Short Note Typeset with jpsj2.cls <ver.1.1.1>

Scaling of the Level Compressibility at the Anderson Metal-Insulator Transition

Macleans L. Ndawana^{1∗}, Rudolf A. Römer^{1†} and Michael Schreiber^2

1Institut für Physik Technische Universität, D-09107, Chemnitz, Germany 2International University Bremen, D-28725 Bremen, Germany

(Received July 23, 2002)

KEYWORDS: Metal-Insulator transition, Localized states and Localization effects (Anderson or Weak localization)

1. Introduction

In a recent paper,^{1)} henceforth it shall be called P1, we have successfully been able to characterize the metalinsulator transition (MIT) of the three dimensional (3D) anisotropic Anderson^{2)} model (AM) via scaling of the level compressibililty. The existence of an MIT for this model even in the presence of very strong anisotropy was previously demonstrated by the use of transfermatrix methods,^{3)} multifractal analysis^{4)} and energy level statistics.^{5)} The presence of a disorder induced MIT in 3D and the absence of such in 2D and in 1D was shown via scaling arguments^{6)} (FSS). In the 3D AM we have the metallic, the critical and the insulating phases for low, critical and high disorder, respectively. At the MIT the localization length ξ diverges as a function of, say, disorder W , ξ ∼ |W −W_c|^{−ν} , where W_c is the critical disorder and ν is the localization length critical exponent.^{7)}

2. Spectral Statistics and Level Compressibility

The localization properties of wave functions of disordered single-electron systems are closely related to the statistical properties of the corresponding spectra.^{8)} In the insulating regime localized states, even if they are close in energy, have an exponentially small overlap and their levels are completely uncorrelated. Accordingly, in the thermodynamic limit the normalized distribution of spacing s between neighboring energy levels follows the Poisson law exp(−s). In the metallic regime, the large overlap of delocalized states induces correlations in the energy spectrum leading to level repulsion. In this case, if the system is invariant under rotational and under timereversal symmetry, the normalized level spacing distribution closely follows the Wigner surmise of the Gaussian orthogonal ensemble of random matrix theory^{9)}

P (s) = π 2 s exp ( − π 4 s^2 ) . The third system-size independent statistics directly at the MIT is usually called critical statistics and the corresponding wave functions are multifractal.

Our interest here is to use the number variance Σ_2 to characterize the MIT. The number variance is known to

∗ Permanent address: Department of Physics, University of Zambia, Lusaka, Zambia † Permanent address: Department of Physics, University of Warwick, Conventry CV4 7AL, UK

have the following general behavior as a function of the mean number of levels n̄ in an energy interval, i.e.,

Σ_2 ∼ log(n̄) delocalized, χn̄ critical, n̄ localized.

The number variance in the critical regime has been conjectured to be Poisson-like,^{10)} i.e., Σ_2 ≈ χn̄, where the level compressibility χ is another important parameter to characterize the MIT. Formally, the level compressibility is defined as χ ≈ lim_{n̄→∞} lim_{N→∞} dΣ_2(n̄) dn̄ . (1)

χ takes values 0 ≤ χ ≤ 1, being zero in the metallic state and unity in the insulating state; N is the system size, see P1 for details. Note that in order to perform any statistical calculations the eigenspectrum must be ”unfolded”^{11)} so that the average spacing between adjacent eigenvalues is one.

3. The Model Hamiltonian

We study the 3D AM of localization described by a Hamiltonian in the lattice site basis as H = N∑ i ε_i|i⟩⟨i| + ∑ ⟨i,j⟩ t_{ij} |i⟩⟨j| (2) where ⟨i|j⟩ = δ_{ij} and the t_{ij} are hopping integrals with ⟨i, j⟩ denoting nearest-neighbors on a regular cubic lattice with periodic boundary conditions. Our model includes anisotropy in the hopping integrals i.e., weakly coupled planes defined by t_x = t_y = 1, t_z = 0.1, here t_x, t_y and t_z are hopping integrals in the three spatial directions. We emphasize that we have chosen strong anisotropy simply because this is the case with the most accurate data (with relative error range form 0.2 to 0.4%) from a previous study.^{12)} In fact it has been shown that anisotropy has no effect on the universality class of the model^{12, 13)} except for changing non-universal properties such as the critical disorder W_c. The site energies ε_i are taken to be random numbers uniformly distributed in the interval [−W/2, W/2].

1

2 Short Note

4. FSS and Results

To perform FSS with χ we fit Σ_2 data with a polynomial and then “extract” the linear coefficient χ_p which is an approximation to χ, see figures 1 and 2. In P1, we have shown that a polynomial fit is stable and reliable for the calculation of the critical exponent ν and the critical disorder W_c. The polynomial is of the form,

χ_p ≈ Σ_2(N, W, n̄) n̄ − m∑ k=1 γ_k(N, W )n̄^k ,

where m is the order of the fit and γ_k(N, W ) are assumed not to depend on n̄. After performing FSS we are able to estimate the values of the critical exponent ν ≈ 1.45±0.12 and the critical disorder W_c ≈ 8.59±0.05. These values are averages of the results of many fit parameters in the FSS procedure, see Table 3 of P1 for details. The above approach is only suited to giving the global behavior of χ in the neighborhood of the MIT. This implies that there is a systematic shift of χ_p toward higher values and as such this method exaggerates the value of the critical level compressibility χ_c at the MIT. For the calculation of the critical level compressibility χ_c, we fit Σ_2 data via an ansatz function that incorporates irrelevant scaling exponents y_k, i.e.,

χ_c ≈ Σ_2(N, W, n̄) n̄ − m∑ k=1 Γ_k(N, W )n̄^{−yk} , where Γ_k(N, W ) are assumed not to depend on n̄. Note that this fit function works well for large system sizes and gives χ_c ≈ 0.28 ± 0.06 as an average value, see Table 2 of P1 for details. This value is in good agreement with previous studies.^{14)}

Fig. 1. χ_p(N, W ) obtained from a polynomial fit (hence the subscript on χ) of degree m = 3. The N dependence is clearly evident. The solid lines are fit functions from FSS, see P1.

5. Summary

In summary, our results show that χ can be used to compute, with the help of FSS, estimates of W_c and of ν which are in good agreement with other spectral calculations. Secondly, we have established that a polynomial

Fig. 2. One-parameter scaling dependence of χ_p on ξ for different system sizes N and disorders W ∈ [6, 12].

fit can be used to extract the universal content of the level compressibility in the vicinity of the MIT.

Acknowledgments Financial support from the Deutsche Forschungsgemeinschaft through the Sonderforschungsbereich 393 is gratefully acknowledged.

1) M. L. Ndawana, R. A. Römer, and M. Schreiber, Eur. Phys.

J. B 27, 399 (2002).

2) P. W. Anderson, Phys. Rev. 109, 1492 (1958). 3) I. Zambetaki, Q. Li, E. N. Economou, and C. M. Soukoulis, Phys. Rev. Lett. 76, 3614 (1996), ArXiv: cond-mat/9704107.

4) F. Milde, R. A. Römer, and M. Schreiber, Phys. Rev. B 55, 9463 (1997).

5) F. Milde and R. A. Römer, Ann. Phys. (Leipzig) 7, 452 (1998). 6) A. MacKinnon and B. Kramer, Z. Phys. B 53, 1 (1983). 7) B. Kramer and A. MacKinnon, Rep. Prog. Phys. 56, 1469 (1993).

8) V. E. Kravtsov, I. V. Lerner, B. L. Altshuler, and A. G.

Aronov, Phys. Rev. Lett. 72, 888 (1994).

9) M. L. Mehta, Random Matrices (Academic Press, Boston, 1990).

10) V. E. Kravtsov and K. A. Muttalib, Phys. Rev. Lett. 79, 1913 (1997), ArXiv: cond-mat/9703167.

11) C. M. Canali, Phys. Rev. B 53, 3713 (1996), ArXiv: condmat/9509014.

12) F. Milde, R. A. Römer, and M. Schreiber, Phys. Rev. B 61, 6028 (2000), ArXiv: cond-mat/9909210.

13) F. Milde, (2000), Dissertation, Technische Universität Chemnitz.

14) I. K. Zharekeshev and B. Kramer, in Quantum Dynamics in Submicron Structures, Vol. 291 of NATO ASI Series E, edited by H. A. Cerdeira, B. Kramer, and G. Schön (Kluwer, Dordrecht, 1994), p. 93, ArXiv: cond-mat/0112171.