BSIT or BSIA). It indicates that there are two solutions after 
solving the square root, corresponding to the acoustic eigenfre-
quencies in two directions. The two directional acoustic fields 
constitute a typical non-Hermitian system. The eigenfrequencies, 
energy gain, or loss of two acoustic wave fields depend on the state 
of the system parameters. The equation after the square root 
includes real or imaginary numbers as well as EP. Therefore, 
according to Eq.  2  , changing the acousto-optic coupling strength 
difference in both directions can cause the system to undergo PT 
symmetric to broken PT phase.

 For the case of super cooling,  Fig. 2  presents the numerical 
results showing changes in the real and imaginary parts of the 
eigenfrequencies of two phonon modes during the anti-Stokes 
process ( H−  ). The real part represents the phonon frequencies, 
while the imaginary part corresponds to the linewidth, indicating 
energy loss. Here, we keep the power of the CCW pump light 
constant and gradually increase the CW pump light power, thereby 
increasing the phonon gain strength  g1  (with  g1 > g2  and  g2  
remaining constant, leading to an increase in |ΔG |). As |ΔG | 
increases, the original phonons with different frequencies converge 
into a single frequency, and their originally identical linewidths 
begin to increase. Upon crossing the EP, the linewidths increase at 
different rates. The increase in linewidth indicates greater energy 

[1]

[2]

Fig. 2.   Eigenfrequencies of the PT symmetric phononic dimer’s non-Hermitian Hamiltonian: Real and imaginary parts of acoustic eigenfrequencies for CW and 
CCW varying with coupling strength difference. (A and B) are the real and imaginary parts of acoustic eigenfrequencies in the anti-Stokes process. The real part 
represents the acoustic frequency, and the imaginary part represents the linewidth. When the coupling strength g1 increases (g2 < g1, and g2 remains constant, 
|ΔG| increases), different acoustic frequencies are merged into one frequency. At the same time, the original linewidths increase. This indicates that anti-Stokes 
is a cooling process for the acoustic mode. Before passing through EP, the line widths in both directions increase synchronously, which is the supercooling 
state as shown by the blue dashed line. After passing through EP, two linewidths increase at different rates. The corresponding real acoustic frequencies are 
the same, which are two acoustic supermodes. (C and D) are the real and imaginary parts of acoustic eigenfrequencies in the Stokes process. As g1 increases, 
the same acoustic frequencies split into different frequencies. The linewidths decrease with increasing g1 (g2 > g1, and g2 remains constant, |ΔG| decreases), 
indicating that this is a heating process for the acoustic mode. When crossing EP, the originally different line widths merge into the same linewidth and decrease 
together, corresponding to the superheating process.D
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dissipation, representing a cooling process. Before reaching the EP, 
the two phonon modes cool at the same rate, which is termed super 
cooling. In this regime, the system is in a PT symmetric state, 
corresponding to two distinct eigenfrequencies. After crossing the 
EP, the phonon modes cool at different rates despite sharing the 
same eigenfrequency, placing the system in a PT antisymmetric 
state. This state is also referred to as supermode ( 27 ,  55 ).        

 Moreover, for the superheating case, we have also conducted 
numerical simulations ( Fig. 2 C  and D  ) for the phonon modes of 
the Stokes process ( H+ ). As the phonon gain  g1    increases (with 
﻿g1 < g2    and  g2    held constant, causing |ΔG | to decrease), a frequency 
difference emerges between the originally identical frequency acous-
tic waves. Additionally, their originally distinct linewidths decrease 
at varying rates. After crossing the EP, the line widths equalize and 
decrease synchronously. The reduction in linewidth indicates an 
increase in acoustic energy, signifying a heating process. Notably, 
as the phonon supermode passes through the EP, not only do the 
acoustic frequencies split, but the corresponding linewidths also 
decrease at the same rate. This synchronized reduction in linewidth 
reflects that both acoustic modes experience the same rate of energy 
gain, termed superheating. It should be noted that although both 
supercooling and heating occur in PT symmetric state, the entire 
system always maintains energy exchange with external inputs, 
which is a non-Hermitian physical system. It cannot be considered 
a purely Hermitian system. The dynamic characteristics of PT sym-
metric broken state or EP also play an important role. When the 
system is in PT symmetry broken state, different imaginary solu-
tions of eigenvalues correspond to asynchronous heating or cooling 
between two phonon modes. This provides the possibility of manip-
ulating specific mode heating or cooling.

 Experimentally, we have observed the supercooling state of the 
phononic dimer in an anti-Stokes Brillouin scattering process. We 
select a high frequency anti-Stokes optical mode and observe a BSIT 
( 53 ), as shown in  Fig. 3A  . The optical mode frequency shifts upward 
by 93.4 MHz, with a linewidth of approximately 0.14 MHz. The 
transparency peak, with a frequency detuning of about −0.2 MHz, 
appears on the left side of the optical mode. The dashed line repre-
sents a Lorentzian fit of the optical mode. The transparency peak is 
observed near the threshold, as the injected CW light power grad-
ually increases from 0.27 mW to 1.54 mW, while the CCW pump 
power is fixed at 50 μW ( g1 > g2  ,  ΔG > 0  ). Consequently, ΔG  
increases from 6.31 × 10−4  to 0.09 MHz2 .  Fig. 3 B  and C   show the 
BSIT transmission spectra in both directions, while  Fig. 3 D  and E   
illustrate the variation of acoustic linewidth and acoustic frequency 
in both directions as ΔG  changes. As ΔG  increases, the initially 
identical acoustic linewidths increase synchronously. Upon crossing 
the EP at ΔG  = 0.024 MHz2 , the linewidths start to increase asyn-
chronously at different rates. Before crossing the EP, the line widths 
are identical and increase at the same rate, indicating a supercooling 
state. The acoustic frequency behavior is the opposite: Initially, the 
two acoustic modes have distinct real eigenfrequencies. After cross-
ing the EP, the frequencies converge, forming a supermode. The 
experimental results are consistent with theoretical predictions, but 
there are deviations. This deviation is mainly due to the interference 
of environmental thermal noise, such as laboratory temperature 
fluctuations or mechanical vibrations, in the measurement of pho-
non linewidth. By repeating the average experiment multiple times 
and carefully fixing the optical fibers and other equipment, this 
situation can be alleviated. Second, at the thermal noise limit, espe-
cially near EP, this deviation will also be amplified.        

Fig. 3.   Observation of supercooling in a phononic dimer. (A) Transmission spectrum of BSIT at high frequency anti-Stokes optical mode. Optical mode center 
is set to 0 MHz. The dash line represents the theoretical fitting curve by using the three-wave coupling equation. The solid line represents experimental results. 
Details can be found in SI Appendix. (B and C) are the BSIT transmission spectrums in two directions with the increase of CW pump power. (D) is CW and CCW 
acoustic linewidth and (E) is acoustic frequency. Gray dots represent experimental results. Solid lines represent theoretical fitting curves obtained from Eq. 2. 
The splitting phonon modes under super cooling state merge and increase with the same linewidth. After crossing the EP, the splitting phonon modes merge 
into a supermode, and the linewidths split. Compared with different power functions, the linewidth and frequency experimental data satisfy the imaginary and 
real parts of the square root function of the Eq. 2 fitting curve very well. Details can be found in SI Appendix. As the power increases, the microcavity resonant 
frequency drifts due to the thermal locking effect, resulting in a frequency shift of the Brillouin signal obtained from frequency scanning.
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 In the PT symmetry broken state, some gain is transferred from 
the CW mode to the CCW mode to compensate for the loss due 
to anti-Stokes cooling in the CCW direction. As a result, the 
phonon modes cool at different rates in the two directions. In the 
PT symmetric state, the energy spectrum has two real solutions, 
and the imaginary part reflects the same widened linewidth, which 
represents the supercooling state. The acoustic linewidth for the 
CW mode ranges from 0.58 kHz to 18.37 kHz, while for the 
CCW mode, it ranges from 0.46 kHz to 13.19 kHz. Gray dots 
represent experimental measurements, and solid lines correspond 
to theoretical calculations. In SI Appendix , we compared the fitting 
curves of two solutions under three different power functions with 
experimental data. The results show that the real and imaginary 
parts of the characteristic frequency under the square root function 
are most consistent with the experimental data. There is a signif-
icant difference between linear roots and cube roots. Therefore, 
it is reasonable to use the real and imaginary parts of the square 
root function of Eq.  2   to fit the frequencies and linewidths of 
phonon modes. In addition, manual measurement cannot per-
fectly capture the dynamic characteristics near EP, and experimen-
tal random errors result in unclear square root degeneracy features 
near EP in  Figs. 3   – 5 . By repeating the experiment three times in 
each group and adding error bars, the results still theoretically 
conform to the expected evolution trend from non-Hermitian PT 
symmetry state to PT symmetry broken state. Additional experi-
mental details and data are available in SI Appendix .                

 Moreover, we have also realized the superheating state of the 
phononic dimer in a Stokes Brillouin scattering process. A low 
frequency Stokes mode is observed in  Fig. 4A  , where a BSIA ( 53 ) 
is located at a frequency shift of 316.16 MHz, with a linewidth 

of 0.59 MHz. In this case, we increased the CW pump power 
from 0.26 mW to 1.60 mW, while keeping the CCW pump power 
fixed at 4.3 mW ( g1 < g2 ,  ΔG < 0 ). The corresponding ΔG  
changed from -0.0217 to -0.0093 MHz2 .  Fig. 4 B  and C   display 
the BSIA transmission spectra in both directions. As ΔG  increases 
(i.e., |ΔG | decreases), the acoustic linewidth in both directions 
decreases.  Fig. 4 D  and E   present the extracted linewidth and 
acoustic frequency as functions of ΔG . Initially, the acoustic line-
width decreases at different rates in each direction. After crossing 
the EP, the system enters a superheating state, and the linewidths 
in both directions decrease synchronously. At this point, the acous-
tic frequencies are initially the same, indicating a supermode state. 
As ΔG  increases, a frequency splitting occurs between the acoustic 
modes. The EP is reached at a CW pump power of 1.13 mW  
(ΔG  = −0.0154 MHz2 ).

 In the supermode or PT symmetry broken state, the gain is 
transferred from the CW mode to the CCW mode, enhancing 
the Stokes heating in the CCW direction. Consequently, phonon  
modes heat at different rates in each direction. When the system 
is adjusted to the PT symmetric state, the energy spectrum solu-
tions become two real values, and the imaginary part represents 
a compressed linewidth, indicating the superheating state.  
The linewidth for the CW mode decreases from 21.6 kHz to 
0.24 kHz, while for the CCW mode, it decreases from 14.4 kHz 
to 0.43 kHz. Further experimental details and data can be found 
in SI Appendix .

 More surprisingly,  Fig. 5  shows that a chiral cooling and heating 
state can turn into a supercooling state after passing the EP in an 
anti-Stokes case. Similar to the previous supercooling case, a BSIT 
was found in an optical mode with a linewidth of 0.22 MHz with 

Fig. 4.   Observation of superheating in a phononic dimer. (A) Transmission spectrum of BSIA at low frequency Stokes optical mode. Optical mode center is set to 
0 MHz. The dashed line represents the theoretical fitting curve by using the three-wave coupling equation. The solid line represents experimental results. Details 
can be found in SI Appendix. (B and C) are the BSIA transmission spectrums in two directions with the increase of CW pump power. (D) is CW and CCW acoustic 
linewidth and (E) is acoustic frequency. Gray dots represent experimental results. Solid lines represent theoretical fitting curves obtained from Eq. 2. The phonon 
modes under the supermode state have the same frequency and splitting linewidths. After crossing the EP, the linewidth of the splitting phonon modes under 
the superheating state merges and decreases. Compared with different power functions, the experimental data of linewidth and frequency, respectively, well 
satisfy the imaginary and real parts of the square root function of the Eq. 2 fitting curve. Details can be found in SI Appendix. Due to the thermal locking effect, 
Brillouin frequency signal obtained from frequency scanning shifts.
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a frequency shift of 189.56 MHz. As shown in  Fig. 5 B  and C  , 
the CW phonon mode linewidth increases after passing through 
EP, while the CCW phonon mode’s linewidth decreases, by 
increasing the CW pump power and keeping the CCW pump 
power 50% of the CW’s. Such evolution dynamics of eigenvalue’s 
imaginary part (phonon’s linewidth) and the real part (phonon’s 
frequency) become more pronounced in  Fig. 5 D  and E  . In the 
supercooling state, two phonon modes still possess distinct 
 frequencies ( Fig. 5D  ) similar to the previous case ( Fig. 3 ); after 
passing through the EP when increasing the two pumps’ contrast, 
the two phonon modes’ frequencies merge into one supermode 
state uniformly.

 Interestingly, for the imaginary part ( Fig. 5E  ), the two phonon 
modes diverge from each other: The CW mode remains in a cool-
ing state, however, the CCW mode turns into heating. In this 
supermode and PT symmetry broken state, the partial gain is 
transferred from the CW mode into the CCW one, compensating 
for its anti-Stokes cooling loss. This can be realized by reducing 
the difference between the two pumps. Moreover, the CCW mode 
must obtain sufficient gain from the CW mode to first overcome 
its own anti-Stokes cooling loss before heating can occur. In addi-
tion to its own anti-Stokes cooling loss, the CW mode also trans-
fers a portion of energy to the CCW mode, exacerbating the 
cooling loss. Therefore, the results in  Fig. 5E   show that the heating 
rate of CCW mode is significantly lower than the cooling rate of 
CW mode. Analytically, this phenomenon can also be interpreted 
from Eq.  2  : The square root turns into two imaginary solutions 
with opposite signs, if the positive one under the root is greater 
than the negative imaginary part outside the root sign, this results 
in an overall positive imaginary part of the corresponding 

characteristic frequency, i.e., heating (more detailed derivation in 
supplement). Otherwise, both negative solutions of the two 
 phonon modes correspond to both cooling cases as shown in 
 Fig. 3 . Among them, the variation of CW injection power is from  
0.16 mW to 1.62 mW. The corresponding line width of CW varies 
from 6.26 kHz to 27.59 kHz. And the line width of CCW is from 
5.51 kHz to 2.30 kHz. The specific details and data of the exper-
iment can be obtained in SI Appendix .  

Conclusions

 In conclusion, we have constructed a PT dimer of phonons with 
two counter-propagating modes and observed a super-cooling/
heating state in the dimer based on the absorption and release of 
phonon energy through Brillouin scattering.

 Various optical cooling techniques ( 1 ,  2 ,  3 ,  7 ,  9 ) have been 
proposed and applied in the past few decades. However, tradi-
tional radiation pressure cooling typically relies on a single 
mechanical mode, which may lead to energy localization in single 
mode systems and make it difficult to simultaneously regulate 
heating and cooling in the same mechanical mode. This work 
can utilize PT symmetry to achieve directional distribution of 
phonon energy (as shown in  Fig. 5 ). More importantly, by using 
phonon dimers, it is possible to effectively synchronize the cool-
ing and heating of two phonon modes ( Figs. 3  and  4 ), thereby 
achieving independent control of phonon modes on the same 
platform and providing higher operational flexibility.

 Our experiments have demonstrated bidirectional phonon 
supercooling in high frequency anti-Stokes BSIT, as well as bidi-
rectional phonon superheating in low frequency Stokes BSIA. By 

Fig. 5.   Observation of phononic chiral cooling and heating. (A) Transmission spectrum of BSIT at high frequency anti-Stokes optical mode. Optical mode center is 
set to 0 MHz. The dashed line represents the theoretical fitting curve by using the three-wave coupling equation. The solid line represents experimental results. 
Details can be found in SI Appendix. (B and C) are the BSIT transmission spectrums in two directions with the increase of CW pump power. CCW power is 50% 
of CW. (D) is CW and CCW acoustic linewidth and (E) is acoustic frequency. Gray dots represent experimental results. Solid lines represent theoretical fitting 
curves obtained from Eq. 2. The splitting phonon modes have the same linewidth. After crossing the EP, the splitting phonon modes merge into a supermode. 
However, the two phonon modes’ linewidths split under the chiral cooling state, with one increasing and the other decreasing. Compared with different power 
functions, the linewidth and frequency experimental data satisfy the imaginary and real parts of the square root function of the Eq. 2 fitting curve very well. 
Details can be found in SI Appendix.
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manipulating the CW/CCW pumping ratios, the two counter-
propagating phonon modes experience a phase transition breaking 
the PT symmetry, where the two independent phonon modes, 
originally possessing distinct cooling/heating rates, become syn-
chronous in the cooling/heating, i.e., super cooling/heating. These 
results reveal the non-Hermitian nature of the acoustic phonon 
systems, the observed phonon–phonon interaction may open a 
door for a new paradigm of “phonon cooling” in condensed matter 
physics, which is crucial for many applications for microscale 
thermal management, optomechanical coherent control, and pre-
cision quantum metrology.  

Materials and Methods

The continuous laser emitted by a 1,550 nm CTL (Toptica Photonics) with a nar-
row linewidth is divided into two paths at first. One path is the pump light in 
the CW direction, and the other path is the pump light in the CCW direction. 
Subsequently, the pump light in both directions can be modulated by EOM to 
produce sidebands that can be swept in both directions. Scanning frequency is 
used to observe the occurrence of high frequency anti-Stokes light (BSIT) or low 

frequency Stokes light (BSIA). The sweep signal is determined based on the RF 
signal provided by VNA (Siglent, SNA6032A). The pump light with sidebands in 
two directions is then passed through a tunable optical attenuator, to control 
the power difference between the two directions and create a difference in the 
coupling strength rate in both directions. By controlling the coupling rate differ-
ence between the two pumps, the state of phonon mode super-cooling/heating 
can be observed.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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