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ELECTRONIC DENSITY OF STATES FOR INCOMMENSURATE
LAYERS*

DANIEL MASSATT!, MITCHELL LUSKINT, AND CHRISTOPH ORTNER}

Abstract. We prove that the electronic density of states (DOS) for two-dimensional incommen-
surate layered structures, where Bloch theory does not apply, is well-defined as the thermodynamic
limit of finite clusters. In addition, we obtain an explicit representation formula for the DOS as an
integral over local configurations. Next, based on this representation formula, we propose a novel
algorithm for computing electronic structure properties in incommensurate heterostructures, which
overcomes limitations of the common approach to artificially strain a large supercell and then apply
Bloch theory.
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1. Introduction. Bloch theory provides an elegant solution for describing the
electronic structure of periodic materials. However, there has been a lot of focus re-
cently on the study of incommensurate layers of two-dimensional (2D) crystal struc-
tures [18, 19]. In the absence of periodicity, computing the electronic structure of
such materials becomes more challenging.

A common approach to approximate the electronic properties of such a system is
to artificially strain it to obtain periodicity on a large supercell and then apply Bloch
theory to this periodic system [4, 9, 10, 13, 18]. Commensurate approximations to
an incommensurate system are computationally expensive, and their approximation
error is unclear. Here we introduce a new method for computing a class of observables
derived from the density of states for multilayer incommensurate heterostructures
without requiring an artificial strain in the system.

To approximate an observable of an infinite incommensurate system, we approx-
imate local lattice site contributions to the observable. We observe that a site is
uniquely defined by its local geometry. Using an equidistribution theorem, there is
a predictable distribution of local geometries and hence site contributions. Conse-
quently, we can express observables in incommensurate heterostructures in terms of
an integral over a unit cell, in a fashion rather similar to Bloch theory. This unit
cell classification of local configurations is related to Bellisard’s noncommutative Bril-
louin zone for aperiodic solids [1]. Prodan used the Bellisard formalism to compute
electronic properties for periodic materials with on-site defects modeled by a tight-
binding model [15]. Here we consider the density of states and related observables for
incommensurate multilayers.
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While the methodology is in principle generic, our derivation and analysis focuses
on tight-binding models, which are commonly employed for computing the electronic
structure of 2D materials [2, 8]. We consider the density of states and related ob-
servables for incommensurate multilayers. We use Chebyshev polynomial methods
to approximate the density of states as a function [6, 14, 16, 17, 21], and from this
function any observable can be computed.

Outline. In section 2 we introduce the results for the bilayer case and briefly
discuss their extension to the multilayer case. In section 2.1 we introduce incommen-
surate systems and the equidistribution result. In section 2.2 we specify the details
of our model problem, and in section 2.3 we show how to compute the local density
of states. In section 2.4 we prove the infinite system is well posed and express the
observables as an integral over local observables.

In section 3 we describe an approximation scheme and present numerical results.
In section 3.1 we discuss the integral discretization. In section 3.2 we introduce a
Chebyshev kernel polynomial method, and in section 3.4 we present numerical results.
In section 4 we present the details of the proofs.

2. Main results.

2.1. Incommensurate heterostructures. Consider two periodic atomic sheets
in parallel 2D planes separated by a constant distance. Each individual sheet can be
described as a Bravais lattice embedded in R? by neglecting the out of plane distance.
This coordinate is not relevant for classifying the aperiodicity and will be incorporated
in section 2.2. For sheet j € {1,2}, we define the Bravais lattice

R; ={Ajn: neZ?},
where A; is a 2 x 2 invertible matrix. We define the unit cell for sheet j as
Fj = {AjOé NS [0, 1)2}
Each individual sheet is trivially periodic, since
Rj=An+R; for n € 7.
However, the combined system R; U Ry need not be periodic (Figure 1(a)). (Note
that here Rq U Rs is only considered to describe geometry, not as an indexing of the
atoms as it would have the failure of identifying the origins from each lattice.)

Since we are interested in aperiodic systems, we consider incommensurate systems,
which we define next.

DEFINITION 2.1. Lattices L1 and Lo are incommensurate if
0
U+£1U£2:£1U£2 <~ U= 0/

We define the reciprocal lattice of R; as
R; = {271'(14;1)*71 in € Z2} )

We will use the following assumption.

Assumption 2.1. The dual lattices R} and R5 are incommensurate.
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(a) An incommensurate hexagonal bilayer. (b) moda(R1) is the shift of the first lattice rel-
Sheet 1 is rotated by 8 = 6° relative to sheet  ative to the second lattice.
2.

sheet 1
sheet 2

Fic. 1. Visualization of incommensurate bilayer geometry.

(a) Incommensurate cell (b) Commensurate cell approximation

Fic. 2. (A) Two lattices (spheres and lines) that are incommensurate. (B) The sphere lattice
is slightly rotated to obtain a commensurate cell approrimation.

Since the majority of material simulation tools rely on periodicity, the most com-
mon method at present to simulate incommensurate layers is to adjust one of the two
layers slightly in order to make the system commensurate on some larger supercell
(Figure 2). In contrast we take advantage of an equidistribution of local geometries.

To parameterize the local geometries, we define the modulation operator mod; :
R? — I'; on sheet j for position u € R2:

mod;(u) :=u+ R;, where R; € R; such that u+ R; € T';.

Then the relative shift of site Ry € Ry is moda(R1) € I's (See Figure 1(b)). The local
geometry of site Ry € R is defined by

R1 URQ - Rl = R1 U (RQ — Rl) = Rl U (RQ — modg(Rl)).

Hence, the local geometry is determined by the relative shift mods(Ry). The same
argument holds for relative configurations around a site on sheet two. A fundamental
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idea in this method is that the distribution of mod;(Rz) € T’y and mods(R;) € T'y
are uniform in the sense of Theorem 2.1 below.
We let
B, ={yecR?: |yl <r} for r > 0.

For j € {1,2}, we let P; be the transposition, that is, P, =2 and P, = 1.

THEOREM 2.1. Consider Ry and Ro incommensurate lattices embedded in R>
(i-e., satisfying Assumption 2.1). Then for g € Cper(I'p,), we have

1 1
(2.1) T —— Z g(l) = — g(b)db, as r — oo.
#R;N By LER,;NB, ITp| Ip;

In particular, local geometries around sheet 1 sites can be parameterized by I's,
while local geometries around sheet 2 sites can be parameterized by I';.

Theorem 2.1 suggests the following strategy for defining and computing electronic
structure properties in incommensurate heterostructures: (1) split an observable into
local contributions from each atomic site (we will employ the local density of states);
(2) employ Theorem 2.1 to demonstrate that the thermodynamic limit from finite
clusters exist (observe that (2.1) is a sum over a finite cluster); (3) use the right-hand
side of (2.1) to compute the limit quantity.

2.2. Tight-binding model. Electronic structure is governed by solutions to
the Schrédinger eigenproblem. It is typically approximated using methods such as
the Kohn—-Sham DFT (KS-DFT) model or the Hartree—Fock approximation [8, 12].
For systems in the thousands of atoms, however, the standard KS-DFT calculation
becomes intractable. The tight-binding (TB) model applies further approximations
and as a result can treat larger systems ranging in the millions of atoms.

Let A; denote the set of indices of orbitals associated with each unit cell of sheet
1. We assume that A; are finite and that A;N.As = (). Then the full degree of freedom
space is

Q= (R1 X .Al) U (RQ X Ag)

The interaction between orbitals indexed by Ra, R'a’ € Q is denoted by hoo (R—R'),
where haor € C(R?). Although the sheets have a vertical displacement between them,
this distance is constant and hence can be encoded into huo (using the assumption
that A; N Ay = 0). We will further use the following assumption.

Assumption 2.2. Orbital interactions haos are uniformly continuous on R? and
decay exponentially, that is, Vo, o’ € A; U Ay

|haa ()] < Ce el for z € R2.

This applies in most scenarios, since in most tight-binding models the orbitals
are tightly bound around the atomic sites [8] or are exponentially decaying. We then
formally define a matrix H such that

HRQ,R/Q’ = hcxa’(-R - R/)
This is an infinite matrix, and hence the eigenproblem
Hy = Ey

for ¢ € C cannot be solved directly. Instead, we will define a class of observables
for the infinite system by first defining them for finite subsystems and then passing
to the limit in section 2.4.
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For Q C Q with #Q = n the associated Hamiltonian is H = (Hij); jea € Mn(C),
where M, (C) denotes the set of n x n Hermitian matrices over C. The density of

states for €2 can be defined via its action on test functions, or, observables g, by

DlH|(g) = ~Trlg(H)], g€ C(R).

(We will later slightly extend the space of observables.) For example, we can consider
the bond energy D[H](Ur), where Ur(e) = eFr(e) and Fp(e) = (1 + ele=m/FT)=1 jg
the Fermi function. Formally, the value of the observable for the infinite system 2 is
the limit of D[H](g) as Q 1 Q.

For future reference we remark that, since H is defined in terms of the lattices R;
and the hopping functions hg./, we will say “H satisfies Assumptions 2.2 and 2.1” to
mean that “Ry, Ry satisfy Assumption 2.1 and hq satisfy Assumption 2.2.”

2.3. Local density of states. The next step is to define the local density of
states distribution, which will allow us to identify local site contribution to an observ-
able. Consider a finite subsystem Q C Q with associated Hamiltonian H € M, (C);
then the local density of states (LDoS) distribution is defined as

Di[H)(9) = [g(H)ltx,  k€Q, g€ CR).

Note that

" Dulf)(9) = DI](g).
ke

This reformulation puts us very close to the setting of Theorem 2.1. It remains to
control the dependence of Dy[H](g) on Q, which we will achieve in the next section
by fixing k and letting 2 1 Q while controlling the error.

Toward that end we now specify a sequence of local degree of freedom spaces,

Q, = {[7& N Br} ><A1} U |:[R2 N BT] XA2:| for r > 0;

see also Figure 3. For r > 0 and b € I'p, we define H, ;(b) € M|, (C) by
[Hr,j(b)]Ra,R'a’ = haa’ (b(éaEApj - 6a’€Apj) + R - RI)

for Ra, R'a’ € Q,. Physically, H, ;(b) describes a cluster of radius r of the bilayer

system in which the sheet P; is shifted by b. If the LDoS is well-defined in the

thermodynamic limit, we expect it to be approximated by the local cluster around

the site of interest, i.e.,

Doa[Hr’j(mOdpj (R))] ~ DRa[H]7 Ra € R] X AJ

in a suitable weak sense. Since the two layers are incommensurate, the set of shifts b
that occur in this way are dense. Hence, we consider the local density of states

(2.2) Do[H; j(b)] :=Doo[Hy j(b)] for a€ A

for arbitrary shifts b.
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Fia. 3. All the sites in Q. for a hexagonal bravais lattice. The central site for sheet 1 is
highlighted.

2.4. Thermodynamic limit. We now consider the limit as r — oo of the LDoS,
which will allow us to define the DoS for the infinite system. Let

E[H] =  sup [supHr,xb)nz}mo,
r>0,j€{1,2} LbeT;

where ||H||y := supycen (o) [H |2/ |¢]l2 for H € M, (C). E[H] is finite because of
the exponential localization from Assumption 2.2. Then the local density of states
distribution will be supported on the interval

Since the spectrum is only defined on S[H]|, we are only interested in observables
g € C(S[H]). We supply this space with the norm

l9lloc :== sup [g(z)]  for g € C(S[H]).
z€S[H]

For U C C, we define the distance

d(U,S[H]) = UinfS[H] |z — 2]
zeU,z'€

This is a bound on the distance between U and the spectrum. To pass to the limit in
the LDoS and later in the DoS, we narrow down admissible test functions. We define

Aj:={g9 € C(R)| g admits an analytic extension to {z € C: d(z, S[H]) < J}}

Then our admissible test functions are
A=A,

While we consider the thermodynamic limit on the space A, we afterward extend to
g € C(S[H]) using the fact that A is dense in C'(S[H]).
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THEOREM 2.2. (1) Suppose that H satisfies Assumptions 2.1 and 2.2. Then, for
a € Aj, there exists a function Do[H] : T'p;, x C(S[H]) — C such that, for g € A,

Do [H; ;(b)](9) = Do [H|(b,g9) asr — oo.

(The distribution Do [H](b, g) is the local density of states for the infinite system.)
(2) The map g — Dy [H](b,g) is a bounded linear functional, more precisely,

DalH](b,9)| < gl for g € C(S[H]).

ere exist constants C,~v" > 0 such that, for 1>0 an g€ Ns,
3) Th ) C,v >0 h that, for d > 0 and A

[Da[H](b, 9) — DalH.;(b)](9)] < Cd=® sup ~[g(z)|evldr],
d(z,S[H])<d

We next analyze the regularity of the map b — D, [H](b, g) for fixed g, which will
allow us to integrate with respect to b.

THEOREM 2.3. Suppose haor € C™(R?) for n € NU {0, 00}, 3;’;8;’;%&&/ is uni-
formly continuous for m +m’ < n, and there exist constants Copm/, Ymm: > 0 such
that

0705 R (1)) < Conmre™ o

Then, fora € Aj and g € A,
DQ[H]( ) € Cper( )

Our next objective is to rigorously define the density of states distribution for
the infinite incommensurate bilayer system H. Taking a sequence of finite incom-
mensurate clusters surrounded by a vacuum that grow toward infinity and combining
our results on the equidistribution of local configurations with the convergence of the
local density of states we obtain the following representation formula.

THEOREM 2.4. Suppose that H satisfies Assumptions 2.1 and 2.2. Then there
exists a bounded linear functional D[H| : C(S[H]) — C such that, for g € A, we have

D[H, ;(0)](g) = D[H]|(g) asr—oo forj=1,2.

Further, we have an explicit expression for the limit D[H](g) in terms of the LDoS
operators:

(2.3) = VZ Z H|(b, g)db,

where

V=

[Az| - |T1| + |A1] - [T2|”

Note that the right-hand side of (2.3) is well-defined for g € A by using Theorem 2.2
and Theorem 2.3.

This suggests a natural approximation to the DoS using the LDoS operators,

2
DID N RENEAD O

j=1 aEAj
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THEOREM 2.5. Suppose that H satisfies Assumptions 2.1 and 2.2. If g € Aj, then
we have the explicit error bound on the LDoS approximation

‘D[H](g)vz > Do |H,;(b)](g)db| < Cd™®  sup {g(zﬂeﬂr}

j=1acA; ’LI'p; d(z,S[H])<d

where C,~ are independent of r, J, and g.
Proof. This follows trivially from Theorem 2.2. O

Remark 2.1. The finite systems employed in the thermodynamic limit are defined
by the matrices H, ;(0) for j = 1,2. They represent finite incommensurate clusters
surrounded by a vacuum. Since the boundary Hamiltonian entries are not chosen by
DFT calculations or experimental values they will not be accurate. However, as long
as the boundary coefficients satisfy Assumption 2.2, the limit of the density of states
D[H, ;(0)] will be independent of the choice of boundary terms.

Remark 2.2. For the sake of convenience, we have chosen a circular shape for
the approximating domains. Weaker requirements can be readily formulated, e.g.,
domains €2 should contain balls centered at the origin with radii growing to infinity,
while at the same time keeping a suitable bound on the surface area to volume ratio.

Remark 2.3. The Riesz—Markov—Kakutani representation theorem states that the
dual space of the continuous compact functions are the Radon measures. Since all our
density of states and local density of states operators are continuous linear functionals
over the space of compact continuous functions, they are all Radon measures.

Remark 2.4. This methodology can easily be extended to three or more incom-
mensurate layers, but at the cost of higher dimensional integration, since one must
integrate over all relative shifts between the different layers. The local density of
states, on the other hand, where there is no integration, can be easily analyzed for
multiple layers without adding much to the cost.

3. Numerical simulations.

3.1. Quadrature. To compute the integrals occuring in Theorem 2.5 numeri-
cally, we can use the smoothness properties from Theorem 2.3, which can be strength-
ened further by assuming analyticity on hqq-

THEOREM 3.1. Assume hqqo is analytic and satisfies Assumption 2.2. Let

’6.1 Ndisc s
S = {Ai <Z'2;Ndisc> H0Si,12 < Ndisc}

be the uniform discretization sample points. Then we have

I'p,
Lnl S S D)~ Y [ Dalb g
disc beSp, acA, acA; 'TP;

ccd sup [lgfa)le e
d(z,8[H))<d

for some " > 0.

Remark 3.1. In practice, haos has a finite cutoff and hence cannot be analytic.
However, we can think of it as an approximation to an “exact” analytic ha/. Pre-
asymptotically, it is therefore useful to treat h,o as if it were itself analytic.
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3.2. Kernel polynomial method approximation. A complete eigensolve on
H, ;(b) for each quadrature point b is computationally expensive, with scaling O(r).
Instead we use a Chebyshev kernel polynomial method (KPM) to compute the density
of states [21]. This method scales as O(r?), where the constant depends on the desired
accuracy. It yields the density of states operator as a smooth function from which
multiple observables can then be computed.

LEMMA 3.1. Assume that H satisfies Assumptions 2.2 and 2.1 and that f € C(Rx
R;C) and g € A; then

J Pt et =i [ se o).

Proof. This result follows immediately from Remark 2.3 and Fubini’s theorem. 0O
We note that |D[H](9)| < ||¢]lco, and hence

s i [ s ose)-pim)| < | [ e - o

oo

Note that this bound trivially extends from A to C(S[H]). Moreover, if f(e,e) =
d(e — e), then the smooth function

Dy(e) := D[H](f(e,")) = D[H]

in the sense of (3.1). We now choose a convenient f.
Recall that the Chebyshev polynomials are a basis defined recursively by

(3.2) To(e) =1, Ti(e) =, and Thi1(e) = 2eTy,(e) — Th—1(e).
The polynomials are orthogonal in the sense that

(€)Ton(e)de = 005,

1
1
[ ==
1 7mV1—e?

An approximation to the shifted delta function §(e — ¢), at € € (=1, 1), is given by

)A(P(Ev 6) = 71_\/%752 Z gngm(E)Tm(e)a €,€¢€ (717 1)a

m<p
e (p = m -+ 1) cos(Z%) + sin(Z%) anctan ()
p—m+1)cos(Z2) + sin(Z2) arctan (=~
gfn — (2 _ 67n0) p+1 p+1 p+1
p+1

are the so-called Jackson coefficients designed to remove the Gibbs phenomenon [21].

To approximate the density of states on the interval S[H| = [-E[H], E[H]], we
rescale

Xp(€,€) == nXp(ne,ne), e,e € (=1/n,1/n),

where 7 is a positive constant selected so that E[H] < 1/n.
We approximate D[H] by

2
Dy,(e)=vY_ > [ Du[H]|(b, xp(c,-))db

j=1 OtE.Aj FPJ
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and subsequently approximate the integrand D, [H](b, xp (e, -)) by

D(X [HTaj(b)](Xp(E? )) = [Xp(€7 H?',j (b))]O(x,O(x

(33) _ = 68T (0) [T (EL s (0)]

7r\/1 — (ne)? m<p

Note that for all €, the calculation requires the same [T}, (nH; ;(b))]oa,0a coefficients,
which is the core of our Algorithm A.

Algorithm A: Approximate DoS

Step 1: Choose quadrature parameter Ngjsc € N and domain truncation radius
r > 0. For each j € {1,2} and b € Sp, construct the matrix H, ;(b).

Step 2: Lete; € RI2- such that lei]; = 6;; is the i*® coordinate vector. Using the
recursion (3.2) we compute, for o € A;,

Vo = €0a
v1 =nH; j(b)eoa

store: [To(nHy ;(b))]oa,0a = €o0a - vo and [T1(nH, j(b)]oa,0a = €0a - V1
forloop: 1<m<p-1

Um+1 = 277Hr,j<b)vm — Um-—1

store: [Tm+1(77Hr,j (b))]Oa,Oa = €0q * Um+1

This yields the coefficients [T, (nH; ;(b))]oa,0a for (3.3).

Step 3: Compute the expression

D, [Hr,j (b)](Xp(Ev ) = Z b T T (nH, r,j (b))]Oa,0a~

7r\/1— ne)? m<p

This yields a local density of states approximation, which is interesting in its own
right.

Step 4: The total density of states approximation is obtained by evaluating

Z Y D ITplDalH i (0)](xs(e, )

dlgc J=1acA; beSp;

for all desired €.

The approximation error for the output D(e) of Algorithm A is estimated in the
following result.
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THEOREM 3.2. Suppose that H satisfies Assumptions 2.1 and 2.2, and then for
g € Ad",

\D[ng) - [ Deygtere

< i sup [wnwﬁ]
d(z,S[H])<d

Truncation Error

coat s gl o] o
d(z,S[H])<d

g— / XolE: )g()de

o

Discretization Error Kernel Polynomial Method Error

Here v, > 0 are independent of the choice of d.

Proof. The truncation error follows from Theorem 2.2, the discretization error
from Theorem 3.1, and the kernel polynomial error from (3.1). ]

Remark 3.2. If we do not assume that h,q is analytic and use hno € CF(R?)
instead, the discretization error above is replaced with the standard periodic dis-
cretization error [20, Theorem 1], but the bound does not give the dependence of
Nyjsc on d.

3.3. Convergence rates. We briefly discuss a heuristic to choose the approxi-
mation parameters p, Ngisc € N and r > 0. In practice, one is interested in calculating
the density of states at a point or in calculating an observable D[H](g) for g € A ;.

For the first case, we note that x, acts similar to a Gaussian approximation to
the identity of width proportional to p~! [21] with well preserved regularity because
of the Jackson coefficients. For analytic purposes, we can therefore consider

(3.4) Xp(ga e) ~ ¢p(5 —e),
for » )
Pple) = %67(@/”)

as demonstrated in [21]. An approximation of the density of states at a given energy
point ¢ is given by D[H](xp(e,-)) ~ DP[H](¢p). To approximate D[H](x,(e, ")), we
consider the error bounds in Theorem 3.2. We have

truncation error ~ d > sup |:Xp(6’ Z)|ev<fr] )
d(z,S[H])<d

If we let d ~ p~' and we use (3.4), we have SUPg(»,s[H])<p-1 [Xp (€, 2)] ~ p. Then

. _ —1
truncation error ~ p3e= P ",

Therefore r ~ plog(p). The same argument holds for the discretization error, yielding
(35) r ~ Ngisc ~ plOg(p)

Suppose the density of states is a Lipschitz continuous function, i.e.,

D(H](g) = / Do (e)g(€)de,
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where DoS has Lipschitz constant M. Then we can estimate

[DoS(e) — D[H] (xp(e, )| < Mp~",

where we have used that x,(e, -) acts like a Gaussian with width proportional to p~ L.
We then obtain

Ndisc

|[D(e) — DoS(g)| < ¢’ (pe‘"*l P pPeVh + Mp’l) .

If the constants in (3.5) are chosen sufficiently small, we have
(3.6) |D(g) — DoS(g)| < (M + C)p~*,

where C' > 0 is independent of smoothness properties of DoS.

If the DoS is C? at a point € of interest, then we may expect even stronger
convergence. Using that D(g) ~ [ DoS(e)¢,(e — e)de, we can do a Taylor expansion
up to the second order around ¢ for |e| < 1 to obtain

DoS(e + €) = DoS(e) + eDoS'(g) + O(e?).

This gives

[DoS(e) - D(e)| =

DoS(e) — / op(e) <DOS(6) + eDoS’(¢) +0(e2)) de| .

Using that [ ep,(e) = 0, we get
(3.7) |D(¢) — DoS(e)| < Cp~2.

For the second case, when the observable g € A is fixed (no polynomial degree
approximation parameter p), we have in principle exponential decay of the error in r
and Ngisc. This seems to imply that it would be optimal to calculate the observable
directly using an eigensolve, thus avoiding the slower decay in p. However, the decay
rate in 7 is strongly coupled to the value of d from Theorem 2.2, which is fairly small
for interesting observables. Therefore, the involved matrices are typically quite large,
rendering direct eigensolves impractical.

3.4. Numerical results. We test our approximation scheme using a tight-
binding model for twisted bilayer graphene [5] with a relative twist angle of 6°. We
fix an o € A; and then verify numerically the following two results:

1. As predicted in Theorem 2.2, Do[H,1(b)](Xp(e,-)) = Da[H](b, xp(e,-)) as
r — 0o with exponential rate proportional to p~': see Figure 4.

2. As predicted by Theorem 3.2 and (3.7), D — DoS pointwise as p, 7, Ngise — 00
with quadratic rate: see Figure 5.

Furthermore, we demonstrate the practicality of Algorithm A by reproducing
twisted bilayer effects in the density of states of two stacked graphene sheets with
a relative twist of 6° as predicted in [5] (see Figure 6). We included the DoS for
monolayer graphene for comparison. The conical region near the —.6 energy region
is called the Dirac cone. When the two layers interact, the curve splits near the cone
tip (the Dirac point) forming two Van Hove singularities (VHS) on either side of the
tip. In practice the VHS needs higher resolution. We will explore how to achieve high
resolutions in a future work.
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10°

Local DoS Relative Error
=)
=)

0 50 100 150

Fic. 4. Relative error of Do[Hr,1(0)](xp(0,-)) converging to Do[H](xp(0,-)) for increasing
values of p. Here the reference value is taken at r = 250.

10° : : : : : : :

—+—Relative Error
—&—Slope -2

=

o h

(=

[8a]

[9)

Z

=

©

o~

10"} .
60 70 80 90 100 110 120 130

p-value

Fi1c. 5. Relative error of D(0) — DoS(0) pointwise, where r and Ny scale as in (3.5). The
slope is —1.98 ~ —2, as predicted in (3.7). Here the reference value is taken at p = 196 with
proportional choice of Ngisc and r. The ratio in (3.5) is chosen such that the first point corresponds
to p =60, r = 20, and Ngisc = 2.

4. Proofs. To attain bounds on the density of states objects, we will use resol-
vent bounds as introduced in [3]. We denote C a contour around S[H], which contains
the spectrum. We can write for Q C  finite, H € MIQ\((C)’ k € Q, and g analytic

() )ee = —— ¢ 9(2)[(z — B)VJuud=.

727” I
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0.8 T T T T T T
—bilayer
07F ——monolayer K
test function

1.5

F1a. 6. Approzimation of the DoS using Algorithm A with r = 180, p = 700, and N s = 4.
We can see VHS forming near the Dirac Point, agreeing with theoretical results [5]. We include the
test function (xp(e,-)), which is to scale in the E-axis, but not in the DoS-axis.

We will then rely on decay estimates for [(z — lff)_l]kk as Q1 Q. We will vary our
choice of C to tune the error bounds.

4.1. Proof of Theorem 2.1. Although this result is conceptually close to the
equidistribution theorem [22], our specific statement of the result seems to be unavail-
able. Hence we prefer to give a complete proof. Without loss of generality, we let
j =1 and hence P; = 2. Then we wish to show for g € Cpe,(I'2), we have

1 1
e g(0) = — [ g(b)db.
s, 2, O,

We let V, = #7° N AleT. We then wish to show for g € Cper(I'2) that

1
(4.1) " Z g(Ain) — IFzI/r

" nezz N AT B,

Since Cpg, (') is dense in Cper(I'2), we assume g € Cpg, (I'2). On expanding g
into Fourier modes, it suffices to show (4.1) for an arbitrary fourier mode g(z) =
62”’”"42_195, where m € Z2.

If m = (0,0), then the left-hand side and right-hand side of (4.1) are 1.

For m # (0,0), the right-hand side of (4.1) vanishes, so we need to prove that

A ZnEZQHAleT g(Ain) — 0 as r — co. We first rewrite

V’i Z g(Al'fl) = Vi Z eQﬂim”A;lAln — Vi Z e27'ria-n7

" nez2 N ATB, " nez2 N ATB, " nez2 N ATB,

where a = (a1,a2) = mtAglAl. If both a; and as were rational, then this would

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 08/11/17 to 35.176.47.6. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

490 DANIEL MASSATT, MITCHELL LUSKIN, AND CHRISTOPH ORTNER

contradict Assumption 2.1, since
(A7) n+ (A3")*m = (0,0)

for n,m € Z? if and only if n = m = (0,0). Hence we assume, without loss of
generality, that as ¢ Q.
Let ¢ > 0 such that

n e ZzﬂAl_lBr = i € [—crcr].
Moreover, for ny € [—cryer] N Z2 let f_(n1), f+(n1) € Z* such that (nq,n2) €

7> A7 B, if and only if f_(n;) < ng < fy(n1).
We can now compute

1 1 J+(n1)
2mia-n __ 2mwiainy 2miasns
v € = e e
" n€zZ2 N A7 B.,. T ni €[—cr,cr|NZ? na=f_(n1)
2mia _(n1)4+1) _ 2mia ny)+1
= i Z e27ria1n1 ¢ 2= ()t 64 2+ (m)+)
V, 1— 627rza2

" nie[—erer)nz?

Since ay is irrational, 1 — e?™%2 £ 0, and hence we can estimate

- der _
§ : e2ma n S . S Cr 17
|1 _ e27r7,a2 |Vr
n€Z2 N A7 ' B,

==

which vanishes in the limit r — oo, as required. This completes the proof of Theo-
rem 2.1.

4.2. Proof of Theorem 2.2. Recall that

A=A,

d>0

In particular, note that A is dense in C(S[H]), in the sense that for any f € C(S[H])
and € > 0, there exists g € A such that

lglsim) = flloo <e.

This will be useful for extending the density of states operators from A to C(S[H]).
LEMMA 4.1. Suppose H € M, (C), and y: {1,2,...,n} — R? such that

|Hyp| < Ce™ vy
for some & > 0. Suppose that there exists N € N, ' > 0 such that for all x € R?,
Y
[#{y(j) : y(j) € Br(x)}| < N. Then there exists v > 0 such that, for all z € C,
dist(z, S[H]) > d/2,

[(z — H) | < C'dte1(H+m)dly(k)—y(0)]

Here C' and v are dependent on 4, N,r', and C, and k > 0, k < 1.
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#*ﬁﬁﬁ
_P++‘|3 ° o, 0o of T |
-t+";+"2+'t+.,+o.|-o+o+f y
6 o 0,0 o+o+o+o+o
q_.q_q-d-'d‘d"l#j-t_i_j-_'_p' . "‘::' o ﬁ_g'_q.ﬂl-d'si'd'

ofset oot o 7' = [R(K)|
o o+04-o+o+o+_‘iﬁ_7_¥+ 't + + &
L

Fi1G. 7. For given sites £ and k, we plot the relevant distances in solid lines and system radii
in dotted lines for considering resolvent error in Lemma 4.2.

Proof. This is a version of [3, Lemma 2.2]. Note that we don’t include a lower
bound on the distance between sites y(j). We do not need this condition since we don’t
allow singularities in our coupling functions h(x). This is reasonable for interlayer
terms since x — 0 does not correspond to orbitals moving arbitrary close together,
as we assumed a fixed distance between the sheets. As for intralayer, the orbitals are
fixed on the Bravais lattice. O

In particular, the previous lemma applies to the matrices H, ;(b). To apply it we
will set y = MR, where in the following we define

R:Q—-R?  R(Ra)=R.

For the next lemma, recall the definition of H,- ;(b) from (2.2).

LEMMA 4.2. Suppose that H satisfies Assumptions 2.2 and 2.1. Let QcCQobea
set of indices and H;(b) be the matriz defined over Q2 with shift b relative to sheet j,
that is,

[Hj(b)]Ra,R’a/ - hao/ (b(5a€APj - 50‘/€AP]~) + R - R/) .

We let k = R and £ = R'a’. Suppose that ' > 0 such that Q. C Qandd >0
such that d(z,S[H]) > d. Then

[z = H; ()], — [ = Hery(0)) '],

< Cd~®min {e—73|m(k)—m<f>| , r’e—vaaX{r’—m(k)lm’—\%(éﬂ}} ’

where C' and 7y are independent offl and 1’ (see Figure 7).
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Proof. We define the matrix ﬁ}”'(b) € Mg, (C) such that

= (10 AL
We note
(= H;(0) ™" = (z = Hj (b)) ™" = (= — H; (b)) (H,(b) — Hj (b))(z — HJ (b)) ™"

Now [H,(b) — ﬁ;/(b))}ts is only nonzero if ¢ or s ¢ €2,.. We use the definition
A\Q i={z:2€Qx¢ .}
From Lemma 4.1, we have
Gz = Hy (b)) ae] < G~ e MRG0

and

(2 — H' (0)) Mol < G (1) |93 (s) R (1)

Therefore, we obtain the bound

teQ seQ\Q,
PP
seQteM\Q,,
SCJ_ZZ Z e~ YA(L+R) (IR (k) =R ()| +[R (1) =R (s) | +|R(s) =R (6)])
teQ seQ\Q,/
-I-C(Z’zz Z o VA(1+R) (IR (R) =R () |+ |R(6) =R () [+R(s) =R(E)])

seQte\Q,,

[(= = H;(0) ™ we[H; (0) — Hj (0)]es[(z — H (6))" e

Here we consider one of the terms on the right-hand side. First, we observe

3 e AR IRE - ROHIRO R < 7 / = 1d(1HR) (9 (E) —y+y=R () g

o 2
teQ R

Using alternative elliptic coordinates, letting a = 1|9R(k) — 9R(s)|, we get
Z e A1+R) (IR (k) =R (1) |+|R(£) —R(s)])

teQ

1 oo 0_2 _ ,7_2 -
< Ca2/ / e 207d0+R)0 g5y
-1J1

@D -1

< ClaQ( > (0' + 1)2 2a'ch(1+l<e)a') d0,672a'yd~(1+/<;)

— ¢
0 Vo(o+2)
1 _ ~ -
< C//a2 (/ 0,—1/26—2afydada + /oo O_e—2a7dad0_> e—2a7d(1+n)
0 1
< C’/’(a3/2d’1/2 + CZfQ)ean'yti(lJrn)

< C’”(|9%(k) . 9%(8”3/2&71/2 + 572)67%1%)&9&(1@)7%(5)\

< O g2~ 1R (k) =R ()]
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We find some kg such that (1+kg)? < (1+ ). Then using the above argument twice
using kg in place of k, we have

Z Z e~ YAHR) (IR (k) =R(1) [ +|R (1) =R (s)[+]R(s) =R (O)]) < Cd4e 1R K)—R(O)]
teQ s€Q\Q,
Alternatively, if we use it once, then we obtain
Z Z o 1A1LFR) (R (F) =R () [+[R(£) =R (s) | +|R(s) =R(£)])
te® seO\Q,
<C"d? Z e~ VAR (k) =R(s)[+[R(s)=R(O)])

s€Q\Q,

/ =1 AIRE =3 +HRO=3) gy,
\>r

/ e lev gy for z = R(k) or & = R(E)
lyl >

<2 / =1l gy
ly|>r

Therefore, we deduce that
Z Z o= VA(1+R) (IR (k) =R () | +H[R(£) —R(s) [ +|R(s)=R(0)])
teQ s€Q\Q,
<C"d4 o~y max{d(r'—|R(k)])d(r' ~|R(O)}

Finally, we can conclude that

’[(z — H;(0) ke — [(z = Hyr 5(6)) " ie
< 'd- min{eﬂj\m(k)fm(m : r/efwimax{\r’flm(k)l,r’flm(f)\}}, O

Lemma 4.2 shows that the resolvent difference is bounded by the site distances
from the edge of the first cutoff region (the circle with radius ') and the distance
between the two sites. This is consistent with Lemma 4.1.

Let C be a contour around S[H] such that d/2 < d(C, S[H]) < d. By Lemma 4.2,
we have for g € A; and r <7’ that

|Da[Hr;(0)](9) = DalH: ;(0)](9)]

3z .96) (16 = Hos0) Moo [ = Ho ) Moo )

21

< C'd 5 sup \g(z)|e*ﬂw.
zeC
Hence {Dq[H;, ;(b)]}n is a Cauchy sequence for r,, — oo, which therefore has some
limit D, [H](b,g). Do [H] is linear in g, since each element of the Cauchy sequence is
linear. Further, we have the error bound

DalH](b, 9) — DalHy,;(0)](g)| < C'd"°r Sup lg(2)]e™ "
Since the linear functional D,[H., ;(b)] is bounded by ||Ds[H, ;(b)]|| < 1 we also
obtain that D, [H]|(b, ) is a bounded linear functional and so has a unique extension

to a bounded linear functional on the space C(S[H]).
This completes the proof of Theorem 2.2.
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4.3. Proof of Theorem 2.3.

LEMMA 4.3. Suppose haor € C™(R?) for n € NU {co0} and 82’;‘5‘52%(1(1/ is uni-
formly continuous for m +m’ < mn. We further assume the decay estimate

(4.2) 050 hevor ()] < Copre™ Y121,
Then for k = O and d({z}, S[H]) > 0, we have b+ [(z — Hy (b)) |rx € Cly(Tp;)
for all b € R? and fized r > 0, and we have the limit
: _ . -1 n
b T (2 = Hoy () o € CalT)
for all b € R?. Furthermore, for all b € R?, z — [(z — H, j(b)) "k is analytic in
C\ S[H].

Proof. We will only consider the derivative 8y,; the treatment of higher (and
lower) order derivatives follow the same line of argument but are more cumbersome.
We drop the subscript of 71, for brevity. Let k = Oa for some a € A;, and then

0oy [(z = Hey(0) ik = Y [(z = Hy i (0) ™ Jasl0b, Hyj (0)]sel(z = Hy i (0) k-
s EQ,

Lemma 4.2 implies that, for r > r’ > 0,
R(r,r' k,s) = |[(z = Hyp i (0) " os — [(z = Hp 3 (0) " s

< C'min{e VIRE) =R o=y min{r'—|RE)[ '~ [R(s)]} )

where C' and v are independent of 7. Since we are trying to define the limit and are
not interested in the convergence rate, we let d = 1 in our use of Lemma 4.2. Note
also that, for s,/ € ., we have

Ob, [Hyj(0)]se = Ob, [Hrr ()] se-
Recalling that 9i(k) = R(0a) = 0 and employing (4.2), we estimate
|06, [(2 = Hy i (0) ™ i — Oy [(2 = Hov 5 (0) ™ ik

< C’( Z (R(r, vk, 3)6—7%(5)—%(16)\ + R(r, 0, k)e—v\%(S)—%(k)\) ES [Hr,j(b)]sl|

s,EEQ,,./

+ > [(z = Hyj(0) " ks[0, Hoj (0)]se[(z — Hy, 3 (5)) " ek
< C/< S (R(r, " b, 8)e= PO 4 R(r, 7,0, ke IR 1RGOy 1’

SEQ LEQ\Q,
S,ZGQT/

N——

Here the bound on the second term comes from the same argument as in Lemma 4.2.
We then have

|06, [(z — Hy 3 (0)) " ik — Oy [(2 — Hyr 5(6) k|
<O Y e IROD RO RO 4
5,0eQ,.
<O Y RO RO | oyt
se

1",

<Ce VT

for any choice of v < min{y,~'}, where C' depends on the choice of v".
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Therefore, as 7, — 00, Oy, [(z — Hy, (b)) |xr forms a Cauchy sequence and in
particular has a limit

Li(b) == }1& O, [(z = Hy j(0) k-

Likewise, using that [(z — H,.j(b));, forms a Cauchy sequence, we define

L(b) == lim[(z — Hy; () Jar-

oo
We need to show that Op, L exists and satisfies
Op, L =1L;.
We denote for fixed r > 0
Res, (8) = (2 — Hy.y(5) -

Since Oy, haq is uniformly continuous there exists a modulus of continuity w such that
|0, R(D) — Op, h(b')] < w(|b—b'|). We then observe that, for € > 0, ¢ < |Im(z)|, and
€1 = (1,0)

0H, = H, j(b+¢€) — H, ;j(b) = O(ew(e)),

where the remainder is r-independent. Then we have
1
- (Resr(b +eeq) — Resr(b))
€
1
€
L 2 kk

1
€

Using the ¢2 norm, we have

L (Resy 0+ o) = Res, )| < 1 = Hos 0 X2 19801511 = Hos0) 1

n>1

<0 Z Tm(2)| ™" Lw(e)”

n>1

< O(IIm(2)|'w(e)).-
This bound is independent of . Hence

1(m@+wQ—L@Q=me+ow@»

€

Letting € — 0 shows that L € C&}O) (T';) and Oy, L = L1, which is the desired result.
Continuity of L; with respect to b follows the same argument. Analyticity with
respect to z follows from [7, section 5.2]. O

Theorem 2.3 follows immediately from Lemma 4.3.
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4.4. Proof of Theorem 2.4. Without loss of generality, let j = 1. Fix g €
A,7 >0 and n < 1. Then we have

D[Hr,l( g |Q ‘ Z )

ke,

_ ! S DuHLO)(9)+ Y DilH.1(0))(g)

2| kEQ\ QU kEQ,,

We define 2 : @ — A; U Ay such that 2A(Ra) = o. By Lemma 4.2, we have for
k = Ro € £, and o € A; that

Dk [Hr.1(0)](9) — Da[H](modp; 0 R(k), g)| < Csz‘lellg lg(z)[e 1,

The site k is at least a distance (1 — n) from the boundary of 2,.
Consider the distribution

2
Hl(g)=v> > De[H](b, g)db.
j=lacA; /TP

Since the integrand is continuous with respect to b (see Theorem 2.3) the integration
is well-defined. We now estimate

|DIH](9) — DH:1(0)](9)]

Z Dy[H1(0)](9)

kEQ\ Q)

Q]

+ [D[H](g) Z > Du[H](modp,(R),g)
|Qnr|

j=1 Ra€Qy,:acA;

1
=1 Ra€Qyria€Aj

LS DuHL0))9)
‘Q"T| ke,
(- ) | 3 o

kEQ,,

The first and fourth terms are easily seen to be bounded by O(1—n7?). For the second
term, we let
Q7. ={Ra: Ra € Qy,a € A;}.

Then

Z > Du[H]|(modp,(R),9) IQ Z Z H](modp, (R), g).
nr =1 Q

|Q77T| j=1 Ra€Qy,:a€A;
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We then use }Q;": — [Tl A Q| = \Q |+ Q2

IAEVAE ;r|» and Theorem 2.1 to get

Z S"  Da[H](modp,(R), g) — DIH](9).

|Q77T| j=1 Ra€Qy,:a€A;

and hence the second term goes to zero as r — oo. Finally, the third term can be
estimated by

1
|Q | Z Z DQ[H](mOde(R)7g)
M1 j=1 Ra€Qy:aCA;

Z DralH1(0)])(g9)| < Csuplg(z)le "=,
R()/GQ zeC

Therefore if we choose a pair of sequences (7;), (r;) such that n; T 1, r; T oo, and
rj(1 —n;) — oo, we conclude that

D[H,1(0)](9) — D[H](9)-

Since D[H]| is a bounded linear functional, it can be extended as before to be a
bounded linear functional over C(S[H]).

4.5. Proof of Theorem 3.1. We denote Z = (%1, Z2) € C?. Let z € C. Then if
¢ > 0 is sufficiently small and Im(2;),Im(2s) € (—c, ¢), we have

Iz = Hy,;(2)]2 >0,
and hence §,g(2)[(z — Hy;(2)) 'oa,0a is analytic at Z satisfying Im(Z;), Im(22) €

(—¢,c). We pick a contour C enclosing S[H] such that dj2 < d(C, S[H]) < d and then
chose ¢ = kd for k > 0 sufficiently small and independent of d such that

1H,5(2) — Hj(Re(2))]| < d/4

by analyticity of H, ; (see Figure 8). To see that we still maintain analyticity of
(z — H, (%))~ for this choice of ¢ and z € C, we note that it suffices to show

Iz = Hyp (2|2 > d/4.
However,

l2 = Hyj(2)ll2 2 |z — Hyj(Re(2))l2 — | Hrj(Re(2)) — Hyj(2)]l2 > d/4.

Hence, we have analyticity. Since [, g(z)[(z — Hy (%)) *oa,0adz is analytic with
respect to Z, we can apply Theorem 9.28 of [11] twice, with respect to by and b, to

deduce
/F jig(z)[(z — H,j(0) oa.0adbdz —

<Cd'  sup [g(z)|e‘7”‘m‘““]
d(z,S[H])<d

2SS Y o

Neisc beSp; aEA;

for some C' > 0 independent of r. The result follows.

5. Conclusion. The main result of this work, Theorem 2.4, is a representation
formula for the thermodynamic limit of the electronic structure of incommensurate
layered heterostructures. The result is reminiscent of Bellisard’s noncommutative
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r\cx
.

/

S[H]

C

FIG. 8. The highlighted region shows the region R x (—c,c) enclosing S[H]. The contour C has
a distance to S[H| bounded above by d and below by d/2. We also have ¢ ~ d.

Brillouin zone for aperiodic solids [1], replacing on-site randomness with a number-
theoretic equidistribution theorem.

Crucially, our representation formula lends itself to numerical approximation. In
section 3 we formulate, and analyze at a heuristic level, an efficient kernel polynomial
method to approximately compute the density of states in twisted bilayer graphene.
This preliminary exploration provides not only quantitative confirmation of our an-
alytical results but also demonstrates the utility of our approach for applications to
real material models.

Acknowledgment. The authors would like to thank Stephen Carr and Paul
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