Condensed Matter Physics, 2012, Vol. 15, No 3, 33703: 1–8 DOI: 10.5488/CMP.15.33703 http://www.icmp.lviv.ua/journal

Quasi-stationary states of electrons interacting with strong electromagnetic field in two-barrier resonance tunnel nano-structure

M.V. Tkach^∗, Ju.O. Seti, O.M. Voitsekhivska

Chernivtsi National University, 2 Kotsyubinsky Str., 58012 Chernivtsi, Ukraine

Received February 28, 2012, in final form May 5, 2012

An exact solution of non-stationary Schrodinger equation is obtained for a one-dimensional movement of electrons in an electromagnetic field with arbitrary intensity and frequency. Using it, the permeability coefficient is calculated for a two-barrier resonance tunnel nano-structure placed into a high-frequency electromagnetic field. It is shown that a nano-structure contains quasi-stationary states the spectrum of which consists of the main and satellite energies. The properties of resonance and non-resonance channels of permeability are displayed.

Key words: resonance tunnel nano-structure, permeability coefficient, electromagnetic field

PACS: 73.21.Fg, 73.63.Hs, 73.50.Fq, 78.67.De

1. Introduction

An intensive investigation of resonance tunnel structures (RTSs) is caused by their utilization in nanodevices having unique physical characteristics [1–7], and are widely used in medicine, environment monitoring and communication systems. The knowledge of the properties of RTS is urgent both from the applied and fundamental physics point of view.

The theory of ballistic and non-ballistic transport of electrons through the RTS was developed in detail mainly within the approximation of a small amplitude of high-frequency electromagnetic field [8–13]. Also, only linear terms over the intensity of an electric field were preserved in the Hamiltonian and wave functions. This approximation did not permit to quit the frames of the first order of the perturbation theory depending on time.

In order to clarify the effect of strong electromagnetic fields on the spectra of electrons and their tunnel through the RTS, an approximated iterating method was used for the two-level model of a nanosystem [14, 15] and a numeric method was used for a multi-level model of periodical structures [16, 17].

In the majority of papers, in order to use the well developed method of analytical calculations [18, 19], the Hamiltonian of electron-electromagnetic field interaction is written not as the one proportional to the product of electron kinetic momentum on the vector potential of the field but as a term proportional to the product of field intensity on the respective electron coordinate. The latter Hamiltonian is correct (as proven in reference [20]) at the assumption that the electron interacts with the electromagnetic field inside the RTS which is not very strong. If the electromagnetic field is strong, its interaction with an electron should be taken into account in the whole space (outside the RTS too). It means that not only linear but also square terms over the kinetic momentum and vector potential must be present in a complete Hamiltonian.

In the paper, we propose an exact analytical solution of one-dimensional non-stationary Schrodinger equation obtained for the first time with the Hamiltonian of a system containing linear and square terms both over the electron kinetic momentum and vector potential of electromagnetic field. Using it, we develop a theory of transport of a mono-energetic electronic current through a two-barrier RTS placed into a

∗E-mail: ktf@chnu.edu.ua

© M.V. Tkach, Ju.O. Seti, O.M. Voitsekhivska, 2012 33703-1 high-frequency electromagnetic field with an arbitrary intensity and frequency. It is shown that the interaction between electrons and electromagnetic field is the reason why, besides the main quasi-stationary states (QSSs), there appear satellite states (QSSs) with the energies multiplied by field.

2. Permeability coefficient for a two-barrier RTS placed into a high-fre-quency electromagnetic field

We study the symmetric two-barrier RTS (figure 1) in a homogeneous high-frequency electromagnetic field: E (t) = 2E cos(ωt) with an arbitrary electric field intensity E and frequency ω. The mono-energetic electronic current with the energy E moving perpendicularly to the planes of RTS gets in it from the left hand side.

Figure 1. Energy scheme for an electron in two-barrier RTS with δ-like potential barriers.

The electron wave function has to satisfy a complete onedimensional Schrodinger equation iħ ∂Ψ(z, t) ∂t = [ 1 2m ( p̂_z − e c A_z

)_2

+U(z) ] Ψ(z, t). (1)

Using the known expressions for a kinetic momentum operator p̂_z and vector potential A_z written in Coulomb calibration, equation (1) takes the form iħ ∂Ψ(z, t) ∂t = [H_e +U(z) + H_{int}]Ψ(z, t). (2)

The complete Hamiltonian contains an electron kinetic energy operator

H_e = − ħ^2 2m ∂^2 ∂z^2

, (3)

the potential energy of electron in two-barrier RTS written within the typical δ-barrier approximation, references [8–10] U(z) = UΔ[δ(z) + δ(z − a)], (4) and the potential energy of interaction between the electron and electromagnetic field

H_{int} = −

2ieE ħ mω sin(ωt) ∂ ∂z + 2(eE )^2 mω^2 sin^2(ωt), (5)

where e, m are the electron charge and mass; U , Δ are the height and width of potential barriers; a is the width of potential well.

The equation (2) has two exact linearly independent solutions for all parts of a nano-structure

ψ^±(E,ω, z, t) = exp { ±ik_0 [ z + 2eE mω^2 cos(ωt) ] − i ħ [ E + (eE )^2 mω^2 ( 1 − sin(2ωt) 2ωt )] t } , (6)

describing the incident and the reflected waves with quasi-momentum k_0 = ħ^{−1} � 2mE.

A complete wave function, being a linear combination of both solutions (6), taking into account the expansion of all periodical functions into Fourier range and considering the super positions with all electromagnetic field harmonics, is written as follows:

Ψ(E,ω, z, t) = +∞∑ p=−∞ [ ψ^+(E + pΩ,ω, z, t) + ψ^−(E + pΩ,ω, z, t) ] , (7)

where

ψ^±(E + pΩ,ω, z, t) = e^{±ikp z− iħ (E+pΩ)t} +∞∑ n_1=−∞

f_{n1} (±k_p ,ω, t)e^{−in1ωt} × { B^±_{0,p} θ(−z) + B^±_{1,p} [θ(z) − θ(z − a)] + B^±_{2,p} θ(z − a) } , (8)

33703-2

Quasi-stationary states of electrons interacting with strong electromagnetic field

f_{n1} (±k_p ,ω, t) = 1 2π π∫ −π exp { in_1ξ ± 4iαβak_p cosξ − 2iαβ^2ξ [ 1 − sin(2ξ) 2ξ ]} dξ. (9)

Here, convenient denotations are

Ω = ħω; α = ħ^2k^2_a 2mΩ ; β =

U_a Ω ; U_a = eE a; k_p = ħ^{−1} √ 2m(E + pΩ); k_a = a^{−1} (10)

with the evident physical sense: α is the kinetic energy of an electron with quasi-momentum k_a , β is the potential energy of an electron interacting with the electromagnetic field written in the units of electromagnetic field energy Ω.

All unknown coefficients: B^±_{(0,1,2),p} are obtained from the conditions of a wave function and its density of current continuity at RTS interfaces at any moment of time t:

Ψ(E,ω,+η, t) = Ψ(E,ω,−η, t) (η → 0); ∂ ∂z Ψ(E,ω, z, t) | | |_{z=+η} − ∂ ∂z Ψ(E,ω, z, t) | | |_{z=−η} =

UΔk^2_a αΩ Ψ(E,ω,0, t);

Ψ(E,ω, a + η, t) = Ψ(E,ω, a − η, t); ∂ ∂z Ψ(E,ω, z, t) | | z=a+η − ∂ ∂z Ψ(E,ω, z, t) | | z=a−η = UΔk^2_a αΩ Ψ(E,ω, a, t). (11)

Also, B^+_{0,p}�_0 = B^−_{2,p} = 0 because the mono-energetic electronic current gets in RTS only along the main channel (p = 0) and there are no incident currents along the other channels (p � 0).

The system of equations (11) contains an infinite number of equations due to an infinite number of harmonics. Performing the calculations, it can be confined by the sufficient arbitrarily big but finite number of positive N^+ and negative N^− harmonics which are limited by the number of open channels fixed by an obvious condition: N^− < [E/Ω]. Thus, in the finite system of 4(N^− + N^+ + 1) equations respectively the same number of coefficients is obtained.

The law of conservation of a complete density of current through all the open channels should be fulfilled

J^+(E,ω, z = 0) =

N^+∑

p=−N^− [ J^−(E + pΩ,ω, z = 0) + J^+(E + pΩ,ω, z = a) ] . (12)

Thus, calculating the densities of forward J^+ and backward J^− electronic currents getting in RTS (z = 0) and coming out of RTS (z = a), according to reference [21], the permeability coefficient is expressed through partial terms

D(E,ω) =

N^+∑

p=−N^−

J^+(E + pΩ,ω, a) [ J^+(E,ω,0)

]_{−1} = N^+∑

p=−N^−

D_p (E + pΩ,ω). (13)

Using it, one can obtain the resonance energies and widths of the main and arbitrary number of satellite QSSs for the electrons interacting with a high-frequency electromagnetic field. The developed theory proves that this interaction causes renormalization of “pure” electron QSSs and, besides, the appearance of satellite QSSs corresponding to all possible electromagnetic field harmonics. Consequently, the respective maxima of permeability coefficient can be observed when a satellite QSS of a certain electron state should resonate with the main or satellite state of the other QSS, producing complex QSSs.

3. Properties of quasi-stationary spectrum of electron-electromagnetic field system in a two-barrier RTS

It is well known, references [15, 22], that when there is no electromagnetic field, a quasi-stationary electron spectrum is characterized by resonance energies E_n , with the magnitudes determined by the

33703-3

Figure 2. The energies of main and satellite QSSs as functions of electromagnetic field energy Ω at Ua = 10 meV in two-barrier RTS with a = 24 nm, Δ = 12 nm.

maxima of permeability coefficient D in energy scale. Similarly, a quasi-stationary spectrum of electrons interacting with electromagnetic field is defined by the positions of all maxima of the permeability coefficient. In this spectrum one can see the satellite QSSs with the energies: E_{n(p)} = E_n +pΩ, arising near each of the QSSs with “pure” resonance energies E_n .

The calculations of permeability coefficient and the energies of QSSs were performed for In_{0.52}Al_{0.48}As/ In_{0.53}Ga_{0.47}As two-barrier RTS, often studied experimentally [1–3]. The physical parameters are: m = 0.043 m_e (m_e is the pure electron mass), U = 516 meV and geometrical ones: a = 24 nm, Δ = 12 nm.

In figure 2, the results of numeric calculations of the energies of the main and satellite QSSs are shown as functions of the electromagnetic field energy Ω at a fixed shift energy (U_a = 10 meV) arising due to the electric intensity E . From the figure it is clear that at certain field energies, the energies of main and satellite QSSs coincide in pairs, which means that these states degenerate (points a, b, c). Anti-crossings are observed for the other field energies (d, e, f).

One can see that the first series of anti-crossings is located in the vicinity of the field energy: Ω = Ω_{21} = E_2 − E_1 corresponding to the difference between the resonance energies of the second and the first QSS. The second series of anti-crossings is located in the vicinity of the field energy: Ω = E_2 = E_1 + Ω_{21}. It is clear that the series of anti-crossings are located in the vicinity of the field energies corresponding to the energies of all possible harmonics and their combinations (super positions) with the energies of “pure” QSSs.

For the field energies where there are still no anti-crossings, the energies of QSSs can be consistently characterized by two indexes: E_{n(p)}, where p = 0 is the main state and p = ±1,±2,... is the number of positive (+) or negative (−) satellite states for n-th QSS. The same indexes are correct for the points of degeneration (a, b, c at figure 2). However, a more detailed indexation should be introduced in the vicinity of field energies where anti-crossings occur. The indexes should show how the energy of the state n(p) transforms into the energy of the state n^′(p^′) for each of the both complex states producing an anti-crossing at an increase of the field energy. So, the energies of the first anti-crossing pair (d at figure 2) are written as: E_{1(0);2(−1)} (lower one) and E_{2(−1);1(0)} (upper one). Here, the first pair of numbers means from what state this complex state started, and the second pair means into what state it transferred at an increase of the field energy. The proposed indexes consistently characterize all the double complex states. Also, it is evident that in the vicinity of all series of anti-crossings the rule n+p = n^′ +p^′ is fulfilled.

33703-4

Quasi-stationary states of electrons interacting with strong electromagnetic field

It means that the sum of indexes for each complex QSS in an anti-crossing pair is the same. The sizes of all anti-crossings in certain series (the first at Ω = Ω_{21}, the second at Ω = E_2 = E_1 +Ω_{21}) and the distances between its neighbouring anti-crossings are the same too. The distance between the neighbouring anticrossings of the first series is, naturally, smaller than that of the second one. The sizes of anti-crossings of the first series are much bigger than those of the second series.

Figure 3. Dependence of permeability coefficient D on electron energy E at a fixed electromagnetic field energy Ω in the vicinity of degeneration points [(a), (b), (c)] and in the vicinity of anti-crossings [(d), (e), (f)] in two-barrier RTS with a = 24 nm, Δ = 12 nm.

33703-5

In figure 3, the dependencies of permeability coefficient D on the electron energy E are presented in the vicinity of degeneration (points a, b, c) and in the vicinity of anti-crossings (d, e, f) for three different magnitudes of the field energy written in the figure. The latter are chosen in such a way that the points of degeneration or minimal magnitudes of anti-crossings are enveloped from both sides. We should also note that the characters near the points of degeneration (a, b, c) and near the anti-crossings (d, e, f) in figure 2 correspond to those in figure 3.

In figure 3 (a), (c), the permeability coefficient is presented as a function of field energy in the vicinity of points of degeneration at the cross of the energy of the first main state E_{1(0)} with the energy of the second negative satellite E_{2(−2)} of the second main state E_{2(0)}, figure 3 (a) and at the cross of the second main state energy E_{2(0)} with the energy of the second positive satellite E_{1(+2)} of the first main state E_{1(0)}, figure 3 (c). The both figures 3 (a), (c) prove that in accordance with the figure 2, an increase of field energy Ω weakly shifts the peaks of the main states into the region of smaller or bigger energies and almost does not change the magnitudes of their maxima (D_{1(0)} ≈ 0.76, D_{2(0)} ≈ 0.67). Herein, the satellite peak with a small permeability (D_{2(−2)} ≈ 0.002) near the first main state essentially shifts into the region of smaller energies [figure 3 (a)] while the satellite peak with the small permeability (D_{1(+2)} ≈ 0.029) near the second main state essentially shifts into the region of bigger energies [figure 3 (c)]. Consequently, the permeability of the main channels prevails while the permeability of satellite channels is negligibly small in the vicinity of degeneration points of the main QSSs with satellite channels.

The permeability of satellite channels decreases at an increasing number of the respective harmonics |p| and remains negligibly small till the pair of satellite QSSs approaches rather close to the point of degeneration (b at figure 2) at the increasing field energy. An example of the behaviour of a pair of satellite QSSs as a function of field energy is shown in figure 3 (b). It proves that at bigger Ω, the first positive satellite E_{1(+1)} of the first main state that shifts into the region of bigger energies, passes the point of degeneration almost without changing its small width. The first negative satellite E_{2(−1)} of the second main state moves in the opposite direction. It also does not almost change its width which is bigger than the width of the first peak. It is obvious that the permeability of both channels (till the moment of degeneration) is not essential (D_{1(+1)} ≈ 0.23, D_{2(−1)} ≈ 0.14) but already not negligibly small. The permeability of a common channel in the point of degeneration almost coincides with the sum of permeabilities of the both composing channels (D_{1(+1)} + D_{2(−1)} ≈ 0.38).

We have already noted that in the vicinity of the field energies Ω_{21} close to the difference of resonance energies, a series of anti-crossings is observed. They are produced by double complexes of QSSs which are the super-positions of a pair of main states with the satellites of the other states [figure 3 (d), (e)] or a pair of satellites of different main QSSs [figure 3 (f)].

Figures 2 and 3 prove that the distances between the energies of both states in each anti-crossing decrease at first, approaching their minima and, then, increase at Ω increasing. Herein, an essential permeability of the main channels produced by double complexes of the main and satellite QSSs [figure 3 (d), (e)] decreases at first and increases for the satellite channels. At Ω ≃ Ω_{21}, the permeabilities of the both channels become the same. Then, the permeability of satellite channels decreases and that of the main channels increases. The permeabilities of double satellite channels [figure 3 (f)] are small and nearly the same in the vicinity of an anti-crossing.

33703-6

Quasi-stationary states of electrons interacting with strong electromagnetic field

4. Conclusions

1. Using an exact solution of non-stationary one-dimensional Schrodinger equation for electrons interacting with a high-frequency electromagnetic field and passing through the two-barrier RTS we established the existence of resonance and non-resonance channels of permeability. It is proven that there are observed the main satellite and double complexes of QSSs producing different channels of two-barrier RTS permeability.

2. In the vicinity of electromagnetic field energies that resonate with the difference of the energies of the main QSSs, a series of anti-crossings arise both between the main states with the field satellites of the other main states and between the satellites of different states with each other.

3. As far as the permeability of the both channels in a pair complex, producing an anti-crossing of the main and satellite states, is rather big, it can essentially effect the operation of nano-lasers and nano-detectors the basic element of which is a nano-RTS.

References

1. Faist J., Capasso F., Sivco D.L., Sirtori C., Hutchinson A.L., Cho A.Y. , Science, 1994, 264, No. 5158, 553;

doi:10.1126/science.264.5158.553.

2. Gmachl C.,Capasso F., Sivco D.L., Cho A.Y., Rep. Prog. Phys., 2001, 64, 1533; doi:10.1088/0034-4885/64/11/204. 3. Giorgetta F.R., Baumann E., Graf M., Quankui Yang, Manz C., Kohler K., Beere H.E., Ritchie D.A., Linfield E., Davies A.G., Fedoryshyn Y., Jackel H., Fischer M., Faist J., Hofstetter D., J. Quantum Electronics, 2009, 45, No. 8, 1039; doi:10.1109/JQE.2009.2017929.

4. Lei W., Jagadish C., J. Appl. Phys., 2008, 104, 091101; doi:10.1063/1.3002408. 5. Davydov A.S., Ermakov V.N., Physica D, 1987, 28, 168; doi:10.1016/0167-2789(87)90127-8. 6. Ermakov V.N., Physica E, 2000, 8, 99; doi:10.1016/S1386-9477(99)00259-3. 7. Ermakov V.N., Ponezha E.A., Phys. Status Solidi B, 2006, 145, 545; doi:10.1002/pssb.2221450220. 8. Elesin V.F., J. Exp. Theor. Phys., 2003, 96, No. 5, 966; doi:10.1134/1.1581952.

9. Elesin V.F., Kateev I.Yu., Remnev M.A., Semiconductors, 2009, 43, No. 2, 257; doi:10.1134/S1063782609020250. 10. Pashkovskii A.B., JETP Lett., 2005, 82, No. 4, 210; doi:10.1134/1.2121816. 11. Tkach N.V., Seti Ju.A., Semiconductors, 2011, 45, No. 3, 376; doi:10.1134/S1063782611030195. 12. Seti Ju., Tkach M., Voitsekhivska O., Condens. Matter Phys., 2011, 14, No. 1, 13701; doi:10.5488/CMP.14.13701. 13. Tkach M.V., Seti Ju.O., Voitsekhivska O.M., Condens. Matter Phys., 2011, 14, No. 4, 43702;

doi:10.5488/CMP.14.43702.

14. Golant E.I., Pashkovskii A.B., Theor. Math. Phys., 1999, 120, No. 2, 1094; doi:10.1007/BF02557416. 15. Pashkovskii A.B., JETP Lett., 2011, 93, No. 10, 559; doi:10.1134/S0021364011100109. 16. Faisal F.H.M., Kaminski J.Z., Phys. Rev. A, 1997, 56, No. 1, 748; doi:10.1103/PhysRevA.56.748. 17. Saczuk E., Kaminski J.Z., Laser Phys., 2005, 15, No. 12, 1691.

18. Golant E.I., Pashkovskii A.B., JETP Lett., 1996, 63, No. 7, 590; doi:10.1134/1.567069. 19. Elesin V.F., J. Exp. Theor. Phys., 1997, 85, No. 2, 264; doi:10.1134/1.558273. 20. Elesin V.F., Kateev I.Yu., Semiconductors, 2008, 42, No. 5, 571; doi:10.1134/S106378260805014X. 21. Landau L.D., Lifshitz E.M., Quantum Mechanics: Non-Relativistic Theory. Elsevier Science, Oxford, 1981. 22. Tkach N.V., Seti Yu.A., Low Temp. Phys., 2009, 35, No. 7, 556; doi:10.1063/1.3170931.

33703-7

Квазiстацiонарнi стани електронiв, що взаємодiють з сильним електромагнiтним полем у двобар’єрнiй наносистемi

М.В.Ткач, Ю.О.Сетi, О.М.Войцехiвська

Чернiвецький нацiональний унiверситет iм.Ю. Федьковича, Україна, 58012 Чернiвцi, вул. Коцюбинського, 2

Знайдено точний розв’язок нестацiонарного рiвняння Шредiнґера для одновимiрного руху електронiв у електромагнiтному полi довiльних величин напруженостi та частоти. На цiй основi виконано розрахунок коефiцiєнта електронної прозоростi двобар’єрної резонансно-тунельної наноструктури у високочастотному електромагнiтному полi. Показано, що дослiджувана система має квазiстацiонарнi стани, спектр яких мiстить основнi та сателiтнi енергiї. Виявлено властивостi резонансних i нерезонансних каналiв прозоростi двобар’єрної наносистеми.

Ключовi слова: резонансно-тунельна наноструктура, коефiцiєнт прозоростi, електромагнiтне поле

33703-8