Pis’ma v ZhETF, vol. 80, iss. 5, pp. 408 { 411 © 2004 September 10

Unexpected negative nonmonotonic magnetoresistance of the two-dimensional electrons in Si in parallel magnetic Field

V. M. Pudalov^{1)}, A. S. Kirichenko, N. N. Klimov^{+∗}, M. E. Gershenson^∗, H. Kojima^∗

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

+P. N. Lebedev Physics Research Center, 119991 Moscow, Russia

∗Department of Physics and Astronomy, Rutgers University, New Jersey 08854, USA

Submitted 29 July 2004

We report observation of the unexpected negative and nonmonotonic magnetoresistance of the 2D electrons in Si-MOSFET subjected to varying in-plane magnetic ˛eld, superimposed on a constant perpendicular ˛eld component. We show that this nonmonotonic magnetoresistance is irrelevant to the energy spectrum of mobile 2D electrons. We also observed variations of the density of mobile electrons with the in-plane ˛eld. We argue that both, variations of the negative magnetoresistance, and of the density of mobile electrons originate from the band of localized states. The latter ones coexist and interact with mobile electrons even at relatively high density, a factor of 1.5 higher than the critical density of the apparent metal-insulator transition.

PACS: 71.10.Ay, 71.30.1h, 72.10.2d, 73.40.Qv

Properties of the dilute strongly interacting twodimensional (2D) electron liquid, and, in particular, the apparent metal-insulator transition (MIT) in 2D remain challenging [1, 2]. One of the main problems here is to understand individual roles of two major driving forces, disorder and electron-electron (e-e) interactions. Purely interaction effects between mobile 2D electrons have been intensively studied both theoretically [3 – 9] and experimentally [10 – 14]; the role of disorder in these studies is limited to scattering of mobile electrons solely.

In contrast, the interplay of disorder and interactions, particularly, interaction between localized and mobile electrons is considered much rarely [15 – 17]; its experimental investigations are seldom. One might expect that the interplay should become more and more important as electron density decreases and approaches the critical density of the 2D MIT.

Usually, the presence of the localized states does not reveal itself in 2D transport, which is dominated by mobile electrons. The in-plane magnetic field, to the first approximation, does not couple to orbital motion, affecting only spins of mobile and localized electrons; for this reason, the in-plane field is a useful tool to study the localized states. Correspondingly, the influence of the localized states on the magnetotransport have been detected in Refs. [18 – 20] in strong in-plane field gμB_‖ ∼ 2E_F : under such conditions, the magnetoresistance (MR) and the field of its saturation have been found to depend on disorder (e.g., on sample mobility),

1)e-mail: pudalov@lebedev.ru

and deviate from the behavior predicted for purely mobile electrons [5, 6].

In the current paper, we report observation of the negative and nonmonotonic MR in weak in-plane fields gμB_‖ ≪ 2E_F , which arises when a perpendicular component B_⊥ of the field is superimposed onto the in-plane component B_‖. Measurements have been made with a high-quality Si-MOS sample (peak mobility 2.4 m^2/Vs at T ≈ 0.1 K) in^3He/^4He dilution refrigerator. The perpendicular and in-plane components of the magnetic field were independently controlled using the crossedfield set-up with two superconducting coils [10].

Figure 1 shows MR versus perpendicular field for dif-

Fig.1. Shubnikov-de Haas oscillations in perpendicular ˛eld for three values of the in-plane ˛eld B_‖. Density is indicated in units of 10^{11} cm^{−2}

408 Ŕĺśĳňă ć ĘİŠŤ šőň 80 ćżŕ. 5 { 6 2004 ferent fixed B_‖ values. Starting the field of ∼ 0.3 T (right after the weak localization suppression), on the top of the interaction-induced monotonic MR δρ_{xx}(B_⊥) ∝ ∝ −(ω_cτ)^2) [6], one can see conventional Shubnikov-de Haas (SdH) oscillations. Density values n quoted in the paper were determined from the period of these oscillations in perpendicular field. The oscillatory component ρ_{xx}(B_⊥) is in a qualitative agreement with conventional theory of quantum oscillations.

In the purely in-plane field, for the density range studied (1.1 − 2.2) · 10^{11} cm^{−2}, the MR grows monotonically (∝ B^2_‖ in low fields) [11], in a qualitative agreement with the interaction-induced MR [5, 6]. However, when a fixed perpendicular field is applied and the in-plane field is swept, the MR varies in unexpected nonmonotonic fashion, as shown in Figs.2. First, the resistance de-

Fig.2. (a) Typical ρ(B_‖) dependence in the presence of the B⊥ ˛eld (dots); ρ(B_‖) calculated according to Eqs. (1) and (2). (b) Oscillations δρ/ρ versus B_‖. Electron density n = 1.6 · 10^{11} cm^{−2}, temperature T = 0.2 K, B⊥ = 1.14 T

creases, passes through a minimum, and then starts rising as anticipated [5, 6]. For n = 1.6 · 10^{11} cm^{−2}, the minimum occurs at B_‖ ≈ 1.3 T, as shown in Fig.2a. Second, the resistance exhibits weak oscillations; the oscillations are enlarged in Fig.2b by subtracting the monotonic background (fitted with the 2nd order polynomial). The field-positions of the two ρ(B_‖) minima in Fig.2 depend on electron density and on B_⊥ field. We note that at higher densities and higher k_F l ≫ 1 values, these effects are not seen and the field dependence of ρ_{xx}(B_‖) measured on these same samples becomes monotonic [11].

The monotonic negative magnetoresistance versus B_‖ might be a result of the interaction-induced corrections to σ_{xx} [5, 6]: δρ_{xx}(B_‖) ρ_D ≈ − [ 1 − (ω_⊥τ)^2 ] δσ^{ee}_{xx}(B_‖) σ_D , (1)

where ω_⊥ is the cyclotron frequency in the B_⊥-field, δσ^{ee}_{xx}(B_‖) is negative and caused by magnetic field switching-off the spin-exchange processes in the triplet channel [5]: δσ^{ee}_{xx} ≈ k_B T τ ~ [ 8F^a_0 1 + F^a_0

K_b(x) + K_d(x, F^a_0 ) ] , (2)

where the K_b and K_d are functions of x = g^∗μB_‖/k_B T , as given in Refs. [5]. The line in Fig.2 shows the theoretical dependence calculated according to Eqs. (1) and (2), using the measured [10] value F^a_0 = −0.45 for this density. The calculated dependence appears to be much stronger. Moreover, it describes a positive (rather than negative) MR, because for the given value ω_cτ ≡ μB_‖ = 0.76 < 1, the square bracket in Eq. (1) is positive.

We conclude, therefore, that for low densities and low k_F l ∼ 1 values, the MR in B_‖ field is governed by mechanisms different from the purely interaction corrections [5, 6]; this conclusion is in accord with our earlier observations [19, 18]. In attempt to identify the origin of the ρ(B_‖) oscillations, for each electron density, we have calculated the energy spectrum using the experimentally determined [10] renormalized m^∗ and g^∗-factor values. Figure 3 represents an example of the calculated energy spectrum for one density and B_⊥ field value. In this plot, the energy levels vary as: E_n ↓↑= (n + 1 2 )~ω^∗_c ± 1 2 g^∗μ √ B^2_⊥ + B^2_‖ . (3)

For simplicity, we have neglected: (i) the quantum oscillations of the Fermi energy, (ii) B_⊥- and B_‖-field dependences of the effective mass and g-factor, and (iii) the valley splitting. We also presumed E_F (0) = = nπ~^2/g_vm^∗, with m^∗ being the renormalized effective mass [10].

Considering the energy spectrum of mobile electrons, calculated with the above reasonably admitted assumptions, we find that it can not produce either the negative MR, or its oscillations. Indeed, the B_⊥ field of 1.14 T is chosen so that E_F lies in the middle of the energy gap; this is confirmed by Fig.1, where this field corresponds to the resistivity minimum. As B_‖ increases, the Fermi

Ŕĺśĳňă ć ĘİŠŤ šőň 80 ćżŕ. 5 { 6 2004

410 V. M. Pudalov, A. S. Kirichenko, N. N. Klimov et al.

Fig.3. Energy spectrum of mobile 2D-electrons calculated for n = 1.6 · 10^{11} cm^{−2}, and B⊥ = 1.14 T, with the renormalized m^∗ and g^∗-factor measured in Ref. [10]. Bold dots mark ˛eld positions of the measured MR minima. Bold line shows Fermi energy EF , thin lines { energy levels for spin down (↓) and spin-up (↑) electrons. The levels are double-degenerate due to the two valley-spectrum

energy remains within the same energy gap until ≈ 4 T (see Fig.3); therefore, no oscillations can be anticipated until B_‖ = 4 T. In order to test, whether or not the presence of a fixed in-plane field causes unforeseen changes to the energy spectrum, we have made similar calculations of the energy spectra at varying B_⊥ field for each curves shown in Fig.1 (i.e. for B_‖ = 1, 1.5, and 2 T); the calculated spectra agree with the SdH oscillations. We conclude therefore, that the observed features in R(B_‖) are not (solely) related with the energy spectrum of mobile 2D electrons.

In order to elucidate the origin of the unomalous oscillatory and negative MR (Fig.2), we plot in Fig.4 the typical density n of mobile electrons versus B_‖ field, as determined from fitting the SdH oscillations [10] at fixed gate voltage value. The perpendicular field in these SdH measurements varied from 0.2 to 1 T to provide sufficiently high number of filled Landau levels (> 8) and a weak amplitude of the oscillations δρ/ρ ≪ 1. As Fig.4 shows, the density of mobile electrons increases slightly with the in-plane field; this does not correlate with either the energy spectrum (Fig.3) or with a weak monotonic dependence of the effective mass (and, hence, the Fermi energy) on B_‖ [21, 22, 14] (note, that the frequency of SdH oscillations does not depend on m^∗ being dependent solely on the Landau levels degeneracy). Since the total charge in the Si-MOSFET (which is a plane capacitor) does not vary with B_‖, we conclude, that there is a few % exchange of electrons between the reservoirs of 2D-mobile and localized states.

Fig.4. Typical dependence of the density of mobile electrons on the in-plane magnetic ˛eld, determined from the Shubnikov-de Haas oscillations period. Inset shows schematic energy diagram of the spin-up, spin-down and impurity bands, and direction of their motion with B_‖ ˛eld. Energy spectrum corresponds to B⊥ = 1.14 T and B_‖ = 1 T

The effects of exchange of electrons are natural in case the localized electrons fill the upper Hubbard band [15, 16]; the latter would float up towards the Fermi energy as density decreases. The upper Hubbard band is expected to be narrow [16], therefore, the in-plane magnetic field should quickly polarize it. The spinpolarization and motion of the band of localized states in the B_‖ field may thus be the reason for the dependence of n on B_‖ shown in Fig.4. The latter dependence, in its turn, explains semi-quantitatively the unexpected monotonic negative MR, Δρ, as observed in B_‖ field [see Fig.2a]: Δρ = (dρ/dn)Δn(B_‖). With the experimentally determined value dρ(B = 0)/dn = = 11.5kΩ/� per 10^{11} cm^{−2} (for this same gate voltage) and Δn(B_‖) = 5 · 10^9 cm^{−2} (see Fig.4), we anticipate the decrease in ρ(B_‖) = 0.6kΩ/� in the field range B_‖ = 0 − 1.5 T, which agrees well with the monotonic negative magnetoresistance, shown in Fig.2.

The nonmonotonic variation of the MR may also result from the peaked structure of the Hubbard band. The role of the B_⊥-field in this picture is to produce the ladder structure of the density of states in the band of mobile electrons, Eq. (1); this ladder moves with inplane field relative to the peaked Hubbard band. Therefore, the nonmonotonic MR is not seen in purely in-plane field, though the localized band contributes a sampledependent monotonic part to the in-plane field magnetoresistance [19, 11, 18]. An interesting question is whether or not the density of mobile electrons varies solely with B_‖ or with B_⊥ field, however answering this question poses a difficult technical challenge.

Ŕĺśĳňă ć ĘİŠŤ šőň 80 ćżŕ. 5 { 6 2004

To summarize, for the low-density 2D electron liquid in Si (n ∼ 10^{11} cm^{−2}, close to but noticeably larger than the critical density), we observed an unexpected negative and oscillatory magnetoresistance in the in-plane magnetic field, when a weak perpendicular component of the field is superimposed onto the in-plane field. Analysis of the features in MR shows that the negative MR and its oscillations are irrelevant to the energy spectrum of mobile electrons. We also observed a concomitant weak variation of the density of mobile electrons with B_‖. The density variation is likely to cause the unexpected negative MR. We believe, the observed effects hint at the involvement of the localized states into the transport at low densities; the latter may supply the electrons to and from the band of extended states even at density as high as 60% larger than the critical density of the M-I transition. In other words, the observed effects evidence for the hybridization of mobile and localized carriers in the vicinity of 2D MIT. As electron density decreases and approaches the critical value of the MIT, the interaction between the localized and extended states is expected to grow. The interaction between the mobile and localized states, which is often ignored, may play an essential role in the overall phenomenon of the 2D MIT.

The work was partially supported by the NSF, ARO MURI, INTAS, RFBR, and Russian Programs “Strongly correlated Electrons”, “Physics of Nanostructures”, “Quantum and Non-linear Processes”, “Integration”, and “The State Support of the Leading Scientific Schools”.

1. E. Abrahams, S. Kravchenko, and M. P. Sarachik, Rev.

Mod. Phys. 73, 251 (2001).

2. B. L. Altshuler, D. L. Maslov, and V. M. Pudalov, Physica , E9, 209 (2001).

3. B. L. Altshuler and A. G. Aronov, in Electron-electron interactions in disordered systems, Ed. A. L. Efros and M. Pollak, Elsevier, Amsterdam, 1985. P. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phys. 57, 287 (1985).

4. S. Das Sarma and E. H. Hwang, Phys. Rev. Lett. 83, 164 (1999).

5. G. Zala, B. N. Narozny, and I. L. Aleiner, Phys. Rev.

B64, 214204 (2001); cond-mat/0109531; ibid. 65, 20201R (2002).

6. I. V. Gornyi and A. D. Mirlin, Phys. Rev. B69, 045313 (2004).

7. A. M. Finkelstein, Sov. Sci. Reviews/section A. Ed.

I. M. Khalatnikov, Physics Reviews 14, 3 (1990). 8. C. Castellani, Phys. Rev. B30, 527 (1984); C. Castellani, G. Kotliar, and P. A. Lee, Phys, Rev. Lett. 59, 323 (1987). C. Castellani, C. DiCastro, H. Fukuyama et al., Phys. Rev. B33, 7277 (1986); C. Castellani, C. Di Castro, and P. A. Lee, ibid. 57, R9381 (1998).

9. A. Punnoose and A. M. Finkelstein, Phys. Rev. Lett. 88, 016802 (2002).

10. V. M. Pudalov, M. Gershenson, H. Kojima et al., Phys.

Rev. Lett. 88, 196404 (2002).

11. V. M. Pudalov, M. Gershenson, H. Kojima et al., Phys.

Rev. Lett. 91, 126403 (2003).

12. S. A. Vitkalov, K. James, B. N. Narozhny et al., Phys.

Rev. B67, 113310 (2003).

13. Y. Y. Proskuryakov, A. K. Savchenko, S. S. Safonov et al., Phys. Rev. Lett. 89, 076406 (2002).

14. J. Zhu, H. L. Stormer, L. N. Pfei¸er et al., Phys. Rev.

Lett. 90, 056805 (2003).

15. N. F. Mott, Metal-Insulator Transitions, Tailor and Francis Ltd., London (1974).

16. V. I. Kozub and N. V. Agrinskaya, Phys. Rev. B64, 245103 (2001).

17. T. M. Klapwijk and S. Das Sarma, Sol. St. Commun.

110, 581 (1999).

18. V. M. Pudalov, G. Brunthaler, A. Prinz, and G. Bauer, Phys. Rev. Lett. 88, 076401 (2002).

19. V. M. Pudalov, G. Brunthaler, A. Prinz, and G. Bauer, cond-mat/0103087.

20. V. M. Pudalov, M. E. Gershenson, and H. Kojima, condmat/0201001.

21. F. Stern, Phys. Rev. Lett. 21, 1687 (1968). 22. E. Tutuc, E. Melinte, E. P. De Poortere et al., Phys. Rev.

B67, 241309 (2003).

Ŕĺśĳňă ć ĘİŠŤ šőň 80 ćżŕ. 5 { 6 2004