This paper replaces mp arc 02-450 December 2003 See also: cond-mat/0210708 A slightly shorter version will appear in Markov Processes and Related Fields

A survey of rigorous results on random Schrödinger operators for amorphous solids

Hajo Leschke, Peter Müller, and Simone Warzel

ABSTRACT. Electronic properties of amorphous or non-crystalline disordered solids are often modelled by one-particle Schrödinger operators with random potentials which are ergodic with respect to the full group of Euclidean translations. We give a short, reasonably self-contained survey of rigorous results on such operators, where we allow for the presence of a constant magnetic field. We compile robust properties of the integrated density of states like its self-averaging, uniqueness and leading high-energy growth. Results on its leading low-energy fall-off, that is, on its Lifshits tail, are then discussed in case of Gaussian and non-negative Poissonian random potentials. In the Gaussian case with a continuous and non-negative covariance function we point out that the integrated density of states is locally Lipschitz continuous and present explicit upper bounds on its derivative, the density of states. Available results on Anderson localization concern the almost-sure pure-point nature of the low-energy spectrum in case of certain Gaussian random potentials for arbitrary space dimension. Moreover, under slightly stronger conditions all absolute spatial moments of an initially localized wave packet in the pure-point spectral subspace remain almost surely finite for all times. In case of one dimension and a Poissonian random potential with repulsive impurities of finite range, it is known that the whole energy spectrum is almost surely only pure point.

Dedicated to Leonid A. Pastur on the occasion of his 65th birthday.

CONTENTS

1. Introduction 2 1.1. Motivation and models 2 1.2. Interesting quantities and basic questions 4 1.3. Random Landau Hamiltonian and its single-band approximation 7 2. Self-averaging and uniqueness of the integrated density of states 9 3. Results in case of Gaussian random potentials 10 3.1. Lifshits tails 10 3.2. Existence of the density of states 12 3.3. Spectral and dynamical localization 14 4. Results in case of Poissonian random potentials 16 4.1. Lifshits tails 16 4.2. Existence of the density of states and spectral localization 19 5. Some open problems 19 Acknowledgement 20 References 20 Citation Index 24 1

2 HAJO LESCHKE, PETER MÜLLER, AND SIMONE WARZEL

1. Introduction

Over the last three decades a considerable amount of rigorous results on random Schrödinger operators have been achieved by many researchers. Good general overviews of such results can be found in the review articles [129, 105, 75, 117, 135, 142] and the monographs [34, 30, 118, 133]. We also recommend these sources for the general background in the field.

Most works concern Schrödinger operators with random potentials that possess an underlying lattice structure even if they are defined on continuous space. As against that, the present survey aims to collect rigorous results on one-particle Schrödinger operators with (and only with) truly continuum random potentials modelling amorphous solids. For the sake of simplicity we will refrain from stating these results under the weakest assumptions available for their validity, but only provide sufficient conditions which are easy to check. For weaker assumptions and related slightly stronger results the interested reader is referred to the original cited works where also the corresponding proofs can be found, which will be omitted here. As far as results by the present authors are mentioned, they have been obtained in collaboration with Jean-Marie Barbaroux, Markus Böhm, Kurt Broderix (1962–2000), Werner Fischer, Nils Heldt, Dirk Hundertmark, Thomas Hupfer and/or Werner Kirsch.

It is a pleasure to dedicate this survey to Leonid A. Pastur – one of the founding fathers of the rigorous theory of disordered systems. He is a mathematical physicist who masterly knows how to convert physical intuition into mathematical theorems and vice versa. Many of his contributions to the theory of random Schrödinger operators have been ground breaking. Here we only mention the early papers [17, 112, 113, 115, 61, 116], his survey articles [114, 117] and the monographs [100, 118].

1.1. Motivation and models

Almost half a century after Anderson’s pioneering paper [9], one-particle Schrödinger operators with random potentials continue to play a prominent rôle for understanding electronic properties of disordered solids. While perfect solids or crystals are characterized by the periodic arrangement of identical atoms (or ions) on the sites of a lattice, disordered solids lack any kind of long-range order, but may exhibit some vestige of short-range order. In some disordered solids, like in random alloys, an underlying lattice structure may still exist so that on average the solid remains homogeneous with respect to lattice translations. Accordingly, the random potentials employed to model such solids should be lattice-homogeneous, or even lattice-ergodic, in order to also take into account that different parts of the solid are practically decoupled at large separation [22, 100]. In extremely disordered materials, like liquids, glasses or amorphous solids [151, 82, 60, 87], an underlying lattice structure is no longer available and the corresponding random potentials should even be ergodic with respect to the group of all Euclidean translations, not only lattice ones.

The present survey is concerned with one-particle Schrödinger operators with random potentials modelling amorphous solids. More generally, we will consider a single quantum particle in d-dimensional Euclidean configuration space R^d, d ∈ N, subject to a random potential in the sense of Definition 1.1. By a random potential we mean a random scalar field V : Ω × R^d → R, x → V^{(ω)}(x) on a complete probability space (Ω, A, P), such that V is jointly measurable with respect to the product of the sigma-algebra A of (event) subsets of Ω and the sigma-algebra B(R^d) of Borel sets in R^d. We further suppose that V is R^d-ergodic and that it has one of the following two properties:

(V–) V has a finite pth absolute moment, that is, E [ |V (0)|^p ] < ∞ with some real p > max {3, d + 1}.

RANDOM SCHRÖDINGER OPERATORS FOR AMORPHOUS SOLIDS 3

(V+) V is non-negative and has a finite pth moment, that is, E [ V (0)^p ] < ∞ with p = 2 if d ∈ {1, 2, 3} or with some real p > d/2 if d ≥ 4.

Here E[·] := ∫ Ω P(dω) (·) denotes the expectation (in other words: ensemble averaging) induced by the probability measure P.

The precise definition of R^d-ergodicity of V requires [89, 75] the existence of a group {T_x}_{x∈R}d of probability-preserving transformations on (Ω, A, P) such that (i) the group is ergodic in the sense that every event E ∈ A which is invariant under the whole group is either almost impossible or almost sure, P(E) ∈ {0, 1}, and that (ii) V is R^d-homogeneous in the sense that V^{(Txω)}(y) = V^{(ω)}(y − x) for (Lebesgue-) almost all x, y ∈ R^d and all ω ∈ Ω. Roughly speaking, V is R^d-ergodic if its fluctuations in different regions become sufficiently fast decorrelated with increasing distance between the regions.

The quantum particle subject to the random potential may also be exposed to a constant magnetic field characterized by a skew-symmetric d × d-matrix with real entries B_{ij} = −B_{ji}, where i, j ∈ {1, . . . , d}. The components of the corresponding vector potential A : R^d → R^d in the Poincaré gauge are defined by A_j (x) :=^1_2 ∑_d i=1 x_iB_{ij} for all x = (x_1, . . . , x_d) ∈ R^d.

Choosing physical units such that the mass and electric charge of the particle as well as Planck’s constant (divided by 2π) are all equal to one, the Schrödinger operator for the quantum particle subject to a realization V^{(ω)} : R^d → R, x → V^{(ω)}(x) of a random potential V and a constant magnetic field is informally given by the differential expression

(1.1) H ( A, V^{(ω)} ) := 1 2 d∑ j=1 ( i ∂ ∂x_j + A_j )_2

+ V^{(ω)},

where i = √ −1 is the imaginary unit. According to the basic postulates of quantum mechanics, this expression has to be well defined as a self-adjoint operator acting on a dense domain in L^2(R^d), the Hilbert space of all complex-valued, Lebesgue square-integrable functions on R^d, which is equipped with the usual scalar product ⟨φ, ψ⟩ := ∫ R^d dx φ(x)

∗ψ(x), for φ, ψ ∈ L^2(R^d). In fact, our assumptions on V guarantee the existence of some subset Ω_0 ∈ A of Ω with full probability, P(Ω_0) = 1, such that for every ω ∈ Ω_0 the right-hand side of (1.1) is essentially self-adjoint on the dense subspace C^∞_0 (R^d) ⊂ L^2(R^d) of all complex-valued, arbitrarily often differentiable functions with compact supports, see for example [78, 75, 30, 52]. This justifies

Definition 1.2. By a random Schrödinger operator H(A, V ) with a random potential V and a constant magnetic field, corresponding to the vector potential A, we mean the family Ω_0 ∋ ω → H(A, V^{(ω)}) of Schrödinger operators given by (1.1).

In this survey we basically focus on two examples of random potentials in the sense of Definition 1.1, namely Gaussian and non-negative Poissonian ones. Both are rather popular in the physics literature [152, 22, 125, 100, 73, 45], see also [88] and references therein.

Definition 1.3. By a Gaussian random potential we mean a Gaussian random field [1, 101] which is R^d-ergodic. It has zero mean, E [ V (0)] = 0, and its covariance function C : R^d → R, x → C(x) := E [ V (x)V (0)] is continuous at the origin where it obeys 0 < C(0) < ∞.

The covariance function C of a Gaussian random potential is bounded and uniformly continuous on R^d by definition. Consequently, [49, Thm. 3.2.2] implies the existence of a separable version of this field which is jointly measurable. Referring to a Gaussian random potential, we will tacitly assume that only this version will be dealt with. By the Bochner-Khintchine theorem there is a one-to-one correspondence between Gaussian random potentials and finite positive (and even)

4 HAJO LESCHKE, PETER MÜLLER, AND SIMONE WARZEL

Borel measures on R^d. A simple sufficient criterion ensuring R^d-ergodicity is the mixing condition lim_{|x|→∞} C(x) = 0. Furthermore, the explicit formula

(1.2) E [ |V (0)|^p ] = (2πC(0))^{−1/2} ∫ R dv e^{−v2 /2C(0)} |v|^p = Γ ( p + 1 2 ) [2C(0)]^{p/2} π^{1/2} , where Γ stands for Euler’s gamma function [62], shows that a Gaussian random potential has property (V–) and is therefore a random potential in the sense of Definition 1.1.

The second example of a random potential considered subsequently is a non-negative Poissonian one, which we define as follows.

Definition 1.4. By a non-negative Poissonian random potential with single-impurity potential U ≥ 0 and mean concentration ϱ > 0 we mean a random field with realizations given by

(1.3) V^{(ω)}(x) = ∫ R^d μ^{(ω)}_ϱ (dy) U(x − y). Here μ_ϱ denotes the (random) Poissonian measure on R^d with parameter ϱ > 0 and the function U : R^d → [0, ∞[ is supposed to be non-negative and strictly positive on some nonempty open set in R^d. Moreover, we assume that U satisfies the Birman-Solomyak condition ∑ m∈Z^d ( ∫ Λ_m dx |U(x)| p)_{1/p} < ∞ with p = 2 if d ∈ {1, 2, 3} or with some real p > d/2 if d ≥ 4. Here Λ_m denotes the unit cell of the d-dimensional simple cubic lattice Z^d ⊂ R^d which is centred at the site m ∈ Z^d.

Since the Poissonian measure is a random Borel measure which is only pure point and positive integer-valued, each realization of a non-negative Poissonian random potential is informally given by (1.4) V^{(ω)}(x) = ∑ j U ( x − p^{(ω)}_j ) . It can therefore be interpreted as the potential generated by immobile impurities, located at {p^{(ω)}_j } ⊂ R^d, each of which is characterized by the same repulsive potential U. The random variable μ_ϱ(Λ) then equals the number of impurities in the bounded Borel set Λ ⊂ R^d. It is Poissonian distributed according to

(1.5) P ({ ω ∈ Ω | | μ^{(ω)}_ϱ (Λ) = n } ) = (ϱ |Λ|)^n n! e^{−ϱ|Λ|}, n ∈ N ∪ {0}, where |Λ| := ∫ Λ dx denotes the (Lebesgue-) volume of Λ, so that ϱ is indeed the mean (spatial) concentration of impurities. Employing for example [72, Lemma 3.10], one makes sure that a nonnegative Poissonian random potential satisfies property (V+). Since it is also R^d-ergodic due to U ∈ L^2(R^d), it is therefore a random potential in the sense of Definition 1.1.

1.2. Interesting quantities and basic questions

A quantity of primary interest in the theory and applications of random Schrödinger operators is the (specific) integrated density of states N. Its knowledge allows one to compute the specific free energy of the corresponding non-interacting many-particle system in the thermodynamic limit, see for example (1.10) below. It also enters formulae for transport coefficients.

For its definition we first introduce Θ(E − H(A, V^{(ω)})), the spectral projection operator of H(A, V^{(ω)}) associated with the open half-line ] − ∞, E [ ⊂ R up to a given energy E ∈ R. This notation complies with the functional calculus for self-adjoint operators in that Θ : R → {0, 1} stands for Heaviside’s left-continuous unit-step function. For a random potential in the sense of Definition 1.1, this spectral projection possesses a complex-valued integral kernel (in other words:

RANDOM SCHRÖDINGER OPERATORS FOR AMORPHOUS SOLIDS 5

position representation) Θ(E − H(A, V^{(ω)}))(x, y), which is a jointly continuous function of x, y ∈ R^d and a P-integrable function of ω ∈ Ω_0, see [126, 28, 29]. This justifies

Definition 1.5. The integrated density of states is the function N : E → N(E) defined through the expectation value

(1.6) N(E) := E [ Θ ( E − H(A, V ) ) (x, x) ] = ∫ Ω P(dω) Θ ( E − H(A, V^{(ω)}) ) (x, x).

Thanks to the unitary invariance of the kinetic-energy operator H(A, 0) under so-called magnetic translations [150] and to the R^d-homogeneity of V , N is independent of the chosen x ∈ R^d. Moreover, N is non-negative, non-decreasing and left-continuous.

There are some other universally valid properties of the integrated density of states N which do not depend on the specific choice of the random potential. For example, for theoretical and experimental reasons it is a comforting fact to learn that N, which is defined above as an ensemble average involving the infinite-volume random operator H(A, V ), may be viewed as a spatial average for a given typical realization V^{(ω)} of V . This property, often dubbed self-averaging [100], and the arising uniqueness problem will be made more precise in Section 2 below. Basically, selfaveraging is a consequence of the assumed ergodicity of the random potential. The latter is also responsible for the almost-sure non-randomness of the spectrum of H(A, V ) and of its spectral components in the Lebesgue decomposition [116, 76]. By (1.6), the location of the almost-sure spectrum of H(A, V ), as a closed subset of the real line R, coincides with the set of growth points {E ∈ R | N(E) < N(E + ε) for all ε > 0} of N. But the location of the spectral components (in other words: the nature of the spectrum) cannot be inferred from N alone. For rather simple exceptions see the paragraph below (1.9). In any case, the spectrum depends on the choice of V . For example, due to the unboundedness of the negative fluctuations of a Gaussian random potential V , the almost-sure spectrum of the corresponding H(A, V ) coincides with the whole real line. In case of a non-negative Poissonian potential the spectrum of H(A, V ) is almost surely equal to the half-line starting at the ground-state energy of H(A, 0), that is, at the infimum of its spectrum.

Another universally valid property of N is its leading high-energy growth which is given by N(E) ∼ 1 Γ(1 + d/2) ( E 2π )_{d/2} (E → ∞). (1.7)

see [75, 30, 118, 106, 140]. Here we use the notation f(E) ∼ g(E) as E → E^′ to indicate the asymptotic equivalence in the sense that lim_{E→E}′ f(E)/g(E) = 1 for some E^′ ∈ [−∞, ∞]. Remarkably, the asymptotics (1.7) is purely classical in the sense that N(E) ∼ N_c(E) as E → ∞, where

N_c(E) := 1 |Λ| E [∫ Λ×R^d dx dk (2π)^d Θ ( E −^1_2 |k − A(x)|^2 − V (x) )] (1.8) = 1 Γ(1 + d/2) E [( E − V (0) 2π )_{d/2} Θ ( E − V (0) ) ]

defines the (quasi-) classical integrated density of states, see also [74]. In accordance with a theorem of Bohr and van Leeuwen on the non-existence of diamagnetism in classical physics [107], the integration with respect to the canonical momentum k ∈ R^d shows that N_c does not depend on A and hence not on the magnetic field (B_{ij} ). Furthermore, the R^d-homogeneity of V ensures that N_c is independent of the chosen bounded Borel set Λ ⊂ R^d of strictly positive volume |Λ|. The asymptotics (1.7) does not even depend on the random potential. Rather it is consistent with a famous result of Weyl [148].

In contrast to the high-energy growth (1.7), the low-energy fall-off of N near the almost-sure ground-state energy of H(A, V ) is not universal, more complicated and in general harder to obtain.

6 HAJO LESCHKE, PETER MÜLLER, AND SIMONE WARZEL

It typically stems from exponentially rare low-energy fluctuations of the random potential, which compete with the quantum fluctuations related to the kinetic energy. As a result, N exhibits a much faster low-energy fall-off in comparison to the non-random case V = 0. This is commonly referred to as a Lifshits tail in honour of the theoretical physicist I. M. Lifshits (1917–1982) who was the first to develop a quantitative theory [97, 98] in case A = 0. Lifshits’ arguments can be summarized in terms of the so-called optimal-fluctuation ideology [64, 153, 99] (see also [125, 100, 118]) according to which the low-energy fall-off of N near the almost-sure ground-state energy E_0 ∈ [−∞, ∞[ of H(A, V ) is (universally) given by the formula

log N(E) ∼ inf_{τ >0} ( τE + sup

ψ∈C^∞_0 (R^d) ⟨ψ, ψ⟩=1 log E [ e^{−τ ⟨ψ , H(A,V )ψ⟩} ]) (E ↓ E_0).

(1.9)

Here and in the following we suppress suitable constants ensuring dimensionless arguments of the natural logarithm because they become irrelevant in the limit. Actually all Lifshits tails we know of, in particular the ones caused by Gaussian and Poissonian random potentials presented in Sections 3 and 4 below, are consistent with (1.9).

As a left-continuous (unbounded) distribution function, N has at most countably many discontinuity points. For one space dimension, N is known to be even globally continuous [116]. If this is also true in the multi-dimensional case (of a continuum and A = 0), is an open problem. Using (1.6) it is not hard to show (for example by [72, Cor. 3.7] and [118, Thm. 2.12]) that N is discontinuous at a given energy E ∈ R if and only if E is almost surely an infinitely degenerate eigenvalue of H(A, V ). In the other extreme case in which H(A, V ) has almost surely only absolutely continuous spectrum in a given bounded energy interval I ⊂ R, it follows directly from (1.6) that N is absolutely continuous on I. This means that the density of states D : E → D(E) := dN(E)/dE exists as a non-negative Lebesgue-integrable function on I. In any case, under more specific assumptions on V regularity of N beyond absolute continuity is expected on the whole almost-sure energy spectrum, even in regimes with (dense) pure-point spectrum. For example, in case of a Gaussian random potential with a non-negative covariance function, N turns out to be (at least) locally Lipschitz continuous, so that D exists on the whole real line and is locally bounded, see Theorem 3.3 below. The regularity of N is physically relevant, for instance, for the basic thermal-equilibrium properties of the corresponding macroscopic system of non-interacting (spinless) fermions in a random medium. These properties are determined by the specific free energy

(1.10) F (T, n̄) := sup_{μ∈R} [ μ n̄ − T ∫ R dN(E) log ( 1 + e^{(μ−E)/T} )]

as a function of the absolute temperature T > 0 (multiplied by Boltzmann’s constant), the spatial concentration n̄ > 0 of the fermions and (possibly) the magnetic field. In fact, Sommerfeld’s ubiquitous asymptotic low-temperature expansion of F presupposes a sufficiently smooth integrated density of states [128], [90, Chap. 4]. In particular, one then has F (T, n̄) ∼ ∫_{EF} −∞ dE D(E)E − T^2D(E_F ) π^2/6 as T ↓ 0, where the Fermi energy E_F ∈ R is the solution of the equation N(E_F ) = n̄. Given (1.7), a sufficient condition for the existence of the Lebesgue- Stieltjes integral in (1.10) is the finiteness E [exp (−τV (0))] < ∞ for all τ ∈ [0, ∞[. In fact, this condition implies the (quasi-) classical estimate N(E) ≤ (2πτ)^{−d/2} e^{τ E} E [exp (−τV (0))] for all E ∈ R with arbitrary τ ∈]0, ∞[ by [118, Thm. 9.1] and the diamagnetic inequality, see also [29].

In perfect solids or crystals the (generalized) one-electron energy eigenfunctions are given by Bloch-Floquet functions on R^d, which are (time-independent) plane waves modulated by latticeperiodic functions [82, 91]. Accordingly these eigenfunctions are delocalized over the whole solid, hence not square-integrable, and the whole energy spectrum is only absolutely continuous. That the spectrum is absolutely continuous even in the low-energy regime, may be viewed as a consequence

RANDOM SCHRÖDINGER OPERATORS FOR AMORPHOUS SOLIDS 7

of the tunnelling effect. According to classical mechanics the electron would be localized in one of the identical atomic potential wells making up the crystal. Since even small differences in the potential wells may suppress “quantum coherence” and hence tunnelling, localized states given by square-integrable energy eigenfunctions associated with pure-point spectrum should emerge in disordered solids at least at low energies. In particular, this should be true for amorphous solids. As we will see in Theorem 3.7 and Theorem 3.9 below, localization at low energies can indeed be proven in case of certain Gaussian random potentials for arbitrary d ∈ N.

Since by their very nature, localized states are not capable of contributing to macroscopic charge transport, at a certain (non-random) energy a mobility edge is expected to occur [109] in an amorphous solid which separates localized states in the Lifshits-tail regime from delocalized ones at higher energies. At zero temperature, the passing of the Fermi energy through a mobility edge from delocalized to localized states results in a metal-insulator transition known as the Anderson transition. Likewise, the phenomenon of localization by disorder is called Anderson localization [9], see also [88] and references therein.

In order to better understand the suppression of charge transport in disordered solids by Anderson localization, both spectral and dynamical criteria for localization are commonly studied. Spectral localization means that there is only (dense) pure-point spectrum in certain energy regimes. In addition, the corresponding eigenfunctions are often required to decay not slower than exponentially at infinity instead of being merely square-integrable. One criterion for dynamical localization is a sufficiently slow spatial spreading of initially localized wave functions which evolve under the unitary time evolution in the spectral subspace χ_I (H(A, V^{(ω)})) L^2(R^d) corresponding to a certain (Borel) energy regime I ⊂ R. More precisely, one requires the finiteness

(1.11) sup_{t∈R} ∫ R^d dx | |ψ^{(ω)}_{t,I} (x) | |^2 |x|^q < ∞

of the qth absolute spatial moment of ψ^{(ω)}_{t,I} := e^{−itH(A,V (ω) )}χ_I (H(A, V^{(ω)}))ψ_0 for all times t ∈ R, all ψ_0 ∈ C^∞_0 (R^d) and, for example, a real q ≥ 2. Usually (1.11) is demanded either for P-almost all ω ∈ Ω or even upon integration over ω with respect to P, see [56, 15, 35, 57] and [133, Sec. 3.4]. While this type of dynamical localization implies spectral localization in I by the RAGE theorem [8, Sec. 5.1] (see also [34], [133, Sec. 4.1.5], [147]), the converse is not generally true, since pure-point spectrum may occur together with a sub-ballistic long-time behaviour [121]. Even more physical is another criterion for dynamical localization, namely the vanishing of the directcurrent conductivity of the corresponding non-interacting fermion system at zero temperature. The interrelations between the different localization criteria are complicated and not yet understood in sufficient generality; in this context we recommend [127, 122, 95, 14, 81, 138].

1.3. Random Landau Hamiltonian and its single-band approximation

In recent decades the physics of (quasi-) two-dimensional electronic structures has attracted considerable attention [10, 84, 92, 131]. Some of the occurring phenomena, like the integer quantum Hall effect, are believed to be microscopically explainable in terms of a system of noninteracting electrically charged fermions in the Euclidean plane R^2 subject to a perpendicular constant magnetic field of strength B := B_{12} > 0 and a random potential [73, 149]. The underlying one-particle Schrödinger operator is known as the random Landau Hamiltonian which acts on the Hilbert space L^2(R^2). Apart from numerous theoretical and numerical studies in the physics literature, there are nowadays quite a lot of rigorous results available for this and related models, see for example [93, 103, 16, 33, 13, 143, 3, 41, 12, 46, 59] and references therein.

8 HAJO LESCHKE, PETER MÜLLER, AND SIMONE WARZEL

The kinetic-energy part of the random Landau Hamiltonian is the well understood Landau Hamiltonian

(1.12) H(A, 0) = 1 2 [( i ∂ ∂x_1 − B 2 x_2

)_2 + ( i ∂ ∂x_2 + B 2 x_1

)_2] = B ∞∑ l=0 ( l + 1 2 ) P_l. Its spectral resolution expressed by the second equality dates back to Fock [53] and Landau [94]. The energy eigenvalue (l + 1/2)B is called the lth Landau level and the corresponding orthogonal eigenprojection P_l is an integral operator with continuous complex-valued kernel

(1.13) P_l(x, y) := B 2π exp [ i B 2 (x_2y_1 − x_1y_2) − B 4 |x − y|^2 ] L_l ( B 2 |x − y|^2 )

given in terms of the lth Laguerre polynomial L_l(ξ) :=^1_{l!} e^{ξ dl}_{dξl} ( ξ^le^{−ξ} ) , ξ ≥ 0 [62]. The diagonal P_l(x, x) = B/2π is naturally interpreted as the specific degeneracy of the lth Landau level.

Accordingly, the corresponding integrated density of states is the well-known discontinuous staircase function

(1.14) N(E) = B 2π ∞∑ l=0 Θ ( E − (l + 1/2) B ) , V = 0. Informally, the associated density of states dN(E)/dE is a series of Dirac delta functions supported at the Landau levels. By adding a random potential to (1.12) the corresponding peaks are expected to be smeared out. In fact, in case of Gaussian random potentials with a non-negative covariance function they are smeared out completely, see Theorem 3.3 in case d = 2 and Figure 1 below.

In the limit of a strong magnetic field the spacing B of successive Landau levels approaches infinity and the so-called magnetic length 1/ √ B tends to zero. Therefore the effect of so-called level mixing should be negligible if either the strength of the random potential V is small compared to the level spacing or if the (smallest) correlation length of V is much larger than the magnetic length. In both cases a reasonable approximation to N should then read

(1.15) N(E) ≈ B 2π ∞∑ l=0 R_l ( E − (l + 1/2) B ) . Here the lth term of the infinite series stems from the probability distribution function R_l on R defined by

(1.16) R_l(E) := 2π B E [( P_l Θ (E − P_lV P_l) P_l ) (x, x) ] , x ∈ R^2.

We refer to it as the (centred and normalized) lth restricted integrated density of states. It describes the broadening of the lth Landau level by the random potential to the lth Landau band, when considered in isolation. Assuming (without loss of generality) that the mean of the R^2-homogeneous random potential V is zero, E [V (0)] = 0, the variance of the energy in the lth Landau band is given by [25]

(1.17) σ^2_l := ∫ R dR_l(E) E^2 = 2π B ∫ R^2 dx |P_l(0, x)|^2 C(x) in terms of the covariance function C(x) := E [V (x)V (0)] of V . The standard deviation σ_l := √ σ^2_l is physically interpreted as the (effective) width of the lth Landau band. The exact formula (1.17) first appeared in approximations to R_l, like the so-called self-consistent Born approximation,

RANDOM SCHRÖDINGER OPERATORS FOR AMORPHOUS SOLIDS 9

see [92] and references therein. In case of the Gaussian covariance function (with x ∈ R^2)

(1.18) C(x) = C(0) exp ( − |x|^2 2λ^2 ) , C(0) > 0, λ > 0, the lth band width can be calculated exactly and explicitly as a function of the squared length ratio Bλ^2. The results is

(1.19) σ^2_l = C(0) Bλ^2 Bλ^2 + 1 ( Bλ^2 − 1 Bλ^2 + 1 )_l P_l ( ( Bλ^2 )_2 + 1 (Bλ^2)^2 − 1 ) =: w_l ( Bλ^2 ) > 0, where P_l(ξ) :=^1_{l!2l}^{dl}_{dξl} ( ξ^2 − 1 )_l , ξ ∈ R, is the lth Legendre polynomial [62].

Neglecting effects of level mixing by only dealing with the sequence of restricted random operators {P_lV P_l}_l is a simplifying approximation which is often made. The interest in these operators relates to spectral localization [65, 38, 39, 40, 119, 120] and to properties of their (restricted) integrated density of states R_l, see for example [146, 23, 83, 19, 18, 11, 124, 25, 21, 70]. From the physical point of view most interesting is the restriction to the lowest Landau band (l = 0). For strong enough magnetic fields all fermions may be accommodated in the lowest band without conflicting with Pauli’s exclusion principle, since the specific degeneracy increases with the magnetic field. The contribution of 2πR_0(E_F − B/2)/B to the sum of the series in (1.15) at the Fermi energy E_F should then already be a good approximation to N(E_F ), since the effects of higher Landau bands are negligible if B is large compared to the strength √ C(0) of the random potential.

For Gaussian and non-negative Poissonian random potentials, rigorous statements in support of this heuristics can be found in [103, 27, 144].

Remark 1.6. A sufficient condition [38, 26] for the almost-sure self-adjointness of the restricted random operator P_lV P_l on P_lL^2(R^2) is the following growth limitation for the even moments of the random potential,

(1.20) E [ |V (0)|^{2n} ] ≤ (2n)! M^{2n}

for all n ∈ N with some constant M < ∞. While (1.20) is satisfied for all Gaussian random potentials with M = √ C(0) (see (1.2)), its validity for non-negative Poissonian random potentials is ensured [26] by the additional (Lebesgue-essential) boundedness of the single-impurity potential, U ∈ L^∞(R^2). Moreover, R_l in (1.16) is well defined, because the integral kernel ( P_lΘ(E − P_lV^{(ω)}P_l)P_l ) (x, y) of the spectral projection P_lΘ ( E − P_lV^{(ω)}P_l ) P_l is jointly continuous in x, y ∈ R^2 and integrable with respect to P as a function of ω ∈ Ω. Thanks to magnetic translation invariance R_l is independent of the chosen x ∈ R^2.

2. Self-averaging and uniqueness of the integrated density of states

Since spatially separated, large parts of a macroscopic sample of an amorphous solid become decoupled rather fast with increasing distance, they effectively correspond to different realizations of the ergodic random potential modelling the solid. As a consequence, it should make no difference whether the integrated density of states N is defined as an ensemble average or as a spatial average for a given typical realization.

To specify the notion of a spatial average associated with N, one first has to consider a restriction of the (infinite-volume) random Schrödinger operator H(A, V ) to a bounded open cube Λ ⊂ R^d. The resulting finite-volume random Schrödinger operator H_{Λ,X}(A, V ) is rendered almost surely self-adjoint on the Hilbert space L^2(Λ) by imposing, for example, Dirichlet, X = D, or Neumann, X = N, boundary conditions on the wave functions in its domain of definition, see for example [75, 30, 71]. Since the spectrum of H_{Λ,X}(A, V ) almost surely consists only of isolated

10 HAJO LESCHKE, PETER MÜLLER, AND SIMONE WARZEL

eigenvalues of finite multiplicity, the finite-volume integrated density of states N^{(ω)}_{Λ,X} is well defined as the (specific) eigenvalue counting-function

N^{(ω)}_{Λ,X}(E) := 1 |Λ| { number of eigenvalues of H_{Λ,X}(A, V^{(ω)}), counting multiplicity, which are strictly smaller than E ∈ R } (2.1) = 1 |Λ| ∫ Λ dx Θ ( E − H_{Λ,X} ( A, V^{(ω)} )) (x, x) for both boundary conditions X = D and X = N, and P-almost all ω ∈ Ω. The next theorem shows that in the infinite-volume limit N^{(ω)}_{Λ,X} coincides with the above-defined ensemble average (1.6), and therefore becomes independent of X and P-almost all ω.

Theorem 2.1. Let V be a random potential in the sense of Definition 1.1. Moreover, let Λ ⊂ R^d stand for bounded open cubes centred at the origin. Then there is a set Ω_0 ∈ A of full probability, P (Ω_0) = 1, such that

(2.2) N(E) = lim_{Λ↑Rd} N^{(ω)}_{Λ,X}(E)

holds for both boundary conditions X = D and X = N, all ω ∈ Ω_0 and all energies E ∈ R except for the (at most countably many) discontinuity points of N.

By a suitable ergodic theorem [89] the existence and almost-sure non-randomness of both infinite-volume limits in (2.2) are basically due to the assumed R^d-ergodicity of V . Under slightly different hypotheses the actual proof was outlined in [106]. It uses functional-analytic arguments first presented in [77] for the case A = 0. A different approach to the existence of these limits for A ≠ 0, using Feynman-Kac(-Itô) functional-integral representations of Schrödinger semigroups [126, 28], can be found in [140, 27]. It dates back to [112, 111] for the case A = 0 and, to our knowledge, works straightforwardly in the case A ≠ 0 for X = D only. For A ≠ 0 uniqueness of the infinite-volume limit in (2.2), that is, its independence of the boundary condition X (previously claimed without proof in [106]) follows from [110] if the random potential V is bounded and from [36, 67] if V is bounded from below. For random potentials V yielding Schrödinger operators H(A, V ) which are almost surely unbounded from below, the proof of (2.2) can be found in [72, 29], see also [118, Thm. 5.20] for A = 0.

Remark 2.2. Similar as in equilibrium statistical-mechanics [123] there are more general sequences of regions expanding to R^d than concentric open cubes Λ for which (2.2) is true, see for example [118, p. 105], [30, p. 304] or [36]. Moreover, the convergence (2.2) holds for any other boundary condition X for which the self-adjoint operator H_{Λ,X}(A, V^{(ω)}) obeys the inequalities H_{Λ,N}(A, V^{(ω)}) ≤ H_{Λ,X}(A, V^{(ω)}) ≤ H_{Λ,D}(A, V^{(ω)}) in the sense of (sesquilinear) forms. The case of those mixed (in other words: Robin) boundary conditions, which cannot be sandwiched between Dirichlet and Neumann boundary conditions, is treated in [108].

3. Results in case of Gaussian random potentials

This section compiles rigorous results on Lifshits tails, the density of states and spectral as well as dynamical localization in case of Gaussian random potentials. The corresponding theorems are formulated under increasingly stronger conditions on the covariance function.

3.1. Lifshits tails

Since Gaussian random potentials V have unbounded negative fluctuations, it is not surprising that the leading low-energy fall-off of the integrated density of states is also Gaussian, even in the presence of a magnetic field. In particular, this type of fall-off ensures that H(A, V ), although the latter is almost surely unbounded from below, may serve as the one-particle Schrödinger operator of

RANDOM SCHRÖDINGER OPERATORS FOR AMORPHOUS SOLIDS 11

a macroscopic system of non-interacting fermions in a random medium with well-defined specific free energy (1.10) and related thermodynamic quantities.

Theorem 3.1. Let V be a Gaussian random potential with covariance function C. Then the leading low-energy fall-off of the integrated density of states N is Gaussian in the sense that log N(E) ∼ − E^2 2C(0) (E → −∞). (3.1)

Theorem 3.1 dates back to Pastur [113, 115], see also [111, 77], and [24, 27, 106, 140] for the magnetic case, where the last two references even allow the presence of certain random magnetic fields. The by now standard way of proving (3.1), already used by Pastur, is in the spirit of (1.9) (setting there E_0 = −∞). One first determines the leading asymptotic behaviour of the Laplace- Stieltjes transform, ~N(τ) := ∫ R dN(E) exp(−τE), τ > 0, of N as τ → ∞ and then applies an appropriate Tauberian theorem [20].

The Lifshits tail (3.1) in case of Gaussian random potentials is highly universal. It only depends on the single-site variance C(0) = E [ V (0)^2 ] > 0, but not on further details of the covariance function, the space dimension or the magnetic field. As physical heuristics and formula (1.9) already suggest, the (non-negative) kinetic-energy operator H(A, 0) becomes irrelevant at extremely negative energies and the tail (3.1) is purely classical in the sense that log N(E) ∼ log N_c(E) as E → −∞.

In contrast to the universal classical Lifshits tail (3.1) of N, the analogous tail of the restricted integrated density of states R_l exhibits non-universal quantum behaviour in that it depends on the magnetic field and on details of the covariance function.

Theorem 3.2 ([25]). Let d = 2 and B > 0. Suppose that V is a Gaussian random potential with covariance function C. Moreover, let σ^2_l > 0, see (1.17). Then the leading low-energy fall-off of the restricted integrated density of states R_l is Gaussian in the sense that

log R_l(E) ∼ −

E^2 2Γ^2_l (E → −∞). (3.2)

Here the fall-off energy Γ_l > 0 is given by a solution of the maximization problem

(3.3) Γ^2_l := sup_{φ∈P}

lL^2(R^2 ) ⟨φ,φ⟩=1 ∫ R^2 dx ∫ R^2 dy |φ(x)|^2 C(x − y) |φ(y)|^2 .

A proof of Theorem 3.2 follows the lines of reasoning in [25], which amounts to establish the appropriate version of (1.9). The symmetry R_l(E) = 1 − R_l(−E), for all E ∈ R, then immediately gives the high-energy growth log ( 1 − R_l(E) ) ∼ −E^2/(2Γ^2_l ) as E → ∞. For the Gaussian covariance (1.18) a maximizer in (3.3) is given by φ(x) = √ B/(l! 2π) [√ B/2 (x_1 − ix_2) ]_l exp(−B |x|^2/4) and the squared fall-off energy is explicitly found to be

(3.4) Γ^2_l = [ Bλ^2/(Bλ^2 + 1) ] w_l(Bλ^2 + 1),

see [25] and (1.19), and also [11] for l = 0. For a comparison of the fall-off energies in (3.1) and (3.2), we offer the chain of inequalities σ^4_l /C(0) ≤ Γ^2_l ≤ σ^2_l ≤ C(0) which is actually valid [25] for the covariance function of a general R^2-homogeneous random potential, not only of a Gaussian one.

12 HAJO LESCHKE, PETER MÜLLER, AND SIMONE WARZEL

3.2. Existence of the density of states

The continuity and non-negativity of the covariance function of a Gaussian random potential already imply that the corresponding integrated density of states N is locally Lipschitz continuous, equivalently, that N is absolutely continuous on any bounded interval and its (Lebesgue-) derivative D(E) = dN(E)/dE, the density of states, is locally bounded.

Theorem 3.3 ([51, 71]). Let V be a Gaussian random potential with non-negative covariance function C. Then the integrated density of states N is locally Lipschitz continuous and the inequality

(3.5) dN(E) dE ≤ W (E) holds for Lebesgue-almost all energies E ∈ R with some non-negative W ∈ L^∞_{loc}(R), which is independent of the magnetic field.

A simple, but not optimal choice for the Lipschitz constant is given by

(3.6) W (E) = ( r^{−1} + (2πτ)^{−1/2} )_d exp{τE + τ 2C(0) [1 − κ2_r /2]} κ_r √ 2πC(0) . Here r, τ ∈]0, ∞[ are arbitrary except that κ_r := inf_{|x|≤r/}^√_d C(x)/C(0) > 0 must be strictly positive. By the assumed continuity of the covariance function, the latter condition is fulfilled at least for all sufficiently small r. Figure 1, which is taken from [71], contains the graph of W (after a certain numerical minimization) for the case of the Gaussian covariance function (1.18) and d = 2. The upper bound reveals that the density of states has no infinities for arbitrarily weak disorder, that is, for arbitrarily small C(0) > 0.

Theorem 3.3 relies on a so-called Wegner estimate [145], which bounds the average number of eigenvalues of the finite-volume random Schrödinger operator H_{Λ,X}(A, V ) in a given energy interval [E_1, E_2[ ⊂ R from above. More precisely, under the assumptions of Theorem 3.3 one has [51, 71] the inequality

(3.7) E [N_{Λ,X}(E_2) − N_{Λ,X}(E_1)] ≤ W (E) |E_2 − E_1|

for both boundary conditions X = D and X = N, and all E ≥ E_2, provided the bounded open cube Λ ⊂ R^d is not too small. The proof of (3.7) uses the one-parameter decomposition V^{(ω)}(x) =: V^{(ω)}_0 (x) + V^{(ω)}(0) C(x)/C(0) of the Gaussian random potential V with covariance function C. By this definition V_0 is a non-homogeneous Gaussian random field which is stochastically independent of the Gaussian random variable V (0). A second essential ingredient of the proof is the abstract one-parameter spectral-averaging estimate of Combes and Hislop [32, Cor. 4.2] (for an equivalent formulation see [70, Lemma 1]). Finally, the independence of W of the magnetic field arises from the diamagnetic inequality for Neumann partition functions [71, App. A], see also [67].

The analogue of Theorem 3.3 for the single-band approximation of the random Landau Hamiltonian yields the existence and boundedness of the probability density dR_l(E)/dE, the restricted density of states.

Theorem 3.4 ([70]). Let d = 2 and B > 0. Suppose that V is a Gaussian random potential with non-negative covariance function C. Then the restricted integrated density of states R_l is Lipschitz continuous and the inequality

(3.8) dR_l(E) dE ≤ 1 √ 2πΓ^2_l

RANDOM SCHRÖDINGER OPERATORS FOR AMORPHOUS SOLIDS 13

0 B/2 3B/2 5B/2 E

W

1/2π

FIGURE 1. Plot of an upper bound W (E) on D(E) as a function of the energy E. Here D(E) = dN(E)/dE is the density of states of the Landau Hamiltonian with a Gaussian random potential with Gaussian covariance function (1.18). The dashed line is a plot of the graph of an approximation to D(E). When zooming in, its bell-shaped parts near the Landau-level energies exhibit asymmetries. The exact D(E) is unknown. Vertical lines indicate the delta peaks which reflect the non-existence of the density of states without random potential, V = 0. The single-step function Θ(E)/2π (not shown) is the free density of states characterized by V = 0 and B = 0, confer (1.8).

holds for Lebesgue-almost all energies E ∈ R, where the constant Γ_l is the fall-off energy of the lth Landau band, see (3.3). If additionally C is circularly symmetric, one also has

(3.9) dR_l(E) dE ≤ C(0) σ^2_l 1 √ 2πC(0) exp ( − E^2 2C(0) ) ,

where σ_l is the width of the lth Landau band, see (1.17).

In the physics literature [153, 45, 136] one often considers the limit of a delta-correlated Gaussian random potential informally characterized by C(x) = u^2 δ(x) with some constant u > 0. It emerges from the Gaussian random potential with the Gaussian covariance function (1.18) by choosing C(0) = u^2(2πλ^2)^{−d/2} and letting λ ↓ 0. In particular, several simplifications occur in this limit for the random Landau Hamiltonian (d = 2) in its single-band approximation. For example, the band width becomes independent of the Landau-level index, σ^2_l = σ^2_0 = u^2B/(2π), and the squared fall-off energy (3.4) takes the form Γ^2_l = ( u^2B/4π ) (2l)!/(l! 2^l)^2. More interestingly, there is an explicit expression for dR_0(E)/dE in this limit and also for dR_l(E)/dE, if the subsequent high Landau-level limit l → ∞ is performed. The first result is due to Wegner [146] and reads

(3.10) dR_0(E) dE = 2 π^{3/2}σ_0 exp(η^2) 1 + [ 2π^{−1/2} ∫_η 0 dξ exp(ξ^2)

]_2 , η := E σ_0 ,

14 HAJO LESCHKE, PETER MÜLLER, AND SIMONE WARZEL

see also [23, 83, 103]. As for the second result, it is known [19, 124] that dR_l(E)/dE becomes semi-elliptic,

(3.11) lim_{l→∞} dR_l(E) dE = 1 2πσ_0 Θ ( 4 − η^2 ) √ 4 − η^2.

While the right-hand side of (3.8) remains finite in the delta-correlated limit, it diverges asymptotically as l^{1/4}/(π^{1/4}σ_0) in the additional limit l → ∞, which is in accordance with [18].

The existence of a bounded restricted density of states dR_0(E)/dE in the delta-correlated limit of a Gaussian random potential stands in contrast to certain situations with random point impurities. In all of the considered cases [23, 40, 119, 47, 120], it has been shown that the restricted random operator P_0V P_0 has almost surely an infinitely degenerate eigenvalue, if the magnetic-field strength B is sufficiently large; see also (4.6) below. Part of these results have been unified in [31].

3.3. Spectral and dynamical localization

Since even weak disorder should be able to suppress quantum-mechanical tunnelling at sufficiently negative energies, bound states should emerge in such energy (or disorder) regimes in case of Gaussian random potentials. Therefore, the content of the subsequent theorems is often taken for granted in the physics literature. To our knowledge however, Theorem 3.7 and Theorem 3.9 contain the first rigorous results on localization by an R^d-ergodic random potential in the multidimensional case d ≥ 2. For their precise formulations we first need to define a property the covariance function C may have.

Definition 3.5. A covariance function C : R^d → R of a (Gaussian) random potential is said to have property (R) if it admits the representation C(x) = ∫ R^d dy γ(x + y) γ(y) for all x ∈ R d with some non-zero γ ∈ L^2(R^d) which is both

(i) Hölder continuous of order α, that is, there exist constants α ∈] 0, 1] and a > 0 such that |γ(x + y) − γ(x)| ≤ a|y|^α for all x ∈ R^d and all y in some neighbourhood of the origin 0 ∈ R^d, and (ii) non-negative and has sufficiently rapid decay at infinity in the sense that 0 ≤ γ(x) ≤ γ_0 (1 + |x|)^{−β} for Lebesgue-almost all x ∈ R^d with some constant γ_0 > 0 and some exponent β > 13 d/2 + 1.

Remarks 3.6. (i) In accordance with the Wiener-Khintchine criterion, the representation in Definition 3.5 (without requiring (i) and (ii)) is equivalent to the assumption that the (nonnegative) spectral measure of V is absolutely continuous with respect to Lebesgue measure. A prominent example having property (R) is the Gaussian covariance function (1.18) with arbitrary correlation length λ > 0 for which γ(x) = ( 2/(πλ^2) )_{d/4}√ C(0) exp ( −|x|^2/λ^2 ) . (ii) Property (R) in particular ensures the non-negativity of C. It also implies [49] the Palmost sure continuity, and hence local boundedness, of the realizations of V . The decay of γ at infinity yields the mixing property of V , hence ergodicity. In fact, property (R) requires a compromise between local dependence and global independence of V . From a physical point of view, both requirements are plausible: The effective one-particle potential V should be smooth due to screening. By the same token it is expected that impurities only weakly influence each other over long distances.

Theorem 3.7 ([52]). Let V be a Gaussian random potential with a covariance function having property (R). Then

(i) for every coupling constant ζ > 0 there exists an energy E_{pp} < 0 such that the spectrum of H(A, ζV^{(ω)}) is only pure point in the half-line ] − ∞, E_{pp}] for P-almost all ω ∈ Ω.

RANDOM SCHRÖDINGER OPERATORS FOR AMORPHOUS SOLIDS 15

(ii) for every energy E < 0 there exists a coupling constant ζ_{pp} > 0 such that for every ζ ∈ ] 0, ζ_{pp}] there exists Ω_ζ ∈ A with P(Ω_ζ ) = 1 and the spectrum of H(A, ζV^{(ω)}) is only pure point in ] − ∞, E] for all ω ∈ Ω_ζ .

Given the Wegner estimate (3.7), the proof of Theorem 3.7 is based on a so-called multiscale analysis in the spirit of the fundamental work of Fröhlich and Spencer [55]. They gave the first rigorous result on localization in case of a multi-dimensional lattice model, the original one due to Anderson [9]. The multi-scale analysis invokes elements from Kolmogorov-Arnold-Moser theory for coping with small denominators in order to bound resolvents of finite-volume random Schrödinger operators with high probabilities. Its applicability to the present situation requires additional assumptions on the covariance function beyond those needed for the Wegner estimate. The technical realization of the proof of Theorem 3.7 is patterned after the “fixed-energy” analysis of von Dreifus and Klein [43] in order to handle the long-ranged correlations of the fluctuations of Gaussian random potentials. In addition to that, different random potentials are used on different length scales. The idea behind this is to replace the given long-ranged correlated random potential V on the length scale ℓ_n by the element V_n of a sequence {V_n}_{n∈N} of (Gaussian) random potentials such that (i) {V_n} converges to V in a suitable sense as n → ∞ and that (ii) each V_n has finiteranged correlations, but with a spatial extent that grows with increasing n. For the adaptation to the continuous space R^d the proof follows the lines of Combes and Hislop [32] and Figotin and Klein [50].

Remarks 3.8. (i) The assumptions of Theorem 3.7 also allow for so-called deterministic random potentials, as is illustrated by the Gaussian covariance (1.18) for one space dimension.

(ii) It would be interesting to see whether the proof of Theorem 3.7 can be simplified by adapting the continuum-extension [7] of the fractional-moment approach by Aizenman and Molchanov [4, 2, 3, 5, 6] to (spectral) localization, which was originally developed for the lattice Z^d.

As a consequence of the unbounded negative fluctuations of Gaussian random potentials the authors of [52] were only able to prove algebraic instead of exponential decay of the eigenfunctions corresponding to the pure-point spectrum. This technical problem should be mastered by extending either the ”variable-energy” multi-scale analysis [130, 42, 80] or the powerful bootstrap programme of Germinet and Klein [57, 59] to certain Schrödinger operators which are almost surely unbounded from below. Indeed, by doing the latter, Ueki [141] succeeded in showing exponential localization for certain Gaussian random potentials provided their covariance function is compactly supported. Along the same lines, he obtained first results on dynamical localization. The following theorem may be deduced by specializing his results.

Theorem 3.9 (cf. [141]). Let V be a Gaussian random potential with covariance function C having property (R). Additionally assume that C is compactly supported. Then there exists an energy E_{pp} < 0 such that

(i) for P-almost all ω ∈ Ω the spectrum of H(A, V^{(ω)}) in the half-line ] − ∞, E_{pp}] is only pure point with exponentially localized eigenfunctions.

(ii) for every E ∈] − ∞, E_{pp}[ there exists ϵ > 0 such that strong dynamical localization holds in the energy interval I :=]E − ϵ, E + ϵ[ in the sense that

(3.12) E [ sup_{t∈R} ∫ R^d dx | |ψ_{t,I} (x) | |^2 |x|^q ] < ∞ for all q ≥ 0 and all ψ_0 ∈ C^∞_0 (R^d). [Recall the definition of ψ^{(ω)}_{t,I} below (1.11).]

Remark 3.10. As is shown in [141] the assumptions of Theorem 3.9 even imply dynamical localization in the (strong) Hilbert-Schmidt sense. In case of Z^d-ergodic random potentials dynamical localization has been proven in various forms [55, 104, 56, 3, 15, 35, 133, 57, 58] under

16 HAJO LESCHKE, PETER MÜLLER, AND SIMONE WARZEL

practically no further assumptions than required to prove spectral localization. It would be desirable to prove some sort of dynamical localization also in the situation of Theorem 3.7.

4. Results in case of Poissonian random potentials

In comparison to Gaussian random potentials, less is known about regularity properties of the integrated density of states N and localization in case of Poissonian random potentials for arbitrary space dimension. Most results concern the Lifshits tail of N.

4.1. Lifshits tails

In contrast to the case of Gaussian random potentials, there is a huge multiformity of Lifshits tails in the Poissonian case.

For vanishing magnetic field and non-negative Poissonian random potentials with rapidly decaying single-impurity potentials, the leading low-energy fall-off of N was first identified by Lifshits [97, 98]. Using the strategy already described after Theorem 3.1, a rigorous proof [115, 111] relies on Donsker and Varadhan’s celebrated large-deviation result [37] on the long-time asymptotics of certain Wiener integrals. We summarize the rigorous version of Lifshits’ result together with the corresponding one of Pastur [115] for slowly decaying single-impurity potentials in

Theorem 4.1 ([37, 115, 111]). Let V be a non-negative Poissonian random potential with mean concentration ϱ > 0. Furthermore, assume that the single-impurity potential U ≥ 0 has one of the following two decays at infinity:

(D1) U is compactly supported or has a decay more rapid than algebraic with exponent d + 2 in the sense that lim sup_{|x|→∞} |x|^{d+2} U(x) = 0,

(D2) U has (definite) algebraic decay with exponent α ∈] d, d + 2 [ in the sense that lim_{|x|→∞} |x|^α U(x) = g with some constant g > 0.

Moreover, assume that the magnetic field vanishes, (B_{ij} ) = 0. Then the leading low-energy fall-off of the integrated density of states reads

log N(E) ∼ −ϱ ( κ_d 2E )_{d/2} for the decay (D1) −C_d(α, ϱ) ( g E )_{d/(α−d)} for the decay (D2) (E ↓ 0). (4.1)

Here κ_d is the lowest eigenvalue of the negative Laplacian 2H(0, 0), when Dirichlet restricted to a ball in R^d of unit volume. Moreover, we have introduced the constant C_d(α, ϱ) := α−d d [ ϱ^d_α^{πd/2} Γ(1+d/2) Γ (_{α−d} α )]α/(α−d) . Remarks 4.2. (i) One has, for example, κ_1 = π^2, κ_2 = πa^2_0, where a_0 = 2.4048 . . . is the smallest positive zero of the zeroth Bessel function of the first kind [62], and κ_3 = π^2(4π/3)^{2/3}.

(ii) Convincing arguments for the validity of Lifshits’ result (4.1) for the decay (D1) were also given in [54, 102]. An alternative (rigorous) proof of the underlying long-time asymptotics is due to Sznitman who invented a coarse-graining scheme called the method of enlargement of obstacles [137]. More elementary proofs which rely on Dirichlet-Neumann bracketing were found in [79, 132], but for the price of obtaining only the so-called Lifshits exponent (here: d/2) and not the other constants in (4.1) for the decay (D1).

(iii) As an aside, we note that (4.1) for the decay (D1) with d = 1 remains valid in the limiting case of Poissonian point impurities, U(x) = u_0 δ(x), u_0 > 0; see [44, 63, 85] and [118, Thm. 6.7].

For (non-negative) single-impurity potentials U with rapid decay (D1), the Lifshits tail is insensitive to the details of the decay of U and is dominated by the quantum kinetic energy. It

RANDOM SCHRÖDINGER OPERATORS FOR AMORPHOUS SOLIDS 17

has therefore a quantum character. Over against this, if U ≥ 0 has the slow decay (D2), the Lifshits tail sensitively depends on the details of this decay. It is classical in character in that log N(E) ∼ log N_c(E) as E ↓ 0. Therefore, the character of the tail (4.1) changes from purely quantum to purely classical, when the decay changes from (D1) to (D2). The Lifshits tail for the borderline case of algebraic decay with exponent α = d + 2 seems to be open. In view of (1.9) we have the following

Conjecture 4.3. If lim_{|x|→∞} |x|^{d+2} U(x) = g with some constant g > 0, then log N(E) ∼ − [ ϱ^{2d+2} ( κ_d 2E ) d_{d+2} + [ C_d(d + 2, ϱ)

] 2_{d+2} ( g E ) d_{d+2} ]^{d+2}2 (E ↓ 0). (4.2)

This tail exhibits a mixed quantum/classical character.

A similar transition from a purely quantum to a purely classical Lifshits tail can be observed in case of the random Landau Hamiltonian with non-negative Poissonian potential. However, since the Landau Hamiltonian possesses ground-state (wave) functions with Gaussian decay, the borderline decay of U turns out to be Gaussian and not algebraic (with exponent d + 2 = 4).

Theorem 4.4 ([26, 47, 68, 69, 48]). Let d = 2 and B > 0. Suppose that V is a non-negative Poissonian random potential with mean concentration ϱ > 0. Furthermore, assume that the singleimpurity potential U ≥ 0 has one of the following three decays at infinity:

(D3) U is compactly supported or has super-Gaussian decay in the sense that lim sup_{|x|→∞} |x|^{−2} log U(x) = −∞.

(D4) U has (definite) Gaussian decay in the sense that lim sup_{|x|→∞} |x|^{−2} log U(x)= −λ^{−2} with some length λ > 0.

(D5) U has sub-Gaussian decay in the sense that lim sup_{|x|→∞} |x|^{−2} log U(x) = 0. Moreover, the decay of U is integrable and regular in the sense of [69, Def. 3.5].

Then the leading low-energy fall-off of the integrated density of states reads

log N ( B 2 + E ) ∼ 2 B πϱ log E for the decay (D3) ( 2 B + λ^2 ) πϱ log E for the decay (D4)

log N_c(E) for the decay (D5) (E ↓ 0). (4.3)

Remarks 4.5. (i) For super-Gaussian decay (D3) and Gaussian decay (D4) the integrated density of states has a power-law fall-off (on a logarithmic scale). The corresponding exponent 2πϱ/B in (4.3) for the decay (D3) is just the mean number of impurities in a disc of radius √ 2/B. Two important examples for (D5) are an algebraic decay with exponent α ∈] 2, ∞[ (see Theorem 4.1) and a stretched-Gaussian decay in the sense that lim_{|x|→∞} |x|^{−β} log U(x) = −λ^{−β} with some exponent β ∈] 0, 2[ and some decay length λ > 0. For stretched-Gaussian decay the explicit form of (4.3) reads [68] log N(B/2 + E) ∼ −λ^2πϱ | log E|^{2/β} (E ↓ 0). (4.4)

For an algebraic decay the explicit form of (4.3) coincides with the right-hand side of (4.1) for the decay (D2) with d = 2, even if α ≥ 4 (= d + 2) [26]. Other examples for (D5) causing more exotic fall-offs can be found in [69].

(ii) The hard part of the proof of Theorem 4.4 deals with the compactly supported case of (D3). It is due to Erdős who developed a version [47] of the method of enlargement of obstacles [137]

18 HAJO LESCHKE, PETER MÜLLER, AND SIMONE WARZEL

which takes into account the presence of a magnetic field. With this method he also confirmed [48] the mixed quantum/classical character of the Lifshits tail in case of the Gaussian decay (D4), which was conjectured in [68].

We have seen that the Gaussian Lifshits tail of the integrated density of states N of the random Landau Hamiltonian with a Gaussian random potential is slower than that of R_0, the integrated density of states of its lowest band (since Γ^2_0 < C(0) unless C(x) = C(0) for all x ∈ R^2, which however is ruled out by ergodicity). Not unexpectedly, this ceases to be so in case of a Poissonian random potential with a non-negative single-impurity potential.

Theorem 4.6 ([144]). Assume the situation of Theorem 4.4. Furthermore, let the singleimpurity potential be locally bounded, U ∈ L^∞_{loc}(R^2). Then the leading low-energy fall-off of the restricted integrated density of states R_0 to zero near zero energy coincides with that of N near B/2 , that is

log R_0(E) ∼ log N ( B 2 + E ) (E ↓ 0). (4.5)

The proof of Theorem 4.6 follows from Theorem 4.4 and a two-sided estimate on the Laplace- Stieltjes transform ~R_0 of R_0. For the lower estimate see [26, Eq. (3.7)]. The upper estimate, ~R_0(τ) ≤ eτ B/2 ~N(τ) 2π/B, stems from the Jensen-Peierls inequality applied to the right-hand side of [68, Eq. (3.7)]. For the case of an algebraic decay, (4.5) has been given already in [26], and for compactly supported U implicitly in [47].

Remark 4.7. Some results on Lifshits tails of higher Landau bands (l ≥ 1) are available in [26, 68]. The leading high-energy growth of R_l (for any l ≥ 0) corresponding to a non-negative singleimpurity potential U coincides with the leading low-energy fall-off of the lth restricted integrated density of states corresponding to −U, because P_l − P_lΘ(E − P_lV P_l)P_l = P_lΘ(P_lV P_l − E)P_l.

For all three types of decay (D3)–(D5) considered in Theorems 4.4 and 4.6, N is continuous at B/2 and hence R_0 is continuous at zero energy. This stands in contrast to the case of Poissonian point-impurities, U(x) = u_0 δ(x), u_0 > 0, for which Brézin, Gross and Itzykson [23] managed to calculate R_0 exactly and explicitly by using (non-rigorous) supersymmetric functional integration, see also [83]. For the leading low-energy fall-off they obtained

lim_{E↓0} R_0(E) = 1 − 2πϱ B if 2πϱ B < 1, (4.6)

lim_{E↓0} |log E| R_0(E) = 1 if 2πϱ B = 1,

(4.7)

lim_{E↓0} log R_0(E) |log E| = 1 − 2πϱ B if 2πϱ B > 1. (4.8)

Erdős [47] has given a rigorous proof that the size of the jump of R_0 at zero energy in case 2πϱ/B < 1 is not smaller than the right-hand side of (4.6).

We close this subsection with two complementary remarks.

Remarks 4.8. (i) First rigorous results on Lifshits tails in case of three space dimensions d = 3 and a constant magnetic field of strength B > 0 are available. For super-Gaussian decay (D3), Gaussian decay (D4) and stretched-Gaussian decay the so-called Lifshits exponent is identified [144] to coincide in all three cases with the corresponding one for d = 1,

(4.9) − lim_{E↓0} log | |log N(B/2 + E) | | log E = 1 2 .

RANDOM SCHRÖDINGER OPERATORS FOR AMORPHOUS SOLIDS 19

This may be ascribed to the effective zero-field motion of the particle parallel to the magnetic field, which dominates the low-energy asymptotics. Actually, in [144] somewhat more detailed information on the fall-offs depending on the actual decay can be found. For example, for algebraic decay (D2) with d = 3, that is, with exponent α ∈] 3, 5[, the tail coincides with the corresponding one for B = 0 (see Theorem 4.1) and has therefore a classical character [66]. For heuristic explanations of (4.3) and their (conjectured) analogues for d = 3, see [96].

(ii) For vanishing magnetic field, Lifshits tails have been investigated also for non-positive single-impurity potentials, U ≤ 0. Depending on whether U is singular or not, the corresponding tail exhibits a quantum or classical character. For details, see [115, 100, 118, 86]. The results are again consistent with formula (1.9) (setting there E_0 = −∞).

4.2. Existence of the density of states and spectral localization

There are only a few rigorous results on these issues for Poissonian random potentials. For a special class of non-negative single-impurity potentials U, Tip [139] has proven that the integrated density of states N is absolutely continuous at sufficiently high energies. The only localization result is due to Stolz [134]. It concerns the case of one space dimension.

Theorem 4.9 ([134]). Let d = 1 and let V be a non-negative Poissonian random potential. Moreover, let the single-impurity potential U ≥ 0 be compactly supported. Then the almost-sure spectrum [0, ∞[ of H(0, V ) is only pure point with exponentially localized eigenfunctions.

The proof builds on techniques which are available only for one dimension and are nicely summarized and discussed in the recent survey [135].

Remark 4.10. To our knowledge, the only other rigorous works [105, 32] which, among the rest, deal with localization proofs for Poissonian random potentials in multi-dimensional situations have to assume an additional randomness of the impurity coupling-strengths.

5. Some open problems

While most rigorous works on random Schrödinger operators concern Z^d-ergodic random potentials, the present survey has focused on R^d-ergodic ones. More precisely, for Gaussian and Poissonian random potentials, rigorous results have been presented on the integrated density of states and Anderson localization. In this context, a lot of issues, which are interesting from the (theoretical-) physics point of view, are still unsolved.

One major open problem concerns a proof of Anderson localization in case of (non-negative) Poissonian random potentials for arbitrary space dimension. Another problem is to isolate the weakest possible conditions for an R^d-ergodic random potential which imply continuity of the corresponding integrated density of states if d ≥ 2 and A = 0. In particular, one may ask: Is R^d-ergodicity already enough?

Most striking is definitely the fact that there is not a single non-zero R^d- or Z^d-ergodic random potential for which the existence of an absolutely continuous component in the energy spectrum has been proven, that is, spectral delocalization in certain energy regimes. After all, physical intuition, approximate calculations and numerical studies suggest the occurrence of a mobility edge if d ≥ 3. If d = 2 it is not yet rigorously settled whether the whole energy spectrum is almost surely only pure point or not.

Last but not least, one can hardly claim to utterly understand electronic properties of disordered solids without having a more solid foundation of their transport theory.

20 HAJO LESCHKE, PETER MÜLLER, AND SIMONE WARZEL

Acknowledgement Our thanks go to Alexandra Weichlein for helpful remarks. This work was partially supported by the Deutsche Forschungsgemeinschaft (DFG) under grant no. Le 330/12. The latter is a project within the DFG Priority Programme SPP 1033 “Interagierende stochastische Systeme von hoher Komplexität”. Peter Müller acknowledges partial financial support of the DFG under grant no. Zi 209/6-1 and SFB 602.

References

[1] R. J. Adler, The geometry of random fields, Chichester: Wiley, 1981 (A major revision, co-authored by J. Taylor, will appear with Birkhäuser, Boston) [2] M. Aizenman, Localization at weak disorder: some elementary bounds, Rev. Math. Phys. 6 (1994) 1163–1182 [3] M. Aizenman, G. M. Graf, Localization bounds for an electron gas, J. Phys. A 31 (1998) 6783–6806 [4] M. Aizenman, S. Molchanov, Localization at large disorder and at extreme energies: an elementary derivation, Commun. Math. Phys. 157 (1993) 245–278 [5] M. Aizenman, J. H. Schenker, R. M. Friedrich, D. Hundertmark, Constructive fractional-moment criteria for localization in random operators, Physica A 279 (2000) 369–377 [6] M. Aizenman, J. H. Schenker, R. M. Friedrich, D. Hundertmark, Finite-volume criteria for Anderson localization, Commun. Math. Phys. 224 (2001) 219–253 [7] M. Aizenman, A. Elgart, S. Naboko, J. H. Schenker, G. Stolz, Moment analysis for localization in random Schrödinger operators, preprint math-ph/0308023 [8] W. O. Amrein, Non-relativistic quantum dynamics, Dordrecht: Reidel, 1981 [9] P. W. Anderson, Absence of diffusion in certain random lattices, Phys. Rev. 109 (1958) 1492–1505 [10] T. Ando, A. B. Fowler, F. Stern, Electronic properties of two-dimensional systems, Rev. Mod. Phys. 54 (1982) 437– 672 [11] W. Apel, Asymptotic density of states for a 2D electron system in a strong magnetic field, J. Phys. C 20 (1987) L577–L581 [12] J. E. Avron, L. Sadun, Fredholm indices and the phase diagram of quantum Hall systems, J. Math. Phys. 42 (2001) 1–14 [13] J.-M. Barbaroux, J. M. Combes, P. D. Hislop, Landau Hamiltonians with unbounded random potentials, Lett. Math.

Phys. 40 (1997) 335–369 [14] J. M. Barbaroux, J. M. Combes, R. Montcho, Remarks on the relation between quantum dynamics and fractal spectra, J. Math. Anal. Appl. 213 (1997) 698–722 [15] J. M. Barbaroux, W. Fischer, P. Müller, Dynamical properties of random Schrödinger operators, preprint mathph/9907002 [16] J. Bellissard, A. van Elst, H. Schulz-Baldes, The non-commutative geometry of the quantum Hall effect, J. Math.

Phys. 35 (1994) 5373–5451 [17] M. M. Benderskij, L. A. Pastur, On the spectrum of the one-dimensional Schrödinger equation with a random potential, Math. USSR Sb. 11 (1970) 245–256 [Russian original: Mat. Sb. 82 (1970) 273–284] [18] K. A. Benedict, The fate of the Lifshitz tails of high Landau levels, Nucl. Phys. B 280 (1987) 549–560 [19] K. A. Benedict, J. T. Chalker, An exactly solvable model of the disordered two-dimensional electron gas in a strong magnetic field, J. Phys. C 19 (1986) 3587–3604 [20] N. H. Bingham, C. M. Goldie, J. L. Teugels, Regular variation, paperback edition with additions, Cambridge: Cambridge UP, 1989 [21] M. Böhm, K. Broderix, H. Leschke, Broadening of the lowest Landau level by a Gaussian random potential with an arbitrary correlation length: an efficient continued–fraction approach, Z. Physik B 104 (1997) 111–115 [22] V. L. Bonch-Bruevich, R. Enderlein, B. Esser, R. Keiper, A. G. Mironov, I. P. Zvyagin, Elektronentheorie ungeordneter Halbleiter, Berlin: VEB Deutscher Verlag der Wissenschaften, 1984 [in German. Russian original: Moscow: Nauka, 1981] [23] E. Brézin, D. J. Gross, C. Itzykson, Density of states in the presence of a strong magnetic field and random impurities, Nucl. Phys. B 235 (1984) 24–44 [24] K. Broderix, N. Heldt, H. Leschke, Partition function and the density of states for an electron in the plane subjected to a random potential and a magnetic field, Phys. Rev. B 40 (1989) 7479–7486 [25] K. Broderix, N. Heldt, H. Leschke, Exact results on Landau-level broadening, J. Phys. A: Math. Gen. 24 (1991) L825–L831 [26] K. Broderix, D. Hundertmark, W. Kirsch, H. Leschke, The fate of Lifshits tails in magnetic fields, J. Stat. Phys. 80 (1995) 1–22

RANDOM SCHRÖDINGER OPERATORS FOR AMORPHOUS SOLIDS 21

[27] K. Broderix, D. Hundertmark, H. Leschke, Self-averaging, decomposition and asymptotic properties of the density of states for random Schrödinger operators with constant magnetic field, in Path integrals from meV to MeV: Tutzing ’92, H. Grabert, A. Inomata, L. S. Schulman, U. Weiss (eds.) Singapore: World Scientific, 1993, pp. 98–107 [28] K. Broderix, D. Hundertmark, H. Leschke, Continuity properties of Schrödinger semigroups with magnetic fields, Rev. Math. Phys. 12 (2000) 181–225 [29] K. Broderix, H. Leschke, P. Müller, Continuous integral kernels for unbounded Schrödinger semigroups and their spectral projections, preprint math-ph/0209020 [30] R. Carmona, J. Lacroix, Spectral theory of random Schrödinger operators, Boston: Birkhäuser, 1990 [31] G. Chistyakov, Yu. Lyubarskii, L. Pastur, On completeness of random exponentials in the Bargmann-Fock space, J.

Math. Phys. 42 (2001) 3754–3768 [32] J.-M. Combes, P. D. Hislop, Localization for some continuous, random Hamiltonians in d-dimensions, J. Funct.

Anal. 124 (1994) 149–180 [33] J. M. Combes, P. D. Hislop, Landau Hamiltonians with random potentials: Localization and the density of states, Commun. Math. Phys. 177 (1996) 603–629 [34] H. L. Cycon, R. G. Froese, W. Kirsch, B. Simon, Schrödinger operators, Berlin: Springer, 1987 [35] D. Damanik, P. Stollmann, Multi-scale analysis implies strong dynamical localization, Geom. Funct. Anal. 11 (2001) 11–29 [36] S. Doi, A. Iwatsuka, T. Mine, The uniqueness of the integrated density of states for the Schrödinger operators with magnetic fields, Math. Z. 237 (2001) 335–371 [37] M. D. Donsker, S. R. S. Varadhan, Asymptotics of the Wiener sausage, Commun. Pure Appl. Math. 28 (1975) 525– 565; Errata: ibid. 677–678 [38] T. C. Dorlas, N. Macris, J. V. Pulé, Localisation in a single-band approximation to random Schrödinger operators in a magnetic field, Helv. Phys. Acta 68 (1995) 329–364 [39] T. C. Dorlas, N. Macris, J. V. Pulé, Localization in single Landau bands, J. Math. Phys. 37 (1996) 1574–1595 [40] T. C. Dorlas, N. Macris, J. V. Pulé, The nature of the spectrum for a Landau Hamiltonian with delta impurities, J.

Stat. Phys. 87 (1997) 847–875 [41] T. C. Dorlas, N. Macris, J. V. Pulé, Characterization of the spectrum of the Landau Hamiltonian with delta impurities, Commun. Math. Phys. 204 (1999) 367–396 [42] H. von Dreifus, A. Klein, A new proof of localization in the Anderson tight binding model, Commun. Math. Phys.

124 (1989) 285–299 [43] H. von Dreifus, A. Klein, Localization for random Schrödinger operators with correlated potentials, Commun. Math.

Phys. 140 (1991) 133–147 [44] T. P. Eggarter, Some exact results on electron energy levels in certain one-dimensional random potentials, Phys. Rev.

B 5 (1972) 3863–3865 [45] K. Efetov, Supersymmetry in disorder and chaos, Cambridge: Cambridge UP, 1997 [46] P. Elbau, G. M. Graf, Equality of bulk and edge Hall conductance revisited, Commun. Math. Phys. 229 (2002) 415–432 [47] L. Erdős, Lifschitz tail in a magnetic field: the non-classical regime, Probab. Theory Relat. Fields 112 (1998) 321– 371 [48] L. Erdős, Lifshitz tail in a magnetic field: coexistence of classical and quantum behavior in the borderline case, Probab. Theory Relat. Fields 121 (2001) 219–236 [49] X. M. Fernique, Regularité des trajectoires des fonctions aléatoires Gaussiennes, in Ecole d’Eté de Probabilités de Saint-Flour IV - 1974, P.-L. Hennequin (ed.), Lecture Notes in Mathematics 480, Berlin: Springer, 1975, pp. 1–96 [in French] [50] A. Figotin, A. Klein, Localization of classical waves I: acoustic waves, Commun. Math. Phys. 180 (1996) 439–482 [51] W. Fischer, T. Hupfer, H. Leschke, P. Müller, Existence of the density of states for multi-dimensional continuum Schrödinger operators with Gaussian random potentials, Commun. Math. Phys. 190 (1997) 133–141 [52] W. Fischer, H. Leschke, P. Müller, Spectral localization by Gaussian random potentials in multi-dimensional continuous space, J. Stat. Phys. 101 (2000) 935–985 [53] V. Fock, Bemerkung zur Quantelung des harmonischen Oszillators im Magnetfeld, Z. Physik 47 (1928) 446–448 [in German] [54] R. Friedberg, J. M. Luttinger, Density of electronic levels in disordered systems, Phys. Rev. B 12 (1975) 4460–4474 [55] J. Fröhlich, T. Spencer, Absence of diffusion in the Anderson tight binding model for large disorder or low energy, Commun. Math. Phys. 88 (1983) 151–184 [56] F. Germinet, S. De Bièvre, Dynamical localization for discrete and continuous random Schrödinger operators, Commun. Math. Phys. 194 (1998) 323-341 [57] F. Germinet, A. Klein, Bootstrap multiscale analysis and localization in random media, Commun. Math. Phys. 222 (2001) 415–448 [58] F. Germinet, A. Klein, A characterization of the Anderson metal-insulator transport transition, preprint mp arc 02- 19, to appear in Duke Math. J.

22 HAJO LESCHKE, PETER MÜLLER, AND SIMONE WARZEL

[59] F. Germinet, A. Klein, Explicit finite volume criteria for localization in continuous random media and applications, preprint mp arc 02-375, to appear in Geom. Funct. Anal.

[60] J. I. Gersten, F. W. Smith, The physics and chemistry of materials, New York: Wiley, 2001 [61] I. Ya. Goldsheid, S. Molchanov, L. Pastur, A pure point spectrum of the stochastic one–dimensional Schrödinger operator, Funct. Anal. Appl. 11 (1977) 1–8 [Russian original: Funkts. Anal. Prilozh. 11 (1977) 3–10] [62] I. S. Gradshteyn, I. M. Ryzhik, Table of integrals, series, and products, corrected and enlarged edition, San Diego:

Academic, 1980 [63] S. A. Gredeskul, L. A. Pastur, Behavior of the density of states in one-dimensional disordered systems near the edges of the spectrum, Theor. Math. Phys. 23 (1975) 404-409 [Russian original: Teor. Mat. Fiz. 23 (1975) 132–139] [64] B. I. Halperin, M. Lax, Impurity-band tails in the high-density limit. I. Minimum counting methods, Phys. Rev. 148 (1966) 722–740 [65] B. Huckestein, Scaling theory of the integer quantum Hall effect, Rev. Mod. Phys. 67 (1995) 357–396 [66] D. Hundertmark, W. Kirsch, S. Warzel, Classical magnetic Lifshits tails in three space dimensions: impurity potentials with slow anisotropic decay, preprint math-ph/0212078, to appear in Markov Process. Relat. Fields [67] D. Hundertmark, B. Simon, A diamagnetic inequality for semigroup differences, preprint mp arc 03-78, to appear in J. Reine Angew. Math.

[68] T. Hupfer, H. Leschke, S. Warzel, Poissonian obstacles with Gaussian walls discriminate between classical and quantum Lifshits tailing in magnetic fields, J. Stat. Phys. 97 (1999) 725–750 [69] T. Hupfer, H. Leschke, S. Warzel, The multiformity of Lifshits tails caused by random Landau Hamiltonians with repulsive impurity potentials of different decay at infinity, AMS/IP Stud. Adv. Math. 16 (2000) 233–247 [70] T. Hupfer, H. Leschke, S. Warzel, Upper bounds on the density of states of single Landau levels broadened by Gaussian random potentials, J. Math. Phys. 42 (2001) 5626–5641 [71] T. Hupfer, H. Leschke, P. Müller, S. Warzel, The absolute continuity of the integrated density of states for magnetic Schrödinger operators with certain unbounded random potentials, Commun. Math. Phys. 221 (2001) 229–254 [72] T. Hupfer, H. Leschke, P. Müller, S. Warzel, Existence and uniqueness of the integrated density of states for Schrödinger operators with magnetic fields and unbounded random potentials, Rev. Math. Phys. 13 (2001) 1547– 1581 [73] M. Janßen, O. Viehweger, U. Fastenrath, J. Hajdu, Introduction to the theory of the integer quantum Hall effect, Weinheim: VCH, 1994 [74] E. O. Kane, Thomas-Fermi approach to impure semiconductor band structure, Phys. Rev. 131 (1963) 79–88 [75] W. Kirsch, Random Schrödinger operators: a course, in Schrödinger operators, H. Holden, A. Jensen (eds.), Lecture Notes in Physics 345, Berlin: Springer, 1989, pp. 264–370 [76] W. Kirsch, F. Martinelli, On the ergodic properties of the spectrum of general random operators, J. Reine Angew.

Math. 334 (1982) 141–156 [77] W. Kirsch, F. Martinelli, On the density of states of Schrödinger operators with a random potential, J. Phys. A: Math.

Gen. 15 (1982) 2139–2156 [78] W. Kirsch, F. Martinelli, On the essential selfadjointness of stochastic Schrödinger operators, Duke Math. J. 50 (1983) 1255–1260 [79] W. Kirsch, F. Martinelli, Large deviations and Lifshitz singularity of the integrated density of states of random Hamiltonians, Commun. Math. Phys. 89 (1983) 27–40 [80] W. Kirsch, P. Stollmann, G. Stolz, Anderson localization for random Schrödinger operators with long range interactions, Commun. Math. Phys. 195 (1998) 495–507 [81] A. Kiselev, Y. Last, Solutions, spectrum, and dynamics for Schrödinger operators on infinite domains, Duke Math.

J. 102 (2000) 125–150 [82] C. Kittel, Introduction to solid-state physics, 7th edition, New York: Wiley, 1996 [83] A. Klein, J. F. Perez, On the density of states for random potentials in the presence of a uniform magnetic field, Nucl.

Phys. B 251 (1985) 199–211 [84] K. von Klitzing, The quantized Hall effect, Rev. Mod. Phys. 58 (1986) 519–531 [85] S. Kotani, On asymptotic behaviour of the spectra of a one-dimensional Hamiltonian with a certain random coefficient, Publ. Res. Inst. Math. Sci., Kyoto Univ. 12 (1976) 447–492 [86] F. Klopp, L. Pastur, Lifshitz tails for random Schrödinger operators with negative singular Poisson potential, Commun. Math. Phys. 206 (1999) 57–103 [87] N. P. Kovalenko, Y. P. Krasny, U. Krey, Physics of amorphous metals, Berlin: Wiley VCH, 2001 [88] B. Kramer, A. MacKinnon, Localization: theory and experiment, Rep. Prog. Phys. 56 (1993) 1469–1564 [89] U. Krengel, Ergodic theorems, Berlin: de Gruyter, 1985 [90] R. Kubo, Statistical mechanics, Amsterdam: North Holland, 1965 [91] P. Kuchment, Floquet theory for partial differential equations, Boston: Birkhäuser, 1993 [92] I. V. Kukushkin, S. V. Meshkov, V. B. Timofeev, Two-dimensional electron density of states in a transverse magnetic field, Sov. Phys. Usp. 31 (1988) 511–534 [Russian original: Usp. Fiz. Nauk 155 (1988) 219–264] [93] H. Kunz, The quantum Hall effect for electrons in a random potential, Commun. Math. Phys. 112 (1987) 121–145

RANDOM SCHRÖDINGER OPERATORS FOR AMORPHOUS SOLIDS 23

[94] L. Landau, Diamagnetismus der Metalle, Z. Physik 64 (1930) 629–637 [in German] [95] Y. Last, Quantum dynamics and decompositions of singular continuous spectra, J. Funct. Anal. 142 (1996) 406–445 [96] H. Leschke, S. Warzel, Quantum-classical transitions in Lifshits tails with magnetic fields, preprint condmat/0310389, to appear in Phys. Rev. Lett.

[97] I. M. Lifshitz, Structure of the energy spectrum of the impurity bands in disordered solid solutions, Sov. Phys. JETP 17 (1963) 1159–1170 [Russian original: Zh. Eksp. Teor. Fiz. 44 (1963) 1723–1741] [98] I. M. Lifshitz, The energy spectrum of disordered systems, Adv. Phys. 13 (1964) 483–536; Energy spectrum structure and quantum states of disordered condensed systems, Sov. Phys. Usp. 7 (1965) 549–573 [Russian original: Usp. Fiz. Nauk. 83 (1964) 617–663] [99] I. M. Lifshitz, Theory of fluctuating levels in disordered systems, Sov. Phys. JETP 26 (1968) 462–479 [Russian original: Zh. Eksp. Teor. Fiz. 53 (1967) 743–758] [100] I. M. Lifshits, S. A. Gredeskul, L. A. Pastur, Introduction to the theory of disordered systems, New York: Wiley, 1988 [Russian original: Moscow: Nauka, 1982] [101] M. A. Lifshits, Gaussian random functions, Dordrecht: Kluwer, 1995 [102] J. M. Luttinger, New variational method with applications to disordered systems, Phys. Rev. Lett. 37 (1976) 609–612 [103] N. Macris, J. V. Pulé, Density of states of random Schrödinger operators with uniform magnetic field, Lett. Math.

Phys. 24 (1992) 307–321 [104] F. Martinelli, H. Holden, On absence of diffusion near the bottom of the spectrum for a random Schrödinger operator on L^2(R^ν ), Commun. Math. Phys. 93 (1984) 197–217 [105] F. Martinelli, E. Scoppola, Introduction to the mathematical theory of Anderson localization, Rivista del Nuovo Cimento 10 (10) (1987) 1–90 [106] H. Matsumoto, On the integrated density of states for the Schrödinger operators with certain random electromagnetic potentials, J. Math. Soc. Japan 45 (1993) 197–214 [107] D. C. Mattis, The theory of magnetism I, corrected 2nd printing, Berlin: Springer, 1988 [108] T. Mine, The uniqueness of the integrated density of states for the Schrödinger operators for the Robin boundary conditions, Publ. Res. Inst. Math. Sci., Kyoto Univ. 38 (2002) 355-385 [109] N. F. Mott, Electrons in disordered structures, Adv. Phys. 16 (1967) 49–144 [110] S. Nakamura, A remark on the Dirichlet-Neumann decoupling and the integrated density of states, J. Funct. Anal.

179 (2001) 136–152 [111] S. Nakao, On the spectral distribution of the Schrödinger operator with random potential, Japan. J. Math. 3 (1977) 111–139 [112] L. A. Pastur, On the Schrödinger equation with a random potential, Theor. Math. Phys. 6 (1971) 299-306 [Russian original: Teor. Mat. Fiz. 6 (1971) 415–424] [113] L. A. Pastur, On the distribution of the eigenvalues of the Schrödinger equation with a random potential, Funct.

Anal. Appl. 6 (1972) 163–165 [Russian original: Funkts. Anal. Prilozh. 6 (1972) 93–94] [114] L. A. Pastur, Spectra of random self adjoint operators, Russ. Math. Surveys 28 (1973) 1–67 [Russian original: Usp.

Mat. Nauk 28 (1973) 3–64] [115] L. A. Pastur, Behavior of some Wiener integrals as t → ∞ and the density of states of Schrödinger equations with random potential, Theor. Math. Phys. 32 (1977) 615–620 [Russian original: Teor. Mat. Fiz. 32 (1977) 88–95] [116] L. A. Pastur, Spectral properties of disordered systems in the one-body approximation, Commun. Math. Phys. 75 (1980) 179–196 [117] L. A. Pastur, Spectral properties of random selfadjoint operators and matrices (a survey), Transl., Ser. 2, Am. Math.

Soc. 188 (1999) 153–195 [Russian original: Tr. St-Peterbg. Mat. Obshch. 4 (1996) 222–286] [118] L. Pastur, A. Figotin, Spectra of random and almost-periodic operators, Berlin: Springer, 1992 [119] J. V. Pulé, M. Scrowston, Infinite degeneracy for a Landau Hamiltonian with Poisson impurities, J. Math. Phys. 38 (1997) 6304–6314 [120] J. V. Pulé, M. Scrowston, The spectrum of a magnetic Schrödinger operator with randomly located delta impurities, J. Math. Phys. 41 (2000) 2805–2825 [121] R. del Rio, S. Jitomirskaya, Y. Last, B. Simon, What is localization?, Phys. Rev. Lett. 75 (1995) 117–119 [122] R. del Rio, S. Jitomirskaya, Y. Last, B. Simon, Operators with singular continuous spectrum IV: Hausdorff dimensions, rank one perturbations and localization, J. d’Analyse Math. 69 (1996) 153–200 [123] D. Ruelle, Statistical mechanics: rigorous results, London: Imperial College Press, 1999 [124] R. Salomon, Density of states for high Landau levels and random potential, Z. Physik B 65 (1987) 443–451 [125] B. I. Shklovskii, A. L. Efros, Electronic properties of doped semiconductors, Berlin: Springer, 1984 [Russian original: Moscow: Nauka, 1979] [126] B. Simon, Schrödinger semigroups, Bull. Am. Math. Soc. (N.S.) 7 (1982) 447–526; Erratum: ibid. 11 (1984) 426 [127] B. Simon, Absence of ballistic motion, Commun. Math. Phys. 134 (1990) 209–212 [128] A. Sommerfeld, Zur Elektronentheorie der Metalle auf Grund der Fermischen Statistik. I. Teil: Allgemeines, Strömungs= und Austrittsvorgänge, Z. Physik 47 (1928) 1–42 [in German]

24 HAJO LESCHKE, PETER MÜLLER, AND SIMONE WARZEL

[129] T. C. Spencer, The Schrödinger equation with a random potential: a mathematical review, in Critical phenomena, random systems, gauge theories, part II, K. Osterwalder and R. Stora, eds. Amsterdam: Noth-Holland, 1986, pp. 895–943 [130] T. Spencer, Localization for random and quasiperiodic potentials, J. Stat. Phys. 51 (1988) 1009–1019 [131] H. L. Störmer, D. C. Tsui, A. C. Gossard, The fractional quantum Hall effect, Rev. Mod. Phys. 71 (1999) S298–S305 [132] P. Stollmann, Lifshitz asymptotics via linear coupling of disorder, Math. Phys. Anal. Geom. 2 (1999) 279–289 [133] P. Stollmann, Caught by disorder: bound states in random media, Boston: Birkhäuser, 2001 [134] G. Stolz, Localization for random Schrödinger operators with Poisson potential, Ann. Inst. Henri Poincaré, Phys.

Théor. 63 (1995) 297–314 [135] G. Stolz, Strategies in localization proofs for one-dimensional random Schrödinger operators, Proc. Indian Acad.

Sci., Math. Sci. 112 (2002) 229–243 [136] I. M. Suslov, Development of a (4 − ϵ)-dimensional theory for the density of states of a disordered system near the Anderson transition, Phys. Usp. 41 (1998) 441–467 [Russian original: Usp. Fiz. Nauk 168 (1998) 503–530] [137] A.-S. Sznitman, Brownian motion, obstacles and random media, Berlin: Springer, 1998 [138] S. Tcheremchantsev, How to prove dynamical localization, Commun. Math. Phys. 221 (2001) 27-56 [139] A. Tip, Absolute continuity of the integrated density of states of the quantum Lorentz gas for a class of repulsive potentials, J. Phys. A: Math. Gen. 27 (1994) 1057–1069 [140] N. Ueki, On spectra of random Schrödinger operators with magnetic fields, Osaka J. Math. 31 (1994) 177–187 [141] N. Ueki, Wegner estimates and localization for Gaussian random potentials, preprint 2002, to appear in Publ. Res.

Inst. Math. Sci., Kyoto Univ.

[142] I. Veselić, Integrated density of states and Wegner estimates for random Schrdinger operators, preprint mathph/0307062, to appear in Contemp. Math.

[143] Wei-Min Wang, Microlocalization, percolation, and Anderson localization for the magnetic Schrödinger operator with a random potential, J. Funct. Anal. 146 (1997) 1–26 [144] S. Warzel, On Lifshits tails in magnetic fields, Berlin: Logos, 2001 [PhD-Thesis, Universität Erlangen-Nürnberg] [145] F. Wegner, Bounds on the density of states in disordered systems, Z. Physik B 44 (1981) 9–15 [146] F. Wegner, Exact density of states for lowest Landau level in white noise potential. Superfield representation for interacting systems, Z. Physik B 51 (1983) 279–285 [147] J. Weidmann, Lineare Operatoren in Hilberträumen (Teil II: Anwendungen), Stuttgart: Teubner, 2003 [in German] [148] H. Weyl, Das asymptotische Verteilungsgesetz der Eigenwerte linearer partieller Differentialgleichungen (mit einer Anwendung auf die Theorie der Hohlraumstrahlung), Math. Ann. 71 (1912) 441–479 [in German] [149] D. Yoshioka, The quantum Hall effect, Berlin: Springer, 2002 [150] J. Zak, Magnetic translation group, Phys. Rev. 134 (1964) A1602–A1606 [151] R. Zallen, The physics of amorphous solids, New York: Wiley, 1983 [152] J. Ziman, Models of disorder, Cambridge: Cambridge UP, 1979 [153] J. Zittartz, J. S. Langer, Theory of bound states in a random potential, Phys. Rev. 148 (1966) 741–747

Citation Index

[1] 3 [2] 15 [3] 7, 15 [4] 15 [5] 15 [6] 15 [7] 15 [8] 7 [9] 2, 7, 15 [10] 7 [11] 9, 11 [12] 7 [13] 7 [14] 7 [15] 7, 15 [16] 7 [17] 2 [18] 9, 14

[19] 9, 14 [20] 11 [21] 9 [22] 2, 3 [23] 9, 14, 18 [24] 11 [25] 8, 9, 11 [26] 9, 17, 18 [27] 9–11 [28] 5, 10 [29] 5, 6, 10 [30] 2, 3, 5, 9, 10 [31] 14 [32] 12, 15, 19 [33] 7 [34] 2, 7 [35] 7, 15 [36] 10

[37] 16 [38] 9 [39] 9 [40] 9, 14 [41] 7 [42] 15 [43] 15 [44] 16 [45] 3, 13 [46] 7 [47] 14, 17, 18 [48] 17, 18 [49] 3, 14 [50] 15 [51] 12 [52] 3, 14, 15 [53] 8 [54] 16

RANDOM SCHRÖDINGER OPERATORS FOR AMORPHOUS SOLIDS 25

[55] 15 [56] 7, 15 [57] 7, 15 [58] 15 [59] 7, 15 [60] 2 [61] 2 [62] 4, 8, 9, 16 [63] 16 [64] 6 [65] 9 [66] 19 [67] 10, 12 [68] 17, 18 [69] 17 [70] 9, 12 [71] 9, 12 [72] 4, 6, 10 [73] 3, 7 [74] 5 [75] 2, 3, 5, 9 [76] 5 [77] 10, 11 [78] 3 [79] 16 [80] 15 [81] 7 [82] 2, 6 [83] 9, 14, 18 [84] 7 [85] 16 [86] 19 [87] 2

[88] 3, 7 [89] 3, 10 [90] 6 [91] 6 [92] 7, 9 [93] 7 [94] 8 [95] 7 [96] 19 [97] 6, 16 [98] 6, 16 [99] 6 [100] 2, 3, 5, 6, 19 [101] 3 [102] 16 [103] 7, 9, 14 [104] 15 [105] 2, 19 [106] 5, 10, 11 [107] 5 [108] 10 [109] 7 [110] 10 [111] 10, 11, 16 [112] 2, 10 [113] 2, 11 [114] 2 [115] 2, 11, 16, 19 [116] 2, 5, 6 [117] 2 [118] 2, 5, 6, 10, 16, 19 [119] 9, 14 [120] 9, 14

[121] 7 [122] 7 [123] 10 [124] 9, 14 [125] 3, 6 [126] 5, 10 [127] 7 [128] 6 [129] 2 [130] 15 [131] 7 [132] 16 [133] 2, 7, 15 [134] 19 [135] 2, 19 [136] 13 [137] 16, 17 [138] 7 [139] 19 [140] 5, 10, 11 [141] 15 [142] 2 [143] 7 [144] 9, 18, 19 [145] 12 [146] 9, 13 [147] 7 [148] 5 [149] 7 [150] 5 [151] 2 [152] 3 [153] 6, 13

INSTITUT FÜR THEORETISCHE PHYSIK, UNIVERSITÄT ERLANGEN-NÜRNBERG, STAUDTSTRASSE 7, D–91058 ERLANGEN, GERMANY

E-mail address: hajo.leschke@physik.uni-erlangen.de

INSTITUT FÜR THEORETISCHE PHYSIK, GEORG-AUGUST-UNIVERSITÄT GÖTTINGEN, TAMMANNSTRASSE 1, D–37077 GÖTTINGEN, GERMANY E-mail address: peter.mueller@physik.uni-goettingen.de

INSTITUT FÜR THEORETISCHE PHYSIK, UNIVERSITÄT ERLANGEN-NÜRNBERG, STAUDTSTRASSE 7, D–91058 ERLANGEN, GERMANY

E-mail address: simone.warzel@physik.uni-erlangen.de