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Abstract

:

By mapping photons into the sample of cuprous oxide with Rydberg excitons, it is possible to obtain a significant optical phase shift due to third-order cross-Kerr nonlinearities realized under the conditions of electromagnetically induced transparency. The optimum conditions for observation of the phase shift over  π  in Rydberg excitons media are examined. A discussion of the application of the cross-phase modulations in the field of all-optical quantum information processing in solid-state systems is presented.
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1. Introduction


The recent development of various light manipulation techniques arising from electromagnetically induced transparency (EIT) has made it possible to slow down the pulse (photons), store, and retrieve them, preserving the phase relations [1]. At the level of single photons, the EIT enables the quantum information carried by photons to be mapped in the form of quantum coherences inside the medium, effectively creating a quantum memory. It allows one to transfer quantum states between photons and matter. Recently, it has been shown that EIT significantly enhances the optical nonlinearity [2]. EIT has been proposed as a way to greatly enhance cross-phase modulation (XPM), which refers to the phenomenon where the phase of one photon is modulated by another photon [3]. One of the widely explored schemes to enhance cross-phase modulation is based on the Kerr-EIT-like interaction between two weak optical fields [4]. Recently, Bai et al. [5] considered strong Rydberg–Rydberg interactions which are the source of third- and even fifth-order Kerr nonlinearities. Interactions between photons realized by nonlinear optical mechanisms are essential to quantum information processing, quantum teleportation, and quantum logic gates [6,7,8]. Due to the large nonlinear susceptibilities at low light levels, the EIT-based XPM in atomic vapors makes single-photon operations feasible and can lead to applications in quantum information manipulation. XPM has been considered as a promising means of quantum communication and quantum computation. The large nonlinearity at the single-photon level could pave the way for the implementation of universal quantum gates. However, realizing large nonlinearity at such low light levels has been a great challenge for scientists in the past decade [9,10].



Solid bulk media are systems well worth considering for storing and processing quantum information because they have a number advantages over atomic gases, where many experiments have been done (for a recent review see Ref. [11]). They are easy to prepare, diffusion processes are not very fast, and much higher densities of interacting particles can be achieved [12]. One common class of solids used within the quantum information context are the rare-earth-metal-doped crystals, where a long time period of information storage has been achieved (i.e., over one minute) [13,14] Nitrogen-vacancy centers in diamond are also of interest [15], which have a relatively long spin coherence. Another class of solid-state systems where EIT occurs are so-called artificial atoms [16,17,18,19]. Recently, the Rydberg excitons (REs) have attracted a great deal of attention due to their exciting features: the distinct combination of their long radiative life-times, sensitivity to external fields, and strong dipolar interactions [20] could be exploited to realize quantum interfaces for quantum information processing. Rydberg excitonic samples smaller than other solid-state systems mentioned above. The observation of dipolar blockade in bulk Cu2O [21], quantum coherence [22], and single-photon source based on RE blockade [23] were performed in samples of micrometer scale. The realization of these experiments has unlocked a plethora of dynamic effects which might be observed in Rydberg excitons media [24,25,26,27]. One example is the electromagnetically induced transparency discussed in our previous paper [28], the performance of which in Cu2O bulk crystal will be the next step towards the potential implementation of this medium for quantum information processing. This paper follows up our previous work [28], where the optimal conditions for performing EIT in the linear regime were discussed. Here, by expanding these considerations and results, we propose to explore the scheme that enables one to induce a substantial nonlinear interaction and cross-phase modulation between two slow-light narrow pulses, realized in a cuprous oxide crystal with RE. This nonlinearity may be reached by disturbing the two-photon resonance condition in a two-ladder configuration while keeping the absorption negligible. Our simulations demonstrate the feasibility of achieving large cross-phase modulation in the system with small absorption.



Because slow light experiments can be performed under Autler–Townes or EIT conditions [29,30,31], which are often confused, it should be stressed that in this paper we discuss the case of narrow band operations, for which EIT is the most suitable [32].



Furthermore, we present an overview of the impact of parameters (excitonic states, control field intensities, temperature, or sample size) and provide a realistic example of a system to facilitate an experimental demonstration of XPM for RE in Cu2O. The proposed scheme could possibly be used to implement photon–photon quantum gates, demonstrating the potential of Rydberg excitons media as a platform for quantum communications and quantum networking.



Our paper is organized as follows. In Section 2 we outline the theory of cross-phase modulation in an inverted Y system. Then, in Section 3 the results of calculations for a chosen excitonic state combination are presented and the impacts of various conditions on the system are discussed.




2. Theory


In the following, we consider a Cu2O crystal as a medium with Rydberg excitons, where the XPM under conditions imposed by EIT in the linear regime can be realized. We use the so-called inverted Y configuration, which consists of two subsystems of ladder configuration (Figure 1). The whole system is composed of four levels    a 1  ,  a 2  , b  , and c. As in our previous works on Rydberg excitons [28], we focus our attention on the yellow excitonic series. We chose the valence band as the b state. As a practical example, the    n 1  P   and    n 2  S   excitonic states and dipole-allowed transitions WEre chosen. The description of the optically allowed transitions in this system is as follows: the ground state b, which is identified with the valence band, is coupled by two weak probe and signal beams of Rabi frequencies   Ω 1   and   Ω 3   with states   a 1   and   a 2  . These two states are the sublevels of a state a obtained by applying a constant external magnetic field producing Zeeman splitting of the P-exciton levels [33], which in our case applies only to the a (   n 1  P  ) excitonic state. Note that these two weak beams are slightly detuned from the   a − b   resonance. The two empty upper states a and c are coupled by the control field of Rabi frequency   Ω 2  . If one of the weak (signal or probe) fields is missing, the system reduces to a standard ladder-type three-level EIT configuration (in the linear case), driven by the control field, which has been considered in our previous paper [28]. With the three fields shown in Figure 1, our scheme acts as a double EIT system with two independent probe and signal fields propagating in the two transparency windows sharing the common control field. In such a situation, we deal with the case of multi-channel propagation under EIT conditions, so two different weak light pulses centered at two independent transparency frequencies travel with slow group velocities through the RE medium.



In order to study the propagation and interaction of the signal and probe fields inside the medium, the set Bloch equations of the form similar to that considered in our previous paper [28] (in the stationary case for the linear EIT regime) is accompanied by the Maxwell propagation equations for the Rabi frequency   Ω 1   and   Ω 3   of the probe and signal pulses, which in the slowly varying envelope approximation read


    ∂  ∂ t   + c  ∂  ∂ z     Ω  1 , 3    ( z , t )  = − i  κ  1 , 3  2   σ  b  a  1 , 2     ,  



(1)




where    κ  1 , 3  2  =     N |   d   a  1 , 2   b      |  2   ω  1 , 3     2 ℏ  ϵ 0     . N is the density of excitons and   d   a  1 , 3   b    are the transition dipole matrix elements of specific transitions,   ω  1 , 3    are the probe and signal frequencies and   ϵ 0   is the vacuum dielectric permittivity.    σ  i j    ( z , t )  ,  i , j ∈  {  a 1  ,  a 2  , b , c }    denotes the density matrix for an exciton at position z and time t.



   Ω  1 , 3    ( z , t )  =    d  a   1 , 3  b     ε  1 , 3    ( z , t )   ℏ    and    Ω 2   ( z , t )  =    d  a c    ε 2   ( z , t )   ℏ    are the Rabi frequencies of the probe, signal and control fields corresponding to the particular couplings. The key of cross-Kerr nonlinearity lies in the fact that the phase of one light field is modified by an amount determined by the intensity of another optical field. The necessary conditions to achieve a significant cross-phase modulation (over  π ) are the small absorption and a steep dispersion, which are accomplished due to the EIT. A considerable reduction of the group velocities for both pulses traveling inside the medium allows these two optical fields to mutually interact in a common transparency window for a sufficiently long time. Rebic et al. have shown that by slightly departing from exact resonance conditions, one can obtain a group velocity matching and strong cross-Kerr modulation [34], which facilitates the phase gate operation in this system.



To theoretically describe the setup in the inverted Y configuration, we used the standard method to derive the formula for the susceptibilities, solving the set of stationary Bloch equations in the limit of low probe and signal intensities [35]. The derivation of susceptibility proceeds in a similar way as it was shown in [28]. We expand the system considered in [28] with an additional energy level and after solving the set of Bloch equations in the stationary regime (neglecting nonlinear potential), we obtain the susceptibilities for both probe and signal fields   Ω 1   and   Ω 3   in the form [36]:


      χ 1   (  δ 1  ,  δ 3  ,  Ω 1  ,  Ω 3  )  =    N |   d  b  a 1      |  2    ℏ  ε 0      σ   a 1  b    Ω 1   ,        χ 3   (  δ 1  ,  δ 3  ,  Ω 1  ,  Ω 3  )  =    N |   d  b  a 2      |  2    ℏ  ε 0      σ   a 2  b    Ω 3   .     



(2)




Because the probe and signal fields are weaker than the control one    |   Ω 1    |  2   , |   Ω 3    |  2  < <   |  Ω 2  |  2   , the above expressions for susceptibilities can be expanded into Taylor series


      χ 1  ≈  χ 1  ( 1 )   +  χ  11   ( 3 )    |   Ω 1    |  2  +  χ  13   ( 3 )     |  Ω 3  |  2  ,        χ 3  ≈  χ 3  ( 1 )   +  χ  33   ( 3 )    |   Ω 3    |  2  +  χ  31   ( 3 )     |  Ω 1  |  2  ,     



(3)




where   χ  1   ( 1 )    and   χ  3   ( 1 )    are the linear part of electric susceptibilities,   χ  11   ( 3 )    and   χ  33   ( 3 )    describe self-Kerr phase modulation (i.e., when an optical field modifies its own phase), and   χ  13   ( 3 )   ,   χ  31   ( 3 )    are responsible for cross-phase modulation. The various detunings and relaxation rates present in the system can be grouped in the following notation:


     Δ   a 1  b     =    −  δ 1  + i  Γ   a 1  b   ,       Δ  c b     =    −  δ 2  + i  γ  c b   ,       Δ   a 2  b     =    −  δ 3  + i  Γ   a 1  b   ,       Δ   a 1  c     =    −  δ 1  −  δ 2  + i  Γ   a 2  b   ,       Δ   a 1   a 2      =    −  δ 1  −  δ 3  ,       Δ  c  a 2      =    −  δ 3  −  δ 2  + i  Γ   a 2  b   .     



(4)




where the parameters   Γ  i j   ,   i ≠ j   describe the damping of exciton states and are determined by temperature-dependent homogeneous broadening due to phonons and broadening due to structural imperfections and eventual impurities. The relaxation damping rates for the coherence are denoted by    γ  i j   ≈  Γ  i j   / 2  ,   i ≠ j   [37]. To simplify the expressions describing the susceptibility, we define the following functions of the probe field   Ω 1  :


      O 1  =  Ω 1  +  Δ   a 1  b   ,        O 2  =  Ω 1  +  Δ   a 1  c   ,        O 3  =  Ω 1  +  Δ   a 2  b  *  ,        O 4  =  Ω 1  +  Δ  c  a 2    .     



(5)




After some calculations, we arrive at the linear, self-Kerr, and cross-Kerr parts of susceptibility (Equation (3)) in the following forms:


     χ 1  ( 1 )     =      χ 0    O 1  −   Ω 2 2   O 2     ,       χ 11  ( 3 )     =      0 . 5  χ 0   Ω 1 2    Δ  c  a 1   *     χ 0    O 1  −   Ω 2 2   O 2     ,       χ 13  ( 3 )     =     χ 0     Δ   a 2  b  *   Δ  c b  *    1   O 1  −   Ω 2 2   O 2        0.5    O 1  −   Ω 2 2   O 2     +   0.5    O 3  −   Ω 2 2   O 4      −   0.5   Δ  c  a 2   *     Ω 3 2    (  O 1  −   Ω 2 2   O 2   )   (  O 3  −   Ω 2 2   O 4   )     ,     



(6)




where   χ 0   is a constant given by [27]


      χ 0  =    N |   d  b  a i      |  2    ℏ  ϵ 0    ,        ( i = 1 , 2 )  .     



(7)




In analogy to the procedure presented above, with the following functions of the signal Rabi frequency   Ω 3  


      O 1 ′  =  Ω 3  +  Δ   a 2  b   ,        O 2 ′  =  Ω 3  +  Δ  c  a 2    ,        O 3 ′  =  Ω 3  +  Δ   a 1  b  *  ,        O 4 ′  =  Ω 3  +  Δ  c  a 1    ,     



(8)




one arrives at the expressions for the three parts of electric susceptibility for the signal field   Ω 3  


     χ 3  ( 1 )     =      χ 0    O 1 ′  −   Ω 2 2   O 2 ′     ,       χ 33  ( 3 )     =      0 . 5  χ 0   Ω 3 2    Δ  c  a 2   *     χ 0    O 1 ′  −   Ω 2 2   O 2 ′     ,       χ 31  ( 3 )     =     χ 0     Δ   a 1  b  *   Δ  c b  *    1   O 1 ′  −   Ω 2 2   O 2 ′        0.5    O 1 ′  −   Ω 2 2   O 2 ′     +   0.5    O 3 ′  −   Ω 2 2   O 4 ′      −   0.5   Δ  c  a 2   *     Ω 1 2    (  O 1 ′  −   Ω 2 2   O 2 ′   )   (  O 3 ′  −   Ω 2 2   O 4 ′   )     .     



(9)




Although formulas for susceptibilities in Equations (6) and (9) have a complex form, their dependence on detunings is visible. The resonance or equal detunings give rise to similar dispersive properties for both 1 and 3 fields, while the nonlinear susceptibility vanishes and the XPM will not occur. Disturbing the EIT conditions by choosing different, but sufficiently small (to still remain in the common transparency window and preserving small absorption) detunings enables one to obtain a nonlinear contribution to susceptibility. The refraction indices    n  1 , 3   =    ϵ b  + χ    1 , 3      , where    ϵ b  = 7.5   is the bulk permittivity of Cu2O, together with the definition of the group velocity


   v g  =  c  n g   =  c  n + ω   d n   d ω     ,  



(10)




where   n g   is the group index, enables one to obtain the expressions for the group velocities of the propagating pulses


      v g  ( 1 )   =  A   ω 1    |  d   a 1  b   |  2     (  Ω 2 2  +  Ω 3 2  )         v g  ( 3 )   =  A   ω 3    |  d   a 2  b   |  2     (  Ω 2 2  +  Ω 1 2  )  ,     



(11)




where   A =   4 π c  ε 0   N   . From the above equations it follows that, because the orders of dipole moments are almost equal, changing the intensity of the control field and the probe or signal fields, it is possible to match in such a way their group velocities and therefore they can interact mutually in transparent medium for a sufficiently long time. The propagation equations for fields   Ω 1   and   Ω 3   have the following form:


      i  ∂  ∂ z   +   δ 1  c  −   Δ  ω 1   c    Ω 1  = −   ω 1   2 c    χ 1   Ω 1  ,        i  ∂  ∂ z   +   δ 3  c  −   Δ  ω 3   c    Ω 3  = −   ω 3   2 c    χ 3   Ω 3  ,     








where   Δ  ω i  =  ω 2  −  ω i   . Even inside the transparency window, a realistic medium is characterized by non-zero absorption coefficients


   α  1 , 3   =   ω  1 , 3   c  I m   1 +  χ  1 , 3     .  



(12)




\Assuming that both pulses propagate in the z-direction through the sample of length L, their amplitudes are constant (   Ω  01 , 3   =  Ω  1 , 3    ( z = 0 ,  δ  1 , 3   )  = c o n s t  ). The transmissions coefficients for probe and signal fields are defined by the following formulae:


      T 1   (  δ 1  )  =    Ω 1   ( L ,  δ 1  )    Ω 10   ,        T 3   (  δ 3  )  =    Ω 3   ( L ,  δ 3  )    Ω 30   .     



(13)




The phase difference is equal to the difference of optical path lengths


      ϕ 1   ( ω )  =   (  ω 1   n 1  −  ω 3   n 3  ) L  c  .     



(14)








3. Numerical Results


As an example of an excitonic system where XPM can be realized, we used Cu2O crystal of thickness   L = 200   μm. The probe field coupled the ground state b (Figure 1) and sublevels of    n 1  = 2  , obtained by Zeeman split of the excitonic state in magnetic field. As a result, we obtained two levels shifted by    δ 1  = −  δ 3  = 10   GHz. The control field coupled the   n 1   state with the empty upper state    n 2  = 10  . The exciton density was   N = 5.4 ×  10 15    cm−3, which was limited by the Rydberg blockade effect caused by the populated lower state   n 1   [27]. In the case of    n 1  = 2  , the upper density limit was   2.6 ×  10 16    cm−3 [21]. The Rabi frequency of the control field was    Ω 2  = 600   GHz, which is comparable to the dissipation rate of the lower state    γ  a b   = 2140   GHz [38] for the temperature,   T = 10   K. The calculated susceptibility is shown in the Figure 2. One can see that the real parts of both susceptibilities exhibited steep, normal dispersions, while the imaginary parts featured transparency windows in the form of dips. The transparency windows of both probe and signal fields overlapped, providing a common spectral region of small absorption, where the pulses can propagate. Due to the presence of detunings   δ 1  ,   δ 2  , there was a noticeable frequency shift between both windows and dispersions, which resulted in a phase difference between propagating signals given by Equation (14). Figure 3a shows the group velocity index   n g   of the signal field   Ω 1   inside the transparency window as a function of control field   Ω 2  . One can see that there is an optimum value    Ω 2  /  γ  a b   ≈ 0.15  , for which the slowdown was the strongest. For this strength of the control field, the transparency window was fully formed, but still narrow enough to provide a steep normal dispersion. The obtained slowdown was on the order of   10 4  , which means that for the given sample thickness   L = 200   μm, the propagation time through the crystal was   τ ∼ 7   ns. This corresponds to the pulse spectral width   Δ ω ∼ 15   MHz, which is well below the width of the transparency window. Figure 3b shows the calculated cross-phase modulation. The maximum value of    φ 1  ∼ 4.4   rad was obtained in a wide range of control field strengths, centered around    Ω 2  ≈ 500   GHz. As pointed out by Feizpour [39], the phase modulation scales as   1 /  Δ  E I T    , where   Δ  E I T    is the spectral width of the window, provided that the window is wide enough and is limited by the strength of the control field   Ω 2   and dissipation rate   γ  a b   . In principle, one can use higher excitonic states with smaller   γ  a b    to obtain a much narrower transparency window. However, in our calculations this benefit was offset with significantly smaller exciton density. This in turn resulted in a smaller value of susceptibility which produced a smaller phase shift. However, a large real part of susceptibility is accompanied by a significant imaginary part which results in absorption. Due to the particularly large dissipation constants as compared to atomic EIT system, one can observe in Figure 2 that even inside the transparency window Im   χ ∼  10  − 3    , which resulted in absorption on the order of   α ∼ 20   cm−1. According to Equation (13), this corresponds to about   70 %   transmission through a   L = 200   μm sample. The absorption coefficient is consistent with experimental results by Malerba et al. [40], where the measured values outside the resonance peaks were in the range of   10 1  –  10 2   cm−1, depending on sample thickness. To sum up, the imaginary part of  χ  inside the transparency window provided a contribution to absorption that was on the same order as the intrinsic, bulk absorption due to the defects [40] and was sufficiently low to ensure considerable transmission. Since the phase shift was directly proportional to L, there was an interplay between XPS and signal transmission.



Finally, we investigated how the XPS scaled with temperature by applying the excitonic line-broadening model described in [27] to the system described above. Figure 4a depicts the maximum slowdown as a function of temperature. For the chosen transparency window width, the slowdown was largely unaffected by broadening up to   T ∼ 40   K. Likewise, the cross-phase modulation shown in Figure 4b exhibits identical behavior. This result is consistent with the findings presented in [39], where a similar dependence of XPS on the dephasing rate is shown. Notably, the slowdown and XPS remained significant even at   T = 100   K. This is possible mainly due to the choice of a low-lying state    n 1  = 2  . As mentioned before, for upper states, the optimal results are obtained with much narrower transparency windows, which are more disturbed by line broadening, which is also much greater for these higher Rydberg states.



We emphasize that all presented numerical results are based on a realistic and experimentally verified parameters for RE in Cu2O. We used the usual theoretical approach to derive the formula for the susceptibilities by solving the set of stationary Bloch equations in the low range of probe and signal intensities [36]. The calculated values of cross-phase modulation represent a similar dependence on the control field intensity as those measured recently by Sinclair et al. [41] in a cold Rubidium gas.




4. Conclusions


In this paper, we studied the nonlinear response of Rydberg excitons in Cu2O sample in an inverted Y configuration, where the incident probe and signal fields interact in EIT conditions. By expanding the ladder system presented in [28] with additional signal field and adjusting the parameters to enter the nonlinear regime, we derived expressions for the third-order susceptibility and suggested the optimal set of parameters for which the remarkable nonlinearities in Cu2O with RE might be experimentally realized. Rydberg excitons in Cu2O have now reached a stage at which the coherent quantum effects and controlled quantum manipulations could be realized. With Rydberg atoms, it has been possible to obtain a large optical nonlinearity at the single photon level and perform many sophisticated quantum optics experiments such as optical Kerr effect or correlated states [11]. It is expected that the medium of Rydberg excitons is also a fertile area [22,23,32,35,41].



We have demonstrated that it is possible in principle to achieve a phase difference of over  π  in a 200 μm sample, at temperatures approaching 100 K and exciton densities an order of magnitude below the limit imposed by Rydberg blockade. Since their discovery in 2014, the Rydberg excitons in Cu2O have been investigated mostly from the spectroscopic point of view while only a few experiments have focused on their quantum optical applications [22,23], which have confirmed their usefulness in quantum information processing. We hope that our investigations will help in the use of REs as intermediaries in photon–matter coupling in the field of modern quantum processing in solids.







Author Contributions


Conceptualization, D.Z. and S.Z.-R.; Investigation, S.Z.-R. and D.Z.; Methodology, S.Z.-R. and D.Z.; Supervision, S.Z.-R.; Writing—original draft, D.Z. and S.Z.-R. All authors have read and agreed to the published version of the manuscript.




Funding


Support from the National Science Centre, Poland (project OPUS 2017/25/B/ST3/00817) is greatly acknowledged.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fleischhauer, M.; Immamoglu, A.; Marangos, J.P. Electromagnetically induced transparency: Optics in coherent media. Rev. Mod. Phys. 2005, 77, 633. [Google Scholar] [CrossRef]

	



Distante, E.; Padrón-Brito, A.; Cristiani, M.; Paredes-Barato, D.; de Riedmatten, H. Storage Enhanced Nonlinearities in a Cold Atomic Rydberg Ensemble. Phys. Rev. Lett. 2016, 117, 113001. [Google Scholar] [CrossRef]

	



Schmidt, H.; Imamoglu, M. Giant Kerr nonlinearities obtained by electromagnetically induced transparency. Opt. Lett. 1996, 21, 1936. [Google Scholar] [CrossRef] [PubMed]

	



Shiau, B.; Wu, M.; Lin, C.; Chen, Y. Low-Light-Level Cross-Phase Modulation with Double Slow Light Pulses. Phys. Rev. Lett. 2011, 106, 193006. [Google Scholar] [CrossRef] [PubMed]

	



Bai, Z.; Huang, G. Enhanced third-order and fifth-order Kerr nonlinearities in a cold atomic system via Rydberg-Rydberg interaction. Opt. Express 2016, 24, 4442. [Google Scholar] [CrossRef] [PubMed]

	



Vitali, D.; Fortunato, M.; Tombesi, P. Complete Quantum Teleportation with a Kerr Nonlinearity. Phys. Rev. Lett. 2000, 85, 445. [Google Scholar] [CrossRef] [PubMed]

	



Munro, W.; Nemoto, K.; Spiller, T. Weak nonlinearities: A new route to optical quantum computation. New J. Phys. 2005, 7, 137. [Google Scholar] [CrossRef]

	



Hosseini, M.; Rebić, S.; Sparkes, B.; Twamley, J.; Buchler, B.; Lam, K.P. Memory-enhanced noiseless cross-phase modulation. Light Sci. Appl. 2012, 1, e40. [Google Scholar] [CrossRef]

	



Volz, J.; Scheucher, M.; Junge, C.; Rauschenbeutel, A. Nonlinear π phase shift for single fibre-guided photons interacting with a single resonator-enhanced atom. Nat. Photonics 2014, 8, 965. [Google Scholar] [CrossRef]

	



Tiarks, D.; Schmidt, S.; Rempe, G.; Dürr, S. Optical π phase shift created with a single-photon pulse. Sci. Adv. 2016, 2, e1600036. [Google Scholar] [CrossRef]

	



Firstenberg, O.; Adams, C.; Hofferberth, S. Nonlinear quantum optics mediated by Rydberg interactions. J. Phys. B At. Mol. Opt. Phys. 2016, 49, 152003. [Google Scholar] [CrossRef]

	



Johnsson, M.; Molmer, K. Storing quantum information in a solid using dark-state polaritons. Phys. Rev. A 2004, 70, 032320. [Google Scholar] [CrossRef]

	



Heinze, G.; Hubrich, C.; Halfmann, T. Stopped Light and Image Storage by Electromagnetically Induced Transparency up to the Regime of One Minute. Phys. Rev. Lett. 2013, 111, 033601. [Google Scholar] [CrossRef] [PubMed]

	



Schraft, D.; Hain, M.; Lorenz, N.; Halfmann, T. Stopped Light at High Storage Efficiency in a Pr3+:Y2SiO5 Crystal. Phys. Rev. Lett. 2016, 116, 073602. [Google Scholar] [CrossRef] [PubMed]

	



Fuchs, G.; Burkard, G.; Klimov, P.; Awschalom, D. A quantum memory intrinsic to single nitrogen vacancy centres in diamond. Nat. Phys. 2011, 7, 789. [Google Scholar] [CrossRef]

	



Ian, H.; Liu, Y.; Nori, F. Tunable electromagnetically induced transparency and absorption with dressed superconducting qubits. Phys. Rev. A 2010, 81, 063823. [Google Scholar] [CrossRef]

	



Sun, H.; Liu, Y.; Ian, H.; You, J.; Il’ichev, E.; Nori, F. Electromagnetically induced transparency and Autler-Townes splitting in superconducting flux quantum circuits. Phys. Rev. A 2014, 89, 063822. [Google Scholar] [CrossRef]

	



Wang, H.; Gu, X.; Liu, Y.; Miranowicz, A.; Nori, F. Optomechanical analog of two-color electromagnetically-induced transparency: Photon transmission through an optomechanical device with a two-level system. Phys. Rev. A 2014, 90, 023817. [Google Scholar] [CrossRef]

	



Jing, H.; Özdemir, S.; Geng, Z.; Zhang, J.; Lü, X.; Peng, B.; Yang, L.; Nori, F. Optomechanically-induced transparency in parity-time-symmetric microresonators. Sci. Rep. 2015, 5, 9663. [Google Scholar] [CrossRef]

	



Heckötter, J.; Freitag, M.; Fröhlich, D.; Aßmann, M.; Bayer, M.; Semina, M.; Glazov, M. Scaling laws of Rydberg excitons. Phys. Rev. B 2017, 96, 125142. [Google Scholar] [CrossRef]

	



Kazimierczuk, T.; Fröhlich, D.; Scheel, S.; Stolz, H.; Bayer, M. Giant Rydberg excitons in the copper oxide Cu2O. Nature 2014, 514, 344. [Google Scholar] [CrossRef] [PubMed]

	



Grünwald, P.; Aßmann, M.; Heckötter, J.; Fröhlich, D.; Bayer, M.; Stolz, H.; Scheel, S. Signatures of Quantum Coherences in Rydberg Excitons. Phys. Rev. Lett. 2016, 117, 133003. [Google Scholar] [CrossRef] [PubMed]

	



Khazali, M.; Heshami, K.; Simon, C. Single-photon source based on Rydberg exciton blockade. J. Phys. B 2017, 50, 215301. [Google Scholar] [CrossRef]

	



Walther, V.; Johne, R.; Pohl, T. Giant optical nonlinearities from Rydberg excitons in semiconductor microcavities. Nat. Commun. 2018, 9, 1309. [Google Scholar] [CrossRef]

	



Walther, V.; Kruger, S.; Scheel, S.; Pohl, T. Interactions between Rydberg excitons in Cu2O. Phys. Rev. B 2018, 98, 1165201. [Google Scholar] [CrossRef]

	



Ziemkiewicz, D.; Zielińska-Raczyńska, S. Proposal of tunable Rydberg exciton maser. Opt. Lett. 2018, 43, 3742–3745. [Google Scholar] [CrossRef]

	



Ziemkiewicz, D.; Zielińska-Raczyńska, S. Solid-state pulsed microwave emitter based on Rydberg excitons. Opt. Express 2019, 27, 16983. [Google Scholar] [CrossRef]

	



Ziemkiewicz, D. Electromagnetically Induced Transparency in media with Rydberg Excitons 1: Slow light. Entropy 2019, 22, 177. [Google Scholar] [CrossRef]

	



Anisimov, P.; Dowling, J.; Sanders, B. Objectively Discerning Autler-Townes Splitting from Electromagnetically Induced Transparency. Phys. Rev. Lett. 2011, 107, 163604. [Google Scholar] [CrossRef]

	



Peng, B.; Özdemir, S.; Chen, W.; Nori, F.; Yang, L. What is and what is not electromagnetically induced transparency in whispering-gallery microcavities. Nat. Commun. 2014, 5, 5082. [Google Scholar] [CrossRef]

	



Liu, Q.C.; Li, T.; Luo, X.; Zhao, H.; Xiong, W.; Zhang, Y.; Chen, Z.; Liu, J.; Chen, W.; Nori, F.; Tsai, J.; You, J. Method for identifying electromagnetically induced transparency in a tunable circuit quantum electrodynamics system. Phys. Rev. A 2016, 93, 053838. [Google Scholar] [CrossRef]

	



Rastogi, A.; Saglamyurek, E.; Hrushevskyi, T.; Hubele, S.; LeBlanc, L. Discerning quantum memories based on electromagnetically-induced-transparency and Autler-Townes-splitting protocols. Phys Rev. A 2019, 100, 012314. [Google Scholar] [CrossRef]

	



Zielińska-Raczyńska, S.; Ziemkiewicz, D.; Czajkowski, G. Magneto-optical properties of Rydberg excitons: Center-of-mass quantization approach. Phys. Rev. B 2017, 95, 075204. [Google Scholar] [CrossRef]

	



Rebić, S.; Vitali, D.; Ottaviani, C.; Tombesi, P.; Artoni, M.; Cataliotti, F.; Corbalán, R. Polarization phase gate with a tripod atomic system. Phys. Rev. A 2004, 70, 032317. [Google Scholar] [CrossRef]

	



Slowik, K.; Raczyński, A.; Zaremba, J.; Zielińska-Kaniasty, S.; Artoni, M.; La Rocca, G. Cross-phase modulation and population redistribution in a periodic tripod medium. J. Mod. Opt. 2011, 58, 978–987. [Google Scholar] [CrossRef]

	



Scully, M.; Zubairy, M. Quantum Optics; Cambridge University Press: Cambridge, UK, 1997. [Google Scholar]

	



Artoni, M.; La Rocca, G.; Bassani, F. Electromagnetic-induced transparency of Wannier-Mott excitons. Europhys. Lett. 2000, 49, 445. [Google Scholar] [CrossRef]

	



Zielińska-Raczyńska, S.; Ziemkiewicz, D.; Czajkowski, G. Electro-optical properties of Rydberg excitons. Phys. Rev. B 2016, 94, 045205. [Google Scholar] [CrossRef]

	



Feizpour, A.; Dmochowski, G.; Steinberg, A. Short-pulse cross-phase modulation in an electromagnetically-induced-transparency medium. Phys. Rev. A 2016, 93, 013834. [Google Scholar] [CrossRef]

	



Malerba, C.; Biccari, F.; Ricardo, C.; D’Incau, M.; Scardi, P.; Mittiga, A. Absorption coefficient of bulk and thin film Cu2O. Sol. Energy Mater. Sol. Cells 2011, 95, 2848–2854. [Google Scholar] [CrossRef]

	



Sinclair, J.; Daniela Angulo, D.; Lupu-Gladstein, N.; Bonsma-Fisher, K.; Steinberg, A.M. Observation of a large, resonant, cross-Kerr nonlinearity in a cold Rydberg gas. Phys. Rev. Res. 2019, 1, 033193. [Google Scholar] [CrossRef]








[image: Entropy 22 00160 g001 550] 





Figure 1. Schematic of the considered inverted Y configuration. 
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Figure 2. Linear and nonlinear parts of signal field susceptibilities (real and imaginary part)   χ 1  ( 1 )   ,   χ 3  ( 1 )   ,   χ  11   ( 3 )   ,   χ  13   ( 3 )    for both probe and signal fields. The Rabi frequencies are    Ω 2  = 600   GHz,    Ω 1  =  Ω 3  = 60   GHz, exciton density is   N = 5.4 ×  10 15    cm−3. 
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Figure 3. (a) Group velocity index and (b) cross-phase modulation as a function of detuning   δ 1   and control field Rabi frequency   Ω 2  , for the same parameters as in Figure 2. 
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Figure 4. (a) Group velocity index and (b) cross-phase modulation as a function of temperature. 
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