Pis’ma v ZhETF, vol. 82, iss. 5, pp. 331 { 335 © 2005 September 10

Effects of electron-phonon interaction in tunneling processes in nanostructures

P. I. Arseyev^{1)}, N. S. Maslova^†,

P.N.Lebedev Physical Institute RAS, 119991 Moscow, Russia

yDepartment of Physics, Moscow State University, 119992 Moscow, Russia

Submitted 12 July 2005

Tunneling through a system with two discrete electron levels coupled by electron-phonon interaction is considered. The interplay between elastic and inelastic tunneling channels is analyzed not only for weak electron-phonon coupling but also for strong coupling in resonant case. It is shown that intensity and width of peaks in tunneling conductivity is strongly in‚uenced by non equilibrium e¸ects.

PACS: 73.40.Gk, 73.63.−b

Recently great attention was paid to both experimental and theoretical investigations of kinetic processes in nanostructures, in connection with possible fabrication of electronic devices of ultra small size. Electron-phonon interaction is one of the important effects which influence transport properties of various nanostructures, including structures with quantum dot or a single molecule placed in tunneling contact between the leads. From the other hand, scanning tunneling microscopy (STM) investigation of single molecules on a surface is a powerful method of diagnostics of electron structure changes of adsorbed molecules [1]. One of the important characteristics of these changes is modification of vibrational modes of adsorbed molecule. Thus inelastic tunneling measurements can give information about the type of molecule bounding to the surface. Electron-phonon interaction is also very important in STM experiments, concerning problem of single atomic (molecule) switch, in which atoms or molecules are transferred from one state to another one by a tunneling current [2]. The development of theoretical description should clarify the role of electron-phonon interaction in kinetic processes in nanostructures and help the further progress in this field.

In a number of papers electron-phonon interaction in tunneling structures is described within the most simple model for intermediate system with a single electron level coupled with a phonon mode ([3 – 5]). If interaction with the leads is omitted, then this model has an exact solution [6]. But this model can not be derived consistently from many-body theory of condensed matter (see e.g. [7]) and thus seems to be unrealistic.

1)e-mail: ars@lpi.ru

We discuss a different model, which can be argued to be more physically justified for various systems, with electron transitions between two levels, accompanied by emission or absorption of a phonon (vibrational quantum). This model allows to describe the interplay between two tunneling channels coupled by the electronphonon interaction. The influence of such interplay on the tunneling spectra of semiconductor structures with 2D electron layers has been revealed in recent experiments [8]. It was found that tunneling spectra essentially change their shape when intersubband electron transition energy was close to the LO-phonon frequency.

In the present paper we consider the simplest system of this kind, which is described by the Hamiltonian of the following type:

Ĥ = Ĥ_{dot} + Ĥ_{tun} + Ĥ_0. (1)

The part Ĥ_{dot} corresponds to the intermediate subsystem in which we take into account two localized states and induced by electron-phonon interaction transitions between these two states:

Ĥ_{dot} = ∑ i=1,2 ε_ia^+_i a_i + g(a^+_1 a_2 + a^+_2 a_1)(b + b^+) + ω_0b^+b, (2) where ε_i corresponds to discrete levels in quantum dot (or two electron states in molecule), ω_0 – optical phonon frequency (or molecule vibrational mode) and g – is electron-phonon coupling constant. Tunneling transitions from the intermediate system are included in

Ĥ_{tun} = ∑ p,i=1,2 Tp_{,i}(c^+p a_i +h.c.) + ∑ k,i=1,2 Tk_{,i}(c^+k a_i +h.c.). (3) Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 5 { 6 2005 331

And free electron spectrum in left and right electrodes

(k and p) includes the applied bias V :

Ĥ_0 = ∑ k (ε_k − μ)c^+k ck + ∑ p (ε_p − μ − eV )c^+p cp. (4)

Operators ck, cp correspond to electrons in the leads and a_i - to electrons at the localized states of intermediate system with energy ε_i.

By means of Keldysh diagram technique the tunneling current through such structure is determined as:

I(V ) = ∑ k,i=1,2 ∫ dωTk_i(G^<_ik − G^<k_i). (5)

The expression for the tunneling current can be rewritten in the form, containing only Green functions of the intermediate subsystem [9, 10] :

I(V ) = 2 ∑ i=1,2 γ^k_i ∫ [2Im G^R_i (ω)n^0_k(ω) − iG^<_{ii} (ω)]dω, (6) where γ^k_i = Tk_iT_ikνk(ω), νk(ω) is the density of states in the left electrode and n^0_k(ω) - is equilibrium filling number in the left electrode.

The main problem is to calculate the Green functions for the intermediate system in the presence of both the tunneling coupling and electron-phonon interaction. The equations for G^{R,A}_{i,j} are now coupled with the equations for G^<_{i,j} due to electron-phonon interaction. The equations for G^{R,A}_{i,j} as usual describes the modifications of electron spectral functions (density of states), but in this case they depend on electron filling numbers, determined by the kinetic processes. For arbitrary ratio of the electron-phonon coupling constant g to the tunneling rates γ this is a strongly correlated system which can not be solved exactly. The situation reminds widely discussed Hubbard-Anderson model very much.

The theory can be developed in two limiting cases g ≪ γ and g ≫ γ. In the present work we shall not discuss nonequilibrium phonon effects and suppose that phonon subsystem remains unperturbed by the tunneling processes.

In the limit of weak electron-phonon interaction, g ≪ γ, we can calculate Im G^R_i (ω) and G^<_{ii} (ω) as perturbation series in g. The first term looks like:

G^<_{11}(ω) = G^R_1 (ω)Σ^R_{11}(ω)G^<_1 (ω) − − G^R_1 (ω)Σ^<_{11}(ω)G^A_1 (ω) + G^<_1 (ω)Σ^A_{11}(ω)G^A_1 (ω), (7)

G^R_{11}(ω) = G^R_1 (ω)Σ^R(ω)G^R_1 (ω). (8)

All the Green functions here are calculated for the tunneling problem without electron phonon interaction:

G^R_i (ω) = 1 ω − ε_i + i(γ^p_i + γ^k_i ) , G^<_i (ω)) = −2in_i(ω)Im G^R_i (ω), (9)

where non equilibrium filling number n_i(ω) = =(γ^p_i n^0_p(ω) + γ^k_i n^0_k(ω))/(γ^p_i + γ^k_i ), and Σ(ω) is the simplest self energy part due to the electron-phonon interaction:

Σ^R_{11}(ω) = ig^2 ∫ [D^R(ω^′)G^<_2 (ω − ω^′) +

+ D^>(ω^′)G^R_2 (ω − ω^′)]dω^′, (10)

Σ^<_{11}(ω) = −ig^2 ∫ D^<(ω^′)G^<_2 (ω − ω^′)dω^′. (11)

The first order contribution to the tunneling current can be divided into two different parts: I = I_1 + I_2. The first one corresponds to small changes in electron density of states due to electron-phonon interaction and is described simply by some corrections to G^R_{ii} :

I_1 = ∫ [ γ^k_1 γ^p_1 (γ^p_1 + γ^k_1 )

2Im G^{(1)R}_{11} (ω)+ + γ^k_2 γ^p_2 (γ^p_2 + γ^k_2 )

2Im G^{(1)R}_{22} (ω) ] ( n^0_k(ω) − n^0_p(ω) ) dω. (12) The second contribution is more interesting, because it describes inelastic tunneling processes with emission or absorption of a phonon:

I_2 = 4πg^2 γ^k_1 γ^p_2 − γ^k_2 γ^p_1 (γ^p_1 + γ^k_1 )^2(γ^p_2 + γ^k_2 )^2 ×

× ∫ dωIm G^R_{11}(ω)(n^0_k (ω) − n^0_p(ω))×

[Im G^R_{22}(ω + ω_0)(γ^k_1 γ^p_2 n^0_p(ω + ω_0)−

−γ^k_2 γ^p_1 n^0_k(ω + ω_0) + (γ^k_1 γ^p_2 − γ^k_2 γ^p_1 )N(ω_0))−

−Im G^R_{22}(ω − ω_0)(γ^k_1 γ^p_2 n^0_p(ω − ω_0)−

−γ^k_2 γ^p_1 n^0_k(ω − ω_0) + (γ^k_1 γ^p_2 − γ^k_2 γ^p_1 )N(−ω_0))]. (13)

The sign of this additional correction to the total current depends on the ratio between four tunneling rates γ^k_1 , γ^p_1 , γ^k_2 γ^p_2 . The physical reason why electron-phonon interaction can either increase or decrease the tunneling current is connected with interference effects between

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 5 { 6 2005 direct and indirect tunneling channels. It becomes more obvious if we notice that:

γ^k_1 γ^p_2 − γ^k_2 γ^p_1 (γ^p_1 + γ^k_1 )(γ^p_2 + γ^k_2 )

(n^0_k(ω) − n^0_p(ω)) = n_1(ω) − n_2(ω).

So the inelastic processes increase the total current if the inverse population of our two-level system appears due to elastic tunneling. Two examples, which demonstrate the enhancement or suppression effects in the tunneling conductivity are shown in Fig.1.

Fig.1. Tunneling conductivity spectra for weak electron phonon coupling. Elastic, inelastic contributions and total tunneling conductivity are shown in Fig.(a), (b) by dashed, dotted and solid curves respectively. Values of the parameters are: ε1 − ε2 = 1, ω0 = 0.6, g = 0.4. A) γ^k_1 γ^p_2 ≫ γ^k_2 γ^p_1 ; B) γ^k_1 γ^p_2 ≪ γ^k_2 γ^p_1 Phonon induced structure is more pronounced in d^2I/dV^2 as it is shown in Fig.(c) by dashed line for the case \a" and dotted line { for the case \b", solid line corresponds to elastic part of the current

In the limit of small tunneling coupling to the leads so, that all γ ≪ g, we use a perturbation treatment of tunneling processes in small parameter γ/g. For the most interesting case, when phonon frequency is close to the resonance with electron transition energy ε_1 − ε_2 ≃ ω_0 we can retain in the Hamiltonian only the following interactions (similar to the rotating wave approximation for two-level systems) :

Ĥ_{el−phon} = g(a^+_1 a_2b + a^+_2 a_1b^+)

as the most important.

Direct calculation of dot (molecule) Green functions G^R_{11}, G^R_{22} based on Heisenberg equations for isolated dot (molecule) leads to a system of equations:

(ω − ε_1)G^R_{01} − gG^R_{2b1} = 1,

(ω − ε_2 − ω_0)G^R_{2b1} − gG^R_{2n1} = 0, (ω − ε_1)G^R_{2n1} − g(N + 1)G^R_{2b1} = 1 − n_2 + N.

Where new functions G^R_{2b1}, G^R_{2n1} are introduced:

G^R_{2b1} = iθ(t − t^′)⟨[a_2(t)b(t), a^+_1 (t^′)]⟩,

G^R_{2n1} = iθ(t − t^′)⟨[a_1(t)(b(t)b^+(t) − a^+_2 (t)a_2(t)), a^+_1 (t^′)]⟩. N and n_2 are the number of phonons and electrons at the second level respectively. At the third step the mean value of phonon filling number is decoupled from the average < a_2b(1 + b^+b), a^+_1 >−→< a_2b, a^+_1 > (N + 1). After this approximation was done the retarded Green function is determined:

G^R_{01} = 1 (ω − ε_1) × × [ 1 + g^2(N + 1 − n_2) ((ω − ε_1)(ω − ε_2 − ω_0) − g^2(N + 1)) ] . (14)

The same procedure for the second level gives:

G^R_{02} = 1 (ω − ε_2) ×

× [ 1 + g^2(N + n_1) ((ω − ε_2)(ω − ε_1 + ω_0) − g^2(N + 1)) ]

We see, that new poles in the Green functions appeared, which corresponds to splitting of resonantly close two pairs of levels: ε_1 and ε_2 + ω_0 as well as ε_2 and ε_1 − ω_0. We can expect the appearance of three resonant peaks in the local density of states near ε_1 and ε_2. Note that the energies of two split states depend on the temperature through the phonon filling number N.

Now we treat as the first order perturbation the self energy parts of two kinds, appeared due to the tunneling coupling with the leads (see Fig.2.)

Tunneling current is determined by the self energies as I = 2 ∑ i=1,2 γ^k_i ∫ [G^R_i (ω)(−iΣ^<_{ii} (ω))G^A_i (ω)+

+n^0_k(ω)G^R_i (ω)ImΣ^R_{ii} (ω)G^A_i (ω)]dω

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 5 { 6 2005

Fig.2. Two ˛rst order diagrams for the self energy part ˚11. Dashed line denotes electron Green function in the leads, wavy line { phonon Green function

The contribution of the first diagram is rather simple

I_1 = ∫ [ γ^k_1 γ^p_1 G^R_1 (ω)G^A_1 (ω) + γ^k_2 γ^p_2 G^R_2 (ω)G^A_2 (ω) ] × × ( n^0_k(ω) − n^0_p(ω) ) dω. The contribution described by the second diagram reduces in the first non vanishing order in (γ/g)^2 to the following form

I_2 = g^2 ∫ dω|G^R_1 (ω)|^2|G^R_2 (ω − ω_0)|^2 ( n^0_k(ω) − n^0_p(ω) ) × ×(γ^k_1 γ^p_2 (n^0_p(ω − ω_0) − N(ω_0) − 1)+

+γ^k_2 γ^p_1 (n^0_k(ω − ω_0) − N(ω_0) − 1)).

It is important that functions G^R_i are determined with the help of Eq. (14):

[G^R_i ]^{−1} = [G^R_{0i}]^{−1} + i(γ^k_i + γ^p_i ).

This expression allows us to estimate the effective width of each of the three resonant peaks near the initial electron levels. It is remarkable that broadening of these peaks is different and depends on nonequilibrium electron numbers, thus it can be tuned by changing the parameters of the tunneling contact. The peak, corresponding to ε_1 has the effective width: Γ^0_1 = = (γ^k_1 + γ^p_1 )n_2/(N + 1). And two split peaks near it have the width Γ^±_1 = (γ^k_1 + γ^p_1 )(N + 1 − n_2)/2(N + 1). The same values for the second set of peaks near ε_2 are: Γ^0_2 = (γ^k_2 + γ^p_2 )(1 − n_1)/(N + 1), Γ^±_2 = (γ^k_2 + γ^p_2 )(N + + n_1)/2(N + 1).

Some tunneling conductivity curves for zero temperature (N = 0) are shown in Fig.3. In this figure we consider the case when both levels ε_1 and ε_2 lie above the Fermi level at zero applied bias voltage.

Let us point out the most interesting features of the tunneling conductivity behavior in this case. For the elastic channel in the tunneling conductivity spectra nonequilibrium narrowing of two split peaks near ε_2 is always clearly seen, while the peak at initial energy ε_2 is

Fig.3. Tunneling conductivity spectra for strong resonant electron phonon coupling. Elastic and inelastic contributions to the tunneling conductivity are shown by dashed and solid curves respectively. Chosen values of the parameters are: ε1 − ε2 = 1, ω0 = 0.9, g = 0.4. (a) γ^k_2 = = 0.3, γ^p_2 = 0.06; (b) γ^k_2 = 0.06, γ^p_2 = 0.3; (c) γ^k_2 = γ^p_2 = = 0.1 . In ˛gure (c) elastic tunneling current through each electron level is shown separately by dotted and dashed curves

broadened in a usual way by the tunneling rates. In bias range close to ε_1 we can distinguish two different cases, dependent on the ratio between the tunneling rates, because it determines the filling number of more deep state ε_2. For γ^k_2 ≪ γ^p_2 two split peaks near ε_1 are narrow and

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 5 { 6 2005 tunneling conductivity peak at bias voltage equal to initial level ε_1 has usual tunneling width (Fig.3.).

For γ^k_2 ≫ γ^p_2 vice versa the split peaks are broadened up to the usual tunneling width and peak at bias voltage equal to initial level ε_1 becomes narrow. For strong enough electron-phonon coupling contribution of inelastic channel to the tunneling conductivity can strongly exceed the elastic channel contribution at certain bias close to ε_1. The tunneling conductivity peaks of inelastic channel are narrow due to non equilibrium effects.

At high temperature, when N ≫ 1, the shape of the tunneling conductivity curves are not so sensitive to the ratio between different tunneling rates. One should observe very narrow peaks at ε_1 and ε_2, while the broadening of split peaks would be always equal to one half of the usual tunneling width.

Conclusions. In the weak electron phonon coupling limit we revealed that interference effects between various channels can lead either to some increase of the total current or to its suppression. The sign of the resulting effect depends on the ratios between the tunneling rates.

For too large tunneling rates observation of inelastic peaks in the tunneling conductivity spectra is hardly possible.

For strong electron-phonon coupling three peaks can arise in the tunneling conductivity spectra near each electron level in resonant situation. Non equilibrium narrowing of these peaks at certain ratio between the tunneling rates is found out. The positions of satellite peaks in this case are determined not only by the phonon frequency ω_0, but also by the electron phonon coupling constant and the temperature.

The important feature of the system under consideration is that we can change the relative intensity and width of elastic and inelastic peaks by tuning the tunneling coupling of intermediate system with the leads.

This research was supported by RFBR grants # 03- 02-16807 and # 04-02-19957, grant for the Leading Scientific School 1909.2003.2 and RAS Program “Strongly correlated electrons in metals, semiconductors and superconductors”. Support from the Samsung Corporation is also gratefully acknowledged.

1. L. H. Yu, Z. K. Keane, J. W. Ciszek et al., Phys. Rev.

Lett. 93, 266802 (2004).

2. D. M. Eigler, C. P. Lutz, and W. E. Rudge, Nature 352, 600 (1991).

3. B. N. J. Persson and A. Barato¸, Phys. Rev. Lett. 59, 339 (1987).

4. S. G. Tikhodeev and H. Ueba, , Phys. Rev. B 70, 125414 (2004).

5. D. A. Ryndyk and J. Keller, cond-mat/0406181. 6. G. D. Mahan, Many Particle Physics, 3rd Ed., Plenum Press, New York, 2000.

7. M. Born and K. Huang, Dynamical Theory Of Crystal Lattices, Oxford University Press, London, 1954.

8. I. N. Kotel’nikov and S. E. Dizhur, Pisma v ZhETF, 81, 574 (2005).

9. Y. Meir and N. S. Wingreen , Phys. Rev. Lett. 68, 2512 (1992).

10. P. I. Arseyev and N. S. Maslova , ZhETF 102, 1056 (1992); [Sov. Phys. { JETP 75, 575 (1992)].

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 5 { 6 2005