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Abstract

We study motion of a charged particle confined to Dirichlet layer of a fixed
width placed into a homogeneous magnetic field. If the layer is planar and
the field is perpendicular to it the spectrum consists of infinitely degenerate
eigenvalues. We consider translationally invariant geometric perturbations
and derive several sufficient conditions under which a magnetic transport
is possible, that is, the spectrum, in its entirety or a part of it, becomes
absolutely continuous.

1 Introduction

A homogeneous magnetic field acting on charged particles has a localizing effect,
both classically and quantum mechanically. Since numerous physical effects are
based on moving electrons between different places, mechanism that can produce
transport in the presence of a magnetic field are of great interest. They typically
require presence of an infinitely extended perturbation, a standard example being
a barrier or a potential wall producing edges states, cf. [7, 8, 13, 14, 15, 16, 17] and
references therein. This is not the only possibility, though. In his classical paper
[18] Iwatsuka demonstrated that a transport can be induced be a modification of



the magnetic field itself under the assumption of a translational invariance, see
also [4].

The aim of the present paper is to show still another mechanism which can
produce transport in a homogeneous field for particles confined to a layer with
hard walls. As in the case of the Iwatsuka model we will express the effect in
spectral terms seeking perturbations that change the Hamiltonian spectrum to
absolutely continuous. Our departing point is a flat layer of width 2a to which a
charged particle is confined and which is exposed to the homogeneous magnetic
field perpendicular to the layer plane. The spectrum of such a system is easily
found by separation of variables. It combines the Landau levels with the Dirichlet
Laplacian eigenvalues in the perpendicular direction, and needless to say that all
the resulting eigenvalues are infinitely degenerate, see Sec. 4.2.1 below for more
details.

We are going to discuss geometric perturbations of such a system, in partic-
ular, deformations of the layer which are invariant with respect to translation in
a fixed direction. Such layers can be described, e.g., as a set of points satisfying
dist(x, ) < a where X is a surface obtained by shifting a smooth curve which can
be parametrized by relation (2.1) below. We are going to derive several conditions
which ensure that the unperturbed pure point spectrum will change into an abso-
lutely continuous one. More specifically, our main results can be summarized in
the following assertion.

Theorem 1.1. Let H be the Hamiltonian of a charged quantum particle confined
to a layer Q0 of a constant width 2a in R® built over a C*-smooth, translation-
ally invariant surface (2.1) and exposed to a nonzero homogeneous magnetic field
pointing in the z-direction. The spectrum of H is purely absolutely continuous if
together with technical assumptions (A0) and (Al) any of the following conditions
is satisfied:

(i) Q is a one-sided-fold layer, lim, 1o x(s) = 400 or lim, 1o 2(s) = —oc.
Furthermore, we suppose that the second part of (A3) is fulfilled.

(11) Q is bent and asymptotically flat, ©(s) = ax for all large enough positive and
negative s, respectively, where ax € (0,1]. Furthermore, one requires that
ay # a_ and the halfwidth a satisfies the bound described in Lemma 4.4 and
Remark 4.5 below.

Moreover, for a fived E € R, the spectrum of H below E + (%)2 s absolutely
continuous if ) is thin, i.e. the halfwidth a is sufficiently small, and the generating
surface satisfies one of the conditions specified in Proposition 4.8.

The proof of the theorem will be given in Sec. 4, before coming to it we will
describe the geometry of the layer and explain the main steps of the argument.
Let us add a few remarks. First of all, in Sec. 4.2.1 we demonstrate that the



perturbation must be geometrically nontrivial, because a mere tilt of the layer
with respect to the field direction is not enough, with one notable exception.
Furthermore, except the claim (i) our condition impose restrictions on the layer
thickness. On the other hand, the thinner the layer, the more general deformations
we can treat. In particular, the last claim covers perturbations which are compact
with respect to the x variable, cf. Proposition 4.8. Note also that the shift by
(2%)2 in the last claim is needed; without it the claim would be trivial because in
a thin layer the spectral threshold is pushed up due to the Dirichlet boundaries.

The method used to treat thin layers is also useful with respect to the original
Iwatsuka model and its generalization including addition of a potential perturba-
tion. Recall, in particular, the conjecture stated in [4] according to which any
nontrivial translationally invariant magnetic perturbation gives rise to the purely
absolutely continuous spectrum. Despite a number of sufficient conditions de-
rived after the original Iwatsuka paper [22, 10, 25] to which we add a new one in
Theorem 5.1, the question in its generality remains open. In a similar vein, we
are convinced that the sufficient conditions we find in this paper are by far not
necessary.

2 Preliminaries

2.1 Geometry of the layer

Let ¥ be a surface in R? invariant with respect to translation in the y direction
and described by means of the following parametrization,

Zo(s,y) = (2(s),y, 2(s)) (2.1)

with s,y € R. The functions z and z here are assumed to be smooth enough,
unless said otherwise we suppose they are C4, and such that @(s)? + 2(s)* = 1,
where the dot stands for the derivative with respect to s. The last condition means
that the curve I' : s — (z(s), z(s)) in the xz plane is parametrized by its arc length
measured from some reference point on the curve. Therefore the (signed) curvature

k of I' may be fixed as
k(s) = @(s)Z(s) — @(s)z(s)

and the corresponding unit normal vector to ¥ is

n<57y) = ’I’L(S) = (_Z<S>7 07 I(S))
Let us stress that throughout the paper we assume that

#]loo < 00 (A0)
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If we regard > as a Riemannian manifold, then the metric induced by the immer-
sion .% is

(guu)z(é (1)); v € {s,y}.

Let a > 0 and I := (—1,1). We define the layer Q of width 2a built over the
surface X as the image of

L REx T =R {(s,y,u) = Z(s,y) +aun(s)}.
We will always assume that
a < om:=||k||x} and © does not intersect itself. (A1)

Under these conditions, .Z is a diffeomorphism onto €) as one can see, e.g., from
the formula for the metric G on 2, induced by the immersion ., that reads

= (G 0) = ("5 1) et

a

where fu(s,u) := 1 — auk(s). The assumption (Al) implies, in particular, that
fa(s,u) > 1 —al|k||oc > 0 holds for all (s,u) € R x I.

Remark 2.1. Note that one can use v = au € (—a,a) as a natural transverse
variable. The choice we made is suitable in situations when we want to discuss
asymptotic properties of thin layers.

2.2 Dirichlet magnetic Laplacian

The main object of our interest is the magnetic Laplacian on €2 subject to the
Dirichlet boundary condition,

—AP 4= (—iV + A)? (in the form sense), Q(—AP 4) = H}o(Q, dadydz),

with a special choice of the vector potential, A = By(0,z,0), By > 0, that corre-
sponds to the homogeneous magnetic field B = (0,0, By). Using the unitary trans-
form U : L*(Q,dzdydz) — L*(R? x 1,dQ), 9 — 1) 0 £, we may identify AY
with the self-adjoint operator H defined, in the form sense, on L2(R? x I,dQ) by

H =~ fu(s,u) " 00 fuls, u) "0, + (—i0y + As(s, 1))’
- a72fa(87 u>7laufa<57 u)a'U,7
where A = (D.Z)TAo % = (0, Ay,0) with

As(s,u) = Bo(z(s) — aui(s)).
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By another unitary transform, U : L*(R? x I,dQ) — L*(R? x [,dXdu), ¢
a2 f1%1), we pass to the unitarily equivalent operator defined, again in the form
sense, as

H=UHU = =0, f(5,u) 720, + (=i, + Ay(s,u))* — a7202 + V (s, u),

where
1 k(s)? 1 auk(s)  5a*u®k(s)?

Zfa(s, u)? §fa(3, u)? 4 fa(s,u)?
These formulee are easy to derive, see e.g. [9, 20] or [11, Sec. 1.1]. Remark that
we needed C*-smoothness of ¥ to write V down as an operator. Nevertheless, H
may be introduced via its quadratic form for any C? surface.

The translational invariance of {2 makes it possible to pass finally to still an-
other unitarily equivalent form of the operator by means of the Fourier—Plancherel
transform in the y variable,

V(s,u) =—

(Fret)ls6u) = (2m) [ & (s, dy
which yields
H:=F, HZF ' = —0.fu(s,u) 20, + (€ + Aa(s,u))* — a20> + V (s, u).
For a fixed £ € R, we define

HIE) i= =0, fuls,w) 20+ (€ + Ao(s,0))? — a 202+ V(s,u),  (2.2)

y—E

which allows us to write our Hamiltonian in the form of a direct integral,

H= /R " Hle e, (2.3)

where ¢ is the momentum of the motion in the y direction. Note that since
dY = ds A dy, the operator H and its fiber H[{] act in L?*(R? x I,dsdédu) and
L*(R x I,dsdu), respectively.

3 Absolute continuity of the magnetic Laplacian

As mentioned in the introduction we are interested in situations when the con-
finement causes a magnetic transport manifested through the absolute continuity
of the spectrum. Our aim is to describe several classes of layers €2 for which the
spectrum —A% 4 1s purely absolutely continuous. Since this operator is unitar-
ily equivalent to the above described H which in turn decomposes into a direct
integral with fibers H[¢], by [24, Thm XIII.86], it is sufficient to prove that
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(a) the family {H[¢] | € € R} is analytic with respect to £ in the sense of Kato,
(b) the resolvent of H[¢] is compact for any & € R,

(¢) no eigenvalue branch of H[] is constant in the variable &.
In the following subsections we address consecutively each of these points.

Remark 3.1. In fact, to see that (a)—(c) are sufficient conditions for the absolute
continuity of H, we have to modify [24, Thm XIII.86] slightly. In particular, the
variable ¢ in the direct integral (2.3) runs over a non-compact interval and the
eigenvalues branches are not necessarily bounded. An alternative short proof is
based on the main result of [12] which says that under (a) and (b), os.(H) = 0
and o,(H) may consist of isolated points without finite accumulation point only,
and moreover, each one of these eigenvalues is of infinite multiplicity.

Since there are no finite accumulation points in 0,(H) and o,.(H) = (), we have
o(H) = 0,(H) U o..(H), and consequently, it remains to check that o,(H) = 0.
By [24, Thm XIIL.85], A is an eigenvalue of H iff meas;{{ € R| X € 0,(H[¢])} > 0,
where meas; stands for the one-dimensional Lebesgue measure. Since H[¢] has
compact resolvent by (b) and it is unbounded but lower bounded, its spectrum
consists of a sequence of eigenvalues of finite multiplicity which can accumulate
only at +oo. This together with (a) implies that there are countably many eigen-
value branches. Consequently, A € 0,(H) iff there is an eigenvalue branch, say
Apl€], such that meas; {§ € R| A\, [¢] = A} > 0. By (a), the function A\,[-] — A is real
analytic, and by (c), it is non-constant. This means that the equation \,[§] = A
may have at most countable number of solutions and proves thus the claim.

3.1 Analyticity in &
For any & € R, we have in the form sense

HIE] = HI&o] + pe;
where the quadratic form pe is given by

pe(®) = (€ = &) W1 + 2(6 — &) (¥, (€0 + A)v). (3.4)

For any 6 > 0, one easily gets from here

()] < (€ = &)*(1+ 07Dl + 8l (& + Az) |
< (€= &) (L + oDl + 6w, Hlgow) + 0, Vo),

where V_ stands for the negative part of V =: V, — V_. If we assume that

V_ is relatively form bounded by H|0], (A2)
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which is equivalent to the assumption that V_ is relatively form bounded by H [&],
then H[¢] is lower bounded and p; is infinitesimally form bounded by H[&]|. In
combination with (3.4) this implies that H[¢] forms an analytic family of type (B),
in particular, that H[{] is an analytic family in the sense of Kato [19].

3.2 Compactness of the resolvent

Assume now, in addition, that

lim x(s)| = +oo, V. € L®R x I,dsdu). (A3)

s—+oo

Remark that under the second assumption, (A2) is trivially satisfied. By [24, Thm
XII1.64], the fiber H[¢] has compact resolvent if and only if the set

Cige = {¢ € QUELE) [Pl <1, (b, H[EJY) < b}
is compact for all b. By (A1) we have f,(s,u) < 1+ a||r||c =: d, and therefore

HIE] > —d 7207 + (€ + A2)° — a 20 — ||V ||
Moreover, there exists clearly an sy such that for all s : |s| > sg, we have
- B 2
(€ + Ar)? > (g + 7%;(3)) .
If we introduce the constant

K := sup

|s|<so,uel

Y

€+ Ao~ (64 2ato))

then we can estimate H[¢] from below as follows,

2
HIE 2 20+ (64 a(s)) a0 K = Vol = B~ K = V-
The operator H_ on the right-hand side decomposes into a sum of the one-
dimensional harmonic oscillator Hamiltonian and the Dirichlet Laplacian on I,
hence it has compact resolvent [24, Thm XIII.64], and consequently, € _ 5 is com-
pact for any b. Clearly, € p C Cr_ p+K+|v_ |, Which means that €, has to
be precompact, but at the same time €y is closed, cf. the proof of [24, Thm
XIII.64], and thus compact.

Remark 3.2. By [19, Thm VII.4.3], the fiber H[{] has compact resolvent either
for all £ or for no £ at all. It is easy, however, to demonstrate the resolvent
compactness directly for any fixed £ in the above described way.
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3.3 Non-constancy of the eigenvalues

In the following section, we will demonstrate this property for several special but
still rather wide classes of layers indicated in the introduction. Specifically, we will
be concerned with the following cases:

(i) a one-sided-fold layer: limg 1o x(s) = 400 or limg 10 2(s) = —00,

(ii) a bent, asymptotically flat layer: (s) = oy for all large enough positive s
and 2(s) = a_ for all large enough negative s, where ag € (0, 1], ay # a_,

(iii) a thin non-planar layer: a is sufficiently small.

Let us remark that there are basically two methods how to demonstrate non-
constancy of the eigenvalues. The first relies on the Feynman-Hellmann formula
that gives the derivative of an eigenvalue with respect to a parameter. It is useful in
situations when the curvature is compactly supported. The other method is based
on some type of a comparison argument that should give asymptotic behavior of
the eigenvalues at d+oo. It is usually applied in situations when the curvature
behaves differently at +oo.

4 Special classes of layers

Recall that throughout the paper we assume (A0) and (Al). In this section, we
will suppose that (A3) (which in turn implies (A2)) is always satisfied, too.

4.1 One-sided-fold layer

For the sake of definiteness, assume that lim, 1., (s) = +00. Then

lim Ay(s,u) = +oo

s—+o0

holds for all w € I. Recall that i(s)* 4+ £(s)> = 1 which makes it possible to
estimate As(s,u) > By(x(s) — a). This in turn implies that (As)_ is compactly
supported. For any & > 0 we have

(£ +A2)* 2 & + A] — 26]1(A2) | oo,
and therefore

H[E > =05 f,20, — a 202 4+ A3 + &% — 2¢||(A2) oo — IV- |-



The first three terms on the right-hand side are positive and for the remaining
part, independent of s and u, we have

lim (&2 = 26| (A2)lloe — V-l ) = +00,
{—+o0

Thus to any C' > 0 there is a ¢ € R such that H[¢] > C holds for all £ > £, and
consequently, no eigenvalue branch may be constant as a function of &.

4.2 A digression: flat layers

Before proceeding further we are going to show that a mere rotation of the layer
around an axis perpendicular to the magnetic field is not sufficient — with one
notable exception — to produce a transport in the considered system. The decisive
quantity is the tilt angle between the field direction and the layer.

4.2.1 Inclined layer not parallel with the magnetic field

Let v stands for the angle between the magnetic field B and the normal vector
to the layer n. In the case of the unperturbed system, a planar layer with a
perpendicular field (y = 0), it is straightforward to see by separation of variables
in the cylindrical coordinates that the spectrum of H is purely point. The same
is true if ©(s) = cosvy, v € (=5, %) \ {0}, holds for all s € R. Indeed, each of the
fiber operators

H[E] = —0% + (€ + Bo(scosy — ausiny))® — a~ 20>

is unitarily equivalent to H|[0], as one can verify employing a unitary transform
U(s,u) — (s + &/(Bocosy),u). Using then [24, Thm XIII.85] in combination
with the fact that H[0] has compact resolvent, we conclude that o(H) = 0,(H) =
o(H|0]) consists of infinitely degenerate eigenvalues.

For v = 0, this yields an alternative way to determine the spectral character
in the unperturbed case by observing that

H[g] = =07 + (£ + Bos)* — a™*0;

decomposes then into the sum of the Hamiltonian of the harmonic oscillator with
the origin shifted by —¢/By and the Dirichlet Hamiltonian on the line segment 1.
For its eigenpairs, (Ap.nl€], ¥mnl]), we have

Anlt] = A = Bo2m + 1) + (50)’

Vmnl€](s,u) = Um(s + §/Bo)xn(u),



with
U () = (27ml) V2 (By /) e Bor 2 H,, (By ), (4.5)

where H,, stands for the mth Hermite polynomial, and

cos(nmu/2) if nis odd
Xn(u:{ (nu/2)

sin(nru/2) if n is even.

Here m € Ny, n € N and all the eigenfunctions are normalized to one in the
respective Hilbert spaces.

Since A, »[€] is independent of £, all the eigenvalues of H have infinite multi-
plicity. Let us ask about additional degeneracies, that is, about the multiplicity of
eigenvalues of H[{]. Assume that \,,, = A\ for some m,m € Ny and n,n € N
such that m # m and n # n. This means that

Om + n* = Om + i,
where 6 := 8By(a/m)?, which implies that € is a positive rational, § € Q. Con-
versely, if this is the case then 6 = p/q, for some p, ¢ € N, and the equation

?m—ﬁﬁzﬁ%%Mn+m (4.6)

has an infinite number of solutions {m, m,n,n} € NZ x N? satisfying
n—n=p, m—m=q(n+n),
in other words, every eigenvalue of H[¢] has infinite multiplicity.

On the other hand, in the case # € R, \ Q the spectrum H[¢] is simple but
it becomes ‘denser’ as the energy increases. In other words, the eigenvalue gaps
have no positive lower bound. Indeed, by Dirichlet’s approximation theorem, for
all N € N there exist p,q € N such that ¢ < N and |¢f — p| < (N +1)"1. We

will be concerned about large values of N, so we may assume that p > 3. The
equation (4.6) has a infinite number of solutions {m,m,n,n} € N2 x N? satisfying

n+n=p, 0<|n—n]<2, m—m=qR—n).

For any of these solutions we obtain

(73+9—£) (m — ) +n? — 2

0m + n? — (O + 72)| =
q q

1 2
—m| < ———2¢= —.
i m‘_q(N—i-l) 1= N1

We infer that for any € > 0 there are infinitely many pairs of eigenvalues A\, 1, Aii
with the property that

gD

’)‘mﬂl — )\mﬁ‘ <€

which proves our claim.

10



4.2.2 Inclined layer parallel with the magnetic field

The situation changes when the tilted layer has the right angle with the original one
becoming thus parallel to the field direction. Then we have v = 7, and therefore

Hg) = -2+ (£ — Boau)’ —a 202 =Ty @ I + 1 ® To[¢], (4.7)

where

Ty = —32, Tl¢] = —a~20? + (¢ — Boau)?,

and we decomposed L*(R x I,dsdu) = L*(R,ds) ® L*(I,du) =: J4 @ 5. The
other choice 7 = —7 gives rise to a unitarily equivalent operator. Since o(7}) =
0ac(Th) = [0, +00) and T,[¢] has a positive simple pure point spectrum, o(H[¢]) =
[inf o(T5[¢]), +00) for all £ € R. In fact, we are going to prove that every HI[¢] is
purely absolutely continuous.

Let Ey, E,, and E be spectral families of the operators T3, T5[¢] and H[¢],
respectively. Then for all decomposable vectors f1 ® fy € 74 ® 5 we have

VB (fr & )2 = / N / B () P Ea(3)

= [ Xl + DB () P Balo) el
= B ORI 1B (o0, 1)

for the first equality we refer here to the proof of [26, Thm 8.34]. Using the Fubini
theorem it is easy to check that the convolution of an absolutely continuous mea-
sure with another (Borel) measure is also absolutely continuous. Consequently, the
absolutely continuous subspace of 74 ® 775 contains all finite linear combinations
of the decomposable vectors. However, these functions form a dense subspace, and
moreover, the absolutely continuous subspace is always closed. This allows us to
infer that H[¢] is purely absolutely continuous.

Remark 4.1. The fact that the absolute continuity of one of the operators in
the decomposition (4.7) implies the absolute continuity of the ‘full” operator is a
common folk knowledge usually referred to, not quite exactly, to standard sources,
see e.g. [5]; we prefer to include the above simple proof.

Let (pn[€], @nl€]), n € N, denote the eigenpairs of T5[{], where the eigenvalues
are numbered in the ascending order. Some important properties of the p,[¢]’s
are reviewed in [13]. In particular, u,[] are even and strictly increasing for £ > 0,
thus they have the only stationary point at £ = 0. Since o(HI[E]) = [ [€], +00),
o(H) = 04.(H) = [111][0], +00). Hence the bottom of o(H) is given by the first
eigenvalue of the harmonic oscillator constrained to the line segment I. This
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question was addressed repeatedly in the literature, see e.g. [6], and it is easy to
see that the answer is given by the smallest solution of the equation

H 11 2
Fil—+-,-,B =0 4.8
1 1( 4BO+4727 ()Cl) ( )

with respect to p. Here | F) stands for the Kummer confluent hypergeometric
function. If we denote this solution u(By, a), then u(By, a) = a=2u(Bya?, 1), hence
it is sufficient to inspect the dependence of p on one of the parameters. The
solution to the spectral condition (4.8) cannot be written in a closed form but can
be found numerically, see Fig. 1. Moreover using known asymptotic properties of
the Kummer functions [6] one can find the behavior of u(By, 1),

w2 1 2 4 20 56
By, 1) = — - — = | B? — - = Bi +O(B] 4.9

as By — 0.
To derive the asymptotic behavior of u(By, 1) at large values of By we begin
with the variational characterization of the lowest eigenvalue,

By, 1) = 111[0]]az1 = inf V|12 4+ B2llup||?) .
#(Bo.1) = plOllomy = it (17 + Billuvl?)

Let 1o be the ground state of the one-dimensional harmonic oscillator, see (4.5)
for its explicit normalized form, then clearly

By, 1) > inf I3 + Ba||u||z) = [[hl5 + Balluwol|z = Bo. (4.10
11(Bo, 1) ¢6H1(R)7||w||R:1(\|¢ 1% + Billuplz) = [[¥6llk + Billutollz = Bo. (4.10)

If we put i(u) := ho(u) — (1), u € I, then 1) > 0, 1y € HA(I) and

p(Bo.1) < = (0. Tal0]omr)r = {0 B + Buto(1) — Bt (D)
T T
1 1 -
- By + B = By + 1)
< gy ¥ Bov + Bubo(L))1 = Bo + Bobo(1) 7 4 1
+ Bytho(1)——|I|'/2

||¢||1
Next, for any fixed 6 € (0,1) we have
190l = 1ollr = ()l = [leollr — wo(L)I]V2 216
provided By is sufficiently large. We conclude that, for any 6 > 0,

\/§ 5/4€_B0/2

p(Bo,1) < By + (1+0) Bowbo(WI['? = By + (1+0) 7
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as By — 4o0. Putting this together with (4.10) we arrive at the expansion
u(Bo, 1) = By + O(By e~ %/?) (4.11)

valid as By — +0o0.

8

= 6

=

I

=4

(o)

Gy

S g2

R
1

Figure 1: Bottom of o(H) as a function of By (red solid line); a = 1. The black
loosely dotted line corresponds to the first Dirichlet eigenvalue on (—1, 1), i.e., %2.
The black densely dotted line corresponds to the asymptotic expansion (4.9) at
By = 0 and the black dashed line to the asymptotic expansion (4.11) at By = +o0.

In turn, H is also purely absolutely continuous by [24, Thm XIII.85]. The
present situation is particular because H is also also invariant with respect to s-
translations, i.e. in the 2z direction. Using the partial Fourier—Plancherel transform
in s, we find that H is unitarily equivalent to the operator having the following
direct integral decomposition

& 2
/ Tn|dn := / (n* + T[0]) dn, where T|[0] = (—id, — Byau)® — a~20>.
R R

The physical contents of this decomposition is obvious: 7[0] is a purely abso-
lutely continuous operator describing the edge-state-induced transport in a two-
dimensional Dirichlet strip due to the perpendicular magnetic field [3, 13, 16], and
so is T'[n]. The difference between T'[n] and T'[0] which ‘adds’ to the absolute con-
tinuity of H is the square of the momentum in the z direction where the motion
is free.

The decomposition (2.3) is also reflected in the unitary propagator for H which
is given by a direct integral of the unitary propagators for H[{], £ € R. Since each
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HIE] is separated, we have

exp (—it H[]) = exp (—itTh) @ exp (—itT3[])

by [26, Thm 8.35]. In the z direction the evolution governed by the propagator
with the well-known kernel
_J\2
(exp (=it ) (s, ) = (dmit) 2 exp O 5L
1
while the second propagator in the tensor product decomposition can be expressed
in terms of the eigenpairs of T5[¢] describing the edge states as

exp (—itTa[¢]) =Y e g, [€]) (pnl¢]]-

neN

The latter describes the well-known edge-current dynamics [16], the additional
degree of freedom is a free motion of the wavepackets in the z direction having the
usual properties, in particular, the spreading with time [2, Sec. 9.3].

4.3 Bent and asymptotically flat layers

Let us return now to geometrically nontrivial perturbations of the layer and assume
they are localized at any fixed y cut, i.e., that the layer is flat for s outside a
compact interval. Specifically, we suppose that @(s) = ay > 0 holds for all
s large enough positive, #(s) = a_ > 0 for all s large enough negative, and
limg ,+o 2(s) > 0. Hence there are numbers sy and §y such that

Ao(s,u) = By <a+(s o) + (o) — GUM) .

holds for all s > sg and

Ay(s,u) = By (a_(s —50) + 2(50) — auﬁ) . (4.12)

holds similarly for all s < 5y. Recall that in view of the chosen layer parametriza-
tion we have o < 1, their positivity means that we exclude the situation where the
layer is asymptotically parallel with the magnetic field. With the future purpose
in mind we also assume that the magnitudes of the asymptotic slopes are different,
ay # a_; without loss of generality we may suppose that o~ > ay > 0, since
in the opposite case is is sufficient to change the layer parametrization replacing
s by —s. Remark that we have chosen limg_, 1, 2(s), that determine the signs of
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the asymptotic slopes, to be non-negative just for definiteness. Changing the sign
either of one or the both limits changes nothing in the considerations below.

Let us start with the first case assuming that the parameter s is sufficiently
large and positive. Let s; = s1(§) be a solution of the equation

&+ Bo(ay(s1 — s0) + 2(s0)) = 0.

Obviously, for all ¢ sufficiently negative s; = s1(&) exists, being of course unique.
In the following we restrict ourselves only to those values of £. It is straightforward
to check that limg_,_ s1(§) = +o00 and

£+ A4, =B, <a+(s—31)—au\/1—a2).

holds for all s > sy. Consequently, the fiber H[{] acts for all s > sy in the same
way as the following positive operator,

2
Ha-hsl (BO) = Ha+,sl = _852 + Bg (Oé+<8 — Sl) —ausr/1 — Oéi) - a72al2r

Next we introduce the unitary transform Us, : ¥(s,u) — (s — s1,u), then

U.'H,, Uy, = H,,o=: Hy, = H,, (By)

51 4,517 81

and H,[¢] .= U 'H[{]U,, acts as

H

ay

H,[¢] = —8sfa(s+31,u)’28s+(5-1—1212(8-1-51,“))2
—a 202 + V(s + s1,u)

s> 8y — S
s < 89 — S1.

Lemma 4.2. Let £ and s; = s1(§) be as above. Then, for all & sufficiently negative,
there exist constants C+(§) and K1 € R, the latter being independent of £, such
that 0 < C_(§) < C4(§),

C*(g)Ha-k + K_ S HJr[g] S C+(£)Ha+ + K+7 (4'13)
and the CL(§) have finite positive limits as & — —o0.

Proof. For all s < sy — s; we have
H[€] < —(1 = allslloe) 7203 + (€ + As(s + s1,0))* = a720% + [V]|oo:  (4.14)

Since V' is continuous and compactly supported, ||[V||o < +00. Given s € R, put
f(8) ==&+ As(s + 51,0), then f(0) =0, f(s) = Boays on (s — s1,+00), f(s) =
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f(80=s1)+Boa(s=8p+s1) on (=00, 80— s1), and Sup, ye (3—s1,50-s1) |/ (8)=F ()] =
SUD; g/ (50,50) 1 A2(5, 0) — Aa(s',0)| < +o00. Hence for all § large enough negative,
i.e. for s, sufficiently large there exist C'y = C.(§) such that 0 < C_ < € and
Cys < f(s) < C_s on (—00,0). Moreover, since sup,cg e £ + Aa(s 4 s1,u) —
f(8)] = SUDycR uer | Ay(s,u) — Ay(s,0)| < 400, we conclude that for all € sufficiently
large negative there are Cy = Cy(€) such that 0 < C_ < 1 < C,, and

C’+Bo<a+s —auy/1 — ai) <&+ 1212(8 + s1,u)
< C’,Bo(mrs —auy/1— 0&) <0

holds on (—o0, sp — s1) x I. A closer inspection shows that (. may be chosen in
such a way that

. min{ay,a_}

c.(§)

max{ay,a_}  a_

17 é+<€) \(

oy oy a

holds as £ — —oo. Now we can proceed with estimate (4.14),

H[¢] € —(1 = allill) 202 + 2B (ass — auy/1 = a2)? = a 202 + |V
< max {(1 = allnlo) 2 C2 | Ho. + IV

for all s < sqg — s1. For s > sy — s1, this bound holds trivially, too. In a similar
manner one can estimate H, [¢] from below putting

C-(©) = min {(1+ allnllo) % (€}, K- = —|[V]|w: s

If ¢ is sufficiently large positive the argument is a simple modification of the
above one. We define §; = 5;(&) as the unique solution of the equation

g—l— B()(Oé,(gl - §0> + .Z'(go)) = 0,

where 5y was introduced in (4.12). Clearly, lim¢_,; §1(§) = —oo and the operator
H_[¢] == Uz H[€]Us, acts as

H, 5 < 8y — 51

Ho[81 = — 8, f.(5 + 51, u) 20, + (€ + As(s + 51,u))?

5> 50 — 5.
—a 02 + V(s +5,u) o

The operator pair H_[¢] and H,_ satisfies an estimate analogous to (4.13).
Now we are in position to prove an important convergence result.
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Proposition 4.3. Let 1 > ||V_||c, then we have

Jim [[(Hele) + )™ = (Hap )| = 0.

Proof. Tt is sufficient to apply [25, Thm 2.3]. To make the paper self-contained we
reproduce this result here: let {A[a]|a € (—00, +00]} be a one parametric family
of lower—bounded selfadjoint operators on L?*(M), where M C R" is open, with
the following properties

(i) C§°(M) is a core of Ala] for all o € (—o0, +0o0].

(ii) There exist C' > 0 and K, o € R such that, for all @ > apy, CA[+o0] + K <
Ala].

(iii) For any compact set K C M, there exists ax such that, for all & > ay,
Ale] ez ) = Al+o00]|ogex)-

(iv) A[+o0] has compact resolvent.

Then, for any z € Res(A[+o0]) and € > 0, there exists a,. such that for all
a>a,., z € Res(Ala]) and

[(Ala] — 2)™" = (A[+o0] — 2)7Y| < e.

To deal with the limit £ - —oco we put @« = =, M = R x I, Ala] = H [-£],
and A[+oc] = H,,. The properties (i) and (ii) above are direct consequences of
Lemma 4.2, (iii) is obvious from the definition of H,[{], and (iv) was proved in
Sec. 3.2. The limit £ — +oo is treated in a similar manner. ]

Let us denote the eigenvalues of H, ., arranged in the ascending order with
the multiplicity taken into account, by o,(ay) = o,(ay, By). Since the norm-
resolvent convergence implies the convergence of eigenvalues, we see that in any
neighborhood of o, (a4 ), there is exactly the same number of eigenvalues of H[¢]
as is the multiplicity of o,(cy) in the spectrum of H,, , provided ¢ is chosen
sufficiently large negative. Similarly, in any neighborhood of o,(«_), there is
exactly the same number of eigenvalues of H[{] as is the multiplicity of o, (a_) in
the spectrum of H,_, provided £ is positive and sufficiently large. Moreover, if we
fix ' > 0 then for all 0,,(a ) less than E we may choose the said neighborhoods
to be disjoint and to prove that in the remaining gaps there are no eigenvalues of
HI¢] for all ¢ sufficiently large negative. Again, a similar statement holds true for
large positive values of &.

In general, it may occur that the eigenvalue branches of H[{] cross. It cannot
happen, however, that a non-constant eigenvalue branch crosses a constant branch.
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In fact, if there is a constant eigenvalue branch then it has to be isolated from the
rest of the spectrum, cf. Remark 3.1 above, hence it makes sense to denote it as
Aml€], since it is indeed the mth eigenvalue of H[¢], with the multiplicity taken
into account, for some m € N and all £ € R. If it is independent of £ we would have
Amlé] = om(ay, Bo) = om(a_, By); our aim now is to find a sufficient condition
under which this cannot happen.

To this aim, let us denote

T.(s,u) := B} (as — amu)Q ,
and fix an € > 0. Then, since
lasu| < % (es® + e 'a’u?),
we get the inequalities
<a2 - a\/1—7a25> s* —a’ctav/1 — a2 < By T, (s, u)
< <a2 + 04\/1—70425> s% + a? (1 —a?+ 8’@\/@) )
This allows us to infer that
H,, (Bo) < Hi(Byg(ay,e)) + Bja? <1 —a? +e gy /11— oﬁr)

H, (Bo) > Hi(Byg(a_,—¢)) — Bia’s 'a_y/1 — a?

—

where g(a,e) == Va2 + a/1 — a2e.
With respect to the first terms on the right-hand sides of the above inequalities,
recall that 0,,(1, B) = A\sa(B) = B(2m+1) +a 2E; for some m € Ny and 11 € N,

where )
By = (”7”) . (4.15)

Here, Ej is the nth ‘transverse’ Dirichlet eigenvalue for a = 1. Furthermore, note
the monotonicity with respect to the field: if B < B, then

om(1,B) —0m(1,B) > B— B (4.16)
holds for all m € N. This follows from the fact that we have
[{\iun(B)| 3 € Ny : An(B) < E}|
< {Aia(B)| I € No : Miu(B) < E — (B = B)},
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for all E > 0 and n € N, where | - | stands for the cardinality of a set. Now using
the minimax principle we obtain

om(ay, Bo) < on(1, By glay,€)) + Baa? (1 —af +e a1 - ai)
om(1, Bogla_,—¢)) < om(a_, By) + Bia*ea_y/1 —a?.

Combining this with (4.16) we arrive at the following claim.

Lemma 4.4. Let a_ > ay > 0 and

2 2
a —af

0= 1—a2 +a_/1-a%
+ —_ —

Then we have g(a_, —e) > g(ay, €) for all positive € < g. If, in addition,

1 gla_, —¢) — glay,e)

vV By l1—a? +e&! (a+ 1—6&—1—04,\/1—042_)

holds for some & < €q, then o, (s, By) < om(a_, By).

a < ap(e) ==

Y

Remark 4.5. One cannot maximize the threshold ay with respect to € € (0,¢p)
analytically. However, it is possible to find a closed-form estimate by maximizing a

lower bound. First of all, note that 0 < ag+/1 — a4 < 1/2 holds for all ax € (0, 1].
Hence g9 > &y := o — a7, where &y < 1, and

VBya(e) = \/Vaz——g/?— NCRTP

21

ar —at —e) —a+—e)
\/_\/\/a — /24 /a2 +¢e/2 \/_\/04 + +1/2°

2

for all € < &;. The bound is maximal for ¢ = (a2 — a?)/2 < &, so we arrive at

2 2 2 2
aZ —af aZ —ai

sup ao(e) >

=€(0.20) 2\/230\/04_ +y/a2 +1/2 2\/_ +1/3/2V By

By a reductio ad absurdum we can thus make the following conclusion.

Proposition 4.6. Under the assumptions of Lemma 4.4, there are no constant
eigenvalue branches of H[E].
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4.4 Thin layers

The result of the previous section involved already a restriction to the layer thick-
ness possibly going beyond the assumption (A1), the severity of which depended on
how much the layer was ‘broken’. Now we will go further and look what sufficient
condition can be derived if the layer is very thin.
To begin with, recall that it was proved in [20] that if, in addition to (A0) and
(A1),
k, k € L™ (A4)

then for any k large enough,
| (ﬁ —a’FE + k)_l — (heg + k) ' @ 0| = O(a)

holds as a — 0+, with

het = —0° + (—id, + Box(s))* — ~K*(s)

acting on L*(R? dsdy). Recall that F; is given by (4.15). Also remark that (A0)
combined with (A4) yields V' € L, i.e., the second part of (A3). Since we assume
that the curvature x is bounded, heg is essentially self-adjoint on Cs°(R?) and
self-adjoint on

Dom heg = {f € L*(R* dsdy) | =02 f + (—i0, + Boxz(s))*f € L*(R? dsdy)},
see [21].

Remark 4.7 (Magnetic field). The vector potential in the operator o 1S Ao =
(0, Box(s)), and consequently,

Beg = curlAeg = Byi(s) = B - n.

Using the partial Fourier-Plancherel transform in the y variable, we turn the op-
erator heg into

1
hep 1= —02 + (£ + Bow(s))? — Zmz(s).
It is self-adjoint on its definition domain,

Dom heff = {f € L2<R27d5d€) ‘ _8§f + (f + BOx(S))gf S LQ(R27de5)}7

and decomposes into a direct integral,
&
heff = / heff [5] dg?
R
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where the fiber is given by

henle] = —0% + (€ + Boa(s))” — 35°(s)

as an operator on L?(R,ds). Using [20, Thm 6.3], we obtain further
H(F[ —alE k)7 - (ﬁo —a’E + k;)_lH = O(a)
as a — 0+, where Hj is the ‘leading term’,
Hy:=hg®I+1®(—a?0}),

and k has to be, of course, chosen large enough. In view of the unitarity of the
Fourier—Plancherel transform, this implies

(H —a2E,+ k)" — (Hy—a2E, + k)7 Y| = O(a),

where Hj is defined similarly as Hy but now with the help of heg. Since this
operator also decomposes into a direct integral,

® o
Ho= [ (haldo T+ 10 (a?0) a= [ Higas,
R R
we obtain the corresponding limiting relation for the fibers,
I(H[E] = a™Ey+ k)" = (Hol¢] — a™Er + k)| = O(a) (4.17)

as @ — 0+. This follows from the fact that || f]\? A[E]|| = esssupy, [|A[E]|l, cf. [24,
Thm XIII.83], which also implies, in particular, that the error term on the right-
hand side of (4.17) is uniform in £ € R.

Assume that the operator heg[¢] has compact resolvent and all its eigenvalues
are simple and analytic in . This is fulfilled if, for instance, in addition to (A0),
which is sufficient for analyticity, we have £, > 0, cf. [25]. Here we employ for the
sake of brevity the notation

:=sup essinf f(¢ f. = inf esssu t
i+ ae]]lg tG(arirOO)f( ) f+ aeRte(a,JroE) f( )
f :=sup essinf f(t) f_ = inf esssup f(t).
- a€R t€(—00,a) a€R 4e(—00,a)

for a given f € L*(R;R). We denote the eigenvalues of h.g[], arranged in the
ascending order, as v,,[£], m € N. Assume that they are non-constant as functions
of £. A sufficient condition for this reads [25]

by >0 NG, 2F A (K2, R <4By(i, — 7)), (4.18)
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another one is obtained from (4.18) by changing the + indices to F everywhere.
Our aim here is to derive another sufficient condition for the non-constancy which
will be presented at the end of the section.

Under the stated assumptions on heg[€], the spectrum of Hy[¢] —a™2E; consists
of isolated eigenvalues

Ymnl€] = Vml€] + a72(En — ).

By the minimax principle, v,[¢] > —1|[K?||. We fix an energy value E € R
which we will refer to for brevity as threshold, then there exists an ag > 0 such
that

1
E < (B - ) - 7IW

holds for all @ < ag. Consequently, for these values of a, the spectrum of Hy[¢] —
a"2E; strictly below E consists of the simple eigenvalues v,,1[¢] = vm[¢], m =
1,2,...,N[], only. Note that maxecgr N[¢] =: N < +o0.

There exist at least one compact interval Iy and a dg > 0 such that vy, [¢] <
E — 30g holds for all £ € Ig, because vy, [£] is by assumption non-constant and
analytic. For a fixed m = 1, ..., Ng we can then construct a tubular neighborhood
Ton(8) = {vm[€] + t| € € I, t € (—6,0)} with § < min{dp, dp}, where

dg = in inf dist (Vm[f],U(Ho[f] — a_2E1))

1
4 m=1,..,Ng £€lg

is strictly positive. Furthermore, one can find an ag € (0,ag) such that for all
a < ap there is exactly one eigenvalue branch of H — a~2E); passing through each
of the neighborhoods 7,,(§), m = 1,..., Ng. Since v,,[{] are non-constant, these
eigenvalue branches must be non-constant as well, if we choose § and consequently
also ag small enough.

Assume that there is a constant eigenvalue branch of H —a™2E; below E — ig.
Then it must be, in particular, constant in the interval Iz, and thus it could not
intersect with any of 7,,(9), provided we chose ¢ and a as above. Moreover, by an
easy perturbation theory consideration there are no eigenvalues of H[¢] —a™?FE) in
the remaining gaps whenever a is small enough. From this we can conclude that for
any fixed threshold E, all the eigenvalue branches of H that lie (at least partially)
below E + a~2E; are non-constant provided the layer halfwidth a is sufficiently
small.

Now we are going to derive the indicated new sufficient condition for non-
constancy of the energy bands of the effective Hamiltonian. Let us assume that,
in addition to (A0),

z(s)=s fors<0; #(s)>0 fors>0; z, >0; x#Id. (4.19)
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It is convenient to write z(s) = s + r(s), where r(s) = 0(s)r(s) with 6 being the
Heaviside step function. Clearly, r(s) < 0 and it is not identically zero. Note
that this includes any perturbation of the planar layer that is compact in the
x direction, since without loss of generality we may always suppose that such a
perturbation is supported to the right of the origin. We have

Purlé] = ~02 + (€ + Bos)* + 2B0(& + Bushr(s) + Br(s) - 1n%(e)
= huol€] + 0(s) (Bor(s) (2§ + Bo(s + z(s))) — %152(8)> . (4.20)

For any £ > 0, heg[£] is thus a non-positive perturbation of the shifted harmonic
oscillator Hamiltonian hpo[€]. Let us estimate the eigenvalue v, [0].

Let 1); be the jth eigenfunction of the harmonic oscillator Hamiltonian hyo[0]
given by (4.5) and S, := span{¢;| j = 1,...,m}; note that every function in S,,
is real analytic on R. Now, by the minimax principle,

Vin[0] = seplin ) max (1, h{0]y) < max (¥, h[0]))
dimS=m =1 o<1
1
< %gzw, huol0]¥) + 1%%2(1/}, 0(s)(Bor(s)(s + () = 7x7(s))¥)
) oo |
= By(2m + 1) + max / (Bir(s)(s +z(s)) — =k*(s)) |[w(s)[*ds. (4.21)
i o !

The last term on the right-hand side is negative, because the sub-integral function
is non-positive everywhere and strictly negative on some interval, and the maxi-
mum of the integral is attained for some V.« € S,,. Indeed, if the maximum was
zero then 9., would be zero on the mentioned interval, and therefore due to the
analyticity it would vanish on R, which is a contradiction. We conclude that the
sharp inequality v,,[0] < By(2m + 1) holds for all m € N.

On the other hand, we have lim¢_, o v, [§] = Bo(2m + 1). To prove this claim
we start with the unitary transform Uy : ¢(s) — ¢(s — £/By) and introduce

—? + B3s? s < €/By
hew[€] = Uchea[€U; = ¢ — 02 + (& + Box(s — €/ Bo))?
1, s >¢&/By
- Z“ (s —&/Bo)

and put Aeg[+00] := huo[0]. Now we may apply the result of [25, Thm 2.3], which
we have reproduced here as a part of the proof of Proposition 4.3, to the family
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{heg|€]| € € (—o0, +00]}. Let us focus on the assumption (i) of the theorem. For
all s sufficiently large we have @(s) > %g +, and consequently, there is a § > 0
such that for all £ > &, and s > 0,

1.
&+ Box(s —&/By) > 3 Byt s.

Using this estimate on the interval (£/By, +00), we obtain

2
Ly T <
- uol0] = 712, < Frle

The remaining assumptions are easy to verify. This makes it possible to infer from
[25, Thm 2.3] that R
lim ||heg[¢]™" — hrol0] 7| = 0,

E—+o0

which in turn implies that limg_, v, [€] s just the mth eigenvalue of hyo[0]. Our
findings are summarized in the following claim.

Proposition 4.8. Let the assumptions (A0), (A1), and (A4) hold together with
either (4.18) or (4.19). Then to any E € R one can find an ag > 0 such that
no eigenvalue branch of the total Hamiltonian H that lies at least partially below
E +a 2E; can be constant as a function of & whenever a < ag.

5 An extension of the Iwatsuka model

While our main interest concerns magnetic transport in the Dirichlet layers, the
considerations at the end of the previous section, in particular, the decomposition
of the type (4.20) can be in combination with the minimax principle applied also
to the classic Iwatsuka model. We start with the two-dimensional Hamiltonian

hiy = =02 + (—id, + A, (2))* + W (z), (5.22)
where N
Ay(z) = /0 B(t)dt.
Fix a By > 0 and assume that B(t) = By(1 + b(t)) with
(1) be L (R),
(ii) b(t) =0 for all t < 0,

(iti) [, b(t)dt < 0 holds for all z > 0,
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(iv) there are a € (—1,0), 1 > 0 such that [ b(t)dt > az holds for all x > z;.

The potential W € L>*°(R) N C(R) is such that W(x) = 6(x)W (z) < 0. Under
the stated integrability assumptions on b and W, the operator Ay, is essentially
self-adjoint on C§°(R?), cf. [21].

Theorem 5.1. Adopt the above assumptions together with b £ 0V W # 0, then
hiw s purely absolutely continuous.

Proof. As in the seminal paper of Iwatsuka [18] we start with a direct integral
decomposition into fiber operators

hiwl€] = =07 + (€ + Ay (2))* + W (2)

on L*(R,dx). In the same manner as in [25] we show that hyy[¢] has compact
resolvent and all its eigenvalues numbered in the ascending order as \,,[£], m € N,
are simple and analytic on R as functions of £&. To prove the absolute continuity
of hyy it suffices to demonstrate that no \,,[-] is constant. We have

hiwl€] = hrolé] + 0(2) (Bor(2) (%€ + Bo(22 + r(2))) + W(x)),  (523)

where hpo[€] was introduced in (4.20) and

r(z) = / b(#)d.
0
Note that r(z) is in view of (i) (absolutely) continuous. Using (iv), we find

26 + Bo(2z + r(x)) > 26 + By((2 + @)z + R)

for all # > 0, where R := mingc[ 4, 7(x) < 0. Hence, if we set § = —% ByR then
26 + By(2z + r(x)) = By(2z + r(x) — R) > 0 holds for all z > 0. Taking the
non-positivity of » and W into the account, we conclude that the second term in
(5.23) is also non-positive. Moreover, the assumption b # 0V W % 0 implies that
it is strictly negative on some interval.

Mimicking the estimates in (4.21) with S, being the span of first m eigen-
functions of hpo[—BoR/2], we arrive at \,[-BoR/2] < By(2m + 1). Due to
(iv), the second assumption of [25, Thm 2.3] is fulfilled which finally implies that
lime oo A [€] = Bo(2m + 1). O

Let us recall that the family of magnetic fields considered above has a non-
empty intersection with all the families studied earlier in the papers [18, 22, 10, 25]
which, with the exception of the last one, treat the classic Iwatsuka model, W = 0.
Hence we obtain a nontrivial extension of the known results, with notably weak
regularity assumptions comparing to the other sources. Note also the assumption
(iii) crucial for the use of the minimax principle does not mean that the pertur-
bation b of the constant magnetic field must be everywhere negative; it may be
sign-changing and negative on a compact set only.
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