
Pis'ma v ZhETF, vol. 94, iss. 5, pp. 377 { 382 c 2011 September 10E�ect of spontaneously generated coherence on left-handednessin a degeneracy atomic systemS.-C. Zhao1)Physics department, Kunming University of Science and Technology, Kunming, 650093, ChinaSubmitted 4 May 2011Resubmitted 18 August 2011A theoretical investigation is carried out into the e�ect of spontaneously generated coherence (SGC) onthe left-handedness in a four-level Y -type atomic system with two highest nearly degenerate lying levels. It isfound, with the spontaneously generated coherence intensity enhancing, the atomic system gradually displaysleft-handedness with simultaneous negative permittivity and permeability. And the refractive index enhanceswith the increasing intensity of SGC. However, the absorption is suppressed by the SGC e�ect when the SGChas a large intensity. When the probe �eld is near-resonant coupled to the atomic system, the appearanceof SGC doesn't always change the permeability from positive to negative and allow for left-handed behavior,unless the SGC reaches a large intensity.I. Introduction. Quantum interference in quan-tum optics occurs when there are two or more identi-cal channels in a transition. The simplest example isclassic Fano interference [1, 2] from a continuum of up-per states to a ground state. Another intriguing quan-tum e�ect is the interference of two decay channelswith nonorthogonal electric-dipole transition matrix el-ements. This is named as \spontaneously generatedcoherence" (SGC) [3, 4] which was �rst suggested byAgarwal [4] who showed that the spontaneous emissionfrom a degenerate V -type three-level atom is sensitiveto the mutual orientation of the atomic dipole moments.If they are parallel a suppression of spontaneous emis-sion can appear and a part of the population can betrapped in the excited levels. SGC is one of the twomechanisms of generating quantum coherence appliedby incoherent processes, i.e., spontaneous emission [5],and the other one is by coherent �elds, such as laser�elds [6{9] or microwave �elds [10]. Here we are par-ticularly interested in the former case and impressivee�orts have been made to investigate it in the last fewdecades[11{20]. SGC requires two close-lying levels benearly degenerate and the atomic dipole moments benonorthogonal when the atom is placed in free space.And it is responsible for many important physical phe-nomena, which are potentially applied in lasing withoutpopulation inversion [11], coherent population trapping(CPT) [12], group velocity reduction [13], ultrafast all-optical switching [14], transparent high-index materials[21], high-precision spectroscopy and magnetometer [22],modi�ed quantum beats [23], dark-state polaritons [24],quantum information and computing [25], etc. In order1)e-mail: zscnum1@126.com.

to observe the phenomena based on SGC, a few meth-ods have been proposed to simulate this intriguing e�ect.SGC can be simulated by a dc �eld [26], a microwave�eld [27], or a laser �eld [28{30]. Very recently, there isexperimental evidence that SGC plays a role in chargedGaAs quantum dots [31], which have been proposed aselements in qu antum-information networks. All the in-teresting features due to SGC could have useful appli-cations in laser physics and other areas of quantum op-tics.Although some works [32, 33] for the realization ofnegative refraction have been done, the dependence ofSGC e�ect on the left-handedness has never been in-vestigated to our best knowledge. Materials with left-handedness (medium having negative permittivity andpermeability simultaneously) which originally suggestedby Veselago [34], promise many surprising and evencounterintuitive electromagnetical and optical e�ectssuch as the reversals of both Doppler shift and Cerenkovradiation [34], negative Goos{H�aanchen shift [35], am-pli�cation of evanescent waves [36], sub-wavelength fo-cusing [37] and so on. Up to now, several interestingapproaches have been proposed to realize LHM, suchas the method of arti�cial composite metamaterials [38{40], the method of speci�c photonic crystal structures[41, 42], the method of chiral materials [43, 44], and themethod of photonic resonant media [45{48]. In this pa-per, we investigate the e�ects of SGC on left-handednessin a four-level Y -type atomic system. When the twohighest-lying levels of atomic system are nearly degen-erate and coupled by the same vacuum radiation �eld tothe intermediate state, the system can create SGC due tothe quantum interference between the two spontaneousdecay channels.�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 5 { 6 2011 377



378 ZhaoAnd Our paper is organized as follows. In Sec. II wedescribe the model and present the density-matrix equa-tions of motion for the system. In Sec. III we discuss thee�ects of SGC on the left-handedness. The dependenceof simultaneous negative permittivity and permeabilitywith SGC is discussed here. In Sec. IV, the conclusionis presented.II. Theoretical analysis. We consider a four-levelY -type atomic system as shown in Fig. 1. A resonant
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Fig. 1. Schematic representation of the relevant atomic en-ergy levelscoupling �eld 
1 drives the transition between levels j1iand j2i while a probe �eld 
p is applied to the transitionj2i and j4i. Its electric (E) and magnetic (B) compo-nents of the probe �eld couple state j2i to state j4i byan electric dipole transition, and to state j3i by a mag-netic dipole transition. The parities in this system arej2i even, j3i even, j4i odd or vice versa. 23 and 24are the spontaneous decay rates from levels j3i and j4ito level j2i, respectively, and 22 corresponds to the de-cay rate from j2i to j1i. In the interaction picture thedensity-matrix equations of motion in the rotating-waveapproximations can be written as� _11 = 22�22 + i
1(�21 � �12); (1)� _33 = 23�33 � pp34(�34 + �43); (2)� _44 = �24�44�pp34(�34+�43)+i
p(�24��42); (3)� _12 = �2�12 + i
1(�22 � �11)� i
p�14; (4)� _13 = �3�13 + i
1�23 � pp34�14; (5)� _14 = �(4 � i�p)�14 � pp34�13 + i
1�24 � i
p�12;(6)� _23 = �(2+3)�23+i
1�13+i
p�43�pp34�24; (7)� _24 = �(2 + 4 � i�p)�24++i
p(�44 � �22) + i
1�14 � pp34�23; (8)� _34 = �(3+4� i�p)�34� i
p�32�pp34(�33+�44):(9)

The above equations are constrained by �11 + �22 ++ �33 + �44 = 1 and �ij = ��ji�p = !24 � !p meansthe detuning of the probe �eld from the optical tran-sition. The terms with pp34 represent the quantuminterference resulting from the cross coupling betweenspontaneous emission paths j3i�j2i and j4i�j2i.The parameter p denotes the alignment of the twodipole moments. If the two dipole moments are orthog-onal to each other, i.e., p = 0, the SGC e�ect disap-pears. While for the parallel or antiparallel case wehave p = �1, the interference between the spontaneousemissions and the SGC-e�ect reach the maximum. Sowe can depict dynamic intensity of the SGC-e�ect byparameter p. With the restriction that each �eld actsonly on one transition, the Rabi frequencies 
1 and 
Pare represented by 
1(P ) = 
01(P )p1� p2. It shouldbe noted that only for small energy spacing between thetwo highest-lying levels are signi�cant; otherwise the os-cillatory terms will average out to zero and thereby theSGC-e�ect vanishes [49{51].In the following, we will discuss the electric and mag-netic responses of the medium to the probe �eld. Itshould be noted that here the atoms are assumed tobe nearly stationary (e.g., at a low temperature) andhence any Doppler shift is neglected. When discussinghow the detailed properties of the atomic transitions be-tween the levels are related to the electric and magneticsus-ceptibilities, one must make a distinction betweenmacroscopic �elds and the microscopic local �elds act-ing upon the atoms in the vapor. In a dilute vapor, thereis little di�erence between the macroscopic �elds and thelocal �elds that act on any atoms (molecules or groupof molecules) [52]. But in dense media with closelypacked atoms (molecules), the polarization of neighbor-ing atoms (molecules) gives rise to an internal �eld atany given atom in addition to the average macroscopic�eld, so that the total �elds at the atom are di�erentfrom the macroscopic �elds [52]. In order to achieve thenegative permittivity and per-meability, here the cho-sen vapor with atomic concentration N = 5 � 1024m�3should be dense, so that one should consider the lo-cal �eld e�ect, which results from the dipole-dipole in-teraction between neighboring atoms. In what followswe �rst obtain the atomic electric and magnetic polar-ization, and then consider the local �eld correction tothe electric and magnetic suscep-tibilities (and hence tothe permittivity and permeability) of the coherent vapormedium. With the formula of the atomic electric polar-izations e = 2d42�24=�0Ep, where Ep = ~
p=d42 onecan arrive at e = 2d224�24�0~
p : (10)�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 5 { 6 2011



E�ect of spontaneously generated coherence on left-handedness : : : 379In the similar fashion, by using the formulae of theatomic magnetic polarizations m = 2�0�23�32=Bp [52],and the relation of between the microscopic local electricand magnetic �eldsEp=Bp = c we can obtain the explicitexpression for the atomicmagnetic polarizability. Where�0 is the permeability of vacuum, c is the speed of lightin vacuum. Then, we have obtained the microscopicphysical quantities e and m. Thus, the coherence �32drives a magnetic dipole, while the coherence �24 drivesan electric dipole. However, what we are interested in isthe macroscopic physical quantities such as the electricand magnetic susceptibilities which are the electric per-mittivity and magnetic permeability. The electric andmagnetic Clausius{Mossotti relations can reveal the con-nection between the macroscopic and microscopic quan-tities. According to the Clausius{Mossotti relation [53],one can obtain the electric susceptibility of the atomicvapor medium �e = Ne(1�Ne=3)�1: (11)The relative electric permittivity of the atomic mediumreads "r = 1 + �e. In the meanwhile, the magneticClausius{Mossotti [53]m = 1N �r � 12=3 + �r=3 (12)shows the connection between the macroscopic magneticpermeability �r and the microscopic magnetic polariza-tions m. It follows that the relative magnetic perme-ability of the atomic vapor medium is�r = 1 + (2=3)Nm1 + (1=3)Nm : (13)Substituting the expressions of "r and �r into n == ep"r�r [34], we can get the refractive index of left-handed materials. In the above, we obtained the expres-sions for the electric permittivity, magnetic permeabilityand refractive index of the four-level atomic medium.In the section that follows,we will get solutions to thedensity-matrix equations (1) under the stead-state con-dition.For simplicity, we scale all the parameters by  == 108, 
01 = 10, 
0p = 0:2, 2 = 3 = 4 = 0:8during our calculation. Analyzing the left-handed be-havior in the atomic system, the plus or minus for thereal part of permittivity �r and permeability �r is thecontent for considered. We show in Fig. 2 the real partof the relative electric permittivity "r as a function of theprobe rescaled detuning �°=. Curves of di�erent colorscorresponds to di�erent values of p noted in the captionof Fig. 2. We noticed that the real part of relative elec-tric permittivity er always remains negative in the range
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Fig. 2. Real parts of the permittivity as a function of therescaled detuning parameter �p= with: 
01 = 10, 
0p == 0:2, 2 = 3 = 4 = 0:8. The curves are labeled by pvaluesof detuning considered here while varying the value ofp, and the line shape is similar in Fig. 2. The contribu-tion of local �eld due to dipole-dipole interaction playsan important role in the real parts of permittivity re-maining negative values, because the atomic density isassumed very high here. We also noticed that whenp = 0:99 which means a strong interference between thetwo spontaneous emission channels and the SGC-e�ectis strongest, the uctuation range Re �r is the smallestnear the resonant point.In Fig. 3, the real part of magnetic permeability �rversus �p= is plotted with the same parameters as
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Fig. 3. Real parts of the permeability as a function of therescaled detuning parameter �p=. The curves are labeledby p valuesused in Fig. 2. It shows that when p = 0:09, Re�r isalways positive in the detuning range. The atomic sys-tem shows no left-handed behavior with the weak SGC-e�ect caused by the interference between the sponta-neous emission channels. Because the left-handed mate-rial (LHM), should possess negative real parts of bothdielectric permittivity er and magnetic permeability �rover the same frequency band. The magnetic response�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 5 { 6 2011
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Fig.4. Real parts of the refractive index as a function ofthe rescaled detuning �p=of our atomic system is quite di�erent when the SGCgets a large intensity. Re�r is �rstly negative value ina small frequency band near �p = 10 when p reachesthe value of 0.2 as shown in Fig. 2. Two larger frequencyranges show that Re�r is negative when p = 0:5. Fur-ther increasing p to the value of 0.99, the negative Re�ris in all the detuning range except the resonant point.The SGC is stronger, the wider and much more fre-quency ranges for negative permeability. That is, theSGC-e�ect greatly enhances the magnetic response of adense atomic gas so that one can realize negative refrac-tive index. Here, we stress that the refractive index forleft-handed materials is given by n = �p"r�r, wherethe symbol \�" corresponds to the only case of both"r and �r having negative real parts. The enhancementof SGC results the simultaneously negative real partsfor permittivity and permeability. Hence, we attributethe emergence of left-handedness to the enhancement ofthe SGC-e�ect which induced by the interference be-tween the two spontaneous emission channels from thetwo highest-lying levels in the atomic system.In Fig. 4, the refractive index is plotted for di�erentvalues of the parameter p with the same parameters asused in Fig. 2. As observed in Fig. 4, the amplitude ofthe real parts of refractive index gradually increases asthe intensifying of SGC. The maximum value of Renare �1:7, �2:9, �3:7 when p is varied by 0.2, 0.5, 0.99,respectively. Obviously, the intensity of SGC-e�ect in-uences its peak value. The imaginary part of refractiveindex which depicts the atomic system absorption prop-erty is plotted on the right side of Fig. 4. Two trans-parency windows turn into two transparency ranges be-side the resonance. The absorption is suppressed by theSGC-e�ect when it has a large intensity shown by Fig. 4.Above, we discussed the left-handedness as functionsof the detuning parameter �p=. In order to get a deeperinsight into the e�ect of SGC on left-handedness, inFig. 5 and 6, we plot the case of the probe �eld near-
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Fig. 5. Real part of the permitivity and permeability as afunction of p with the probe �eld near-resonant couplingresonantly coupling j2i and j4i (�p = 10�16) withother parameters being the same as used in Fig. 2. Andhere, the characteristic parameters of left-handedness isdepicted as the functions of p which will value from theorthogonality to alignment of the two dipole moments,because the conclusion of anti-alignment will be sym-metric to the alignment.In Fig. 5, we notice that the real part of the rela-tive electric permittivity �r maintains negative value byvarying p from 0 to 1. And its value reaches to �2when p = 1. It shows the intensity of SGC can changethe value of Re �r but not change its sign property ofplus or minus because of the local �eld due to dipole-dipole interaction causing by the high atomic densityhere. However, the line shape of Re�r shows di�erentcharacteristic, when p is in di�erent value range. Inthe range of [0, 0.55], Re�r is positive. But it's nega-tive in the range of [0.55, 1]. And the left-handednesswill appear in the range [0.55, 1] with negative permit-tivity and permeability simultaneously. It shows thatthe magnetic response of the atomic system is di�erentunder the condition of large SGC-e�ect. In the atomicsystem, the weak SGC can't cause left-handedness butthe intensifying SGC can do. The refractive index is pot-ted versus p in Fig. 6. The real part of refractive indexshows the increasing of SGC-e�ect can bring about thenegative maximum �2. However, its imaginary part il-lustrates the enhancement of SGC-e�ect can keep downthe absorption, which is certainly favorable for potentialexperiments.From the point of application, the atomic schemein Fig. 1 may be realized by the Rb atom with 5S1=2,5P3=2, 5D3=2, and 5D5=2 behaving as the j4i, j1i, j2i,and j3i state labels, respectively. The state 5D3=2 is cou-pled to the state 5D5=2 by a resonant microwave �eld in�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 5 { 6 2011
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Fig. 6. Real and imaginary parts of the refractive index as a function of p with the probe �eld near-resonant coupling j2i�j4iRef. [17]. For another instance, the resonant intermedi-ate level (the singlet state) between the ground state andthe two upper lying states in the atomic level con�gura-tion shown in Fig. 1 which is similar to the level schemeof the experiment mentioned in Ref. [20], and the twohighest-lying states are used by a pair of mixed levels ofthe singlet and triplet states in sodium dimmer.IV. Conclusion. In conclusion, we have investi-gated the e�ect of SGC on left-handedness in the four-level Y -type atom. It was found that the spontaneouslygenerated coherence plays a signi�cant role in the real-ization of left-handedness. When the SGC is weak, theatomic system doesn't display left-handedness with si-multaneous negative permittivity and permeability. Inthe case of optimal SGC, the atomic system has a widerange for simultaneous negative permittivity and per-meability, and the system is left-handedness,and the ab-sorption is suppressed by the SGC-e�ect when the SGChas a large intensity. When the probe �eld near-resonantcouples the atomic system, left-handedness appears untilp = 0:55, and the maximum of negative refractive indexis �2. We can draw from the above two cases that thestrengthening of SGC produce the left-handedness. Andthe stronger the SGC is, the more remarkable the left-handedness appears facilely.The work is supported by the National NaturalScience Foundation of China (Grants #60768001 and10464002).1. U. Fano, Phys. Rev. 124, 1866 (1961).2. D. Agassi, Phys. Rev. A 30, 2449 (1984).3. J. Javanainen, Europhys. Lett. 17, 407 (1992).4. G. S. Agarwal, Quantum Optics, (Ed. by G. H�ohler)Springer Tracts in Modern Physics (Springer, Berlin)V. 70, 1974.5. S. Y. Zhu, C. F. Chan, and C. P. Lee, Phys. Rev. A 52,710 (1995).
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