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Abstract

:

Magnons (the quanta of spin waves) could be used to encode information in beyond Moore computing applications. In this study, the magnon coupling between acoustic mode and optic mode in synthetic antiferromagnets (SAFs) is investigated by micromagnetic simulations. For a symmetrical SAF system, the time-evolution magnetizations of the two ferromagnetic layers oscillate in-phase at the acoustic mode and out-of-phase at the optic mode, showing an obvious crossing point in their antiferromagnetic resonance spectra. However, the symmetry breaking in an asymmetrical SAF system by the thickness difference, can induce an anti-crossing gap between the two frequency branches of resonance modes and thereby a strong magnon-magnon coupling appears between the resonance modes. The magnon coupling induced a hybridized resonance mode and its phase difference varies with the coupling strength. The maximum coupling occurs at the bias magnetic field at which the two ferromagnetic layers oscillate with a 90° phase difference. Besides, we show how the resonance modes in SAFs change from the in-phase state to the out-of-phase state by slightly tuning the magnon-magnon coupling strength. Our work provides a clear physical picture for the understanding of magnon-magnon coupling in a SAF system and may provide an opportunity to handle the magnon interaction in synthetic antiferromagnetic spintronics.
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1. Introduction


Magnon spintronics [1], which utilize propagating spin waves for nanoscale transmission and processing of information, have been growing as emerging research fields [2]. As a carrier of spin current, the magnons hold the promise of delivering information without the motion of electrons, therefore avoiding Ohmic losses and becoming a promising alternative to CMOS-based circuits. Recently, the magnons in antiferromagnets have attracted fundamental interest [3,4,5], in which long wavelength magnons can have frequency in the gigahertz (GHz), sub-terahertz, and even terahertz (THz) ranges because of the spin-sublattice exchange [6,7,8]. Due to the presence of two sublattices in antiferromagnets (AFMs) or ferrimagnets, the ferromagnetic resonance (FMR) spectra possess two different magnon branches. These two magnon modes can merge into a single branch at a degeneracy point, at which strong magnon-magnon interactions occur. This was reported in a layered AFM crystal CrCl3 [9,10], compensated ferrimagnet gadolinium iron garnet [11], or magnetic metal-insulator hybrid structure [12,13]. Interestingly, the tunable magnon-magnon coupling in these systems provides the opportunity to use interactions between the magnon branches as a means to control/manipulate magnons in the device-based antiferromagnetic spintronics.



In contrast, synthetic antiferromagnets (SAFs) [14,15], composed of two ferromagnetic (FM) layers separated by a non-magnetic layer, could provide an easy way to handle the magnon-magnon interactions, because the interlayer coupling between the two FM layers mainly comes from the Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction [16,17] and its strength is adjustable. The antiferromagnetically coupled two FM layers possess two kinds of uniform precession resonance modes: in-phase acoustic mode (AM) and out-of-phase optic mode (OM) [18,19,20,21]. Recently, it was shown that in a symmetrical SAF the symmetry-protected mode crossing in FMR spectra between the acoustic and optic mode branches can be eliminated by a tilting bias magnetic field [22,23] or by dynamic dipolar interaction from nonuniform precession of magnetic moments [24]. Subsequently, a strong magnon-magnon coupling between the AM and OM appears in the SAF systems. Besides, the SAFs with two asymmetric ferromagnetic sublayers (different thickness or different materials) can also break the system symmetry and realize the strong magnon-magnon coupling [23,25].



One of the important conditions to realize magnon-magnon coupling in the SAFs is to turn the two distant modes (AM and OM) into resonance at very close frequency, from which a new spin wave state can be generated, namely, mode hybridization. An obvious feature of the magnon hybridization state is the appearance of an anti-crossing gap in frequency spectra between the acoustic and optic branches. The strength of the magnon-magnon coupling can be characterized by the gap size [9]. Recently, the maximum coupling strength of 9.94 GHz was predicted [23]. However, most previous studies so far have focused on how to achieve magnon-magnon coupling or how to enhance the coupling strength, and less study is concerned with the magnetization precession of the hybrid modes. In this work, we will analytically and numerically study the magnetization dynamics of magnon-magnon coupling in both symmetrical and asymmetrical CoFeB-based SAFs. We find that a clear frequency crossing between the optic and acoustic magnon modes appear in a symmetrical SAF, indicating the absence of magnon coupling due to symmetry protection. However, for an asymmetrical SAF with different thicknesses of the two FM sublayers, a coupling gap is achieved because of the intrinsic symmetry breaking of the system. Remarkably, the strongest magnon-magnon coupling between the two magnon modes generates a hybrid precession mode with the phase difference of   δ φ = 90 °   between the two magnetic sublattices, rather than the in-phase AM magnons (  δ φ = 0 °  ) and out-of-phase OM magnons (  δ φ = 180 °  ).




2. Simulation Model


As illustrated in Figure 1, we consider an SAF nanopillar structure of CoFeB (d1 nm)/Ru/CoFeB (d2 nm) trilayer patterned in a circular shape of 100 nm × 100 nm. Here we consider two samples: One is symmetric SAF structure with d1 = d2 = 2.0 nm (Sample-I) and the other is an asymmetric SAF with d1 = 2.0 nm and d2 = 4.0 nm (Sample-II). In this study, the dynamics of the trilayer samples were simulated by using the open-source simulation software OOMMF (National Institute of Standards and Technology, Gaithersburg, MD, USA) [26], which is based on the Landau–Lifshitz–Gilbert equation:


    d   m  i    d t   = − γ   m  i  ×   H   i , eff   + α   m  i  ×   d   m  i    d t    



(1)




where     m  i  =   M  i  /  M s    is the unit magnetization vector of the ith discretization cell in upper or lower CoFeB layers. Ms is the saturation magnetization of CoFeB, α is the Gilbert damping factor, and γ is the gyromagnetic ratio. Heff is the effective magnetic field that includes the intralayer exchange field, demagnetizing field Hd, interlayer exchange field HIEC between the upper and lower CoFeB, and external magnetic field H0. The effective magnetic field is:


    H   eff   =   2  A  e x      μ 0   M s     ∇ 2   m  +   H  d  +   H   IEC   +   H  0   



(2)




where Aex is the exchange stiffness, μ0 is the vacuum permeability.     H   IEC   =  J  IEC   / (  d j   M s  )  , here JIEC is the interlayer exchange coupling constant, with JIEC > 0 for ferromagnetic coupling while JIEC < 0 for antiferromagnetic coupling. dj is the thickness of CoFeB layer (j = 1 or 2 refers to the upper or lower layer). In this study, we suppose the thickness of non-magnetic layer (dRu) is 1.1 nm (the second peak of antiferromagnetic coupling) [21]. Additionally, the typical material parameters of CoFeB (in CGS units) are used [27,28]:    M s  = 1000    emu  /   cm  3   ,    A  e x   = 2.0 ×   10   − 6      erg  / cm  ,   α = 0.01   and    J  IEC   = − 0.2    erg  /   cm  2   . Here, the magnetic anisotropy is ignored because its energy is almost unaffected by the in-plane orientation of the sublayer magnetizations [23,24]. All the simulations are performed without taking temperature into account.




3. Results and Discussion


Firstly, we start our simulations for calculating the static hysteresis loops of two different samples and the results are shown in Figure 1. The external magnetic field H0 is along the x-direction. For the symmetrical SAF (Sample-I), as shown in Figure 1a,c, there are only two equilibrium states: spin-canted state and parallel saturation state. Without the external magnetic field, the initial state of    m 1    and    m 2    are antiparallelly aligned due to the antiferromagnetic coupling. Under the action of H0 with the strength of   0 <  H 0  <  H s   , the    m 1    and    m 2    are rotated into a spin-canted state within the film plane, where Hs = 2HIEC represents the saturation magnetic field. The angles between mi and H0 satisfy: φ2 = −φ1 = cos−1(H0/Hs). When    H 0  >  H s   , the    m 1    and    m 2    orient parallel to the direction of bias magnetic field (i.e., x-axis). Taking the parameter values of    M s   , d, and JIEC, we get the strength of HIEC = 1100 Oe, which is in good agreement with the simulation results (the saturation field Hs = 2300 Oe and thereby HIEC = Hs/2 = 1150 Oe).



For the asymmetrical SAF (Sample-II), however, as shown in Figure 1b,d, three typical equilibrium states exist. When the magnetic field is smaller than the critical field [18]    H  cri , 1   =  H  IEC 1   −  H  IEC 2    , the magnetization vectors of    m 1    and    m 2    are opposite to each other along the x-direction and the net magnetization is constant. Above the critical field, the magnetizations of two FMs deviate from the antiparallel alignment. The field dependent magnetization can be estimated as [20,29]:


    M ( H )    M s    =    d 1  cos (  φ  1 e q   ) +  d 2  cos (  φ  2 e q   )    d 1  +  d 2     



(3)




where    φ  1 e q     and    φ  2 e q     represent the equilibrium directions of    m 1    and    m 2   . When the external field H0 is larger than    H  cri , 2   =  H  IEC 1   +  H  IEC 2    , both    m 1    and    m 2    are forced to align in the x-direction and the SAF reaches a saturation state.



3.1. Dynamic Resonance Properties of Symmetrical SAF


In this part, we study the dynamics of antiferromagnetic resonance. In addition to an external bias field applied along the x-axis to stabilize the magnetizations of SAFs, we also apply a time-varying microwave field of    h  rf   =  h 0  sin  (  2 π f t  )    to excite the magnons. The oscillation amplitude of the microwave fields is small and set as    h 0  = 3   Oe in this study. Its direction is either along the x-axis (i.e.,    h  rf   ∥  H 0   , namely, longitudinal pumping) or along the y-axis (i.e.,    h  rf   ⊥  H 0   , namely, transverse pumping). The time evolution of spatially averaged magnetizations (   m 1    and    m 2   ) are recorded to calculate the response frequency through fast Fourier transform (FFT) analysis.



It is well known that an SAF system inherently has two distinct eigenmodes: AM and OM [18,19]. Figure 2 summarizes the simulated results at H0 = 600 Oe for a symmetrical SAF with two identical FM layers (d1 = d2 = 2.0 nm). In the case of transverse pumping, only AM resonance is excited at a low frequency of 4 GHz while for the longitudinal pumping case only OM resonance is excited at a high frequency of 15 GHz, as shown in Figure 2a,b, respectively. This result can be well explained as follows: by considering that the resonance response signal is characterized by the rf components of the net magnetization   m =  (   m 1  +  m 2   )  / 2   along the pumping field direction. For the low frequency resonance state, as shown in Figure 2c, d, both y- and z-components of    m 1    and    m 2    precess in phase while the x-component oscillates out-of-phase. In contrast, for the high frequency resonance state, as shown in Figure 2e,f, the x-component of    m 1    and    m 2    precess in-phase while both y- and z-components precess out-of-phase. Therefore, for the AFMR measurement with a transverse pumping microwave field (along the y-axis) to the bias magnetic field (x-axis), the in-phase AM resonance state (taken from the my or mz) is only observed while the OM resonance state is hidden. In contrast, for the longitudinal pumping microwave field (along the x-axis), the observed resonance signal comes from the net magnetization mx (because the net my = 0 or mz = 0) but we classify this resonance state as the OM state due to the out-of-phase in my (or mz) component.



Figure 3a shows the dispersion relation of frequency versus external magnetic field H0 applied in the x-direction. In the spin-canted region, the frequency of the in-phase AM fAM increases with the increasing field while the out-of-phase OM frequency fOM decreases gradually until it reaches zero at the critical filed    H s  = 2300    Oe. Theoretically, we could assume the whole FM layer is a single-domain and possesses a uniform magnetization precession within each layer. Thus, within the macrospin approximation, Equation (1) can be expanded as:


      d   m  1    d t   = − γ   m  1  × (  H 0   x →  −  H   IEC , 1      m  2  − 4 π  M s  (   m  1  ·  z →  )  z →  ) + α   m  1  ×   d   m  1    d t           d   m  2    d t   = − γ   m  2  × (  H 0   x →  −  H   IEC , 2      m  1  − 4 π  M s  (   m  2  ·  z →  )  z →  ) + α   m  2  ×   d   m  2    d t        



(4)







For any given applied field, Equation (4) has two real solutions, corresponding to the acoustic and optic modes. Additionally, for the symmetrical SAF (d1 = d2 = 2.0 nm), the angular frequencies of the two modes are expressed as [22]:


     f  AM   =  γ  2 π     2  H  IEC   ( 2  H  IEC   + 4 π  M s  )      H 0    2  H  IEC          f  OM   =  γ  2 π     8 π  H  IEC    M s  ( 1 −    H 0 2    4  H  IEC  2    )      



(5)







The theoretical results calculated from Equation (5) are plotted as the dotted black curve and red curve in Figure 3a, respectively. Clearly, the analytical result agrees well with the simulations.



A remarkable feature of the frequency spectra is the symmetry-protected mode crossing between the AM and OM branches, indicating that these two magnon modes have not hybridized in this symmetrical SAF. Consequently, no magnon-magnon coupling occurs. To further confirm the above results, the time-dependent phase difference between    m 1    and    m 2    near the crossing point are shown in Figure 3b,c, where    φ i     (  i = 1 , 2  )    is the azimuth angle of magnetization vector. We find that    m 1    and    m 2    undergo pure in-phase precession in the AM magnon mode while anti-phase precession in the OM magnon mode. The simulation results are in agreement with the theoretical prediction.



When the external field increases into the saturation region, both    m 1    and    m 2    are forced in the x-direction by the strong magnetic field. In this case, the SAF system behaves as a single ferromagnetic layer, the observed resonance state is the Kittel mode (KM) and its frequency can be described as [30]:


   f  FMR   =  γ  2 π      H 0  (  H 0  + 4 π  M s  )    



(6)







In addition, the optic mode in this region will be hidden as its resonance intensity approaches to zero [31,32].




3.2. Dynamic Resonance Properties of Asymmetrical SAF


So far, we have investigated the magnon modes in symmetrical SAF with d1 = d2, and the magnon-magnon coupling does not occur due to symmetry-protection [9]. It has been theoretically predicted that the symmetry breaking will lead to a magnon-magnon coupling between the pure AM and OM, accompanied by an anti-crossing gap opening in frequency spectra [33]. This can be done in SAF structures by changing the two FM layers either with different materials or different thicknesses. To verify whether the intrinsic asymmetry can induce the coupling between the AM and OM, we simulated an asymmetrical SAF with different thicknesses, d1 = 2 nm for the bottom layer and d2 = 4 nm for the top layer. All other conditions are the same as the symmetrical SAF. The external bias field is applied along the x-direction.



Figure 4a shows the simulated dispersion relation of the asymmetrical SAF. An obvious anti-crossing gap is observed in the spin-canted region, indicating the magnon-magnon coupling phenomena appears. Here we define the magnon coupling strength as   g =  (   f  up   −  f  down    )  / 2  , where fup and fdown refer to the minimum frequency of up branch and the maximum frequency of down branch. The simulation shows that the magnon-magnon coupling strength is    g   = 1.5 GHz in our sample. Theoretically, the resonance frequency can also be derived from the eigenvalue equation of Equation (4) [33]:


   ω 4  − (  a 2  +  c  2 b   )  ω 2  +   2 b + c   4  b 2    ( 1 −  a 2  ) (  a 2  + c − 1 ) = 0  



(7)




where   a =    H 0     H  c r i , 2      ,    b =   2  |   J  I E C    |     μ 0   M s 2   (   d 1  +  d 2   )     , and   c = 1 −    (     d 1  −  d 2     d 1  +  d 2     )   2   . Thus, the angular frequency of the up and down branches can be obtained as:


   ω   up , down    =  1   2      (  a 2  +  c  2 b   ) ±      b 2  + 2 b + c    b      [  a 2  −   ( 2 b + c ) ( 2 − c ) − b c   2 (  b 2  + 2 b + c )   ]  2  +   ( 1 − c )   ( 2 b + c )  3    4   (  b 2  + 2 b + c )  2         



(8)







The theoretical curves calculated from Equation (8) are depicted by dash lines in Figure 4a in the spin-canted region.



To acquire a clearer insight into the behavior of magnon-magnon coupling, we further studied the phase difference of magnetization evolution between    m 1    and    m 2   , as shown in Figure 4b,c. The down mode and up mode have obvious changes with the external magnetic field. As the external magnetic field H0 increases, the down mode changes from pure AM to OM, while the up mode changes from pure OM to AM. Remarkably, the phase difference of the new hybrid mode is not 0  °    or 180  °    but almost 90 °  at the strongest coupling field (H0 = 1500 Oe). Actually, this process of change can also establish the relationship between the phase difference and the magnon coupling strength.



So far, we have investigated the magnon–magnon coupling in symmetrical SAF with d1 = d2 and asymmetrical SAF with    d 1  ≠  d 2   . For symmetrical SAF, only pure in-phase AM and out-of-phase OM are observed and the phase difference   δ φ =  φ 1  −  φ 2    between    m 1    and    m 2    is constant (  δ φ = 0 °   for the AM and   180 °   for the OM magnons), as shown in Figure 5a. For the asymmetrical SAF, as shown in Figure 5b, the phase difference   δ φ   varies with the external magnetic field H0, showing the   δ φ   changes from 0 °  to 180 °  for the down magnon mode while changes from 180 °  to 0 °  for the up mode. An obvious hybrid characteristic is shown.





4. Conclusions


In summary, we have investigated the coupling between acoustic and optic magnon modes in both symmetrical and asymmetrical SAFs. In addition to the frequency dispersion, here we pay more attention to the phase difference between the sublayer magnetizations for these two SAF systems. For the symmetrical SAF, the in-phase AM and out-of-phase OM exist separately and their magnetic field-dependent frequency branches cross each other at a degenerate point, and no magnon-magnon coupling occurs. In contrast, for an asymmetrical SAF, however, an obvious anti-crossing gap appears in frequency dispersion relations and the magnon-magnon coupling between the AM and OM occurs due to the intrinsic symmetry breaking of the system. The original AM and OM magnons gradually hybridizes with the increase of the coupling strength. The phase difference between    m 1    and    m 2    is almost   90 °   at the strongest coupling field. The study demonstrates a clear physical picture of the mode coupling, from which a hybrid spin-wave mode can be generated by turning the two distinct modes into resonance and the physical properties of the coupled modes have changed significantly. In addition, generating the hybrid spin-wave states may also provide assistance in the development of future magnonic devices.
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Figure 1. In-plane hysteresis loop as a function of the external field H0 along x-direction for a symmetrical SAF (Sample-I) (a) and asymmetrical SAF (Sample-II) (b), respectively. The corresponding equilibrium angles of the magnetization vectors of two FM layers for the symmetrical SAF (c) and asymmetrical SAF (d) are also shown. 
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Figure 2. Top panel: The simulated AFMR response signal for the transverse pumping (a) and longitudinal pumping (b) at H0 = 600 Oe. An acoustic resonance mode (AM) occurs at low frequency f = 4 GHz while the optic resonance mode (OM) occurs at f = 15 GHz. The color-coding refers to the resonance amplitude of magnetization response. The insert diagram shows the corresponding diagram of magnetization precession, where m1(m2) represents the magnetization unit vector for ferromagnetic layer 1(2). Bottom panel: The magnetization oscillations of m1 (black) and m2 (red) in the acoustic mode (c) and optic mode (e), where my and mz precess in phase in the acoustic mode while out of phase in the optic mode. The corresponding net magnetization m = (m1 + m2)/2 oscillations are also shown in (d) for AM and (f) for OM. 
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Figure 3. (a) Dispersion relation of frequency versus external magnetic field H0 for the symmetrical SAF (Sample-I). The open circles represent the simulation results and dash lines represent the analytical calculations; (b,c) Comparison of the phase difference for the AM and OM resonant states at three different fields. Here    φ i     (  i = 1 ,   2  )    is the azimuth angle of    m i   . It clearly shows the time-dependent in-phase precessions for the AM and antiphase precessions for the OM resonance state. 
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Figure 4. (a) Dispersion relation of frequency in asymmetrical SAF (Sample-II) with the external magnetic field H0 applied along the x-axis direction. The open circles represent the simulation results while dotted lines represent the corresponding theoretical calculations, showing an obvious coupling gap. Phase difference of down mode (b) and up mode (c) at 1300 Oe, 1400 Oe,1500 Oe, 1600 Oe, and 1700 Oe. The phase difference between m1 and m2 varies with the external magnetic field, indicating a new hybrid mode. 
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Figure 5. (a) Phase difference of pure AM (black curve) and pure OM (red curve) for the symmetrical SAF (Sample-I); (b) Phase difference of down branch mode (red curve) and up branch mode (black curve) for the asymmetrical SAF (Sample-II). 
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