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Abstract

:

In this paper, we theoretically and experimentally study the distant magnon-magnon coupling mediated by nonresonant photons. We establish a magnon-photon-magnon coupling model for two CrCl3 crystals spacial separated on a microstrip line. By changing the phase difference of the samples from 0 to π in order to manipulate the distant magnons from coherent coupling to dissipative coupling, our coupling model predicts that the dispersion is tunable from a level repulsion to a level attraction. In addition, we experimentally demonstrate that two spacial separated CrCl3 crystals over a distance of 1.2 cm couple each other indirectly via the microwave photons on the microstrip line. Our works for the distant magnon-magnon coupling mediated by nonresonant photons might provide new sight into long-distant information transmission.
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1. Introduction


The coherent information transmission between different physical systems with complementary functionality promotes the developments of quantum information processing technologies [1,2,3]. The long-distance information transfer can be realized when the coupling occurs between the information carriers. Of all information carriers, photons with high mobility can interact with multiple physical systems and have become an important medium for quantum information transmission [4,5,6,7,8]. The coupling of photons and other excitation usually utilizes the dipole interactions to realize the energy exchange. Another promising particle is spin, which exhibits high tunability and perfect compatibility, and it has been expected to be used in quantum memories [9,10,11,12,13,14]. The coupling of photon and spin generates a new hybridized state that exhibits both spin and photon properties. Although the coupling strength between an individual spin and photon is usually rather weak, it can be enhanced square root of N times by writing an ensemble of N spins to a single excitation [15,16]. Magnons as the collective spin excitations in magnetic materials have been considered as the promising information carriers [17,18]. Exploring the magnon-magnon coupling system is the key to realizing the magnetic information exchange. Due to the interlayer exchange interaction, the magnon-magnon coupling has been observed in the layered structures [19,20]. In order to exchange the magnon information in spatial separation, the approach for realizing the long distant magnon and magnon coupling system tends to be proposed.



In recent years, as a newly discovered form of interaction between light and matter, the coupling between magnons and photons has attracted lots of attention [21,22,23,24,25,26,27,28,29,30,31]. The level repulsion and level attraction corresponding to the coherent coupling and dispersive coupling are two typical characteristics of the magnon-photon coupling in the cavity [32]. In addition to simply detecting and manipulating [25,27,29], the coupling of magnon and photon has many applications. The quantum steering, non-locality, and entanglement have been reported in a system composed of two cavity mode photons, phonons and a magnon mode [33]. Moreover, the cavity spintronics devices based on the magnon and photon coupling system have also been designed, such as the transducers [25,34,35,36], nonreciprocal transport and isolators [37,38], and logic gates [39]. One of the most important applications of the magnon-photon coupling systems is the bridge between many magnon modes when the multiple macroscopic magnetizations couple with a cavity simultaneously. The cavity-mediated magnon-magnon coupling has been reported both in theoretical and experimental researches, and its applications have been reported with respect to manipulating spin current and connecting the spin dynamics of ferromagnet and antiferromagnet [40,41,42,43,44,45,46,47,48]. However, the magnon and magnon coupling mediated by photons in the cavities only appears near the resonant frequency. The nonresonant microwave photon on the microstrip line with continuous frequency is an ideal candidate for the coupling.



Motivated by these prior achievements, we proposed a scheme for realizing the distant magnon-magnon coupling mediated by the nonresonant microwave photon. The acoustic mode and optical mode are the intrinsic magnon modes in CrCl3 crystal. In our prior studies, we have demonstrated that these two magnon modes can be separately excited and can interact with the microwave photons [31]. Based on the selective excitation rules of optical mode and acoustic mode, in this work we study the distant magnon-magnon coupling based a system composed by two CrCl3 crystals and a microstrip line. Two antiferromagnet CrCl3 crystals are spatially separated and located on the horizontal and vertical arms of a microstrip line, and the acoustic mode and optical mode can be separately excited in two CrCl3 crystals by selecting the rotation antisymmetry and rotation symmetry between the excitation microwave magnetic field and external magnetic field. Theoretically, we build the magnon-photon-magnon coupling model by evaluating the microstrip line to be an artificial circuit and connecting it with the Landau-Lifshtz-Gilbert equations of the magnetization dynamics of CrCl3 crystals. The resonance frequency and magnetic field dispersion of the calculated coupling modes open a gap at the crossing point of the uncoupled acoustic mode and optical mode. By changing the distance of the samples to adjusting the phase difference between the two samples, we predict the control of the coupling modes from level repulsion to level attraction. Experimentally, we measure the microwave transmission spectra of the hybrid system and demonstrate the optical mode and acoustic mode coupling by showing the split of the coupling modes near the crossing point.




2. Schematic Diagram


We illustrate the schematic diagram of the nonresonant photon-mediated distant magnon-magnon coupling in Figure 1a. The microstrip lines are designed to be Z-shaped, and an external magnetic field Hext is applied along the horizontal direction. Two pieces of platelike CrCl3 crystals (I-CrCl3 and II-CrCl3) are separately placed on the vertical and horizontal part of the microstrip line with a distance of d. When the microwave current is along the microstrip line, the microwave magnetic field hrf surrounding the microstrip line is generated. In order to select the uniform-driven field, the spatial size of the two samples should be smaller than the width of the microstrip line. In this case, the magnetic component of the microwave, which is perpendicular to the microstrip line, is selected to drive the magnetization precession in CrCl3 crystals. The inset in Figure 1 illustrates the distant magnon-magnon coupling principle of the hybrid system. The red and blue spheres represent the magnons that are excited in I-CrCl3 and II-CrCl3 samples, respectively. The nonresonant photons in the microstrip line are indicated with a green line. The magnons in both CrCl3 crystals are driven by the nonresonant photons. The distant magnons interact with each other by exchanging the photons.



In order to determine the microwave magnetic field features on the microstrip line, we use the simulation software to simulate the microstrip line without the samples. The normalized amplitude distributions above the surface of the microstrip line for the microwave magnetic field components of |hx| and |hy| display a special separate feature, as shown in Figure 1b,c. On the vertical arm of the microstrip line, the microwave magnetic field component hy almost vanishes, and only the component hx exists. The energy of the microwave magnetic field component hy is bound on the horizontal arms of the microstrip line. Therefore, by changing the positions of the sample on the vertical and horizontal arms of the microstrip line, we can select the microwave magnetic field components that are parallel and perpendicular to the determined external magnetic field to drive the magnons in the samples.




3. Classical Coupling Model


The coupling system consists of three basic physical subsystems, including two magnetization dynamics systems in CrCl3 crystals and a nonresonant photon system in the microstrip line. We describe the magnetization dynamics of CrCl3 crystals by Landau-Lifshitz-Gilbert (LLG) equations and the microstrip line by an effective circuit. Using Faraday induction and Ampère’s laws, a classical coupling model is established based on the combination of an effective circuit and the Landau-Lifshitz-Gilbert (LLG) equations connected to understand the nonresonant photon-mediated distant magnon and magnon interactions.



3.1. Magnetization Dynamics of CrCl3 Crystal


Different from the parallel magnetization arranged in the ferromagnet, the two-dimensional antiferromagnetic CrCl3 crystal possesses antiparallel magnetizations in the adjacent layers due to the interlayer exchange interaction. We describe the magnetization precession in the CrCl3 sample by the coupled LLG equations [31,49]:


    d   M  1    d t   =  μ 0  γ   M  1  ×   M   e f f 1   −  α   M s      M  1  ×   d   M  1    d t   ,  



(1a)






    d   M  2    d t   =  μ 0  γ   M  2  ×   M   e f f 2   −  α   M s      M  2  ×   d   M  2    d t   ,  



(1b)




where the parameters μ0, γ, and α are the permeability in the vacuum, the gyromagnetic ratio, and the intrinsic Gilbert damping of CrCl3 crystal. Ms is the saturation magnetization of the magnetic moments M1 and M2 in sublattices. Heff1(2) = Hext + h + (HE/Ms)M2(1) − (M2(1) · z)z is the effective magnetic field acting on the magnetization in CrCl3 samples, where HE is the interlayer exchange field and z is the unit vector perpendicular to the sample plane. In the sample plane, we denote the direction of the driven microwave magnetic field he−iωt as y axis, where ω/2π is the frequency of the magnetic field, and Hext field applied on I-CrCl3 and II-CrCl3 samples are along the x axis and y axis, respectively, as shown in Figure 2a,b. We assume that M1 and M2 are initially antiparallel arranged on the axis perpendicular to Hext field, and they will rotate an angle ϕ as Hext field increasing. Here, the angle ϕ satisfies sinϕ = H/HE. By decoupling Equation (1) in two configurations (see the Appendix A) respectively, the LLG equation of I-CrCl3 can be simplified as:


   (   ω 2  −  ω  r I  2  + i α ω  ω  s I    )   m I  + 2  ω m   (  2  ω e    sin  2  ϕ + i α ω  )  h = 0 ,  



(2)




and the magnetization dynamic in II-CrCl3 crystal is described by:


   (   ω 2  −  ω  r I I  2  + i α ω  ω  s I I    )   m  I I   + 2  ω m    cos  2  ϕ  (   ω m  + i α ω  )  h = 0 ,  



(3)




where the parameters ωsI = 2ωe(1 + sin2ϕ) + ωm and ωsII = 2ωecos2ϕ + ωm. Here, ωrI = sinϕ[2ωe(2ωe + ωm)]1/2 and ωrII = cosϕ(2ωeωm)1/2 describe the antiferromagnetic resonance frequencies of I-CrCl3 sample and II-CrCl3 sample, respectively, where ωm = μ0γMs and ωe = μ0γHE. The schematic diagrams of the precession orbits of the two sublattice magnetizations in the I-CrCl3 sample and the II-CrCl3 sample are shown in Figure 2a,b, respectively. The gray dash lines are the directions of the effective magnetic fields in the two sublattice. The antiferromagnetic magnon mode excited in the I-CrCl3 sample is the acoustic mode, M1 and M2 precess around the equilibrium position in right-handed with in-phase. In the II-CrCl3 sample, the precession of magnetization M1 and M2 have the same chirality as in the I-CrCl3 sample but display a π phase difference between, therefore the optical mode of antiferromagnetic resonance is excited. Figure 2c shows the theoretical ω-H dispersion of acoustic mode (red curve) and optical mode (blue curve), and the curves are calculated by ωrI and ωrII using the parameters of μ0HE = 0.105 T and μ0Ms = 0.27 T, which are determined by the experiment measurement at 4 K. When the magnons are not interact with each other, the acoustic mode excited in the I-CrCl3 sample and the optical mode excited in the II-CrCl3 sample are crossing.




3.2. Circuit Equation of the Microstrip Line


In general, a microwave cavity can be modeled as an artificial circuit that satisfies the LCR circuit equation [21,37]. Ignoring the capacitance term, the circuit equation of the microstrip line without charge accumulation is written by Kirchhoff’s equation as:


  V = R j ( t ) + L   d j ( t )   d t   ,  



(4)




where R and L are the resistance and inductance. j(t) = je−iωt represents the microwave current through the microstrip line, and β = R/ωL is denoted as the damping of the microstrip line.




3.3. Photon-Mediated Distant Magnon-Magnon Coupling Equation


In our settings, the optical mode and acoustic mode are separately excited in two distant CrCl3 crystals. By exchanging the microwave photons on the microstrip line, the excited distant magnons can interact with each other. Therefore, the coupling of magnon and microstrip line is the precondition of photon-mediated distant magnon-magnon coupling. We used the Faraday induction and Ampère’s law to link the coupling between magnon and microstrip line in theory [45]. The microwave magnetic field generated by the microwave current through the microstrip line is determined by the Ampère’s law h = −KmI(II)j, and the additional voltage of the artificial circuit induced from the precession of magnetization in I(II)-CrCl3 sample satisfies the Faraday induction VI(II) = KsI(II)LdmsI(II)/dt, where KmI(II) and KsI(II) are the coupling parameters. Connecting Equations (2)–(4) by the Faraday induction and Ampère’s law, the coupling equation of the hybrid system can be written as the following matrix:


   (       ω 2  −  ω  r I  2  + i α ω  ω  s I      0    2  ω m    sin  2  ϕ ( 2  ω e  +  ω m  + i α ω )      0     ω 2  −  ω  r I I  2  + i α ω  ω  s I I       2  ω m    cos  2  ϕ (  ω m  + i α ω )  e  i ϕ          K I 2       K  I I  2      1 + i β      )   (       m I         m  I I        h     )  =  (     0     0       h 0       )  ,  



(5)




where KI(II) = (KmI(II)KsI(II))1/2 is defined as the coupling constant between I(II)-CrCl3 sample and microstrip line. Here, the phase term eiφ in the coupling equation is determined by the distance d of two samples with φ = ωd/c, where c = 3 × 108 m/s is the velocity of electromagnetic waves in the vacuum. The parameter h0 is the input microwave magnetic field that driving the coupling systems.





4. Calculating Results and Discussion


Utilizing the microwave input-output formalism [24], the transmission spectrum of the coupling system is proportional to the ratio of the output microwave magnetic field and the input microwave magnetic field, and the formula can express as:


   S  21   ∝  h   h 0    =    (   ω 2  −  ω  r I  2  + i α ω  ω  s I    )   (   ω 2  −  ω  r I I  2  + i α ω  ω  s I I    )     |  3 × 3  |    ,  



(6)







Here, |3 × 3| is the determinant of the matrix in Equation (5). The magnetizations in CrCl3 crystals are ferromagnetic coupling in the intralayer and antiferromagnetic coupling in the interlayer; and the Gilbert damping parameter are represented by a |2 × 2| matrix [50]. Here, to simplify, we consider the Gilbert damping parameter as a constant and take the value as α = 0.02. In the following discussions, the tiny damping of the microstrip line β = 0.001 and the coupling constants KI = KII = 0.3 are utilized to calculate the microwave transmission of the coupling system.



Figure 3a–g, calculated by Equation (6), are the transmission spectra mappings as a function of frequency and external magnetic field when the phase difference φ = 0, π/6, π/3, π/2, 2π/3, 5π/6 and π respectively. The resonant modes in blue color represent the uncoupled optical mode and acoustic mode, and the red modes are the coupled mode when the optical mode interact with the acoustic mode. The gray dash lines are the ω-H dispersion of the uncoupled optical mode and acoustic mode. The black solid curves in Figure 3a–g are the ω-H dispersion of the coupling modes, which are obtained by solving Equation (5). When the microwave magnetic field interacting with the CrCl3 crystals has no phase difference (φ = 0), namely the samples are space overlapping, the calculated ω-H dispersion of the coupling modes in Figure 3a opens a gap at the optical mode and acoustic mode crossing point and shows a level repulsion feature. In the region far away from the optical mode and acoustic mode crossing point, although the two modes still interact with each other, the ω-H dispersion of the two modes is similar with that of each mode when it is uncoupled. We can find that the oscillator strength of the upper coupling mode (the bright mode) is larger than the lower coupling mode (the dark mode). The level repulsion coupling features can also be observed when the distance between the spacial separated samples satisfies the relation of d = nλ, where λ is the microwave wavelength and n is an integer. The increase in the distance of the samples induces a phase difference φ of the exciting microwave magnetic field. Figure 3b shows the transmission spectra mappings of the hybrid system when the phase difference is equal to π/6. In this condition, though the oscillator strength of the left part of the upper coupling mode is weaker, the coupling mode of the upper branch is still brighter than that of the lower branch. The characteristic of the ω-H dispersion of the coupling modes is consistent with φ = 0, but the open gap at the optical mode and acoustic mode crossing point becomes smaller in this condition. As the phase difference increase, the open gap of the coupling ω-H dispersion continues to decrease, as shown in Figure 3c when φ = π/3. Figure 3d shows the transmission spectra mapping of the hybridized system with φ = π/2. In this condition, the intensity of the optical mode branch in both the upper and lower coupling modes is very weak and cannot even be observed, but the anticrossing feature of the acoustic mode branch indicates the coupling occurs in this hybrid system. As the phase difference φ continues to increase, the coupling modes show some different features. The oscillator strength of the optical mode reappears, and the upper branch and the lower branch of the coupling modes tend to attract with each other, as shown in Figure 3e,f when φ = 2π/3 and 5π/6. Next, we set the phase parameter to be φ = π, and the transmission spectra mapping of the hybrid system is shown in Figure 3g. In this case, the magnon dynamics of optical mode and acoustic mode impede each other due to the opposite phase leading a dissipative coupling. The ω-H dispersion of the coupling modes for this phase parameter set shows level attraction, and the tranmissiton intensity of the right coupling mode is much brighter than the left one. The level attraction of the dissipative coupling modes occurs by adjusting the distance of the samples to be d = nλ/2. In the above analyses, it can be found that the coupling modes change between level repulsion and level attraction when the phase difference is between 0 and π. The dependence of the coupling modes’ dispersion on the phase difference is shown in Figure 3h. The optimal values of the phase difference for the level repulsion and the level attraction are 0 and π, respectively.




5. Experimental Verification


In the experimental measurement, we put the experimental setup in Figure 1 into a physical property measurement system (PPMS) and set the measurement temperature at 4 K, as shown in Figure 4a. A vector network analyzer (VNA) with a driving power of −10 dBm connects to the two ports of the microstrip line using the coaxial lines to measure the microwave transmission spectra of the hybrid system by fixing the external magnetic field and sweeping microwave frequency. The center distance between two CrCl3 crystals on the microstrip line is set about d = 1.2 cm.



The measured microwave transmission spectra of the hybrid systems as a function of the normalized intensity and microwave frequency at the different fixed external magnetic fields are shown in Figure 4b. Although the ratio of signal to noise for the measurement result is low, the resonance magnon mode can be distinguished. As the external magnetic field increases, a magnon mode moves from low frequency to high frequency. The transmission spectrum highlighted in red color shows the resonance mode splits at μ0H = 0.136 T, which indicates the interaction of the magnon mode. Figure 4c shows the microwave transmission spectra mapping of the hybrid system. The frequency of the measured magnon mode is proportional to the applied external magnetic field, which is similar to the acoustic mode of CrCl3 crystal and determined as the acoustic mode branch of the coupling mode. As a result of the phase difference of the driving microwave magnetic field induced by the distance between the samples, the transmission intensity of the optical mode branch in the coupling modes is much weaker than the acoustic mode branch. However, the breaking of the acoustic mode branch in the coupling modes indicates the coupling occurs between the optical mode and the acoustic mode. We fit parameters of μ0HE = 0.112 T and μ0Ms = 0.316 T for CrCl3 crystals at 4 K and the coupling constants of KI = 0.21 and KII = 0.18. The distance between two samples produces the phase difference φ = 0.47π at the crossing frequency of ω/2π = 5.9168 GHz of the uncoupled optical mode and acoustic mode. The theoretical transmission spectra mapping calculated by Equation (6) using these fitting parameters is shown in Figure 4d. It exhibits the same breaking feature of the acoustic mode branch with the experimental measurement results. The ω-H dispersions showed by black curves in Figure 4c,d are calculated by solving Equation (5).




6. Conclusions


In conclusion, we demonstrate a method for realizing the distant magnon-magnon coupling mediated by the nonresonant microwave photon. The antiferromagnet CrCl3 crystals and the microstrip lines are taken as the research objects, and we theoretically and experimentally investigate the hybrid system. We establish a coupling model based on the LLG equations for antiferromagnetic resonance and Kirchhoff’s equation for the microstrip line to analyze the coupling system. The calculated microwave transmission spectra mapping of the coupling modes shows an anticrossing feature indicating the coupling between the optical mode and acoustic mode. By adjusting the samples distance to change their phase difference, we also predict that the level repulsion and level attraction of the coupling modes can be controlled. Furthermore, we verify the hybrid system in the experiment and observe that the dispersion of coupling modes has the same breaking feature with theoretical predictions. Our research on the distant magnon-magnon coupling might help control and utilize the light-mater interaction and design spintronics devices.
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Appendix A. Decoupling the LLG Equations


The two sublattice magnetic moments M1 and M2 can be expanded as M1(2) = Meq1(2) + m1(2)e−iωt, where Meq1(2) determined by the effective magnetic field is the magnetization in equilibrium position, as shown by the gray dash lines in Figure 2a,d. Substituting M1 and M2 in Equations (1), it can be rewritten as


  i ω   m  1  =  μ 0  γ   M  1  e q   ×  (     H  e q      M s      m  1  +    H E     M s      m  2  +  (    m  1  ⋅  z   )   z  −  h   )  −   i α ω    M s      M  1  e q   ×   m  1  ,  



(A1a)






  i ω   m  2  =  μ 0  γ   M  2  e q   ×  (     H  e q      M s      m  2  +    H E     M s      m  1  +  (    m  2  ⋅  z   )   z  −  h   )  −   i α ω    M s      M  2  e q   ×   m  2  ,  



(A1b)




where Heq is a positive number and has a relation of Hext − Meq1HE/Ms = Meq2Heq/Ms. Here, Heq = |Hext − Meq1HE/Ms| = HE. We make the operator C2 acts on both side of Equation (1b) and utilize the relations mI = m1 − C2m2 and mII = m1 + C2m2 where C2 denotes the vector rotate around the external magnetic field by 180°, and Equations (A1a) and (A1b) can be decoupled as


  i ω   m  I  =  μ 0  γ   M  1  e q   ×   H   e f f I   −   i α ω    M s      M  1  e q   ×   m  I  ,  



(A2a)






  i ω   m   I I   =  μ 0  γ   M  1  e q   ×   H   e f f I I   −   i α ω    M s      M  1  e q   ×   m   I I    



(A2b)




where HeffI = (HE/Ms)(mI − C2mI) + (mI · z)z − hI and HeffII = (HE/Ms)(mII + C2mII) + (mII · z)z − hII are the effective magnetic fields. Solving the Equations (A2a) and (A2b) in the coordinate system shown in Figure 2a,b, respectively, we can deduce the Equations (2) and (3).
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Figure 1. (a) The schematic diagram of the nonresonant photon mediated distant magnon-magnon coupling. The inset illustrates the coupling principle of the hybrid system consisting of three physical subsystems. The normalized amplitude distributions on the surface of the microstrip line for the microwave magnetic field components of |hx| (b) and |hy| (c). 
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Figure 2. Schematic diagrams the precession orbits of the two sublattice magnetizations for the acoustic mode (red) in I-CrCl3 sample (a) and the optical mode (blue) in II-CrCl3 sample (b). (c) The theoretical calculated results of the ω-H dispersion for the uncoupled optical mode and acoustic mode in CrCl3 crystals. 
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Figure 3. The calculated transmission spectra mappings of the hybrid system as a function of frequency and external magnetic field with the phase parameters set at φ = 0 (a), π/6 (b), π/3 (c), π/2 (d), 2π/3 (e), 5π/6 (f) and π (g). The transmission spectra are calculated by Equation (6), and the ω-H dispersions (black lines) in the figures are obtained by solving Equation (5), and the gray dash lines represent the uncoupled optical mode and acoustic mode. (h) The variation of the coupling dispersion from level repulsion to level attraction with phase difference φ from 0 to π. 
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Figure 4. (a) The experimental setup for measuring the two spacial separated CrCl3 crystals with the centre distance of d = 1.2 cm. (b) the transmission spectra as function of the normalized intensity and frequency at different external magnetic field. (c) The experimental result of the transmission spectra mapping of two spacial separated CrCl3 crystals with the center distance of d = 1.2 cm. (d) The corresponding theoretical result calculated by Equation (6). ω-H dispersion plotted by black curves are calculated by solving Equation (5). 
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