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Abstract

:

We investigate the entanglement dynamics of a system comprising a pair of two-level dipole-dipole interacting atoms coupled to a microtoroidal resonator. Each atom is individually coupled with the two counter-propagating whispering gallery modes of the resonator through their evanescent fields. The atom-atom entanglement shown for several parameter sets of the system was obtained using the negativity. For ideal resonators, it is seen that the entanglement is correlated to the dipole-dipole interaction and the average number of photons when the modes of the resonator are prepared in a thermal state even at high temperatures. Further, for the non-ideal resonator case, where there is a small structural deformation of the microtoroidal structure that allows a direct coupling between the modes, a counter-intuitive result is presented. The imperfections also offer the advantage of generating maximally entangled states for a two-atom subsystem with maximum fidelity.
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1. Introduction


Quantum entanglement represents a key resource for exploring quantum information processing, such as quantum cryptography [1], quantum computing [2], and quantum teleportation [3]. In this context, the cavity quantum electrodynamics (cavity QED) has emerged as one of the most promising candidates for the creation, manipulation, and exploitation of entanglement via controlled interactions [4,5]. Such cavity QED systems have been extensively studied, both experimentally and theoretically, including trapped ions [6], photon pairs [7], and atomic ensembles [8]. For these systems to work efficiently, maximally entangled states are required. However, such systems are extremely susceptible to the environment and this uncontrollable interaction may result in decoherence, thereby degrading the entanglement [9]. On the other hand, it is also possible that the interaction between quantum systems and the environment may lead to the formation of entangled states [10]. Thus, understanding the generation of entanglement under the influence of dissipative effects, such as temperature, has become one of the most important problems in the processing of quantum information [11]. Pioneering works as presented in [12] showed a generation of atomic entanglement by a single-mode thermal field. Galve et al. [13] showed the existence of entangled states even at high temperatures, considering a system of two coupled harmonic oscillators. In [14], the authors showed that entanglement can always arise in the interaction of an arbitrarily large system (thermal field) in any mixed state with a single qubit (two-level atom) in a pure state. The case of two atoms interacting with a single mode of a thermal field has been studied by [15].



Unlike conventional single-mode cavity QED architectures, the microtoroidal cavity containing two counter-propagating whispering gallery modes (WGMs) has attracted considerable attention due to the small volume and ultrahigh-quality factor Q that minimize losses (decoherence) and allows a strong coupling between atomic systems and the electromagnetic field [16]. Additionally, the WGMs allow drastic reduction of energy for being useful for observing nonlinear effects [17]. In [18], the authors have shown that based on the effective dipole-dipole interaction between two nitrogen-vacancy centers mediated by the WGMs, it is possible to have quantum information transfer and entanglement through Raman transitions combined with laser fields. The generalization for the case of three NVCs interacting and coupled to a WGMs microresonator has been studied in [19]. The control of two-atom entanglement with two thermal fields by the hopping strength and the detuning between the atomic transition and the cavities has been demonstrated in [20]. In addition, the role of dipole-dipole interaction and scattering strength in the generation of entanglement between two and three two-level atoms coupled to the WGMs cavity has been investigated in [21]. However, despite previous work, the persistence of entanglement at high temperatures between two-level atoms coupled to the WGMs by adjusting the parameters has not been studied yet. In addition, an important factor that must be taken into account is the interaction between the WGMs due to experimental difficulties that demand a high precision manufacturing [22]. In fact, the high quality factor Q, necessary for strong interactions between atom and cavity, is related to the interaction between the WGMs [23]. Therefore, it would be interesting to investigate how the effects of the thermal field, at high temperatures, can be supplied through controllable parameters of the system for the maintenance of the entanglement, with high fidelity, between two two-level atoms coupled to a microtoroidal cavity.



Here, we propose to study the generation of entanglement and quantum state transfer in a system comprising a pair of two-level dipole-dipole interacting atoms coupled to a microtoroidal resonator. In this case, the two atoms are individually coupled with the two WGMs of a microtoroidal resonator through their evanescent fields. We compute the atom-atom entanglement using the negativity for different sets of parameters of the system. Two cases are investigated, the ideal and non-ideal cavity regimes, where the latter allows the direct coupling between the WGMs of the resonator. In the ideal cavity regime, we show that the entanglement is correlated to the dipole-dipole interaction and the average number of photons when the modes of the resonator are prepared in a thermal state even at high temperatures. For the non-ideal cavity regime, a counter-intuitive result is obtained. The imperfections also offer the advantage of generating maximally entangled states for a two-atom subsystem with maximum fidelity.



Our paper is organized as follows. First, in Section 2, we present the model and description of the physical system. Then, in Section 3, we discuss and show the results for the measurement of atom-atom entanglement and fidelity for different parameters. The conclusions are summarized in Section 4.




2. Theoretical Model


We consider a system of two two-level atoms interacting through dipole-dipole interaction, where each of them is coupled simultaneously to a microtoroidal cavity as shown in Figure 1. We denote the atoms by label i = 1,2 and assume that the two atoms are close enough so that the dipole-dipole interaction cannot be ignored. The cavity supports a pair of WGM’s of frequency   ω c   coupled to two atoms with transition frequency   ω  e g  i  .



In addition, we consider that there is a direct coupling between the two WGMs due to backscattering induced by cavity imperfections. According to the above scheme, the Hamiltonian of the system can be written in the form [24,25,26]:


     H ^  =   ∑  i = 1 , 2    1 2  ћ  ω  e g  i   σ  z  i  + ћ  ω c   (   a ^  †   a ^  +   b ^  †   b ^  )  + ћ  (  g  1  *    a ^  †   σ  1  −  +  g 1   a ^   σ  1  †  )  + ћ  (  g 1    b ^  †   σ  1  −  +  g  1  *   b ^   σ  1  †  )  +        ћ  (  g  2  *    a ^  †   σ  2  −  +  g 2   a ^   σ  2  †  )  + ћ  (  g 2    b ^  †   σ  2  −  +  g  2  *   b ^   σ  2  †  )  + ћ Ω  (  σ  1  +   σ  2  −  +  σ  1  −   σ  2  +  )  + ћ J  (   a ^  †   b ^  +  a ^    b ^  †  )      



(1)




where    a ^  †   (  a ^  ) and    b ^  †   (  b ^  ) are the creation (annihilation) operators of photons for the left and right modes of the resonator fields, respectively,    σ  i  +  =   | e 〉  i   〈 g |    and    σ  i  −  =   | g 〉  i   〈 e |    are the raising and lowering operators of the atom i,   g i   (  g  i  *  ) is the coupling constant between the atom i and the left (right) modes of the resonator field,  Ω  is the coupling constant of the dipole-dipole interaction between the atoms, and J is the coupling constant of the interaction between the two WGMs. The first and second terms of the Hamiltonian Equation (1) represent the free energies of the atoms and resonator modes, respectively. The third and fourth (fifth and sixth) terms describe the coupling between the atom 1 (atom 2) with the two WGMs of the resonator. The last two terms take into account the atom-atom coupling via dipole-dipole interaction and the coupling between the two modes, respectively. For the sake of simplicity, we assume that the atomic transition frequency of each atom is in resonance with the cavity (   ω  e g  i  =  ω c  = ω  ) and in the frame of the interaction representation with respect to    H 0   =   ∑  i = 1 , 2    ( ћ ω / 2 )   σ  z  i  + ћ ω  (   a ^  †   a ^  +   b ^  †   b ^  )   , the interaction Hamiltonian, in rotating wave approximation (RWA) is given by [24,25,26]:


      H ^  I  =  ћ  (  g  1  *    a ^  †   σ  1  −  +  g 1   a ^   σ  1  †  )  + ћ  (  g 1    b ^  †   σ  1  −  +  g  1  *   b ^   σ  1  †  )  + ћ  (  g  2  *    a ^  †   σ  2  −  +  g 2   a ^   σ  2  †  )  +        ћ  (  g 2    b ^  †   σ  2  −  +  g  2  *   b ^   σ  2  †  )  + ћ Ω  (  σ  1  +   σ  2  −  +  σ  1  −   σ  2  +  )  + ћ J  (   a ^  †   b ^  +  a ^    b ^  †  )  .     



(2)







In this case, the time-dependent density operator for the atoms-microtoroid system follows a unitary time evolution generated by the evolution operator   U  ( t )  =  e  −   i  H I   ћ  t    . For the sake of simplicity, we consider    g 1  =  g  1  *  =  g 2  =  g  2  *  =  | g |    and   J = 0   (ideal resonator case). Using the Hamiltonian (2) and Taylor expansions of sine and cosine functions in the basis   { | e e 〉 , | e g 〉 , | g e 〉 , | g g 〉 }  , we obtain an analytical form of the evolution operator   U ( t )   given by:


  U  ( t )  =      U 11     U 12     U 13     U 14       U 21     U 22     U 23     U 24       U 31     U 32     U 33     U 34       U 41     U 42     U 43     U 44      ,  








where


   U 11  = 1 + 2  (  a ^  +  b ^  )   w λ   (   a ^  †  +   b ^  †  )  ,   U 12  =  U 13  =  (  a ^  +  b ^  )   z θ  ,   U 14  = 2  (  a ^  +  b ^  )   w λ   (  a ^  +  b ^  )  ,  










   U 41  = 2  (   a ^  †  +   b ^  †  )   w λ   (   a ^  †  +   b ^  †  )  ,   U 21  =  U 31  =  z θ   (   a ^  †  +   b ^  †  )  ,   U 24  =  U 34  =  z θ   (  a ^  +  b ^  )  ,  










   U 23  =  U 32  =   e    − i  2   ( ε + θ )  τ    4 θ    {  ( 1 −  e  i θ τ   )  ε − 2 θ  e   i 2   ( 3 ε + θ )  τ   + θ  ( 1 +  e  i θ τ   )  }  ,  










   U 42  =  U 43  =  (   a ^  †  +   b ^  †  )   z θ  ,   U 44  = 1 + 2  (   a ^  †  +   b ^  †  )   w λ   (  a ^  +  b ^  )  ,  










   U 22  =  U 33  =   e    − i  2   ( ε + θ )  τ    4 θ    {  ( 1 −  e  i θ τ   )  ε + 2 θ  e   i 2   ( 3 ε + θ )  τ   + θ  ( 1 +  e  i θ τ   )  }  ,  








with


  τ = g t ,  ε =  Ω g  ,  λ = 4  (   a ^  †   a ^  +   b ^  †   b ^  + 1 )  ,  θ =   16  (   a ^  †   a ^  +   b ^  †   b ^  + 1 )  +  ε 2    ,  








and


     w =  e  − i  ε 2  τ    { cos  (  θ 2  τ )  + i  ε θ  sin  (  θ 2  τ )  }  − 1 ,  z =  e    − i  2   ( ε + θ )  τ    ( 1 −   e  i θ τ )   .     











We assume that the resonator modes are initially prepared in a thermal state at temperature T with the probability distribution   P ( n )  . In this case, to determine the mean photon number in thermal equilibrium we have used the Boltzmann distribution. The thermal fields are driven by an external field, prepared in a mixture of fock states, completely described in terms of a mean photon number    n i  ¯  , which can be written as:


   ρ R   ( 0 )  =  ρ  R 1    ( 0 )   ρ  R 2    ( 0 )   



(3)




where


   ρ  R i    ( 0 )  =  ∑  n i    P i   (  n i  )   |   n i   〉 〈   n i   | ,   










   P i   (  n i  )  =     n i  ¯   n i     ( 1 +   n i  ¯  )    n i  + 1      ( i = 1 , 2 )   



(4)




with     n i  ¯  =   (  e   ћ ω    k B  T    − 1 )   − 1     being the mean photon number that relates to the environment temperature, where   k B   is the Boltzmann constant,  ω  is the frequency of the field of the resonator, and T is the equilibrium temperature.



Thus, the density operator as a function of the time can be represented by:


  ρ  ( t )  =  e  − i  H I  t / ћ    (  ρ  R i    ( 0 )  ⊗  ρ a   ( 0 )  )   e  i  H I  t / ћ   .  



(5)







To investigate the atom-atom entanglement, we need to obtain the time-dependent reduced atomic density operator, that is done by tracing over the resonator field variables:


      ρ a   ( t )   =  T  r  R i    [ ρ  ( t )  ]        =   ∑  n , m    P i   (  n i  )   〈 m |   e  − i H t / ћ    | n 〉 ρ   ( t )   〈 n |   e  i H t / ћ    | m 〉  .     



(6)







In order, we use the criterion proposed by Vidal and Werner [27] to measure the degree of entanglement between the two atoms by calculating the negativity, defined in terms of the negative eigenvalues of the partial transposed of the reduced density matrix:


  N = − 2  ∑ i   μ  i  −  .  



(7)








3. Entanglement Dynamics between the Two Atoms


Our focus at this stage is to study the entanglement between two atoms analyzing the importance of the most relevant parameters of the model. To begin we assume that the atoms are initially prepared in a superposition state,   cos θ | e g 〉 + sin θ | g e 〉  . Without loss of generality, we assume that     n ¯  1  =   n ¯  2  =  n ¯   . Then, we investigate the entanglement dynamics when the two atoms are coupled to an ideal microtoroidal cavity (  J = 0  ). After, we generalize for the case of the possible deformation in the cavity (  J ≠ 0  ) to investigate how the imperfection modifies or determines the dynamics of the entanglement as well as the fidelity.



3.1. Two Atoms Coupled to an Ideal Resonator (J = 0)


Initially, we consider that one atom is in its ground state and the other in an excited state   | g e 〉   (i.e., for   θ = π / 2  ). The density operator of the atoms can be written as:


   ρ a   ( t )  =      A  e e     0   0   0     0    B  g e      E  e g  *    0     0    E  g e      C  e g     0     0   0   0    D  g g        



(8)




where the elements of the density matrix are:


      A  e e   =  ∑ n   P n  n  ( n − 1 )    |  U  1 , 2 n   |  2         B  g e   =  ∑ n   P n    |  U  2 , 2 n   |  2         C  e g   =  ∑ n   P n    |  U  2 , 3 n   |  2         D  e e   =  ∑ n   P n  n  ( n + 1 )    |  U  4 , 2 n   |  2         E  g e   =  E  e g  *  =  ∑ n   P n  n  ( n + 1 )   U  2 , 2 n    U  2 , 3 n  *  .     



(9)







Let us first consider that the field is initially prepared in its vacuum state (   n ¯  = 0  ) and the atoms are close enough so that the dipole-dipole interaction is allowed. Thus, from Equation (7) it was possible to calculate, numerically, the negativity when the atoms are initially prepared in a state   | g e 〉   for different values of the dipole strength as shown in Figure 2a. We can see that the atom-atom entanglement is strongly dependent on the dipole interaction. One can note that for  Ω  = 0.1 g (line dotted) the entanglement has a monotonically increasing oscillatory behavior, reaching a value near ∼0.998. It is also interesting to note that, even when there is no dipole-dipole interaction between the atoms,  Ω  = 0 (solid line), still an amount of entanglement survives at some specific time. We observed that, as the dipole interaction is a natural mechanism for generating entanglement between the atoms, even for  Ω  = 0.001 g (line solid) there are small bumps indicating a persistence of the entanglement in certain time intervals.



The results shown in Figure 2a agree with the ones discussed for single-mode cavity QED [12,15]. But, there is a difference in the present case, which is indeed the enhancement of the entanglement peaks present in the microtoroidal system when compared with the single-mode cavity QED. In order, to analyze the influence of temperature for this system, i.e., the importance of the average number of photons (   n ¯  ≠ 0  ), we consider the entanglement for a fixed dipole strength ( Ω  = 0.1 g). The results are shown in Figure 2b. Note that when the temperature is increased the entanglement decreases, as expected. In fact, the exchange of energy between the atoms and the field increases with the average number of photons, increasing the decoherence. However, it is noted that, even for high temperatures (large number of   n ¯   = 100) a certain amount of entanglement still survives (see inset in Figure 2b).




3.2. Two Atoms Coupled to a Non-Ideal Resonator (J ≠ 0)


In this section, we assume that there is a direct coupling between the two WGMs, i.e.,   J ≠ 0  . In this case, the two atoms are initially prepared in different states. In Figure 3, we show the negativity between the two atoms as a function of the normalized time and of the dipole coupling for two different initial preparations of atomic states: In (a) for the state   | g e 〉   and (b) for    ( | g e 〉  +  | e g 〉 )  /  2   . The result shows the importance of the coupling between the modes on the dynamical evolution of the atomic entanglement for a fixed dipole strength  Ω  = 0.1 g. As can be seen, there is a great influence of the initial state on the degree of entanglement of the atoms.



In Figure 3a, we can observe that for small values of J/g we have only entanglement isles so that all the dynamics of the entanglement is linked directly with the imperfections in the resonator. However, this behavior, as shown the Figure 3b, is completely different if the atoms are initially prepared in a maximally entangled state. We observed that imperfection brings advantages for the generation of maximum entanglement between the atoms reaching stability for large values of J/g.



Next, it is possible to estimate the performance of our scheme, using the fidelity as defined by [28]. Experimentally, it is difficult to control precisely the interaction between the modes described through imperfection, since it depends on the manufacturing processes. Consequently, it is important to determine how imperfections can modify or determine the fidelity. Figure 4 shows the fidelity for the situation when the two atoms are prepared in the superposition state,   cos θ | g e 〉 + sin θ | e g 〉  , and with  Ω  = 0.1 g. Figure 4a shows that the transfer of the prepared state is completely reached when   θ = π / 4   for J = 0.1 g, showing a high fidelity in the transference of the maximally entangled state between the atoms, while for   θ = π / 6   the maximum fidelity possible is approximately 75%. Figure 4b shows that the presence of deformation can decrease the time of entangled state transference. The robustness of the fidelity in the regime of deformations can be useful in practical applications.





4. Conclusions


In summary, we have explored the entanglement dynamics between two identical two-level atoms interacting via dipole-dipole interaction and coupled simultaneously to the two WGMs microtoroidal resonator in the presence of a thermal field. We have shown that the entanglement is strongly dependent on the dipole coupling strength and the mean photon number of the thermal field. In this latter case, we show that, differently from the ideal case (   n ¯  = 0  ), for certain parameters of the system, the atomic entanglement still survives even at high temperatures, in contrast to schemes based on single-mode cavity QED. It is also noted that, even when there is structural deformation in the microtoroidal resonator (  J ≠ 0  ), it is possible to generate maximum atom-atom entanglement states. In addition, the transfer of a superposition state between the two atoms via the WGMs is reached with high fidelity. This also occurs in both ideal and non-ideal regimes, that is a favorable point this kind of system, given that, in the real world, one has to face non zero temperature regimes as well as losses. Therefore, the present study is valuable for understanding the relationship between dissipative effects, such as thermal fields, and unveil a set of system’s parameters that may be of great importance for applications in quantum information processing tasks.
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Figure 1. Schematic representation of the atoms-microtoroid system. The identical two-level atoms interacting via dipole-dipole interaction  Ω , where each of them is coupled simultaneously to the two whispering gallery modes (WGMs). The two-mode are coupled to each other via J due to the cavity imperfections. 
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Figure 2. Negativity as function of the normalized time  τ  (a) for the resonator in the vacuum state (   n ¯  = 0  ) and dipole constant coupling  Ω  = 0.1 g (dotted);  Ω  = 0.01 g (dashed);  Ω  = 0.001 g (solid); and  Ω  = 0 (solid); and (b) for the resonator in a thermal state and dipole constant coupling  Ω  = 0.1 g and mean number photons   n ¯   = 0.1 (dotted);   n ¯   = 1.0 (dashed);   n ¯   = 10 (solid); and   n ¯   = 100 (solid). Inset: The zoom for   n ¯   = 100. 
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Figure 3. Negativity as function of the normalized time  τ  and of the interaction between the two counter-propagating modes for the mean number photons   n ¯   = 0.01 and the atoms prepared in initial state (a)   | g e 〉  ; (b)    ( | g e 〉  +  | e g 〉 )  /  2   . 
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Figure 4. Fidelity as function of the normalized time  τ  with mean number photons   n ¯   = 0.01 and (a) for interaction between the modes J = 0.1 g and different  θ  and (b) for   θ = π / 4   and different J. 
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