Pis’ma v ZhETF, vol. 82, iss. 8, pp. 556 { 561 cfl 2005 October 25

Trapping of an electron in the transmission through two quantum dots coupled by a wire

A. F. Sadreev^{+∗1)}, E. N. Bulgakov^+, I. Rotter^{△ 1)}

+Institute of Physics, Academy of Sciences, 660036 Krasnoyarsk, Russia

�_{Department of Physics and Measurement Technology, Linköping University, S-581 83 Linköping, Sweden} 4_{Max-Planck-Institut für Physik komplexer Systeme, D-01187 Dresden, Germany}

Submitted 20 September 2005

We consider single-channel transmission through a double quantum dot that consists of two identical single dots coupled by a wire. The numerical solution for the scattering wave function shows that the resonance width of a few of the states may vanish when the width (or length) of the wire and the energy of the incident particle take a certain value each. In such a case, a particle is trapped inside the wire as the numerical visualization of the scattering wave function shows. To understand these numerical results, we explore a simple model with a small number of states which allows to consider the problem analytically. If the eigenenergies of the closed system cross the energies of the transmission zeros, the wire e¸ectively decouples from the rest of the system and traps the particle.

PACS: 03.75.Fi, 05.30.Jp, 67.57.Fg

Dramatical changes of the widths of resonance states may arise by resonance trapping: at strong coupling, a few resonance states of the system align with the channels and become short-lived while the remaining ones decouple more or less strongly from the continuum of decay channels. This effect found first in nuclear reactions [1], has been observed meanwhile in many different systems [2]. In atoms, it may appear as population trapping in laser induced continuum structures [3]. In microwave cavities, it is studied theoretically [4] and experimentally [5]. Resonance trapping is caused by the existence of singular points in the complex energy plane [6].

In the transmission through microwave cavities or quantum dots (QDs), an additional parameter for varying the widths of the resonance states is involved. The transmission is determined by the manner the leads are attached to them, and the widths of the resonance states can be changed even without changing the coupling strength between system and lead [7]. In a double QD an internal wire couples the two single dots. Coupling and the wire’s energy can be controlled. This allows even to stabilize the system at certain parameter values without varying the coupling strength to the environment [8], at least in the one-channel case: on the one hand, the position of the transmission zeros through such a system is determined by the spectroscopic properties of the single dots since the leads are attached only to

1)e-mail: almsa@ifm.liu.se; almas@tnp.krasn.ru; ben@tnp.krasn.ru; rotter@mpipks-dresden.mpg.de

them. On the other hand, the transmission is resonant in any case and related to the spectroscopic properties of the double QD as a whole. These two conflicting facts cause some nontrivial constraint onto the system in order to fulfill the unitarity of the S-matrix [8]. As a consequence, the widths of the resonance states may be strongly parameter dependent and some of them may even vanish at certain parameter values. Such a case presents a novel bound state that corresponds to the confinement of an electron in the internal wire as we will show in the following.

The relation between transmission zeros and resonance states with vanishing width has been studied also by other authors. Firstly, a drastic narrowing of the resonant peak was shown by Shahbazyan and Raikh in a junction of two resonant impurities [9]. In Ref. [10] an antibonding state is found to be totally decoupled from the leads and to give rise to a ’ghost’ Fano peak with zero width in the system of two coupled QDs. According to Ref. [11], a dynamic confinement of electrons in time-dependent quantum structures may appear due to the coherent interaction between two Fano resonances. The system studied is a double-well structure in which the electrons are confined in the region between the two wells at some special values of the energy of the incident particle and the length of the region between the wells. It is the aim of the present study to show that a similar phenomenon appears in the system of identical QDs connected by a wire. Localization of electrons in the wire takes place in this system without time-periodic

556 Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 7 { 8 2005 perturbation, as we will show by considering the wave functions of the resonance states with vanishing width.

The split gate in the middle of a double QD allows to control, e.g., the width W of the wire that connects the two single QDs [12 – 14]. Using the exact correspondence between the quantum mechanical description of the single electron transmission through a QD and the transmission of planar electromagnetic waves through a microwave billiard [15], it is convenient to control the length L of the connecting waveguide. In any case, considering the wire as a stripe with the width W and the length L, we present the wire as a third quantum subsystem with the energies ε_w ∼ m^2W^{−2} + n^2L^{−2}, where m, n are the quantum numbers of the wire. These modes appear additionally to the eigenenergies ε_i ∝ R^{−2} of the single QDs where R is the characteristic scale of the single dot. If L, W ≪ R and ε_w ≫ ε_i the role of the wire as a third quantum subsystem is not relevant because the coupling between the dots is of tunneling type. However for the case ε_w ∼ ε_i, the wire degrees of freedom are important. In this case, the quantum system consists, indeed, of two quantum subsystems coupled by a third quantum subsystem that has its own energy spectrum. In the following, we present the theory for the one-channel case of this system. It is not restricted to the description of double billiards but can be applied also to the transmission through a system consisting of two scattering centers that are connected by a waveguide. Such a system might be, e.g., waveguides with two bends [16 – 18].

In order to vary smoothly the width of the wire in the numerical computation, we apply an auxiliary potential

V (x, y) = V_0{1 + 0.5[tanh(C(y − W/2)) − − tanh(C(y + W/2))]} (1)

to squeeze the wire in a similar manner as in a real double QD system [12 – 14]. In computations we take V_0 = 100, C = 17. The transmission probability, presented in the log scale in Fig.1, shows clearly transmission zeros appearing at certain energies independently of the width W of the stripe (for details see the discussion in [8]). Most interesting features appear however at the points where the eigenenergies of the double QD system cross the transmission zeros (two points are marked by open circles in Fig.1).

Originally, the spectroscopic values such as the positions in energy of states are defined for the discrete eigenstates of Hermitian Hamiltonian H_B that describes the closed quantum system. When embedded into the continuum of scattering states, the discrete eigenstates of the closed system turn over into resonance states with a finite lifetime. The effective Hamiltonian H_{eff} of the

Fig.1. The probability ln(T (E, W )) for the transmission through the double QD shown in Fig.3 versus energy and width of the wire. The eigenenergies of each single QD are marked by crosses. The eigenenergies of the wire are shown by dashed lines and those of the closed double QD system by thin dotted lines. In the present calculation, the eigenenergies of the closed system are almost the same as the eigenenergies of the open sytem. The radius of the QD in units of the width d of the input and output leads is 3d. The length of the wire is 2.5d. The size of all diaphragms is 0.6d

open quantum system contains H_B as well as an additional term [2] that describes the coupling of the resonance states to the common environment,

H_{eff} = H_B + ∑ C V_{BC} 1 E^+ − H_C

V_{CB} . (2)

Here V_{BC} , V_{CB} stand for the coupling matrix elements between the eigenstates of H_B and the environment that may consist of different continua C, e.g. the scattering waves propagating in the left and right leads attached to the closed system. The concept of the effective Hamiltonian appeared first in Feshbach’s papers [19] and, independently, in Livshits’s study of open quantum system [20]. H_{eff} is non-hermitian, its eigenvalues z_k and eigenfunctions are complex and contain the ’external’ interaction of the resonance states via the continuum. The complex eigenvalues of the effective Hamiltonian determine the positions and widths of the resonance states. They are energy dependent functions since the non-Hermitian effective Hamilton operator (2) depends on energy. Nevertheless, spectroscopic values for resonance states can be defined also for the resonance states [21, 2] by solving the fixed-point equations

E_k = Re ( z_k )| E=Ek (3)

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 7 { 8 2005 and defining

Γ_k = 2 Im ( z_k )| E=Ek . (4)

The values E_k and Γ_k characterize a resonance state whose position in energy is E_k and whose decay width is Γ_k. These values coincide approximately with the poles of the S matrix.

The effective Hamiltonian H_{eff} appears in the derivation of the S matrix [21, 2]. Calculations performed with H_{eff} correspond therefore to calculations on the basis of the S matrix, but they contain additionally a unique definition of the spectroscopic values [21]. Explicitly in the tight-binding approach, H_{eff} is given in [22, 23]. The results of a numerical computation for the system consisting of two quantum dots coupled by a wire are shown in Fig.2 for the imaginary parts of four complex eigen-

Fig.2. The imaginary part `k of the ˛rst four eigenvalues zλ as a function of W for E = 16.36. The ˛rst two `k which vanish at W = 0.638 and W = 0.74 are shown by the solid lines. Corresponding points are marked by crosses. They exactly correspond to points shown in Fig.1 by open circles

values z_k. The points marked by crosses in Fig.3 are found by self-consistent solution of Eqs. (3) and (4). They exactly correspond to the points shown in Fig.1.

The numerically computed scattering wave functions (Fig.3) demonstrate that at these points the electrons are localized inside the wire that connects the two single QDs. This effect appears, of course, only in the open double dot system. In the closed system, a localization in the wire will never occur.

In order to understand this mechanism of electron confinement, we use the periodicity of the transmission picture Fig.1 which allows us to restrict the investigation to the transmission properties of a simple model with only a few states in each single QD [8].

The Hamiltonian of the closed system consists of three parts: two parts describe the two single QDs, and a third one is related to the wire. The Hamiltonian of minimal dimension which can cause a zero in the transmission through a single QD is two [8]. Then the total Hamiltonian which can explain the characteristic features of Figs.1 and 2 has the following matrix form

H_B = ε_1 0 u 0 0 0 ε_2 u 0 0 u u ε_w u u 0 0 u ε_2 0 0 0 u 0 ε_1

. (5)

For simplicity it is assumed here that the two single QDs are identical and that all the coupling constants u between the wire and the single QDs are the same. The Hamiltonian (5) differs from those used in the literature [24, 25, 10] for the description of a double QD by taking explicitly into account the wire as a third subsystem. The eigenenergies ε_w of the wire depend on at least two values: on the width W and the length L. Without loss of generality, we can consider the energy ε_w to be the parameter by which the system can be controlled.

The knowledge of the eigenstates of the closed quantum system allows us to formulate the S-matrix and the effective Hamiltonian in the manner described in [26, 23] in order to consider the transmission through the system. Let E_m and |m⟩ with m = 1, ..., 5 denote the five eigenenergies and eigenstates of (5). The amplitudes ⟨j = 1, 2|m⟩ describe the left billiard, ⟨j = 3|m⟩ the wire, and ⟨j = 4, 5|m⟩ the right billiard. Similar to [10], we assume that the left lead is coupled to both states (j = 1, 2) of the left billiard with the same strength v. Correspondingly the right lead is coupled to both states (j = 4, 5) of the right billiard with the same strength v. Then the coupling matrix elements between the closed system and the two leads L and R can be written as ⟨E, C|V |m⟩ = v √ sin k 2π V_C (m), (6)

where C = L, R, V_L(m) = v ∑ j=1,2⟨j|m⟩, VR(m) = v ∑ j=4,5⟨j|m⟩. The factor √ sin k in (6) results from the one-dimensional leads [23, 8]. The matrix elements of the effective Hamiltonian are [26, 23, 8] ⟨m|H_{eff} |n⟩=E_mδ_{mn}−(V_L(m)V_L(n)+V_R(m)V_R(n))e^{ik} . (7) Using the S-matrix formalism [2, 26, 23], the amplitude for the transmission through the system reads [23] t = −2πi ∑ λ ⟨L|V |λ)(λ|V |R⟩ E − z_λ . (8)

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 7 { 8 2005

Fig.3. The density probability for the transmission through the double QD for the two cases shown in ˛gure 1 by open circles. (a): E = 16.36, W = 0.638, (b): E = 16.36, W = 0.74

Fig.4a closely reproduces a fragment of the total picture Fig.1, including the appearance of transmission zeros. According to Fig.4b the decay widths of the eigenstates 2 and 4 of the effective Hamiltonian are independent of the wire’s energy ε_w, while those of the other states depend on it. The state 3, lying in the middle of the spectrum, crosses the transmission zero at

ε_w = ε_b = ε_1 + ε_2 2 . (9)

At this energy, we have from (5) the following eigenenergies

E_{1,5} = ε_b ± η, E_2 = ε_1, E_3 = ε_b, E_4 = ε_2 (10)

and eigenstates ⟨1| = √ 2u η ( u η−Δε , u η+Δε , −1, u η+Δε , u η − Δε ) , ⟨2| = 1 √ 2 (1, 0, 0, 0, − 1) , ⟨3| = u η ( 1, − 1, Δε u , − 1, 1 ) , ⟨4| = 1 √ 2 (0, 1, 0, − 1, 0) , ⟨5| = √ 2u η ( u η+Δε , u η−Δε , 1, u η−Δε , u η + Δε ) , (11)

where η^2 = Δε^2 + 4u^2, Δε = (ε_2 − ε_1)/2. Substituting (11) into (6) we obtain ⟨m|V |E, C = L, R⟩ = v √ sin k 8π (1 ± 1 0 ± 1 1) (12)

for the elements of the coupling matrix. One can see that, under the condition (9), the wire decouples from the rest of the system. Substitution of (12) into (2) shows that at ε_w = ε_b the effective Hamiltonian matrix 5 × 5 decomposes as H_{eff} = H_1 ⨁ E_3 ⨁ H_2 where

H_1 = ( E_1 + Γ Γ Γ E_5 + Γ ) ;

H_2 = ( E_2 + Γ Γ Γ E_4 + Γ ) , (13)

and Γ = −v^2 exp(ik)/2. Obviously the imaginary part of the third eigenvalue of H_{eff} is zero, i.e. the width of the third eigenstate vanishes at ε_w = ε_b. According to formula (105) of [23], the scattering wave function can be decomposed in the set of eigenfunctions of H_{eff} , ψ = ∑ λ,C=L,R V_λ(E, C) E^+ − z_λ ψ_λ , (14)

where the V_λ(E, C) are the coupling matrix elements between the leads C and the open double QD described by the eigenstates ψ_λ of H_{eff} . Since the eigenvalue z_3 is real, V_3(E, C) → 0 if E → z_3 = E_3 = ε_b. Therefore, a particle moving from the left (right) lead to the left (right) billiard is fully reflected. That means, the wire is decoupled from the reservoirs and the electrons are trapped inside the wire. According to (8), the contributions from λ = 1 and 5 as well as those from λ = 2 and 4 to the transmission cancel each other at E = ε_b due to the symmetry in relation to ε_b while the contribution from λ = 3 vanishes. As a consequence, an electron will not be transmitted at the energy E = ε_b. The probability for the electron to be in the left QD is ∑ j=1,2 |ψ(j)| 2 and in the right one ∑ j=4,5 |ψ(j)| 2. For

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 7 { 8 2005

Fig.4. (a) The transmission through a system with two identical QDs that are connected by a wire, versus incident energy E and energy of the wire εw. The eigenenergies of (5) are shown by solid lines, and the energy εw of the wire is shown by the dashed line. The QDs have energies ε1,2 = �1/2. v = 1/2, u = 1/4. (b) The imaginary part of the 5 eigenvalues zλ of the e¸ective Hamiltonian (2) as a function of εw for E = 0.5 (at E = 0, the widths of the two short-lived states are equal). One of imaginary parts is equal to zero at εw = εb = 0 for all energies E marked by cross

the case of time reversal symmetry (both leads are equivalent) these probabilities coincide (Fig.5 full line). The probability for the electron to be in the wire is given by |ψ(3)|^2 (Fig.5, dashed line). A localization of the electron in the wire takes place when ε_w = ε_b.

The physical reason of the localization of electrons inside the wire in the one-channel case is flux conservation expressed by the unitarity of the S-matrix. A full

Fig.5. The probabilities for the electron to be in the wire (dashed line) and in the right and left QD (full line) as a function of the wire’s energy. ε1,2 = �1/2, v = 1/2, E = 0.02, u = 0.2

localization takes place only when the two single QDs are identical and both leads are equivalent. The effect exists also when the two single dots are slightly different from one another and (or) time reversal symmetry is broken. It is, however, somewhat reduced in such a case. These features are similar to those observed in laser induced continuum structures in atoms which are called population trapping [3]. The mechanism by which the resonance states with vanishing width are created is however different in the two cases.

The electron localization in the transmission through a system with two identical QDs can be seen also in the generalized Fabry-Perot approach [11]. If to ignore the evanescent modes in the wire, the total transmission amplitude in the single-channel case can be easily calculated as a geometrical sum over all individual transmitted and reflected elementary processes. This gives the simple expression T = t^2_1 1 − r^2_1 exp(2iqL)

(15)

for the transmission probability where t_1 and r_1 are the complex amplitudes of the transmission and reflection for a single quantum billiard, and q is the wave number of the connecting waveguide related to the energy of the single-channel transmission by E = q^2 + π^2/W^2. The bound states are defined by the zeros of the denominator in T , i.e. by sin(ϕ(E) + q(E)L) = 0 where ϕ(E) = arg(r1). One obtains therefore a quantization rule for the particle trapped in the one-dimensional box of the length L. In fact, Fig.3 shows the first two of these bound states in the wire. However exponentially

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 7 { 8 2005 small evanescent modes in the internal wire slightly violate formula (15).

In conclusion, controlling the eigenenergies of the wire that connects the two single QDs of a double QD, by means of the gate voltage, the widths of the resonance states of the double QD system and the transmission through this system can be manipulated. When the width of one of the resonance states vanishes, the electrons are trapped in the wire and the transmission is zero. This effect might be used as a quantum information storage.

We are grateful to K. N. Pichugin for many fruitful discussions and to P. A. Mello for a critical reading of the manuscript. AFS thanks also K.-F. Berggren for discussions. This work has been supported by RFBR grant # 05-02-97713 “Enisey”.

1. P. Kleinw-achter and I. Rotter, Phys. Rev. C 32, 1742 (1985); I. Rotter, Rep. Prog. Phys. 54, 635 (1991).

2. J. Okolowicz, M. Ploszajczak, and I. Rotter, Phys. Rep.

374, 271 (2003).

3. A. I. Magunov, I. Rotter and S. I. Strakhova, J. Phys. B 32, 1669 (1999); 34, 29 (2001).

4. E. Persson, K. Pichugin, I. Rotter, and P. »Seba, Phys.

Rev. E 58, 8001 (1998); P. »Seba, I. Rotter, M. M-uller et al., Phys. Rev. E61, 66 (2000); I. Rotter, E. Persson, K. Pichugin, and P. »Seba, Phys. Rev. E 62, 450 (2000).

5. E. Persson, I. Rotter, H.J. St-ockmann, and M. Barth, Phys. Rev. Lett. 85, 2478 (2000); H. J. St-ockmann et al, Phys. Rev. E 65, 066211 (2002).

6. I. Rotter and A. F. Sadreev, Phys. Rev. E 71, 036227 (2005).

7. R. G. Nazmitdinov, K. N. Pichugin, I. Rotter, and

P. »Seba, Phys. Rev. E 64, 056214 (2001); Phys. Rev. B 66, 085322 (2002).

8. I. Rotter and A. F. Sadreev, Phys. Rev. E 71, 046204 (2005).

9. V. Shahbazyan and M. E. Raikh, Phys. Rev. B 49, 17 123 (1994).

10. M. L. Ladron de Guevara, F. Claro, and P. A. Orellana, Phys. Rev. B 67, 195335 (2003).

11. C. S. Kim and A. M. Satanin, Phys. Rev. B 58, 15389 (1998).

12. N. C. van der Vaart et al, Phys. Rev. Lett. 74, 4702 (1995).

13. F. R. Waugh et al, Phys. Rev. Lett. 75, 705 (1995). 14. J. C. Chen, A. M. Chang, and M. R. Melloch, Phys. Rev.

Lett. 92, 176801 (2004).

15. H.-J. St-ockmann, Quantum Chaos: An Introduction, Cambridge University Press, Cambridge, UK, 1999.

16. K.-F. Berggren and Zh.-L. Ji, Phys. Rev. B 47, 6390 (1993).

17. K. Vacek, A. Okiji, and H. Kasai, Phys. Rev. B 47, 3695 (1993).

18. J. P. Carini et al, Phys. Rev. B 55, 9842 (1997). 19. H. Feshbach, Ann. Phys. (NY) 5, 357 (1958); ibid 19, 287 (1962).

20. M. S. Livshits, Sov. Phys. JETP 4, 91 (1957). 21. I. Rotter, Rep. Prog. Phys. 54, 635 (1991). 22. S. Datta, Electronic transport in mesoscopic systems, Cambridge University Press, 1995.

23. A. F. Sadreev and I. Rotter, J. Phys. A 36, 11413 (2003). 24. M. N. Kiselev, K. A. Kikoin, and L. W. Molenkamp, JETP Lett. 77, 366 (2003).

25. T.-S. Kim and S. Hersh˛eld, Phys. Rev. B 67, 235330 (2003).

26. F. M. Dittes, Phys. Rep. 339, 215 (2000).

9 Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 7 { 8 2005