arXiv:cond-mat/0209094 4 Sep 2002

Comparing measured and calculated local density of states in a disordered two-dimensional electron system

M. Morgenstern^a, J. Klijn^a, Chr. Meyer^a, R. A. Römer^{b,1}, R. Wiesendanger^a

aInstitute of Applied Physics, Hamburg University, Jungiusstraße 11, D–20355 Hamburg, Germany bInstitute of Physics, Chemnitz University of Technology, 09107 Chemnitz, Germany

Abstract

The local density of states (LDOS) of the adsorbate induced two-dimensional electron system (2DES) on n-InAs(110) is studied by low-temperature scanning tunneling spectroscopy. In contrast to a similar 3DES, the 2DES LDOS exhibits 20 times stronger corrugations and rather irregular structures. Both results are interpreted as a consequence of weak localization. Fourier transforms of the LDOS reveal that the k-values of the unperturbed 2DES still dominate the 2DES, but additional lower k-values contribute significantly. To clarify the origin of the LDOS patterns, we measure the potential landscape of the same 2DES area allowing to calculate the expected LDOS from the single particle Schrödinger equation and to directly compare it with the measured one.

Key words: Electron states at surfaces and interfaces; Weak or Anderson localization; Semiconductor compounds;

1. Introduction and Experimental Details

Two-dimensional electron systems (2DES) are intensively studied as a paradigmatic case for manyparticle systems in disordered potentials [1]. They exhibit unique properties with respect to their threedimensional counterparts such as weak localization or the quantum Hall effect [2]. Many experiments probed the macroscopic properties of a 2DES, but little is known about the underlying local density of states (LDOS). On the other hand, detailed predictions for the LDOS exist from theory [2,3] making it important to establish quantitative LDOS studies [4].

For this purpose, we use the adsorbate induced 2DES [5] on InAs(110) [6]. In contrast to usual heterostructures [7], this 2DES provides a spatial resolution of 5 nm well below characteristic length scales of the 2DES LDOS. Subband energies are determined by angle-resolved photoelectron spectroscopy (ARUPS),

1 Corresponding author. Permanent address: Department of Physics, University of Warwick, Coventry CV4 7AL, UK, Email: r.roemer@warwick.ac.uk

the disorder potential is measured using the lowest state of the tip induced quantum dot (QD) [8], and the 2DES LDOS is recorded by scanning tunneling spectroscopy (STS). Thus, for the first time, all ingredients of the Schrödinger equation (SE) are known and the output of the SE (LDOS) is measured. We found that the tendency of a 2DES to weakly localize results in strong and irregular LDOS corrugations in remarkable contrast to 3DES’s, where only weak and regular corrugations are found [9].

The UHV-low temperature STM working at T = 6 K with spectral resolution in STS down to 0.5 mV is described in [9]. Degenerate n-InAs (ND = 1.1 × 10^{16} /cm^3 ) is cleaved in-situ at a base pressure of 10^{−8} Pa, which leads to a nearly defect free InAs(110) surface with a Fermi level EF = 5 meV above the conduction band minimum. To induce the 2DES, Fe is deposited from an e-beam evaporator [6]. The Fe coverage is determined by counting the Fe-atoms and given with respect to the unit cell of InAs(110).

Topographic STM-images are recorded in constant current mode with voltage V applied to the sample. The dI/dV -curves are measured by lock-in technique

Preprint submitted to LT23 Proceedings 5 September 2002

(f = 1.5 kHz, Vmod =1.8 mV) with fixed tip-surface distance stabilized at current Istab and voltage Vstab. The influence of the spatially changing tip-surface distance is checked to be of minor importance [9].

2. Results and Discussion

In Fig. 1a, we show one of the LDOS images recorded at 2.7 % coverage (in the absence of a QD). The spatial resolution (5 nm) is well below the Fermi wave length (23 nm). The total intensity corresponds to about 30 electronic states, but, since the scattering length and thus the localization length is larger than the image size, more states contribute with part of its intensity. In general, the LDOS images exhibit corrugations decreasing in length scale with increasing V and do not show the circular structures found in the InAs 3DES [9]. The corrugation strength defined as the ratio between spatially fluctuating and total dI/dV -intensity is 60 ± 5 %, i.e., 20 times larger than the corrugation strength in the 3DES (3 ± 0.5 %) [9].

Both results reflect the tendency of the 2DES to weakly localize [2]. Many different scattering paths containing each many scattering events contribute to the LDOS leading to more intricate patterns and the tendency for localization leads to the increased corrugation.

A Fourier transform (FT) of the LDOS (inset) reveals the distribution of contributing k-values. At low voltage a disk is visible in the FT, which at higher voltage is confined by a ring. At even higher voltages (V > −40 mV), we find that a second smaller disk appears indicating the occupation of the second subband. We can use these data to reconstruct the dispersion curve for the lower subband with good accuracy [5].

We next solve the SE for noninteracting particles numerically using periodic boundary conditions, the measured disorder potential and no adjustable fit parameter [11]. To construct the LDOS, the resulting squared wave functions are weighted with the known energy resolution of the experiment. The resulting LDOS for a particular energy is shown in Fig. 1a in comparison with the measured LDOS in Fig. 1b. The correspondence is reasonable, i.e. several features as the central ring structure or other smaller structures marked by arrows appear in both images. The FT’s (insets) and the intensity distributions of the LDOS (Fig. 1c) show very good agreement demonstrating that the additional kvalues in the FT’s and the strength of the corrugation are indeed caused by the interaction with the potential disorder. Fig. 1d shows the cross correlation function between experimental and theoretical images. Oscillations on the length scale of the unperturbed electron wave length are found, which demonstrates quan-

Fig. 1. (a) LDOS calculated from a potential landscape at E = −50 meV. (b) Normalized dI/dV -image of the same area; V = −50 mV, V_{stab} = 100 mV, I_{stab} = 300 pA. Insets are FT’s. Dots mark identical sample positions as deduced from constant current images. (c) Intensity distribution of the LDOS in (a) and (b); for the sake of comparison the experimental curve is stretched by 5 %. (d) Cross correlation function between experimental and calculated image.

titatively the reasonable agreement between calculated and measured patterns.

Acknowledgements

Financial support from Wi 1277/15-1, the DFG (SPP “Quanten-Hall-Systeme”, SFB393) and the BMBF project 05 KS1FKB is gratefully acknowledged.

References

[1] see e.g. P. A. Lee et al., Rev. Mod. Phys. 57, 287 (1985).

[2] E. Abrahams et al., Phys. Rev. Lett. 42, 673 (1979); K. v.

Klitzing et al., Phys. Rev. Lett. 45, 494 (1980).

[3] B. Kramer et al., Rep. Prog. Phys. 56, 1469 (1993).

[4] K. Kanisawa et al., Phys. Rev. Lett. 86, 3384 (2001).

[5] M. Morgenstern et al., (2002), ArXiv: cond-mat/0202239.

[6] M. Morgenstern et al., Phys. Rev. B 61, 13805 (2000).

[7] N. B. Zhitenev et al., Nature 404, 473 (2000); S. H. Tessmer et al., Nature 392, 6671 (1998); G. Finkelstein et al., Science 289, 90 (2000).

[8] R. Dombrowski et al., Phys. Rev. B 59, 8043 (1999);

M. Morgenstern et al., J. Electr. Micr. Rel. Phen. , 109, 127 (2000).

[9] Chr. Wittneven et al., Phys. Rev. Lett. 81, 5616 (1998);

Rev. Sci. Instr. 68, 3806 (1997).

[10] K. Rossnagel et al., Nucl. Instrum. Methods Phys. Res. A 467-8, 1485 (2001).

[11] C. Metzner et al., Phys. Rev. B 58, 7188 (1996).

2