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Fig. 1. (a) The normalized coupling constant g/go and normalized loss difference Ak/(2go) in the parameter space («, ) are

shown by the yellow and green surfaces, respectively. The solid red line corresponds to a line of EPs; (b) the imaginary part of the

eigenfrequencies in the parameter space as a function of 8 and «, where the black solid line crossing is the position of the aniso-

tropic EP; (¢) imaginary part of the eigenfrequencies along «(8 = 0) adjusting direction (solid line) and B(« = 0) adjusting direc-

tion (dotted line), respectively; (d) phase rigidity of the corresponding states along «(8 = 0) adjusting direction (solid line) and

B(a = 0) adjusting direction (dotted line), respectively. The parameters used are wo = 1,ym = 0 and go = 0.5.
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Fig. 2. Schematic of the experiment setup. The 3D cavity containing the YIG sphere is placed in the static magnetic field gener-

ated by a double-yoke double-tuned electromagnet which can be accurately adjusted at room temperature, and the transmission

spectrum of the cavity is measured by network analyzer; (b) the YIG sphere is attached to a fiberglass reinforced plastic rod and in-

serted into a 3D rectangular cavity through a 4 mm hole on one side of the cavity. Ports 1 and 2 are used to obtain the transmis-

sion spectrum of cavity modes; (c¢) transmission spectrum of coupled system as a function of the current of the electromagnet

coil(the magnitude of the biased magnetic field) and the probe field frequency. When the cavity mode and Kittle mode are resonant,

the normal mode splitting equals to 2go/2rn = 16.9 MHz.
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Fig. 3. (a) The coherent coupling strength as a function of
the position of the YIG sphere in the cavity, and the tri-
angle dots the experimental results. The black solid curve is
the result of theoretical fitting of experimental data. Among
them, crimson, yellow and green dots indicate the coupling
strengthes equal to: 8.17, 5.54 and 3.47 MHz, respectively;
(b) the damping rate x of the 3D cavity as a function of
the number of gaskets y between the cavity and SMA con-
nector, and the magenta dots represent the measured res-

ults. The solid blue line is the theoretical fitting curve.
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Fig. 4. (a)Transmission spectra measured under three differ-
ent damping rates of the cavity. All the solid lines are cal-
culated using the input-output theory. The damping rates
of the cavity mode are 15.64, 18.19 and 21.32 MHz, respect-

ively.
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Fig. 5. (a) Imaginary part of the eigenfrequencies as a function of the position z of the YIG sphere in the cavity with different num-
ber of gaskets. The solid curves are calculated using the coupling strengthes and the damping rates of the cavity modes obtained
from the previous experiments (see Fig. 3), and the dots are obtained from the experimental data shown in Fig. 4; (b) imaginary
part of the eigenfrequencies is plotted by black dotted line, indigo line and blue line when the number of gaskets are 6, 4 and 2, re-
spectively. The black dotted line shows the linear crossing behavior; (¢) when the coupling strength of the system is go/2n =
8.45 MHz, imaginary part of the eigenfrequencies are plotted as function of the gaskets y. The solid line is the result of theoretical
calculation and the magenta square dots are the experimental results.
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Abstract

We theoretically and experimentally demonstrate the anisotropic exceptional points (EPs) in the cavity
magnonics system where magnons in a one millimeter-diameter yttrium iron garnet (YIG) sphere are coherently
coupled with the microwave photons in a three-dimensional microwave cavity. The damping nature makes the
cavity magnonics system inherently non-Hermitian. By solving the eigenvalues and eigenvectors of non-
Hermitian Hamiltonian, a series of interesting and essential characteristics of the system can be obtained.
Therefore, non-Hermitian physics has received more and more attention in both theory and experiment
communities. Among them, exceptional points correspond to the non-Hermitian system’s degenerate states
where the eigenvalues of the non-Hermitian system are identical, and the eigenvectors are parallel. The coupled
cavity photon-magnon system has high tunability of coupling strength and cavity external damping rate, which
is very suitable for studying EPs -related physics.

Exceptional points (EPs) are crucial in all kinds of non-Hermitian physical systems, which have both
fundamental and applicational importance. For instance, it can be used for sensitive detection by monitoring
spectrum splitting of degenerate modes when a perturbation to be sensed occurs. The EPs can be anisotropic,
which means that it has a different function relation when the system approaches the EPs along different
parameter paths of the system. In this paper, by carefully designing the parameter space, we observe the
anisotropic exceptional point in the coupled cavity photon-magnon system. It shows the linear and square-root
behavior when the EPs are approached from different directions in the parameter space. One of the parameters
is the position of the YIG sphere in the cavity, which determines the coherent coupling strength between the
cavity mode and the magnon mode. Another parameter is the number of the gasket between the cavity signal
loading port and the cavity external surface, which determines the external damping rate of the cavity mode.
Both of these parameters can be easily and accurately adjusted experimentally.

Our study paves the way for exploring anisotropic EPs based sensing technologies and more non-Hermitian

related physics in the cavity magnonics system.
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PACS: 71.36.+c, 42.50.Pq, 76.50.4+g, 75.30.Ds DOI: 10.7498/aps.69.20191632

* Project supported by the National Basic Research Program of China (Grant No. 2016YFA0301200) and the National
Natural Science Foundation of China (Grant Nos. 11934010, U1801661).

1 Corresponding author. E-mail: alex13@csrc.ac.cn

047103-10


http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1038/s41598-017-03546-7
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.96.184304
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevB.99.054404
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1103/PhysRevLett.121.085702
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1140/epjd/e2015-60389-7
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.1103/PhysRev.73.155
http://dx.doi.org/10.7498/aps.69.20191632
mailto:alex13@csrc.ac.cn
mailto:alex13@csrc.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

