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Abstract

:

The geometric phase, as well as the familiar dynamical phase, occurs in the evolution of a squeezed state in nano-optics as an extra phase. The outcome of the geometric phase in that state is somewhat intricate: its time behavior exhibits a combination of a linear increase and periodic oscillations. We focus in this work on the periodic oscillations of the geometric phase, which are novel and interesting. We confirm that such oscillations are due purely to the effects of squeezing in the quantum states, whereas the oscillation disappears when we remove the squeezing. As the degree of squeezing increases in q-quadrature, the amplitude of the geometric-phase oscillation becomes large. This implies that we can adjust the strength of such an oscillation by tuning the squeezing parameters. We also investigate geometric-phase oscillations for the case of a more general optical phenomenon where the squeezed state undergoes one-photon processes. It is shown that the geometric phase in this case exhibits additional intricate oscillations with small amplitudes, besides the principal oscillation. Such a sub-oscillation exhibits a beating-like behavior in time. The effects of geometric-phase oscillations are crucial in a wide range of wave interferences which are accompanied by rich physical phenomena such as Aharonov–Bohm oscillations, conductance fluctuations, antilocalizations, and nondissipative current flows.
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1. Introduction


Geometric phases are ubiquitous. They have been observed in a wide variety of optical/mechanical systems [1,2,3,4,5,6]. The geometric phases can be used as an excellent tool for analyzing the characteristics of optical phenomena because they reflect the geometries of quantum states with enormous generality. Moreover, these novel phase properties can be applied to many different branches of physical sciences. In particular, the geometric phases in nano-optics are important because they are, in most cases, closely connected to next generation technologies [2]. The most familiar subject along these lines which the geometric phase plays a major role in, is fault-tolerant quantum computation of which operations are based on geometric phase gates [2]. Besides that, other disciplines in nano-optics, which adopt the geometric phases as a key factor, are geometric phase lenses [3], holograms [4], tunable beam-shift technology [5], virtual/augmented realities [6], etc.



More than two decades ago, nano-optics emerged as a new paradigm in nanoscience including condensed matter science, which provides a promising perspective for leading the continuous development of optics-based science and industry. An efficient coupling of optical light with nano-materials is now feasible through its tight localization in nano-dimensions which are, especially, smaller than the diffraction limit of visible light. While there is still an ambiguity regarding some mechanisms in nano-optics, such as Fano-like interference effects [7] and nano-step measuring [8], the development of exceptional abilities in controlling light waves with geometric phases is necessary in the fields of quantum sensing, information processing, and metrology.



In this work, we focus our attention on investigating the time evolution of the geometric phase in a squeezed state of light waves in nano-optics [9,10]. As is well known, the squeezed state is the generalization of the coherent state which is the most fundamental classical-like quantum state. Various experimental methods for generating squeezed states of light have been devised so far. They are based on currently accessible optical means and instruments, such as modified microring resonators [11], optical parametric amplifiers [12], and semiconductor diode lasers [13]. Squeezed states enable us to reduce variance in one quadrature below that of a coherent state via the increase of the variance in the other quadrature. This leads to enhancement of the SNR (signal to noise ratio) in optical communications. Moreover, such reduced uncertainty in a quadrature is crucial in science and technology even beyond optical communications [14]. Squeezing the state of a light within the domain comparable to subwavelength is required in diverse nano-optic manipulations with optical probes [15], quantum dots [16], CMOS [17], etc. Hence, it is highly desirable to clarify the characteristics of light waves, including the geometric phase in the generalized quantum states, the so-called squeezed states.



We will show that the geometric phase for the squeezed light in nano-systems described by the harmonic oscillator exhibits a novel distinct oscillation in time. Such oscillations of the geometric phase may significantly affect the pattern of interference phenomena [18] which are intrinsic in fundamental optical devices, such as interferometry [19], polarimeter [20], and microscopy [21]. We will also extend our theory to more complicated optical phenomena where the squeezed state undergoes one-photon processes [22]. It will be shown that one-photon mechanisms induce additional geometric-phase oscillations with small amplitudes. The time behavior of such oscillations, as well as the common oscillations, will be analyzed in detail from the fundamental level.




2. Results and Discussion


2.1. Description of the Squeezed State


A harmonic oscillator description [15,23] and/or a coupled oscillator description [24] for an optical light and light–matter interaction provides a fundamental building block for quantum devices in the field of quantum engineering associated with quantum information science. We consider a simple wave with the angular frequency  ω  in nano-optics, which propagates in a medium of which electric permittivity is  ϵ . The vector potential in this case can be represented as


  A  ( r , t )  =  ∑ l   u l   ( r )   q l   ( t )  .  



(1)




For convenience, let us drop the subscript l by considering only a particular polarization mode. While the polarization mode of   u ( r )   is determined by the geometry of the space,   q ( t )   follows the equation of motion     d 2  q  ( t )   /  d  t 2   +  ω 2  q  ( t )  = 0  . We can represent the classical solution in this case as


   q cl  = C cos  ( ω t + θ )  ,  



(2)




where C is the amplitude and  θ  a phase.



As we know, the optical phenomena are described by wave functions in quantum mechanics. As a preliminary step before the main development of the geometric phase, we will describe the squeezed state, including the associated wave function. The structure of the wave functions determines the geometric phase, while the wave function in the squeezed state is somewhat different from other states. We start from the Hamiltonian of the light wave:


   H ^  = ℏ ω  (   a ^  †   a ^  + 1 / 2 )  ,  



(3)




where the annihilation operator is given by    a ^  =    ϵ ω  /  ( 2 ℏ )     q ^  +  i  p ^   /   2 ϵ ω ℏ     with    p ^  = − i ℏ ∂ / ∂ q  . Before we see the squeezed state, let us first consider the coherent state which is more fundamental than the squeezed state. The coherent state   | α 〉   obeys the eigenvalue equation of the annihilation operator, such that    a ^   | α 〉  =  α | α 〉 .    From this equation, we have the eigenvalue  α  in the form


  α  ( t )  = α  ( 0 )   e  − i ω t   ,  



(4)




where   α  ( 0 )  =  α 0   e  − i θ     with    α 0  =    ϵ ω  /  ( 2 ℏ )    C  .



On the other hand, the squeezed state is the eigenstate of an operator   b ^   which is defined as    b ^  = μ  a ^  + ν   a ^  †  ,   where  μ  and  ν  are complex parameters that obey     | μ |  2  −   | ν |  2  = 1 .   For convenience, we chose the complex parameters such that [10]


  μ =  e  − i λ    cosh | ξ |          ν  =  e  − i ( λ − φ )   sinh  | ξ |  ,  



(5)




where   ξ =  ξ 0   e  i φ    , and  λ ,   ξ 0  , and  φ  are real constants.



We can express the eigenvalue equation for the operator   b ^   as    b ^   | β 〉  =  β | β 〉 ,    where   | β 〉   is the eigenstate which corresponds to the squeezed state. The eigenstate   〈 q | β 〉   in the configuration space is the corresponding wave function. We have provided the exact formula of   〈 q | β 〉   with its detailed derivation in Methods section (which is the last section, i.e., Section 4).



Using the expectation values given in Section 4, the fluctuations of the canonical variables in the squeezed state can be easily identified to be


    ( Δ q )  β  =   ℏ  2 ϵ ω     S −                  ( Δ p )  β  =    ϵ ω ℏ  2    S +  ,  



(6)




where    S ±  =   ( 2 | ν |  2  + 1 ± μ ν ±  μ *   ν *    )   1 / 2    . Thus, the fluctuations in the squeezed state are determined by  μ  and  ν . Equation (6) will be used in analyzing the geometric phase in the next subsection.




2.2. Geometric Phase and Its Oscillation


If the overall phase of the wave function in a system does not return to its initial phase after a cyclic evolution of the wave, an additional phase as well as the familiar dynamical phase appears. Such an additional phase accumulation in the wave function is the geometric phase. To understand the mechanism associated with light waves with a deeper insight, we need to study geometric phases.



If we denote the phase of a quantum wave for a general system as   γ ( t )  , the wave function can be written in the form


  ψ  ( q , t )  = ϕ  ( q , t )   e  i γ ( t )   .  



(7)




Generally speaking,   γ ( t )   is composed of a dynamical part and a geometric one. The geometric phase at an arbitrary time t for a system described by a general Hamiltonian, including a harmonic-oscillator-type one, can be defined as (see, e.g., references [25,26])


   γ G   ( t )  =  ∫  0  t   〈 ϕ   (  t ′  )   | i   ∂  ∂  t ′     | ϕ  (  t ′  )  〉  d  t ′  +  γ 0  ,  



(8)




where   γ 0   is the geometric phase at initial time. Because    γ G   ( t )    is determined by the time derivative of   | ϕ 〉   (see Equation (8)), a geometric phase exists only when   | ϕ 〉   is a function of time. For example, for the standard description of the harmonic oscillator in the Fock-state,   | ϕ 〉   is not a function of time in configuration space such that


   〈 q |  ϕ n  〉  =   δ / π  4       2 n  n !     − 1    H n    δ  q  exp  − δ   q  2  / 2  ,  



(9)




where   H n   are Hermite polynomials and   δ = m ω / ℏ  . In this case, the geometric phase does not exist [27]. On one hand, there is another opinion regarding the definition of the geometric phase in the Fock state and its corresponding outcome (see, e.g., Section 6.3.2 in [28]).



The concept mentioned above may also be applied to the description of light waves, because the Hamiltonian of a light wave is represented in terms of a harmonic-oscillator Hamiltonian, as shown in, for example, [29] (see also Equation (3)). The geometric phase of a light wave in the squeezed state is given by replacing   | ϕ ( t ) 〉   in Equation (8) with   | β ( t ) 〉  , such that


   γ  G , β    ( t )  =  ∫  0  t   〈 β   (  t ′  )   | i   ∂  ∂  t ′     | β  (  t ′  )  〉  d  t ′  +  γ 0  .  



(10)




On one hand, the geometric phase can also be defined in a slightly different manner, such that it is the phase of geometric origin accumulated during only a period of the eigenstate evolution along a closed circuit [30]. We will use the first definition of the geometric phase (Equation (10)) throughout this work due to its obvious advantage compared to the latter, in analyzing the time evolution of phase angles of geometric origin.



If we use the identity operator    ∫  − ∞  ∞   d q | q 〉 〈 q |  = I  , Equation (10) can be rewritten as


   γ  G , β    ( t )  = i  ∫  0  t  d  t ′   ∫  − ∞  ∞  d q  〈 β  (  t ′  )  | q 〉   ∂  ∂  t ′     〈 q | β  (  t ′  )  〉  +  γ 0  .  



(11)




Then, by utilizing Equation (31) with Equations (32) and (33) in Methods section (Section 4), the integration with respect to q in the above equation results in


   ∫  − ∞  ∞  d q   〈 β | q 〉    ∂ 〈 q | β 〉   ∂ t    = − i ω     ( μ α − ν  α *  )   ( α +  α *  )    μ − ν   −   α 2    ( μ − ν )   (  μ *  −  ν *  )     .  



(12)




Using this relation and the formula of  α  given in Equation (4), we confirm that Equation (11) becomes


      γ  G , β    ( t )   =      ω  α 0 2     ( μ − ν )   (  μ *  −  ν *  )     ∫  0  t   [ 1 − 2   ( μ  ν *   e  − i ( ω  t ′  + θ )   +  μ *  ν  e  i ( ω  t ′  + θ )   )  cos  ( ω  t ′  + θ )         +   4 | ν |  2   cos 2   ( ω  t ′  + θ )   ] d   t ′  +  γ 0  .     



(13)




Now, by carrying out the integration with respect to t in the above equation, we easily have


      γ  G , β    ( t )   =      α 0 2    ( μ − ν )   (  μ *  −  ν *  )     { ω t − ( μ   ν *  +  μ *  ν −   2 | ν |  2   )         ×  { 2 ω t − sin  ( 2 θ )  + sin  [ 2  ( ω t + θ )  ]  }  / 2 − i  (  μ *  ν − μ  ν *  )          × sin  ( ω t )  sin  ( ω t + 2 θ )  } +   γ 0  .     



(14)




This is the geometric phase in the squeezed state. The evaluation of the geometric phase with p-representation also gives the same result (see Section 4 for the detailed evaluation).



From Figure 1, we see a novel feature that the geometric phase in the squeezed state oscillates over time. Let us see why this oscillation occurs. If   μ → 1   and   ν → 0  , the squeezing effects disappear and the wave becomes the coherent state. In this case, Equation (14) reduces to [30,31,32]


   γ  G , α    ( t )  = ω  α 0 2  t +  γ 0  .  



(15)




We see from the above equation that the geometric phase in the coherent state does not oscillate. Hence, it is obvious that the geometric-phase oscillation in Figure 1 originated entirely from the squeezing of the quantum state of the light wave. Squeezed states indeed exhibit rich novel physical properties that accompany the reduction of a quadrature uncertainty, which cannot be explained by classical mechanics or even from the semiclassical level [14].



In the coherent-state limit, although the oscillation of the geometric phase disappears, the phase increases linearly over time as can be seen from Equation (15), where the gradient of the increase is proportional to the square of the displacement   α 0  . Therefore, the time behavior of the geometric phase in the squeezed state is the combination of the linear increase and the periodic oscillation as can be seen from Figure 1. In addition, the effects of   α 0   on the geometric phase can also be confirmed from Figure 1. As   α 0   becomes large, not only does the slope of the envelope of the oscillation grow, but interestingly, the amplitude of such an oscillation is also augmented. If we use another definition of the geometric phase which is the geometrical origin of phase accumulation during only a period T, then the result of the geometric phase resembles that in the coherent state, which does not undergo oscillation. Hence, it is impossible to confirm the oscillation of the phase, mentioned above, in that case.



The squeezing parameters  μ  and  ν  are represented in terms of   ξ 0  ,  φ , and  λ  (see Equation (5)). Figure 2 shows that the amplitude of the geometric-phase oscillation varies depending on the values of   ξ 0   and  φ . Hence, it is possible to control the oscillation amplitude of the geometric phase by adjusting   ξ 0   and  φ  when   α 0   is fixed. However,  λ  does not affect the geometric phase because it appears in both  μ  and  ν  in the same manner. From Figure 2A, we can confirm that the oscillation amplitude of    γ  G , β    ( t )    increases as   ξ 0   becomes large. On the other hand, Figure 2B shows that the amplitude of such an oscillation decreases as the phase  φ  increases within the given range of  φ  in the graphic. The pattern of the geometric phase oscillation is significantly different depending on the value of  φ .



Because the degree of the quadrature squeezing is determined by   ξ 0   and  φ , the geometric-phase oscillation in the squeezed state is closely related to the strength of the squeezing. Table 1 shows that the strength of q-squeezing increases as   ξ 0   becomes large and/or  φ  becomes small. By comparing this fact with the outcomes of Figure 2A,B, we can conclude that the geometric-phase oscillation is amplified as the degree of q-squeezing increases.



More general behavior of the geometric phase depending on  φ  can be seen from Figure 2C,D. It shows that the geometric phase highly oscillates near   φ = 2 π k   where   k = 0 , 1 , 2 , ⋯  ; the amplitude of such an oscillation rapidly collapses as  φ  departs from those values. In fact, the decrease of the amplitude of the geometric-phase oscillation in Figure 2B along the augmentation of  φ  can be interpreted based on this. The departure of the value of  φ  from zero(  = 2 π × 0  ) is responsible for such an amplitude drop in that case.



The geometric-phase oscillation over time is compared with the corresponding probability-density oscillation in Figure 3A. The period of the geometric-phase oscillation is roughly one half of that of the oscillation in the probability density. Hence, if we regard that the frequency of the probability-density oscillation is  ω , the frequency of the geometric-phase oscillation is approximately twice of  ω . From Figure 3B, we can more clearly see the relation between the frequency of the geometric-phase oscillation and  ω . Evidently, as  ω  increases, the oscillation of    γ  G , β    ( t )    becomes rapid.



The geometric phase associated with light waves, except for its oscillation, was also studied by other research groups [33,34,35,36]. In particular, Kuratsuji [33] investigated the geometric phase of a polarized light described by the SU(2) coherent state using a different scheme based on the geometry of two interfering beams which were initially split from a source beam. Using a pseudospin concept, he extracted the geometric phase that takes place by interference of two polarization beams having different histories. A nonadiabatic geometric phase of a harmonic oscillator of which parameters vary in time was also reported by Liu et al. [37].




2.3. Geometric-Phase Oscillation with One-Photon Processes


The previous analysis of the geometric-phase oscillation can also be extended to general optical phenomena in nano-optics, which are more complicated. We now consider light–matter interactions on a small length scale, which is usually smaller or comparable to the classical limit of light-diffraction. Thanks to the development of nano/mesoscopic engineering techniques, a squeezed state of a light wave within such subwavelength regions can now be obtained and detected [9].



For more detailed understanding of the optical phenomenon along this line from quantum mechanical point of view, let us consider a Hamiltonian    H ^  = ℏ ω  (   A ^  †   A ^  + 1 / 2 )    [22,38] with


   A ^  =    ϵ ω  /  ( 2 ℏ )     Q ^  +  i  P ^   /   2 ϵ ω ℏ   ,  



(16)




where    Q ^  =  q ^  −  h 1   ( t )    and    P ^  =  p ^  −  h 2   ( t )    while    h i   ( t )   (  i = 1 , 2  ) are some time functions. For simplicity, we consider the time functions of the form


   h 1   ( t )  =  q 0   [ 1 −  c 1  sin  (  ω 1  t )  ]            h 2   ( t )  =  p 0   [ 1 −  c 2  sin  (  ω 2  t )  ]  ,  



(17)




where   c i   are real constants and   ω i   are angular frequencies. We assume that    c i  ≪ 1   (  i = 1 , 2  ) and    ω i  ≪ ω   so that we can treat the Hamiltonian as an approximate constant of motion. If we expand this Hamiltonian, it can be represented as


   H ^  =  H ^  +   H ^  p  +  H 0  ,  



(18)




where   H ^   is the unperturbed Hamiltonian given in Equation (3), and


      H ^  p    =    −  [  h 2   ( t )  / ϵ ]   p ^  − ϵ  ω 2   h 1   ( t )   q ^  ,     



(19)






     H 0    =     h 2 2  /  ( 2 ϵ )  + ϵ  ω 2   h 1 2  / 2 .     



(20)




Here, the term    H ^  p   represents interaction energies associated with the one-photon mechanisms or linear drivings [22].



By means of the operator    B ^  = μ  A ^  + ν   A ^  †   , the squeezed state, which is the eigenstate of the eigenvalue equation    B ^   | B 〉  =  B | B 〉   , can be obtained in the configuration space as (see Section 4 which is the Methods section)


   〈 q | B 〉  ≃ exp  ( i  h 2   ( t )  q / ℏ )   〈 q −  h 1   ( t )  | β 〉  .  



(21)




The corresponding geometric phase is of the form


   γ  G , B    ( t )  =  ∫  0  t   〈 B   (  t ′  )   | i   ∂  ∂  t ′     | B  (  t ′  )  〉  d  t ′  +  γ 0  .  



(22)







From a procedure similar to the previous case, using Equation (21), we have


      ∫  − ∞  ∞  d q   〈 B | q 〉    ∂ 〈 q | B 〉   ∂ t     =    − i ω     ( μ α − ν  α *  )   ( α +  α *  )    μ − ν   −   α 2    ( μ − ν )   (  μ *  −  ν *  )            +    ϵ ω  ℏ     h ˙  1    1  2     μ + ν   μ − ν    ( α +  α *  )  −  2    μ α + ν  α *    μ − ν           +   i   h ˙  2   ℏ    h 1  +   ℏ  2 ϵ ω     ( α +  α *  )   .     



(23)




By utilizing this, the geometric phase introduced in Equation (22) can be straightforwardly computed to be


      γ  G , B    ( t )     =     γ  G , β    ( t )  +  γ  G , AT    ( t )  ,     



(24)




where the first term is just the one given in Equation (14) and an additional term is given by


   γ  G , AT    ( t )  =    ϵ ω  ℏ     i  2     μ + ν   μ − ν    Z 1  −   2   μ − ν    Z 2   −  1 ℏ    Z 3  +   ℏ  2 ϵ ω     Z 4   ,  



(25)




with


     Z 1    =     c 1   q 0   α 0   ω 1     2 ω    ω 2  −  ω 1 2    sin θ −   sin [  ( ω −  ω 1  )  t + θ ]   ω −  ω 1    −   sin [  ( ω +  ω 1  )  t + θ ]   ω +  ω 1     ,     



(26)






     Z 2  =       c 1   q 0   α 0   ω 1     ω 2  −  ω 1 2     { ω   [  ( μ  e  − i ( ω t + θ )   − ν  e  i ( ω t + θ )   )  cos  (  ω 1  t )  − μ  e  − i θ   + ν  e  i θ   ]         + i  ( μ  e  − i ( ω t + θ )   + ν  e  i ( ω t + θ )   )   ω 1  sin  (  ω 1  t )   } ,      



(27)






     Z 3  =     1 2   c 1   c 2   p 0   q 0   ω 2     2  ω 1     ω 1 2  −  ω 2 2    −   cos [  (  ω 1  −  ω 2  )  t ]    ω 1  −  ω 2    −   cos [  (  ω 1  +  ω 2  )  t ]    ω 1  +  ω 2            −  c 2   p 0   q 0  sin  (  ω 2  t )  ,     



(28)






     Z 4    =     c 2   p 0   α 0   ω 2     2 ω    ω 2  −  ω 2 2    sin θ −   sin [  ( ω −  ω 2  )  t + θ ]   ω −  ω 2    −   sin [  ( ω +  ω 2  )  t + θ ]   ω +  ω 2     .     



(29)







Detailed time behavior of the additional term    γ  G , AT    ( t )    alone has been illustrated in Figure 4. From this, we see that    γ  G , AT    ( t )    also oscillates over time, but with a relatively small-scale amplitude. Although the time evolution of    γ  G , AT    ( t )    exhibits a somewhat complicated behavior, we can confirm from careful observation of the panels in Figure 4 that its oscillation is periodic. The oscillation of    γ  G , AT    ( t )    is composed of a main oscillation whose period is relatively large and a sub-oscillation with a very small period. The amplitudes of both the main and the sub-oscillations increase as   q 0   becomes large. We can also confirm, by comparing the three panels in Figure 4 to each other, that the oscillation pattern of    γ  G , AT    ( t )    is very different depending on the value of   ω 2  .



The sub-oscillation exhibits a sort of beating-like oscillatory behavior. A careful inspection reveals that such an outcome is especially prominent in the case of Figure 4C. The analysis for the contributions of the components of Equation (25) to the oscillation of the geometric phase, including its beating behavior, may be interesting. We see from Equation (25) that    γ  G , AT    ( t )    is composed of four terms which are relevant to the last four terms of Equation (23) in order. Note that the time behavior of jth term(  j = 1 , 2 , 3 , 4  ) is determined by the formula of   Z j  . Let us denote jth term in Equation (25) as    γ  G , AT   ( j )    ( t )    for convenience.



For the case of Figure 4, both  μ  and  ν  are real numbers because we have chosen   λ = φ = 0   in that case. Under that choice, the first term    γ  G , AT   ( 1 )    ( t )    becomes a purely imaginary number while the second term    γ  G , AT   ( 2 )    ( t )    remains as a complex number. On the other hand, the last two terms are independent of  μ  and  ν  and are always real. We have depicted the time behavior of the four terms separately for real and imaginary parts in Figure 5 with the choice of the same values of parameters as those of Figure 4C. We see from Figure 5A,B that the imaginary part of    γ  G , AT   ( 2 )    ( t )    exactly cancels out    γ  G , AT   ( 1 )    ( t )    which is purely imaginary in this case. We can also show this mathematically from an analytical (or numerical) evaluation. Hence, the resulting geometric phase is real, as expected. Figure 5C shows that the real part of    γ  G , AT   ( 2 )    ( t )    is responsible for the sub-oscillation of the geometric phase, including its beating behavior, whereas    γ  G , AT   ( 3 )    ( t )    is responsible for the main oscillation. On the other hand, the last term    γ  G , AT   ( 4 )    ( t )    is negligible.



In this case, the beating behavior of the sub-oscillation is determined by the real part of   Z 2   which governs the time behavior of    γ  G , AT   ( 2 )    ( t )   . A minor evaluation, under the assumption that  μ  and  ν  are real numbers, gives the real part of   Z 2   in a simple form:


  Re  [  Z 2  ]  =  Z  2 , 0    [  ω +  cos  (  ω −  t + θ )  +  ω −  cos  (  ω +  t + θ )  + constant ]  ,  



(30)




where    ω ±  = ω ±  ω 1    and    Z  2 , 0   =   c 1   q 0   α 0   ω 1    ( μ − ν )  /  [ 2  (  ω 2  −  ω 1 2  )  ]   . Because of the given condition    ω 1  ≪ ω  , the difference between   ω +   and   ω −   is quite small. Thus, we confirm from Equation (30) that the beating behavior of the sub-oscillation originates from the coupling of two sinusoidal oscillations whose frequencies are slightly different from each other.



We can see the time behaviors of the main and sub-oscillations more distinctly from Figure 6. It shows the dependence of    γ  G , AT    ( t )    on   ω 1  . While the effects of   ω 1   on the main oscillation are not so significant, the pattern of the sub-oscillation is remarkably different depending on   ω 1  . The amplitude of the sub-oscillation increases as   ω 1   grows, showing its delicate appearance which is an intricate rapid oscillation. Similar interpretation of the geometric phase evolution is possible when we vary   p 0   and   ω 2   instead of   q 0   and   ω 1  . Consequently, we conclude that the linear driving induces a small scale additional oscillation of the geometric phase.





3. Conclusions


The geometric phase that arises in nano-optics with the squeezed state has been investigated rigorously by using quantum wave mechanics. We have confirmed that such a phase for a light wave oscillates in time with a high amplitude, while the envelope of the oscillation increases linearly as time goes by. The time behavior of the geometric-phase oscillation has been analyzed in detail from various illustrations. As the degree of squeezing for q-quadrature increases, the oscillation amplitude grows. Thanks to this property, we can adjust the amplitude of the oscillation by tuning the squeezing parameters. The period of the geometric-phase oscillation is roughly half of that of the probability-density oscillation.



For the case where   μ = 1   and   ν = 0  , which yields the coherent state, such an oscillation disappears, but the geometric phase still exhibits a linear increase over time. Hence, we conclude that the geometric-phase oscillation originates purely from the effects of the squeezing of the quadrature.



We have extended our development to the squeezed state with one-photon processes in nano-optics. In that case, an additional term appears in the geometric phase, as well as the existing term that corresponds to the unperturbed wave. Such an added term gives a small-scale supplemental geometric-phase oscillation which is composed of the main oscillation and a sub-oscillation. The oscillation period of the main oscillation is relatively large while that of the sub-oscillation is very small. The time behaviors of both the main and the sub-oscillations have been analyzed in detail. In particular, we have confirmed that the sub-oscillation exhibits a beating-like behavior in time.



Geometric-phase oscillations [39,40], as well as the Aharonov–Bohm oscillations [41,42] and the de Haas-van Alphen oscillations [43], are novel physical phenomena which merit great interest in the field of quantum physics and chemistry [44]. As a matter of fact, for a system of a single-molecule magnet that is strongly coupled to metallic leads, one can generate/quench the Kondo resonance by means of the interference that takes place via the geometric-phase oscillation [39]. Indeed, geometric-phase oscillations serve as a new avenue for research in the context of quantum theory associated with nonclassical states.



The oscillation of the geometric phase affects the pattern of the interference [4,18,45]. This is accompanied by many interesting physical phenomena, such as conductance fluctuations [46], antilocalizations [47], and nondissipative current flows [48]. The study of the interference in phase space was started by Wheeler in the context of squeezed states [49]. In fact, such interference in squeezed states is responsible for another novel phenomenon which is oscillations in photon number distribution (PND). Schleich [28,50] and Dutta [51] with their collaborators explained the oscillation of PND, emphasizing it as a signature of nonclassicality of the state. Perhaps the geometric-phase oscillation in addition to the PND oscillation is a key feature which should be considered in quantum-state engineering with the squeezing for both bare and superposition states [4,18,45].




4. Methods


4.1. Wave function and Expectation Values


By solving the eigenvalue equation    b ^   | β 〉  =  β | β 〉    in a straightforward way in the configuration space, we have


  〈 q | β 〉 = N exp [ − Ξ ( q ) ] ,  



(31)




where


    N   =        ϵ ω   ℏ π  ( μ − ν )   (  μ *  −  ν *  )      1 / 4   ,     



(32)






     Ξ ( q )    =     1 ℏ     μ + ν   μ − ν     ϵ ω  2    q  2  −   2 ℏ ϵ ω     μ α + ν  α *    μ − ν   q  +     | α |  2  +  α 2    2  ( μ − ν )   (  μ *  −  ν *  )    .     



(33)




This is the wave function in the squeezed state, which is necessary for evaluating the corresponding geometric phase. This is the particular case of the squeezed state reported in [52] for a light wave in a more general medium in which the electric conductivity cannot be ignored. A similar type of the squeezed state is also given in [53]. Notice that, for the case of   μ → 1   and   ν → 0  , Equation (31) reduces to the coherent state represented in Equation (2.5.38) of [54].



We can see from Equation (1) that q is a time function which is related to the amplitude of the wave at a given time; for this reason,   〈 q | β 〉   in Equation (31) is irrelevant to the position of the wave. In general, field quantization for a single-mode plane wave is carried out using the Hamiltonian represented in terms of only time function q and its canonical conjugate variable p (cf. Equation (2.10) of [29] and Equation (6) of [52]).



The expectation values of operators necessary in the development of the theory in the squeezed state are given by [55]


     〈 β |  a ^  | β 〉 = α ,     



(34)






      〈 β |    a ^  2   | β 〉  =  α 2  − μ ν ,     



(35)






      〈 β |    a ^  †   a ^   | β 〉  =   | α |  2  +   | ν |  2  .     



(36)




In addition, the expectation values   〈 β |   a ^  †  | β 〉   and   〈 β |   (   a ^  †  )  2  | β 〉   are complex conjugates of the results of Equations (34) and (35), respectively. Using these relations we can easily confirm that the fluctuations of canonical variables defined as     ( Δ y )  β  =  [ 〈 β |    y ^  2   | β 〉  −  ( 〈 β |   y ^    | β 〉 )  2    ]   1 / 2     where   y = q , p   are given by Equation (6) in the text.




4.2. Geometric Phase Obtained from p-Representation


The p-space eigenstate can be obtained from the Fourier transformation of the form


   〈 p | β 〉  =  1   2 π ℏ     ∫  − ∞  ∞   〈 q | β 〉   e  − i p q / ℏ   d q .  



(37)




From a minor evaluation after inserting Equation (31) in the above equation, we have


   〈 p | β 〉  =  N ˜  exp  [ −  Ξ ˜   ( p )  ]  ,  



(38)




where


     N ˜    =        μ − ν   ϵ ω ( μ + ν )     1 / 2   N ,     



(39)






      Ξ ˜   ( p )   =     1 ℏ     μ − ν   μ + ν     p 2   2 ϵ ω   + i    2 ℏ   ϵ ω      μ α + ν  α *    μ + ν   p  +     | α |  2  +  α 2    2  ( μ − ν )   (  μ *  −  ν *  )           −    ( μ α + ν  α *  )  2    μ 2  −  ν 2    .     



(40)




Now we apply another identity operator,    ∫  − ∞  ∞   d p | p 〉 〈 p |  = I  , into Equation (10) as


   γ  G , β    ( t )  = i  ∫  0  t  d  t ′   ∫  − ∞  ∞  d p  〈 β  (  t ′  )  | p 〉   ∂  ∂  t ′     〈 p | β  (  t ′  )  〉  +  γ 0  .  



(41)




The integration with respect to p, using Equation (38) with Equations (39) and (40), gives


      ∫  − ∞  ∞  d p   〈 β | p 〉    ∂ 〈 p | β 〉   ∂ t     =    − i ω (    ( μ α − ν  α *  )   (  α *  − α )    μ + ν   +   2 (  μ 2   α 2  −  ν 2   α  * 2   )    μ 2  −  ν 2           −   α 2    ( μ − ν )   (  μ *  −  ν *  )    )       =  − i ω     ( μ α − ν  α *  )   ( α +  α *  )    μ − ν   −   α 2    ( μ − ν )   (  μ *  −  ν *  )     .     



(42)




The result, Equation (42), is exactly the same as that which was derived in q-representation (see Equation (12)). The remaining integration related to t is just the same repeating of that in the q-representation. Hence, we can conclude that the geometric phase is space-independent; i.e., the geometric phase derived in p space is identical to that derived in q space.




4.3. Method for Deriving Squeezed State for the Hamiltonian   H ^  


From Hamiltonian dynamics with   H ^   that belongs to the one-photon process, we have the corresponding classical equations of motion as


      q ¨  +  ω 2  q    =     ω 2   q 0   [ 1 −  f 1   ( t )  ]  ,     



(43)






      p ¨  +  ω 2  p    =     ω 2   p 0   [ 1 −  f 2   ( t )  ]  ,     



(44)




where


      f 1   ( t )     =     c 1  sin  (  ω 1  t )  −    c 2   p 0   ω 2    ϵ  q 0   ω 2    cos  (  ω 2  t )  ,     



(45)






      f 2   ( t )     =     c 2  sin  (  ω 2  t )  +    c 1  ϵ  q 0   ω 1    p 0   cos  (  ω 1  t )  .     



(46)




If we denote the solution of Equation (43) (Equation (44)) as   Q cl   (  P cl  ), it consists of the complementary function   Q c   (  P c  ) and the particular solution   Q p   (  P p  ) [56]:


      Q cl   ( t )     =     Q c   ( t )  +  Q p   ( t )  ,     



(47)






      P cl   ( t )     =     P c   ( t )  +  P p   ( t )  .     



(48)




In this case, each term of complementary functions is given by


     Q c    =    C cos ( ω t + θ ) ,     



(49)






     P c    =    − ϵ ω C sin ( ω t + θ ) .     



(50)




Here,   Q c   is actually the same as   q cl   which we have previously introduced as the classical solution for the unperturbed light wave (see Equation (2)).



The particular solutions of Equations (43) and (44) are given by


     Q p    =     q 0  −    ω 2   q 0   c 1     ω 2  −  ω 1 2    sin  (  ω 1  t )  +    c 2   p 0   ω 2    ϵ (  ω 2  −  ω 2 2  )   cos  (  ω 2  t )  ,     



(51)






     P p    =     p 0  −    ω 2   p 0   c 2     ω 2  −  ω 2 2    sin  (  ω 2  t )  −    ω 2   c 1  ϵ  q 0   ω 1     ω 2  −  ω 1 2    cos  (  ω 1  t )  .     



(52)




If we consider the assumptions    c i  ≪ 1   (  i = 1 , 2  ) and    ω i  ≪ ω   Equations (51) and (52) to be


      Q p  ≃  h 1   ( t )     =     q 0   [ 1 −  c 1  sin  (  ω 1  t )  ]  ,     



(53)






      P p  ≃  h 2   ( t )     =     p 0   [ 1 −  c 2  sin  (  ω 2  t )  ]  .     



(54)







The eigenvalue equation for   A ^   can be expressed as    A ^   | A 〉  =  A | A 〉    where A is the eigenvalue and   | A 〉   is the eigenstate. From Equation (16), we can express the eigenvalue in the form


  A =    ϵ ω  /  ( 2 ℏ )    Q +  i P  /   2 ϵ ω ℏ   .  



(55)




Note that Q and P can be written as


    Q   =    q −  h 1  ≃  Q c  ,     



(56)






    P   =    p −  h 2  ≃  P c  .     



(57)




In the derivation of the above consequences, q and p have been replaced with   Q cl   and   P cl   respectively, without loss of generality, and the relations in Equations (47), (48), (53) and (54) have been used. Thus, Equation (55) can be reexpressed in terms of   Q c   and   P c   such that


  A =    ϵ ω  /  ( 2 ℏ )     Q c   ( t )  +  i  P c   ( t )   /   2 ϵ ω ℏ   .  



(58)




Using Equations (49) and (50), it becomes


  A =    ϵ ω   2 ℏ    C  e  − i ( ω t + θ )   .  



(59)







From the eigenvalue equation


   B ^   | B 〉  =  B | B 〉 ,   



(60)




we directly have


     〈 q | B 〉  =       ϵ ω   ℏ π  ( μ − ν )   (  μ *  −  ν *  )    4  exp [ −  1 ℏ  (   μ + ν   μ − ν     ϵ ω  2    ( q −  h 1  )  2         −   2 ℏ ϵ ω     μ A + ν  A *    μ − ν    ( q −  h 1  )  − i  h 2  q ) −     | A |  2  +  A 2    2  ( μ − ν )   (  μ *  −  ν *  )    ] .     



(61)




By the way, if we compare the above equation with Equation (31) under the consideration that the formula of A in Equation (59) is the same as that of  α  in Equation (4), we confirm that   〈 q | B 〉   can be represented as Equation (21) in the text.








Author Contributions


J.R.C. wrote the paper and approved it. The author has read and agreed to the published version of the manuscript.




Funding


This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (grant number: NRF-2016R1D1A1A09919503).




Conflicts of Interest


The author declares no conflict of interest.




References


	



Berry, M.V. Quantal phase factors accompanying adiabatic changes. Proc. R. Soc. Lond. Ser. A 1984, 392, 45–57. [Google Scholar]

	



Abdumalikov, A.A., Jr.; Fink, J.M.; Juliusson, K.; Pechal, M.; Berger, S.; Wallraff, A.; Filipp, S. Experimental realization of non-Abelian non-adiabatic geometric gates. Nature 2013, 496, 482–485. [Google Scholar] [CrossRef]

	



Tam, A.M.W.; Fan, F.; Chen, H.S.; Tao, D.; Chigrinov, V.G.; Kwok, H.S.; Lin, Y.S. Continuous nanoscale patterned photoalignment for thin film Pancharatnam-Berry phase diffractive lens. SID Int. Symp. Digest Tech. Papers 2015, 46, 8. [Google Scholar] [CrossRef]

	



Choi, K.H.; Yim, J.; Yoo, S.; Min, S.-W. Self-interference digital holography with a geometric-phase hologram lens. Opt. Lett. 2017, 42, 3940–3943. [Google Scholar] [CrossRef] [PubMed]

	



Pal, M.; Banerjee, C.; Chandel, S.; Bag, A.; Majumder, S.K.; Ghosh, N. Tunable spin dependent beam shift by simultaneously tailoring geometric and dynamical phases of light in inhomogeneous anisotropic medium. Sci. Rep. 2016, 6, 39582. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.-H.; Tan, G.; Zhan, T.; Weng, Y.; Liu, G.; Gou, F.; Peng, F.; Tabiryan, N.V.; Gauza, S.; Wu, S.-T. Recent progress in Pancharatnam-Berry phase optical elements and the applications for virtual/augmented realities. Opt. Data Process. Storage 2017, 3, 79–88. [Google Scholar] [CrossRef]

	



Park, K.-D.; May, M.A.; Leng, H.; Wang, J.; Kropp, J.A.; Gougousi, T.; Pelton, M.; Raschke, M.B. Tip-enhanced strong coupling spectroscopy and control of a single quantum emitter. Sci. Adv. 2019, 5, eaav5931. [Google Scholar] [CrossRef]

	



Stuerzebecher, L.; Fuchs, F.; Zeitner, U.D.; Tuennermann, A. High-resolution proximity lithography for nano-optical components. Sens. Actuators A Phys. 2017, 257, 92–97. [Google Scholar] [CrossRef]

	



Keller, O. Principles of nano-optics. Phys. Today 2007, 60, 62. [Google Scholar] [CrossRef]

	



Vourdas, A.; Weiner, R.M. Photon-counting distribution in squeezed states. Phys. Rev. A 1987, 36, 5866–5869. [Google Scholar] [CrossRef]

	



Ali, J.; Pornsuwancharoen, N.; Youplao, P.; Aziz, M.S.; Amiri, I.S.; Chaiwong, K.; Chiangga, S.; Singh, G.; Yupapin, P. Coherent light squeezing states within a modified microring system. Results Phys. 2018, 9, 211–214. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wang, H.; Li, X.; Jing, J.; Xie, C.; Peng, K. Experimental generation of bright two-mode quadrature squeezed light from a narrow-band nondegenerate optical parametric amplifier. Phys. Rev. A 2000, 62, 023813. [Google Scholar] [CrossRef]

	



Li, Y.; Xiao, M. Generation and applications of amplitude squeezed states of light from semiconductor diode lasers. Opt. Express 1998, 2, 110–117. [Google Scholar] [CrossRef] [PubMed]

	



Walls, D.F. Squeezed states of light. Nature 1983, 306, 141–146. [Google Scholar] [CrossRef]

	



Novotny, L.; Hecht, B. Principles of Nano-Optics; Cambridge U. Press: New York, NY, USA, 2006. [Google Scholar]

	



Törmä, P.; Barnes, W.L. Strong coupling between surface plasmon polaritons and emitters: A review. Rep. Prog. Phys. 2015, 78, 013901. [Google Scholar] [CrossRef]

	



Dutt, A.; Luke, K.; Manipatruni, S.; Gaeta, A.L.; Nussenzveig, P.; Lipson, M. On-chip optical squeezing. Phys. Rev. Appl. 2015, 3, 044005. [Google Scholar] [CrossRef]

	



Quddusi, H.M.; Liu, J.; Singh, S.; Heroux, K.J.; del Barco, E.; Hill, S.; Hendrickson, D.N. Asymmetric Berry-phase interference patterns in a single-molecule magnet. Phys. Rev. Lett. 2011, 106, 227201. [Google Scholar] [CrossRef]

	



Sjöqvist, E.; Pati, A.K.; Ekert, A.; Anandan, J.S.; Ericsson, M.; Oi, D.K.L.; Vedral, V. Geometric phases for mixed states in interferometry. Phys. Rev. Lett. 2000, 85, 2845–2849. [Google Scholar] [CrossRef]

	



Kumar, V.; Viswanathan, N.K. The Pancharatnam-Berry phase in polarization singular beams. J. Opt. 2013, 15, 044026. [Google Scholar] [CrossRef]

	



Roy, M.; Svahn, P.; Cherel, L.; Sheppard, C.J.R. Geometric phase-shifting for low-coherence interference microscopy. Opt. Lasers Eng. 2002, 37, 631–641. [Google Scholar] [CrossRef]

	



Yuen, H.P. Two-photon coherent states of the radiation field. Phys. Rev. A 1976, 13, 2226–2243. [Google Scholar] [CrossRef]

	



Ohtsu, M. (Ed.) Progress in Nano-Electro Optics III: Industrial Applications and Dynamics of the Nano-Optical System; Springer: Berlin, Germany, 2005. [Google Scholar]

	



Frimmer, M.; Novotny, L. Light-matter interactions: A coupled oscillator description. In Nano-Optics: Principles Enabling Basic Research and Applications; Di Bartolo, B., Collins, J., Silvestri, L., Eds.; NATO Science for Peace and Security Series B: Physics and Biophysics; Springer: Dordrecht, The Netherlands, 2017. [Google Scholar]

	



Silveri, M.P.; Tuorila, J.A.; Thuneberg, E.V.; Paraoanu, G.S. Quantum systems under frequency modulation. Rep. Prog. Phys. 2017, 80, 056002. [Google Scholar] [CrossRef] [PubMed]

	



Sarandy, M.S.; Duzzioni, E.I.; Moussa, M.H.Y. Dynamical invariants and nonadiabatic geometric phases in open quantum systems. Phys. Rev. A 2007, 76, 052112. [Google Scholar] [CrossRef]

	



Mostafazadeh, A. Quantum adiabatic approximation, quantum action, and Berry’s phase. Phys. Lett. A 1997, 232, 395–398. [Google Scholar] [CrossRef]

	



Schleich, W.P. Quantum Optics in Phase Space; Wiley-Blackwell: Berlin, Germany, 2001. [Google Scholar]

	



Knight, P.L.; Allen, L. Concepts of Quantum Optics; Pergamon Press: Oxford, UK, 1983. [Google Scholar]

	



Biswas, S.N.; Soni, S.K. Berry’s phase for coherent states and canonical transformation. Phys. Rev. A 1991, 43, 5717–5719. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.-D.; Ma, L. Berry’s phase for coherent states. Nuovo Cimento B 1990, 105, 1343–1358. [Google Scholar]

	



Chaturvedi, S.; Sriram, M.S.; Srinivasan, V. Berry’s phase for coherent states. J. Phys. A Math. Gen. 1987, 20, L1071–L1076. [Google Scholar] [CrossRef]

	



Kuratsuji, H. Geometric phase accompanying SU(2) coherent states for quantum polarized light. Phys. Rev. A 2013, 88, 033801. [Google Scholar] [CrossRef]

	



Hannonen, A.; Saastamoinen, K.; Leppanen, L.-P.; Koivurova, M.; Shevchenko, A.; Friberg, A.T.; Setala, T. Geometric phase in beating of light waves. New J. Phys. 2019, 21, 083030. [Google Scholar] [CrossRef]

	



Tiwari, S.C. Geometric phase in optics and angular momentum of light. J. Mod. Opt. 2004, 51, 2297–2304. [Google Scholar] [CrossRef]

	



Lages, J.; Giust, R.; Vigoureux, J.-M. Geometric phase and Pancharatnam phase induced by light wave polarization. Physica E 2014, 59, 6–14. [Google Scholar] [CrossRef]

	



Liu, J.; Hu, B.; Li, B. Nonadiabatic geometric phase and Hannay angle: A squeezed state approach. Phys. Rev. Lett. 1998, 81, 1749–1753. [Google Scholar] [CrossRef]

	



Rohrlich, D. A phase effect in the harmonic oscillator. Phys. Lett. A 1988, 128, 307–308. [Google Scholar] [CrossRef]

	



Leuenberger, M.N.; Mucciolo, E.R. Berry-phase oscillations of the Kondo effect in single-molecule magnets. Phys. Rev. Lett. 2006, 97, 126601. [Google Scholar] [CrossRef] [PubMed]

	



Hodge, W.B.; Cassera, N.P.; Rave, M.J. Berry phase oscillations in a simple model. Eur. J. Phys. 2018, 40, 015401. [Google Scholar] [CrossRef]

	



Huang, S.-M.; Wang, P.-C.; Lin, C.; You, S.-Y.; Lin, W.-C.; Lin, L.-J.; Yan, Y.-J.; Yu, S.-H.; Chou, M.C. The Aharonov-Bohm oscillation in the BiSbTe3 topological insulator macroflake. Appl. Phys. Lett. 2018, 112, 203103. [Google Scholar] [CrossRef]

	



Gladilin, V.N.; Tempere, J.; Devreese, J.T.; Moshchalkov, V.V. Aharonov-Bohm oscillations in the vortex dynamics in superconducting hollow cylinders. Phys. Rev. B 2012, 86, 104508. [Google Scholar] [CrossRef]

	



Mikitik, G.P.; Sharlai, Y.V. The phase of the de Haas-van Alphen oscillations, the Berry phase, and band-contact lines in metals. Low Temp. Phys. 2007, 33, 439–442. [Google Scholar] [CrossRef]

	



Gusynin, V.P.; Loktev, V.M.; Luk’yanchuk, I.A.; Sharapov, S.G.; Varlamov, A.A. Quantum oscillations as the tool for study of new functional materials. Low Temp. Phys. 2014, 40, 270–279. [Google Scholar] [CrossRef]

	



Laing, A.; Lawson, T.; López, E.M.; O’Brien, J.L. Observation of quantum interference as a function of Berry’s phase in a complex Hadamard optical network. Phys. Rev. Lett. 2012, 108, 260505. [Google Scholar] [CrossRef]

	



Lee, P.A.; Stone, A.D. Universal conductance fluctuations in metals. Phys. Rev. Lett. 1985, 55, 1622–1625. [Google Scholar] [CrossRef] [PubMed]

	



He, H.-T.; Wang, G.; Zhang, T.; Sou, I.K.; Wong, G.K.L.; Wang, J.N.; Lu, H.Z.; Shen, S.Q.; Zhang, F.C. Impurity effect on weak antilocalization in the topological insulator Bi2Te3. Phys. Rev. Lett. 2011, 106, 166805. [Google Scholar] [CrossRef] [PubMed]

	



Bleszynski-Jayich, A.C.; Glazman, L.; Harris, J.G.E. Persistent currents in normal metal rings. Science 2009, 326, 272–275. [Google Scholar] [CrossRef] [PubMed]

	



Wheeler, J.A. Franck-Condon effect and squeezed-state physics as double-source interference phenomena. Lett. Math. Phys. 1985, 10, 201–206. [Google Scholar] [CrossRef]

	



Schleich, W.; Wheeler, J.A. Oscillations in photon distribution of squeezed states and interference in phase space. Nature 1987, 326, 574–577. [Google Scholar] [CrossRef]

	



Dutta, B.; Mukunda, N.; Simon, R.; Subramaniam, A. Squeezed states, photon-number distributions, and U(1) invariance. J. Opt. Soc. Am. B 1993, 10, 253–264. [Google Scholar] [CrossRef]

	



Choi, J.R. Coherent and squeezed states for light in homogeneous conducting linear media by an invariant operator method. Int. J. Theor. Phys. 2004, 43, 2113–2136. [Google Scholar] [CrossRef]

	



Hong-Yi, F.; VanderLinde, J. Squeezed-state wave functions and their relation to classical phase-space maps. Phys. Rev. A 1989, 40, 4785–4788. [Google Scholar] [CrossRef]

	



Louisell, W.H. Quantum Statistical Properties of Radiation; John Wiley & Sons: New York, NY, USA, 1973. [Google Scholar]

	



Vogel, W.; Welsch, D.-G. Lectures on Quantum Optics; Akademie: Berlin, Germany, 1994; pp. 74–78. [Google Scholar]

	



Marion, J.B. Classical Dynamics of Particles and Systems, 2nd ed.; Academic Press: New York, NY, USA, 1970; p. 118. [Google Scholar]








[image: Nanomaterials 10 01391 g001 550] 





Figure 1. Temporal evolution of the geometric phase in the squeezed state for several values of   α 0  . We have used    ξ 0  = 1.5  ,   λ = 0  ,   ω = 1  ,   φ = θ = 0  , and    γ 0  = 0  . The reference lines (solid straight lines) are geometric phases drawn without quadrature squeezing for each, i.e., depicted with the choice of    ξ 0  = 0  . By comparing all curves, we confirm that the amplitude of the geometric-phase oscillation gradually grows according to the increase of   α 0   under a quadrature squeezing. 
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Figure 2. Temporal evolution of the geometric phase for several values of   ξ 0   (A) and  φ  (B). (C) is 3D plot of the geometric phase versus  φ  and t. (D) is an enlarged view of a part of (C), which is within   6.1 ≤ φ ≤ 6.5  . We used (  α 0  ,  φ ) = (1, 0) for (A), and (  α 0  ,   ξ 0  ) = (  1.5  , 2) for (B–D). All other values are common and given by   λ = 0  ,   ω = 1  ,   θ = 0  , and    γ 0  = 0  . From this figure, we can confirm the effects of squeezing parameters [  ξ 0   (A) and  φ  (B–D)] on the geometric-phase oscillation. 
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Figure 3. Comparison of the period of the geometric-phase oscillation with other fundamental periods related to the wave. (A): The geometric-phase oscillation (lower part) and the oscillation of the corresponding probability density    |  〈 q | β 〉  |  2   (upper part) in q space. We have used    ξ 0  = 2.0  ,   ϵ = 1  , and   ℏ = 1  , while the values of all other data used in the plot are the same as those in Figure 2A. (B): Temporal evolution of the geometric phase in the squeezed state for several values of  ω . We have used    α 0  = 1  ,    ξ 0  = 2  ,   λ = 0  ,   φ = θ = 0  , and    γ 0  = 0  . 
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Figure 4. Temporal evolution of the additional term,    γ  G , AT    ( t )   , of the geometric phase (Equation (25)) for several different values of   q 0  . We used    ω 2  = 0.90   for (A),    ω 2  = 0.28   for (B), and    ω 2  = 0.03   for (C). Other values used in the plot are common and they are given by    ω 1  = 1  ,    ξ 0  = 1  ,   λ = 0  ,   ω = 10  ,   φ = θ = 0  ,    γ 0  = 0  ,    α 0  = 5  ,    p 0  = 5  ,    c 1  =  c 2  = 0.05  ,   ϵ = 1  , and   ℏ = 1  . All curves show novel geometric-phase oscillations associated with the one-photon processes. 
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Figure 5. Temporal evolutions of the components    γ  G , AT   ( j )    ( t )    of the added geometric phase    γ  G , AT    ( t )   . Imaginary parts   Im [  γ  G , AT   ( 1 )    ( t )  ]   and   Im [  γ  G , AT   ( 2 )    ( t )  ]   are given in (A,B), respectively, whereas all real parts are given in (C). The inset given between (A,B) is a graphic of   Im [  γ  G , AT   ( j )    ( t )  ]   with   j = 1   (red curve) and   j = 2   (blue curve), which is enlarged along t-axis within   52 ≤ t ≤ 55  . We used    q 0  = 4  , while the same values of Figure 4C were used for all other parameters. 
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Figure 6. Enlarged view of the temporal evolution of the additional term,    γ  G , AT    ( t )   , of the geometric phase for several different values of   ω 1  . We used    ω 2  = 0.6  ,    ξ 0  = 1  ,   λ = 0  ,   ω = 10  ,   φ = θ = 0  ,    γ 0  = 0  ,    α 0  = 5  ,    q 0  = 6  ,    p 0  = 5  ,    c 1  =  c 2  = 0.05  ,   ϵ = 1  , and   ℏ = 1  . From this figure, we can clearly confirm the main and sub-oscillations in the supplemental geometric-phase oscillation produced by the one-photon processes. 
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Table 1. Fluctuations of the canonical variables q and p for each curve in panels A and B in Figure 2. These are evaluated from Equation (6) with the option of   ϵ = 1   and   ℏ = 1  .
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Figure 2A

	
Figure 2B






	
No.

	
    ξ 0    

	
    ( Δ q )  β   

	
    ( Δ p )  β   

	
  φ  

	
    ( Δ q )  β   

	
    ( Δ p )  β   




	
1

	
0.4

	
0.47399

	
1.05488

	
   0.01 π   

	
0.12606

	
5.22421




	
2

	
0.6

	
0.38807

	
1.28843

	
   0.02 π   

	
0.18996

	
5.22227




	
3

	
0.8

	
0.31772

	
1.57370

	
   0.03 π   

	
0.26404

	
5.21905




	
4

	
1.0

	
0.26013

	
1.92212

	
   0.04 π   

	
0.34169

	
5.21455




	
5

	
1.2

	
0.21298

	
2.34768

	
   0.05 π   

	
0.42089

	
5.20875




	
6

	
1.4

	
0.17437

	
2.86746

	
   0.06 π   

	
0.50085

	
5.20167




	
7

	
1.6

	
0.14276

	
3.50232

	
   0.07 π   

	
0.58118

	
5.19331
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