arXiv:hep-th/0512309 v1 26 Dec 2005

Landau Quantization of Neutral Particles in an External Field

Claudio Furtado^{1∗}, J. R. Nascimento and L. R. Ribeiro 1Departamento de Física, CCEN, Universidade Federal da Paraíba, Cidade Universitária, 58051-970 João Pessoa, PB, Brazil

The quantum dynamics of an induced electric dipole in the presence of a configuration of crossed electric and magnetic fields is analyzed. This field configuration confines the dipole in a plane and produces a coupling similar to the coupling of a charged particle in the presence of external magnetic field. In this work we investigate the analog of Landau levels in induced electric dipoles in a sistem of neutral particles. The energy levels and eigenfunctions are obtained exactly.

PACS numbers: 03.75.Fi,03.65.Vf,73.43.-f

The quantum dynamics of cold atoms in the presence of an electromagnetic field promises new possibilities to study the quantum properties of many body systems. This system can be easily controlled and manipulated by electromagnetic fields. The cold atoms make then ideal candidates for the study of several intrinsically quantum phenomena. In recent years the advance of cold atom technology made it possible to simulate several solid state effects employing neutral atoms and techniques from quantum optics[1, 2, 3]. Recently, the neutral atoms techniques to simulate the behavior of a charged particle in this systems[3, 4, 5, 6] has been developted. In this way, the study of systems that simulate the strongly interacting system in a cold atom has attract much attention in recent years[7, 8].

Electric dipole moment of atoms in the presence of an appropriate electromagnetic field configuration has been utilized in literature to inquire above some physical effects[9, 10, 11, 12]. The study of quantum phases in the quantum dynamics of the electromagnetic dipole has its origin in the Aharonov-Casher effect[14] for the magnetic dipole in the presence of an electric field, that is reciprocal effect of the well known Aharonov-Bohm[15] effect. The dual effect of Aharonov-Casher effect was studied independently by He and McKellar[18] and Wilkens[19], which investigated the quantum dynamics of the electric dipole in the presence of magnetic field. In fact, electric dipoles can give rise to a variety of different phenomena that generate geometric phases[12, 13, 18, 19, 20] in different field-dipole configurations. Wei, Han and Wei[21] have proposed a more realistic field configuration that generate a He-McKellar-Wilkens effect. In fact, all quantum effects in the dynamics of the dipole occur due to the coupling of electric/magnetic dipole with external magnetic/electric field make a mimic of minimal coupling of charged particle with an external magnetic field. In this work we use this configuration to study a possibility of an analog Landau quantization due to induced electric dipoles in cold atom systems.

The interaction of the electromagnetic field with a

∗Electronic Address: furtado@fisica.ufpb.br

charged particle, plays an important role in the generation of collective phenomena, such as, fractional statistics[22] and the quantum Hall effect. The quantum motion of a charged particle in the presence of a constant magnetic field is described by the theory of Landau [23]. The Landau quantization in two dimensions makes the energy levels coalesce into a discrete spectrum. The Landau levels present a remarkable interest in several areas of the physics among they the quantum Hall effect[22].

On the order hand, the Landau levels were studied for different curved surfaces[27, 28] with the interest in several areas of physics. The idea of analogs of Landau quantization was proposed initially by Ericsson and Sjörvist inspired in the the work of Paredes et al. that studied the possibility of an analog of the Hall effect in Bose-Einstein condensates. The idea of Ericsson and Sjöqvist[24] was that the Aharonov-Casher interaction can be used to generate an analog of Landau levels in systems of neutral atoms. In a recent work we extend this idea to systems of electric dipoles in the presence of a magnetic field and demonstrated also a similar effect of Landau quantization to electric dipoles[25]. In the present work we analyze this possibility in a system of induced dipoles in the presence of electric and magnetic fields. The aim this work is to demonstrate that the Wei, Han Wei configuration for topological phase can be used to investigate the landau quantization in a similar scheme that was treated in the Landau-Aharonov-Casher effect by Ericsson and Sjöqvist[24] and in the Landau-He-McKellar-Wilkens effect by us[25]. The central idea is that a system of cold atom in this condition exhibits Landau quantization and can be used in future study of atomic quantum Hall in the condition presented here. The cold atom is treated as structureless induced dipole moment. We consider that our system was submitted the following electric field E = ρ 2 rê_r , (1)

where ρ is the charge density. The system is also submitted to the external magnetic field

B = B_0ê_z . (2)

The presence of electric field induces an electric dipole in the cold atom given by

d = α(E + v × B) (3) where α is the dielectric polarizability of the cold atoms and v is the velocity of the atom. The Lagrangian that describes the electric dipole in the presence of an electromagnetic field is given by L = 1 2 M v^2 + 1 2 d · (E + v × B). (4)

Considering that the dipole is induced in cold atoms, the Lagrangian is written as

L = 1 2 (M + αB^2)v^2 + 1 2 αE^2 + αv · B × E. (5)

The term αv·B×E is known as the energy of Rötgen and is responsible for the modification in the canonical momentum of the system that differs from the mechanical component M v. The study of this term and its similarity with the Chern-Simons term has been widely investigated recently. Baxter[9] has showed that the systems of cold Rydberg atoms and Chern-Simons theory are analog to each other. In a similar system, Zhang[10] has analized the possibility of testing spatial noncommutativity. The study of the duality property has been done in cold Rydberg atoms recently by Noronha and Wotzasek[26]. The field configuration requires that the system stays confined in the plane and this fact is responsible by its analogy with Chern-Simons theory. In this way, we can write the Hamiltonian associated with this system as

H = 1 2m^∗ [ ⃗P + α( ⃗E × ⃗B) ]_2 − 1 2 αE^2, (6)

where m^∗ = M + αB^2. Note the similarity of (6) with the Hamiltonian of a charged particle in the presence of an external potential submitted to an external magnetic field. Using this fact the effective vector potential takes this form

A_{eff} = E × B. (7)

Using the field configuration given in (1) and (2), we obtain the following effective vector potential A_{eff} = − B_0ρ 2 rê_ϕ. (8)

We define the ”magnetic” field B = ∇ × A_{eff} associated to the effective vector potential as

B_{eff} = B_0ρê_z . (9)

Note that, in this field configuration, the interaction between the electromagnetic field and the electric dipole of atom in the nonrelativistic limit coincides formally with the minimal coupling of a charged particle with an external magnetic field. (8), in the present case, is responsible to minimal coupling. Similar effects have been pointed out by Ericsson and Sjöqvist[24] to Landau-Aharonov- Casher levels. In the Ref.[25] we investigated electric dipole in presence of external magnetic field. In [24] and [25] the precise configurations for occurrence of a Landau quantization are presented. Note that this field configuration gives the precise condition under which the Landau quantization occurs in the cold atom system. Note also that, the Wei, Han and Wei, field configuration used in this work constrained the motion of the dipole to be planar and to obey these conditions. Now, the problem is reduced to the solution of the Schrödinger equation associated to (6). In this way, we write the Schödinger equation for this system, in cylindrical coordinates, in the following form − 1 2m^∗ [ 1 r ∂ ∂r ( r ∂ψ ∂r ) + 1 r^2

∂^2ψ ∂ϕ^2 ] − (10) − iω 2 ∂ψ ∂ϕ + m^∗ω^2 8 r^2ψ + m^{∗2}ω^2 8αB^2_0 r^2ψ = Eψ , where ω =^{αB0ρ}_{m∗} We use the following Ansatz to the solution of Schrödinger equation ψ = e^{iℓϕ}R(r) , (11) where ℓ is an integer number. Using the Eq. (11), the Eq. (10) assumes the following form: 1 2M ( R^{′′} + 1 r R^′ − m^2 r^2 R ) + + ( E − M ω^2 8 r^2 − ℓω 2 − m^{∗2}ω^2 8αB^2_0 r^2 ) R = 0 . (12)

We use the following change of variables ξ = m^∗ω 2 r^2 . (13)

In this way, Eq. (12) is transformed into

ξR^{′′} + R^′ + ( − δξ 4 + β − ℓ^2 4ξ ) R = 0 , (14)

where β =^E_ω −^m_2 and δ = 1 +^{m∗}_{4αB20} . Assuming for the radial eigenfunction the form R(ξ) = e^{−δξ/2}ξ^{|ℓ|/2}ζ(ξ) , (15) which satisfies the usual asymptotic requirements and the finiteness at the origin for the bound state, we have ξ d^2ζ dξ^2 + [(|ℓ| + 1) − δξ] dζ dξ − γζ = 0, (16)

where γ = β −^{δ(|ℓ|+1)}_2 . We find that the solution of equation (16) is the degenerated hypergeometric function ζ(ξ) = F [−γ, |ℓ| + 1, δξ] . (17)

In order to have normalization of the wave function, the series in (17) must be a polynomial of degree ν, therefore, γ δ = 1 δ β − (|ℓ| + 1) 2 = n. (18)

Where n is an integer number. With this condition, we obtain discrete values for the energy, given by E_{n,ℓ} = ( n + |ℓ| 2 + 1 2 ) ω_δ + ℓ 2 ω, (19)

where ω_δ = δω. In the limit that δ −→ 1 the eingevalues are given by E_{n,ℓ} = ( n + |ℓ| 2 + 1 2 + ℓ 2 ) ω (20)

Note that, this limit is characterized by a high magnetic field. In this case the system is similar to Landau levels of a charged particle. The radial eigenfunction is then given by R_{ν,ℓ} = 1 a^{1+|ℓ|} [ (|ℓ| + n)! 2^{|ℓ|}n!|ℓ|!^2 ]_{1/2} exp ( − δr^2 4a^2 ) × × r^{|ℓ|}F [ −n, |ℓ| + 1, δr^2 2a^2 ] , . (21)

In this work we study the eigenfunctions and the eigenvalues of a neutral particle(atom) with an induced dipole moment in the presence of crossed electric and magnetic fields. The field configuration is the same of Wei, Han and Wei [21] and confines particles in two dimensions. In a strong magnetic field, the energy levels are similar to Landau levels. Based in this fact the possibility of an atomic analog of the Landau quantization to electric dipole is presented in a similar way to Landau quantization investigation of the magnetic dipole[24]. This effect can be viewed as a first approach to investigate a atomic analog of quantum Hall effect with electric dipoles in cold atoms.

Acknowledgments

This work was partially supported by CNPq, CAPES (PROCAD),PRONEX/CNPq/FAPESQ and by CNPq/FINEP .We thank Professor F. Moraes for the critical reading of this manuscript.

[1] A. B. Kuklov and B. V. Svistunov Phys. Rev. Lett.90 (2003) 100401 [2] J. K. Pachos and E. Rico quant-ph 0404048 [3] L. M. Duan, E. Demler and M. D. Lukin, Phys. Rev.

Lett. 91 (2003) 090402.

[4] D. Jaksch, C. Bruder, J. I. Cirac, C. W. Gardiner,P.

Zoller, Phys. Rev. Lett. 81 (1998) 3108.

[5] D.Jaksch and P. Zoller, New J. Phys. 5 (2003) 56.1. [6] W. V. Liu, F. Wilczek and P. Zoller. Cond-Mat. 0404478. [7] B. Paredes, P. Fedichev, J. I. Cirac and P. Zoller, Phys.

Rev. Lett. 87 (2001) 010402.

[8] B Paredes, P. Zoller and J. I. Cirac Solid State Commun.

127 (2003) 155.

[9] C. Baxter Phys. Rev. Lett. 74 (1995) 514. [10] J. Z. Zhang Phys. Rev. Lett. 93 (2004) 043002 . [11] J. Z. Zhang Phys. Rev. Lett 77 (1996) 44. [12] J. K. Pachos Phys. Lett A (2005) cond-mat 0405374. [13] C. A. de Lima Ribeiro, C. Furtado and F. Moraes Europhys. Lett 62 (2003) 306.

[14] Y. Aharonov and A. Casher Phys. Rev. Lett. 53 (1984) 319.

[15] Y. Aharonov and D. Bohm Phys. Rev. 115 (1959) 485. [16] R. G. Shambers Phys. Rev. 4 (1960) 344.

[17] M. Peshkin and A. Tonomura The Aharonov-Bohm Effect Springer-Verlag, Berlin 1989.

[18] X. G. He and B. H. J. McKellar. Phys. Rev. A 47 (1993) 3424.

[19] M. Wilkens. Phys. Rev. Lett. 72 (1994) 5. [20] G.Spavieri Phys. Rev. Lett 82 (1999) 3932 [21] H. Wei, R. Han and X. Wei Phys Rev. Lett.75 (1995) 2071.

[22] R. E. Prange and S. M. Girvin .The Quantum Hall Effect (Springer-Verlag, New York,1990).

[23] L. D. Landau Z Phys 64(1930) 629.

[24] M. Ericsson and E. Sjöqvist Phys Rev. A 65 (2001) 013607 .

[25] L. R. Ribeiro, C. Furtado and J. R. Nascimento Phys.

Lett. A to be published [26] J. L. Noronha and C. Wotzasek Phys. Lett B 602 (2004) 144.

[27] A. Comtet Ann. Phys (N.Y.) 173 (1987) 185 . C. Grosche Ann. Phys (N.Y.) 187(1988) 110 .

[28] G. V. Dunne Ann. of Phys. (N.Y.) 215 (1992) 233. [29] J. P. Dowling , C. P. Williams and J. D. Franson Phys.

Rev. Lett.83(1999)2486.