Pis’ma v ZhETF, vol. 86, iss. 9, pp. 687 { 690 cfl 2007 November 10

Determination of Landau’s Fermi-liquid parameters in Si-MOSFET systems

A. Gold, V. T. Dolgopolov^+

Centre d‘Elaboration de Matériaux et d‘Etudes Structurales (CEMES-CNRS), 31055 Toulouse, France

+Institute of Solid State Physics, 142432 Chernogolovka, Moscow District, Russia

Submitted 6 September 2007 Resubmitted 27 September 2007

We analyze experimental data in order to evaluate Landau’s Fermi-liquid parameters. By using row data of recent Shubnikov -de Haas measurements we derive, as function of the electron density ns, results for the compressibility mass of the charged two-dimensional electron gas. The compressibility mass is nearly equal to the transport mass even in the density region where the transport mass has the tendency to diverge. We conclude that Landau’s Fermi-liquid parameter F^s_0 (ns) is nearly independent of electron density and near to zero. This result is derived for silicon (100) and silicon (111) surfaces. We also obtain the dependence of F^s_1 (ns), determining the transport mass, and of F^a_0 (ns), determining the spin-susceptibility.

PACS: 71.10.Ay, 72.10.�d, 73.20.�r

Recently, it was found in experiment that in Si- MOSFETs with (100) or (111) orientation the electron effective mass (the transport mass or cyclotron mass)

m�_{drastically increases with decreasing electron den-}

sity with a tendency to diverge at a definite electron concentration [1 – 3]. The critical electron density depends on the electron-electron interaction strength, so that the dependence m�(r_s)/m_b is universal in both silicon systems [3]. Here m_b is the bulk effective mass and r_s is the dimensionless Wigner-Seitz radius. Simultaneously, in both systems a decrease of the Dingle temperature is observed by decreasing of the electron concentration [2, 3]. On the first glance the last observation seems to be very puzzling, because it means an increase of the single-particle relaxation time with decreasing density. In lowering the electron density disorder effects should become more important due to less screening and the single-particle relaxation time should decrease. We conclude that the observed behavior of the Dingle temperature is in contradiction with expectations obtained within the simplest theoretical consideration [4–6].

In a number of publications during last years [7 – 9] it was shown that despite of a strong increase of the effective mass the electron system can be described in the frame of the Fermi-liquid theory proposed by Landau [10]. In the two-dimensional case the effective transport mass in this theory is defined through the dimensionless parameter F^s_1 (a Landau Fermi-liquid parameter) m� m_b = p_F v_F m_b = 1 + 1 2 F^s_1 . (1)

The possibility of a divergence of the effective mass can be easily seen if one uses in equation (1) the initial parameter of the theory f^s_1 =^mb_{m�ν(0)} F^s_1 . Here ν(0) is the density of states defined with the mass m_b. With f^s_1 the equation for the effective (transport) mass is written as m� m_b = 1 1 −^1_2 ν(0)f^s_1

. (2)

The transport effective mass, corresponding to equations (1), (2), is not unique in Landaus Fermi-liquid theory. Another effective mass m_{com}, determining the thermodynamic density of states, the compressibility (com), and the screening behavior is defined by

m_{com} = πn_s^2~^2 g_v κ = m� 1 + F^s_0 = m_b 1 +^1_2 F^s_1 1 + F^s_0

, (3)

where κ represents the compressibility, n_s is the electron density, and g_v is the number of valleys. The mass m_{com} is a function of two macroscopic parameters F^s_1 and F^s_0 , and can, in principle, have a very different dependence on the electron density in comparison to m�. We stress that the density of states is proportional to the mass m_{com} and that this mass also is responsible for screening effects. It defines the screening length in the long-range limit.

The aim of the present paper is to explain qualitatively the unusual behavior of the single-particle relaxation time (or sometimes called quantum scattering time) as a function of electron density [2, 3] and to extract from the available experimental data the dependences of m_{com} and F^s_0 on electron density.

Ŕĺśĳňă ć ĘİŠŤ šőň 86 ćżŕ. 9 { 10 2007 687

The single-particle relaxation time describes the amplitude of Shubnikov – de Haas (SdH) oscillations and the Dingle temperature via k_B T_D = ~/2πτ_s. Note that the effective transport mass m� is given by the energy difference of the Landau ladder seen in SdH oscillations. Therefore, we argue that one can determine two Landau Fermi-liquid parameters by measuring SdH oscillations as function of temperature.

First of all we would like to explain why we use the single particle relaxation time τ_s, and not the transport scattering time τ_t, where the compressibility mass also is an important parameter. The transport scattering time [11] is very sensitive to multiple scattering processes. Experimental data in both silicon systems are taken in the vicinity of the metal-insulator transition [12], where multiple scattering processes play a crucial role. The single-particle relaxation time is defined by density of state modulations and is much less sensitive to such multiple scattering processes [6]. For ε_F τ_s > ~ one can write τ_s as [6] ~ τ_s = 2m� π~^2

Z_{2kF} 0 dq ⟨|U(q)|^2⟩ ε(q)^2

1p_{4k2F − q2} , (4)

with ε(q < 2k_F ) = 1 + q_s(q)F_c(q)/q as the screening function, the q-dependent screening number q_s(q)/q_s = = g_v(m_{com}/m_b)(1 − G(q)) and q_s = g_s/a�_B, where a�_B is the effective Bohr radius. F_c(q) is the form factor for the Coulomb interaction due to the finite extension of the electron gas [4]. ⟨|U(q)|^2⟩ is the random potential due to disorder, and G(q) describes the local field corrections. G(q) takes into account exchange and correlation effects beyond the mean-field theory (the random-phase approximation) and reduces screening effects [10]. Impurity scattering with impurities at the Si/SiO_2 interface and interface-roughness scattering are important for the two-dimensional electron gas on silicon surfaces [4]. The analyzed Si(100) and Si(111) data for τ_s are in the validity range of equation (4), see also figure 10 in [6].

There are different contributions to the singleparticle relaxation time in Eq.(4). The increase of the effective mass m� with decreasing electron density in the numerator decreases τ_s for decreasing electron concentration. Similar influence has the effective quasi-particle interaction, because G(2k_F ) [13, 14] tends to unity as the electron density decreases. About the compressibility mass m_{com} nothing is really known from experiment. From numerical calculations of Ref. ([9]) we conclude that the mass m_{com} should strongly increase near the critical electron density, the density where the transport mass diverges.

In the integral of Eq.(4) at q_s ≫ 2k_F we can neglect the unity in ε(q), because the second term exceeds the unity significantly, and deduce that m�/τ_s ∝ m�^2/m^2_{com}. Hence, the single-particle relaxation time is roughly proportional to the square of m_{com} and the effect of the mass increase, according to the experiment, prevails both other effects described above.

In Fig.1 the ratio m�/m_{com} is shown versus electron

Fig.1. Di¸erent mass ratios versus electron density for silicon (100): the ratios m^�/mcom and m^�/mb extracted from experiment [2] are shown.The long arrow indicates the value of the MIT

density for experimental results obtained for Si(100) [2].We found this ratio within the following procedure. In SdH experiment m� is measured together with the single-particle relaxation time. At low electron density

(m�_{/τs)}1/2_{is proportional to m}�_{/mcom if the coefficient}

defined from Eq. (4) is slowly dependent on electron concentration. We tested this assumption and found that the variation of this coefficient is not more than 10%. Taking (m�/τ_s)^{1/2} ∝ m�/m_{com} equal to 1 at relatively large density, where the density dependence of

m�_{is negligible, we can conclude that m}�_{= mcom. Our}

numerical results indicate that m� = m_{com} holds for all densities. This would means that the parameter F^s_0 is independent of density and near to zero. Note the strong density dependence of m�/m_b [1], which is also shown in Fig.1.

Experimental results for Si(111) are more complicate to analyze. MOSFET with (111) orientation are more disordered than the Si(100) samples and the effective mass increase is shifted to higher electron concentration. It means that the contribution from surface roughness scattering is more important. Nevertheless the same procedure as described above gives very similar result. In Fig.2 we show the mass ratio m�/m_{com} versus electron density for experimental results obtained for Si(111) [3]. At large density the ratio was fixed to 1. A weak density

Ŕĺśĳňă ć ĘİŠŤ šőň 86 ćżŕ. 9 { 10 2007

Determination of Landau’s Fermi-liquid parameters in Si-MOSFET systems 689

Fig.2. Di¸erent mass ratios versus electron density for silicon(111): the ratios m^�/mcom and m^�/mb extracted from experiment [3] are shown

dependence is found. But again we can conclude that the essential density dependence of the mass m_{com} can be expressed by m�. We conclude that 0 < F^s_0 < 0.3. It is not clear weather this is due to the higher disorder in the (111) sample compared to the (100) sample or related to degeneracy effects in Si(111).

From existing experimental data one can extract two other Landau liquid parameters. Using Eqs. (1), (2) and mass values from SdH measurements we find F^s_1 versus electron density. Our results are shown in Fig.3. For

Fig.3. Landaus Fermi-liquid parameter F^s_1 for the e¸ective transport mass and F^a_0 for the spin susceptibility for Si(100) as deduced from experimental data [1] and [15], respectively. In the inset we show F^s_1 for the e¸ective transport mass for Si(111) as deduced from experimental data [3].The long arrow indicates the value of the MIT

both silicon surfaces F^s_1 exhibits a strong tendency to diverge at low electron density.

Another Fermi liquid parameter F^a_0 exists, defining the spin susceptibility χ_p in terms of the spinsusceptibility χ^0_p of the free electron gas without interaction effects. χ_p is given by [10]

χ^0_p χ_p = m_b m�^{(1 + F a0 ) = mb}_m�^{gb/g}

�_{, (5)}

where g� is the effective Lande g-factor of the electron gas with interaction and g_b = 2 the Lande g-factor of the electron gas in silicon without interaction effects. Experimental results for the Lande g-factor of Si(100) have been published in Refs. [1, 15]. For our analysis we will use the data of Ref. [1], because this data correspond to scaling in a weak magnetic fields and are more close to the case of a spin-unpolarized electron gas. We tested that the other data do agree with conclusions made below. From the original experimental data one can see that the product g�m� increases more rapidly than m�. The authors of the experimental publication [2] newer discussed this fact due to the believe that differences were connected with differences in methods and with possible inaccuracy in experiment. But we think that the difference has a more fundamental origin, because this fact is good reproducible in experiments with different experimental methods. Our result for the parameter F^a_0 is shown in Fig.3. Near the point of a possible transport mass divergency, we observe an increase of −F^a_0 . Nevertheless, the behavior of this parameter seems to be far from being critical. We remember that critical behavior of F^a_0 corresponds to F^a_0 → −1.

With a magnetic field oriented parallel to the sample surface one can spin-polarize a two-dimensional electron gas [16]. The Fermi-liquid parameters discussed in this paper are for a magnetic field approaching zero. It was found in experiment that the effective mass does not depend on a parallel magnetic field [2]. Therefore we conclude that F^s_1 is independent on the spin degeneracy. However, we cannot rule out that F^s_0 depends on the spin degeneracy (or the spin-polarization). In fact, experimental results obtained for Si(100) indicate that F^s_0 may become negative with increasing parallel magnetic field [17]. We believe that more experimental results are necessary to quantify this conclusion in more detail.

Let us finally discuss some published experimental results on Landau’s Fermi-liquid parameters F^s_1 and F^a_0 of the two-dimensional electron gas. Various attempts to extract from experiment Landau parameters have been made before [18 – 20]. However, the results of the fitting procedure of the experimental data with the proposed theory [21, 22] are rather controversial. The authors [18 – 20] concluded that the main effect is connected with the increase of the transport mass, but the results obtained

4 Ŕĺśĳňă ć ĘİŠŤ šőň 86 ćżŕ. 9 { 10 2007 for the parameter F^a_0 only have the same order of magnitude. Moreover, in these publications one never takes into account a possible difference between the transport mass and the compressibility mass. Another method is used in Ref. [23]. Here the data for SdH were analyzed. The raw data for m�g� in the corresponding interval of electron densities are in excellent agreement with data of Ref. [1]. In the attempt to find the transport mass and the effective g factor separately the authors supposed that the Dingle temperature is temperature dependent in the same manner as the inverse transport scattering time. We believe that this assumption may overestimate a possible temperature dependence of the Dingle temperature, because very different microscopic processes define the temperature dependence in these two cases.

In conclusion we argue that we obtained quantitative and qualitative results for Landaus Fermi-liquid parameters of the two-dimensional electron gas as realized in silicon (100) and silicon (111). We believe that the obtained numbers need confirmation by additional experimental results, for instance from other systems, like GaAs/Al_xGa_1�_xAs heterostructures and AlAs or AlP quantum wells.

1. A. A. Shashkin, S. V. Kravchenko, V. T. Dolgopolov, and T. M. Klapwijk, Phys. Rev. Lett. 87, 086801 (2001).

2. A. A. Shashkin, M. Rahimi, S. Anissimova et al., Phys.

Rev. Lett. 91, 046403 (2003).

3. A. A. Shashkin, A. A. Kapustin, E. V. Deviatov et al., cond. mat. 0706.3552 (2007).

4. T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys.

54, 437 (1982).

5. S. Das Sarma and F. Stern, Phys. Rev. B 32, 8442 (1985).

6. A. Gold, Phys. Rev. B 38, 10798 (1988). 7. V. A. Khodel, V. R. Shaginyan, and M. V. Zverev, JETP.

Lett. 65, 253 (1997).

8. J. W. Clark, V. A. Khodel, and M. V. Zverev, Phys. Rev.

B 71, 012401 (2005).

9. M. Baldo, V. V. Borisov, J. W. Clark et al., condmat/0703471 (2007).

10. D. Pines and P. Nozi«eres, The Theory of Quantum Liquids, Benjamin, New York, 1966.

11. A. Gold and W. Goetze, Phys. Rev. B 33, 2495 (1986). 12. S. V. Kravchenko and M. P. Sarachik, Rep. Prog. Phys.

67, 1 (2004).

13. A. Gold and L. Calmels, Phys. Rev. B 48, 11622 (1993). 14. A. Gold, Phys. Rev. B 50, 4297 (1994).

15. A. A. Shashkin, S. Anissimova, M.R. Sakr et al., Phys.

Rev. Lett. 96, 036403 (2006).

16. T. Okamoto, K. Hosoya, S. Kawaji, and A. Yagi, Phys.

Rev. Lett. 82, 3875 (1999).

17. A. A. Shashkin, S. V. Kravchenko, and T. M. Klapwijk, Phys. Rev. Lett. 87, 266402 (2001).

18. A. A. Shashkin, S. V. Kravchenko, V. T. Dolgopolov, and T. M. Klapwijk, Phys. Rev. B 66, 073303 (2002).

19. V. M. Pudalov, M. E. Gershenson, H. Kojima et al., Phys. Rev. Lett. 91, 126403 (2003).

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

Rev. B 67, 113310 (2003).

21. G. Zala, B. N. Narozhny, and I. L. Aleiner, Phys. Rev.

B 64, 214204 (2001).

22. G. Zala, B. N. Narozhny, and I. L. Aleiner, Phys. Rev.

B 65, 020201 (2002).

23. V. M. Pudalov, M. Gershenson, and H. Kojima, Fundamental Problems of Mesoscopic Physics, Interaction and Decoherence, Eds. I. V. Lerner, B. L. Altshuler, and Y. Gefen, Kluwer Academic Publishers, Dordrecht, 2004, p. 305.

Ŕĺśĳňă ć ĘİŠŤ šőň 86 ćżŕ. 9 { 10 2007