Pis’ma v ZhETF, vol. 87, iss. 12, pp. 792 { 796 cfl 2008 June 25

Impurity induced coherent current oscillations in one-dimensional conductors

S. N. Artemenko^{1)}, S. V. Remizov, D. S. Shapiro

Institute for Radio-engineering and Electronics RAS, 125009 Moscow, Russia

Submitted 15 May 2008

We study theoretically the electronic transport through a single impurity in a repulsive Luttinger liquid (LL), and ˛nd that above a threshold voltage related to a strength of the impurity potential the direct current —I is accompanied by coherent oscillations with frequency f = —I/e. There is an analogy with Josephson junctions: the well-known regime of power-law I-V curves in the LL corresponds to damping of the Josephson current below the critical one, while the oscillatory regime in the LL can be compared with Josephson oscillations above the critical current.

PACS: 71.10.�w, 71.27.+a, 71.45.Lr

Basic electronic properties of three-dimensional (3D) solids are usually well described within Landau’s Fermiliquid picture where low-energy excitations are quasiparticles that in many respects behave like non-interacting electrons. This is not the case in 1D systems where the usual Fermi liquid picture breaks down. In one dimension single-electron quasiparticles do not exist, the only low energy excitations are charge and spin collective modes. Such a state called the Luttinger liquid (LL) is an alternative to Fermi liquid in 1D conductors (for a review see Ref. [1]). There are different realizations of the 1D electronic systems. The examples are semiconductor-based quantum wires in which dimensionality of the conduction electrons is reduced by dimensional quantization [2], metallic linear chains on Si surfaces [3], carbon nanotubes [4], conducting polymers [5], and quantum Hall effect edge states [6]. There are also evidences that effects related to inter-electronic interaction can be taken into account in terms of LL in strongly anisotropic quasi-1D conductors [7, 8] where the LL state can be stabilized by defects [9, 10] or by formation of the charge density wave gap induced by electronphonon coupling [11]. The transport properties of the LL are also very different from those of the Fermi liquid. In particular, isolated impurities form effectively large barriers in 1D systems with repulsive inter-electronic interaction and strongly suppress the current which leads to a power-law dependence of conductivity on voltage and/or on temperature [12 – 14]. This effect can be described in terms of macroscopic tunnelling between different minima of a periodic potential describing interaction of the electronic system with the impurity. The periodic potential is associated with Friedel oscillations

1)e-mail: art@cplire.ru

induced by impurity. The Hamiltonian describing interaction of the LL with the impurity in spinless LL is expressed in terms of the bosonic (plasmon) displacement field Φ̂(t, x) at the impurity position x = 0 [1]

H_i = − e π ∫ dxW_iδ(x) cos 2Φ̂, (1)

where W_i = ∫ dx α e^{2ikF x}W (x), W (x) is the impurity potential, and α ∼ k^{−1}_F is a small cut-off length.

The particle density operator reads [1] ρ̂ = − 1 π ∂Φ̂ ∂x + k_F π cos (2k_F x − 2Φ̂),

where the first term describes smooth variations of the particle density and the second one yields a rapidly oscillating part. Fluctuations of the field Φ̂ make the expectation value of the second term in the free LL equal to zero. However, fluctuations of Φ̂ are finite at the impurity position, and this results in Friedel oscillations, i.e., in 2k_F modulation of charge density decaying with distance as |x|^{−Kρ} , where K_ρ is the LL parameter measuring the strength of the interaction: K_ρ < 1 for repulsive and K_ρ > 1 for attractive interaction, so the larger electronic repulsion results in the slower decay of the oscillations. As the current operator in the LL reads Î = (e/π)∂_tΦ̂, the current flow through the impurity implies an increase of Φ̂ with time, which corresponds to a shift of the Friedel oscillations by the current. This illustrates the origin of the strong suppression of conductivity by impurities in the LL.

Power-law I-V curves are induced by tunneling between minima of a washboard potential (1) slightly inclined by an external bias, so that an increase of the

792 Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 11 { 12 2008 phase by π corresponds to a transition of one electron through the impurity [1]. This resembles Josephson junctions where similar fluctuations result in a finite voltage drop at a current below the Josephson critical current, Ī < I_c (for a review see Ref. [15]). However, in superconducting junctions, at Ī > I_c the Josephson oscillations start, this corresponds to an increase of the superconducting phase difference with time in the washboard potential when it is inclined to an amount exceeding the critical value. Below we show that a similar regime must occur in the LL with an impurity provided the applied voltage exceeds a threshold value corresponding to the slope at which the system can roll out from the minimum of the washboard potential. Above the threshold the current is larger than the tunneling current in the sub-threshold regime of power-law I-V curves, and the current flow is accompanied by oscillations with the washboard frequency f = Ī/e.

For brevity we consider first the response of a spinless repulsive LL to an external time-independent voltage using the Tomonaga-Luttinger model [1] with short range interaction between electrons characterized by a constant value of K_ρ < 1. The short-range interaction describes gated quantum wires where the long-range part of the interaction is screened by 3D gate electrodes. At the end we will discuss essential modifications induced by spin and the long-range Coulomb interaction.

We start from the Hamiltonian

H = H_0 + H_i + H_E ,

that includes the standard bozonized Tomonaga- Luttinger Hamiltonian

H_0 = ∫ dx ~πv_F 2 [ Π̂^2 + 1 π^2K^2_ρ

(∂_xΦ̂)^2 ] , the impurity part (1), and the term with an external electric field, H_E = − ∫ dx e π EΦ̂. Commuting Φ̂ with the Hamiltonian we derive the equation of motion for the Heisenberg operator

D^{−1}_0 Φ̂(t, x) = e π~ [ 2W_i sin 2Φ̂_0(t)δ(x) − E ] , (2)

where Φ̂_0(t) ≡ Φ̂(t, x = 0), and the operator in the lefthand side is the inverse free bosonic Green’s function of density fluctuations. For the standard LL it reads

D^{−1}_0 = ( v^2∂^2_x − ∂^2_t ) /πv_F , where v = v_F /K_ρ is the velocity of plasmons. This operator does not contain damping. If one takes into account coupling of electrons to a dissipative bosonic bath (to phonons or to density fluctuations in a metallic gate) then a finite damping appears, and the Fourier transformed retarded Green’s function acquires the form [16]

D^R_0 = πv_F ω^2 + iων − ω^2_q

, ω^2_q = q^2v^2. (3)

As it was shown recently the damping suppresses soliton-like fluctuations and reduces power-law conductance to an exponential one [17].

Using Eq. (2) with proper boundary conditions at the contacts one can express Φ̂(t, x) in terms of its value at the impurity site. We apply boundary conditions [18] derived for a wire adiabatically connected to ideal Fermiliquid reservoirs at x = ±L/2 with voltage difference V . Then by means of the Fourier transformation we finally obtain the equation of motion for the operator Φ̂_0(t) at the impurity position.

∂_tΦ̂_0(t) + e ~ ∫_∞ 0 dt_1Z(t − t_1) sin 2Φ̂_0(t_1) = π e Ī,

Z(t) = ∫ dω 2π e^{−iωt} W_iK̃_ρ(1 − iK̃_ρ tan^{q0L}_2 ) (K̃_ρ − i tan^{q0L}_2 )

, (4)

q_0 = √ ω^2 + iων v , K̃_ρ = K_ρ √ ω ω + iν , where Ī = e^2Ev_F /π~ν is the time averaged macroscopic current in the channel. Eq. (4) is supplemented by relation between time averaged values

Ī = G(V − V_i), V_i = 2W_i⟨sin 2Φ̂_0(t)⟩_t, (5)

where V_i determines the time-averaged voltage drop at the impurity, and conductance G is given by

G^{−1} = G^{−1}_0 + G^{−1}_ν , G_ν = e^2v_F /π~νL, (6)

where G_0 = e^2/h is the conductance quantum per spin orientation, and G_ν is the conductance related to damping in the clean part of the wire. It is interesting to note that though single-electron picture is not applicable to the case of LL, the expression for G_ν corresponds to the Drude relation for non-interacting electrons, σ = ne^2τ /m, where τ = 2/ν. Indeed, for a sample of length L and cross-section area S the electron density reads n = k_F /2πS. Then G_ν = σS/L = S L ne^2τ m = e^2v_F π~νL , which is in agreement with (6).

As we want to concentrate on conduction through the impurity and not on the problem of contacts, we will

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 11 { 12 2008 consider the case of small enough damping, ν ≪ ω, and a long channel, L ≫ l_ν = v/ν. This allows to neglect reflections of current pulses generated by the impurity from the contacts and to substitute tan q_0L/2 → i. Then the kernel Z simplifies Z(t) = W_iK_ρ ∫ dω 2π e^{−iωt} √ ω ω + iν , (7)

which at ν = 0 gives Z(t) → W_iK_ρδ(t). Note, however, that at any small but finite damping ∫ Z(t)dt = 0, so the damping cannot be neglected at ω = 0.

Remember that Φ̂_0(t) in (4) is an operator, so it is not easy to solve this non-linear equation. So we extract the expectation value Φ_0(t) = ⟨Φ̂_0⟩, thus Φ̂_0 ≡ Φ_0 + δΦ̂, where ⟨δΦ̂⟩ = 0, and Φ_0(t) satisfies the equation

∂_tΦ_0(t)+ e ~ ∞∫ 0 dt_1Z(t−t_1)⟨cos 2δΦ̂(t_1)⟩sin 2Φ_0(t_1)= π e Ī. (8) To solve this equation one must calculate ⟨cos 2δΦ̂⟩ first. In calculation of this expectation value we will ignore the soliton-like fluctuations that are responsible for subthreshold tunneling, but take into account Gaussian fluctuations that substantially reduce ⟨cos 2δΦ̂⟩. These fluctuations can be treated by means of the self-consistent harmonic approximation.

But before treating the general case we discuss solution in the simple limit of strong inter-electron interaction (K_ρ → 0) when Eq. (8) can be easily solved analytically. In this limit fluctuations of the displacement field at the impurity are small, ⟨cos 2δΦ̂⟩ → 1, and Φ̂_0(t) can be treated as c-number. When V ≤ V_T = 2W_i we find from Eqs. (5) and (8) a stationary solution 2Φ_0 = arcsin(V/V_T ) with zero current I = 0 but with non-zero voltage drop over impurity. Note that we obtain that the current is zero in the sub-threshold region because we neglected solitonic fluctuations resulting in power-law I-V curves.

At V > V_T the solution is oscillatory with fundamental frequency f = Ī/e

∂_tΦ_0(t) = πĪ^2/e √ Ī 2 + I 2_0 + I_0 sin(2πĪ/e)t

, (9)

where I_0 = G_0V_T K_ρ. Eq. (9) determines the current at the impurity site, I(t, x = 0) = e∂_tΦ_0(t)/π. Current at the clean part of the channel calculated from Eq. (2) is equal to I(t, x) = e∂_tΦ_0(t − |x|/v)/π at |x| ≪ l_ν , and I(t, x) = Ī at large distances from the impurity.

For the time-independent voltage drop at the impurity we obtain

V_i = V_T √ Ī 2 + I 2_0 − Ī I_0

. (10)

Thus from (5), (9) and (10) we see that the oscillatory regime starts at V > V_T . The current at the impurity consists of narrow pulses of height 2I_0 at Ī ≪ I_0 and transforms into the Ohmic current accompanied by harmonic oscillations of amplitude I_0 at Ī ≫ I_0. We concentrate on the case of long conducting channel, L ≫ l_ν , when the static I-V curve starts at voltage V = V_T and monotonously approaches the Ohm’s law I = GV at large voltages. If the conducting channel is relatively short so that contribution due to damping in the clean part of the wire to the conductivity G is small, then according to (5), (6) and (10) the I-V curve in the region of small current can be of the S-shaped form.

Now we consider the case of finite values of K_ρ. Mean square fluctuations ⟨δΦ̂^2⟩ can be calculated from Keldysh Green’s function D^K = −i⟨{δΦ̂(t), δΦ̂(t^′)}_+⟩ at t = t^′. This function can be expressed via retarded and advanced Green’s functions D^{R(A)} = ±iθ[±(t − t^′)]⟨[δΦ̂(t), δΦ̂(t^′)]_−⟩ by relation D^K (t, t^′) = D^R(t, t^′)f(t^′) − f(t)D^A(t, t^′), where Fourier transform of f is related to the distribution function of bosonic excitations N(ω), f(ω) = = 1+2N(ω). In the equilibrium state N(ω) is the Planck distribution function. At low temperatures, smaller than all characteristic energies of the system, one can neglect contribution of thermally excited excitations, then f(ω) = sign(ω) and D^K can be expressed via the retarded and advanced functions. Note that acting in this way we neglect the effect of non-equilibrium distribution of bosonic excitations.

Now we derive equations of motion for the retarded and advanced Greens functions of fluctuations. This can be done in a standard way multiplying Eq. (2) by Φ̂(t^′, x^′) from the left and from the right, and combining them in order to obtain corresponding Green’s function after averaging. Then using the Fourier transformation we express Greens functions at the impurity site and get rid of the coordinate dependence of Green’s function. After that by means of (8) we subtract expectation values and use the self-consistent harmonic approximation

sin 2δΦ̂ → ⟨cos 2δΦ̂⟩2δΦ̂ = e^{−2⟨δΦ̂2⟩}2δΦ̂,

and arrive, finally, to close equations of motion for D^{R(A)}. As we will need this equations at frequencies larger than the small damping constant we neglect ν

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 11 { 12 2008 and employ Z(t) = W_iK_ρδ(t − t_1). Then the equation for D^R reads ∂_tD^R(t, t^′)+ 2e ~ W_iK_ρC(t)D^R(t, t^′)=− πK_ρ 2 δ(t−t^′), C(t) ≡ cos 2Φ(t_1)⟨cos 2δΦ̂(t_1)⟩. (11)

This equation and the similar equation for the advanced Green’s function can be easily solved analytically. The solutions are

D^{R(A)} = − πK_ρ 2 θ[±(t − t^′)]e^{∓ 2ẽ Wi Kρ R tt}0^{C(t1)dt1} . (12) This gives us for ⟨δΦ̂^2⟩ =^i_2 D^K (t, t)

⟨δΦ̂^2⟩ = K_ρ 2 ∫_∞ 0 dt_1 t_1 e^{− 2ẽ Wi Kρ R t10 C(t−t2)dt2} . (13) Eq. (13) must be solved self-consistently with (8) and (5) in order to find ⟨δΦ̂^2⟩ as function of cos 2Φ_0. First, we calculate the threshold voltage. In the sub-threshold region C does not depend on time. Then calculating integrals in (13) and using definition of C (11) we obtain

⟨δΦ̂^2⟩ = K_ρ 2(1 − K_ρ) ln Λ 2K_ρeW_i cos 2Φ_0

, (14)

where Λ ∼ p_F v is a large cut-off energy. Note that in accordance with our previous statement we found that fluctuations vanish at K_ρ → 0. Substituting (14) in (5) we obtain equation for Φ_0 in the sub-threshold regime

2W_i ( 2K_ρeW_i cos 2Φ_0 Λ )^{Kρ}_1�_{Kρ} sin 2Φ_0 = V. (15)

It has solution at V < V_T with

V_T = 2W_i ( 2K^{3/2}ρ eW_i Λ )^{Kρ}_1�_{Kρ} √ 1 − K_ρ. (16)

We see from (16) that the finite threshold voltage exists provided K_ρ < 1, and this is in accordance with the condition that the impurity is a relevant perturbation in case of repulsive inter-electronic interaction. Note, however, that fluctuations were taken into account in the self-consistent harmonic approximation that does not work at K_ρ → 1.

It is not simple to find ⟨δΦ̂^2⟩ analytically in a general time-dependent case, but this can be done easily when the voltage slightly exceeds the threshold value and the time-independent part of the current is small, Ī ≪ I_0. Then Φ_0 increases with time in a step-like manner spending the most part of the oscillation period e/Ī near the value corresponding to maxima of C(t) and passes rapidly other values of C during short time interval ∼ 1/ √ ĪI_0 that gives small contribution to the period. Therefore, in the most part of the period one can use (14) with time dependent value Φ_0(t), and selfconsistent solution of Eqs. (13) and (8) in this limit yields equations similar to (9) and (10) with the value of the threshold voltage V_T (16).

So far we considered the spinless LL. In the spinful LL impurities partly violate the spin-charge separation, and the impurity Hamiltonian contains the spin phase field [1]. This leads to modification of the results, in particular, of the threshold voltage. For a spin-independent electronic repulsion Eq. (16) is substituted by

V_T = √ 2W_i ( 2eV Λ )^{1+Kρ}_1�_{Kρ} K 1+Kρ 3Kρ ρ √ 2(1 − K_ρ).

Now we discuss the case of the long-range Coulomb repulsion. It can be taken into account in terms of momentum dependence of K_ρ [19]

K^{−2}_ρ = 1 + a^2K_0(qd), a^2 = 4e^2/π~v_F ϵ,

where the McDonald function originates from the Fourier transformation of the Coulomb potential in a wire of diameter d, ϵ is a background dielectric constant. In case of the long-range interaction the impurity is a relevant perturbation at all values of the parameter a describing the strength of the repulsion. This is evident from the flow equation demonstrating that the impurity potential scales to infinity under renormalization dW_i dl = [ 1 − ( 1 + a^2 ln ~ω_d Λ )_{−1/2}] W_i, ω_d = 2av_F d . The McDonald function is substituted here by its limiting logarithmic form.

The momentum dependence of the interaction parameter modifies equations (4)–(8). With the logarithmic accuracy and for the case of negligible damping we find that Z(t) (7) must be substituted for Z(t) = W_iK_ρ ∫ dω 2π e^{−iωt} √ ω (ω + iν)(1 + a^2 ln^{ωd}_{|ω|} ) .

Though it is not simple to solve such equations analytically we find that they do not result in important qualitative difference from the case of the short-range interaction with constant K_ρ. One of the most important distinctions is that suppression of ⟨cos 2δΦ̂⟩ by fluctuations is smaller than in the Tomonaga-Luttinger model, and this results in the smaller effect of fluctuations on the threshold voltage. Calculating again ⟨δΦ̂^2⟩ by means

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 11 { 12 2008 of Keldysh Green’s function we find in the sub-threshold regime

⟨δΦ̂^2⟩ = 1 2 ∫_∞ 0 dω ω √ 1 + a^2 ln^{ωd}_ω + 2(e/~)W_iC

. (17)

Assuming a moderate strength of the Coulomb repulsion when a is of the order one, and taking into account that the argument of the logarithm in (17) is large, we estimate ⟨δΦ̂^2⟩ with the logarithmic accuracy. Then we obtain ⟨δΦ̂^2⟩ = 1 a √ ln e ϵdW_iC . Here we neglected the contribution from high-energy cut-off, assuming that ln(ω_d/Λ) ∼ ln(a/k_F d) is not a large value. This gives an estimate for the threshold field V_T = 2W_i exp ( − 2 a √ ln e ϵdW_i ) , where, again, the argument of the square root in the exponential function is given with the logarithmic accuracy.

In conclusion, we found that above the threshold voltage V_T the current through an impurity generates coherent oscillations with the fundamental frequency f = Ī/e. There is some analogy between this effect and the Josephson effect in superconducting weak links. We considered the case of the time-independent applied voltage. If in addition there is also an alternating component of the applied voltage with frequency f_0 then an analog of the Shapiro steps observed in Josephson junctions will appear on the I-V curves. In our problem these are the steps of a constant voltage, the fundamental step being located at the current value Ī = ef_0. Characteristic frequencies of the oscillations induced by the time-independent voltage are determined by the strength of the impurity potential. This potential can be induced either by impurity atom or by an artificial imperfection, e. g., of the shape of the conducting channel. So in semiconducting quantum wires one can prepare an artificial impurity potential of small magnitude corresponding to radio frequencies. On the other hand, typical values of the potential induced by impurity atoms, say, by the shallow impurities, can be of the order of several meV, and depending on the strength of the electronic repulsion the characteristic oscillation frequency may fall into the gigahertz or terahertz frequency regions. Direct application of our results to real systems is limited by voltages smaller than distances to other electronic subbands. Note also that the results are quite sensible to boundary conditions, therefore, experimental technique for observation of the effect depends on coupling of the 1D system to 3D environment.

We thank K.E. Nagaev and V.A. Sablikov for useful discussions. The work was supported by Russian Foundation for Basic Research. A part of the research was performed in the frame of the CNRS-RAS-RFBR Associated European Laboratory “Physical properties of coherent electronic states in condensed matter” between Institut Néel (CRTBT) and IRE RAS.

1. T. Giamarchi, Quantum Physics in One Dimension, Clarendon Press, Oxford, 2003.

2. O. M. Auslaender, H. Steinberg, A. Yacoby et al., Science 308, 88 (2005) 3. H. W. Yeom, Y. K. Kim, E. Y. Lee et al., Phys. Rev.

Lett. 95, 205504 (2005).

4. H. Ishii, H. Kataura, H. Shiozawa et al., Nature 426, 540 (2003).

5. A. N. Aleshin, H. J. Lee, Y. W. Park et al., Phys. Rev.

Lett. 93, 196601 (2004).

6. X. G. Wen, Phys. Rev. Lett. 64, 2206 (1990); Phys. Rev.

B 43, 11025 (1991); 44, 5708 (1991).

7. S. V. Zaitsev-Zotov, V. Ya. Pokrovskii, and P. Monceau, Pis’ma v ZhEtF 73, 29 (2001) [JETP Lett. 73, 25 (2001)].

8. E. Slot, M. A. Holst, H. S. J. van der Zant, and S. V.

Zatsev-Zotov, Phys. Rev. Lett. 93, 176602 (2004). 9. S. N. Artemenko, Pis’ma v ZhETF 79, 335 (2004) [JETP Lett. 79, 277 (2004)].

10. S. N. Artemenko and S. V. Remizov, Phys. Rev. B 72, 125118 (2005).

11. S. N. Artemenko and T. Nattermann, Phys. Rev. Lett.

99, 256401 (2007).

12. C. L. Kane and M. P. A. Fisher, Phys. Rev. Lett. 68, 1220 (1992).

13. K. A. Matveev and L. I. Glazman, Phys. Rev. Lett. 70, 990 (1993).

14. A. Furusaki and N. Nagaosa, Phys. Rev. B 47, 4631 (1993).

15. J. Clarke, A. N. Cleland, M. H. Devoret et al., Science 29, 992 (1988).

16. M. A. Cazalilla, F. Sols, and F. Guinea, Phys. Rev. Lett.

97, 076401 (2006).

17. Z. Ristivoevic and T. Nattermann, ArXiv: condmat/08032971.

18. R. Egger and H. Grabert, Phys. Rev. Lett. 77, 538 (1996); Phys. Rev. B 58, 10761 (1998).

19. H. J. Schulz, Phys. Rev. Lett. 71, 1864 (1993).

Ŕĺśĳňă ć ĘİŠŤ šőň 87 ćżŕ. 11 { 12 2008