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Abstract:

In this work, we discuss the resonance states of a quantum particle in a periodic potential plus
static force. Originally this problem was formulated for a crystalline electron subject to the
static electric field and is known nowadays as the Wannier-Stark problem. We describe a novel
approach to the Wannier-Stark problem developed in recent years. This approach allows to
compute the complex energy spectrum of a Wannier-Stark system as the poles of a rigorously
constructed scattering matrix and, in this sense, solves the Wannier-Stark problem without any
approximation. The suggested method is very efficient from the numerical point of view and
has proven to be a powerful analytic tool for Wannier-Stark resonances appearing in different
physical systems like optical or semiconductor superlattices.
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Chapter 1

Introduction

The problem of a Bloch particle in the presence of additional external fields is as old as the
quantum theory of solids. Nevertheless, the topics introduced in the early studies of the sys-
tem, Bloch oscillations [1], Zener tunneling [2] and the Wannier-Stark ladder [3], are still the
subject of current research. The literature on the field is vast and manifold, with different,
sometimes unconnected lines of evolution. In this introduction we try to give a survey of the
field, summarize the different theoretical approaches and discuss the experimental realizations
of the system. It should be noted from the very beginning that most of the literature deals with
one-dimensional single-particle descriptions of the system, which, however, capture the essential
physics of realistic systems. Indeed, we will also work in this context.

1.1. Wannier-Stark problem

In the one-dimensional case the Hamiltonian of a Bloch particle in an additional external field,
in the following referred to as the Wannier-Stark Hamiltonian, has the form

Hy = % +V(z)+ Fz, V(z+d)=V(z), (1.1)

where F' stands for the static force induced by the external field. Clearly, the external field
destroys the translational symmetry of the field-free Hamiltonian Hy = p?/2m + V(z). Instead,
from an arbitrary eigenstate with Hy ¥ = FE3WV, one can by a translation over [ periods d
construct a whole ladder of eigenstates with energies E; = FEy+IdF, the so-called Wannier-Stark
ladder. Any superposition of these states has an oscillatory evolution with the time period

27h
d—F ’
known as the Bloch period. There has been a long-standing controversy about the existence
of the Wannier-Stark ladder and Bloch oscillations [4-19], and only recently agreement about
the nature of the Wannier-Stark ladder was reached. The history of this discussion is carefully
summarized in [12,20-22].

From today’s point of view the discussion mainly dealt with the effect of the single band
approximation (effectively a projection on a subspace of the Hilbert space) on the spectral
properties of the Wannier-Stark Hamiltonian. Within the single band approximation, the o’th

Tp = (1.2)
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Figure 1.1. Schematic illustration of the Wannier-Stark ladder of resonances. The width of the
levels is symbolized by the different strength of the lines.

band of the field-free Hamiltonian Hy forms, if the field is applied, the Wannier-Stark ladder
with the quantized energies

Eoy=éu+dFl, 1=0+1,..., (1.3)

where €, is the mean energy of the a-th band (see Sec. 1.2). This Wannier-Stark quantization
was the main point to be disputed in the discussions mentioned above. The process which couples
the bands and which is neglected in the single band approximation is Zener tunneling [2]. In
fact, for smooth potentials V(z), the band gap decreases with increasing band index. Hence,
as the tunneling rate increases with decreasing band gap, the Bloch particles asymmetrically
tend to tunnel to higher bands and the band population depletes with time (see Sec. 1.3). This
already gives a hint that the discrete spectrum (1.3) can be only an approximation. Indeed,
it has been proven that the spectrum of the Hamiltonian (1.1) is continuous [23,24]. Thus the
discrete spectrum (1.3) can refer only to resonances [25-29], and Eq. (1.3) should be corrected
as

T
Eat = Eo+dFl —i", (1.4)

(see Fig. 1.1). The eigenstates of the Hamiltonian (1.1) corresponding to these complex en-
ergies, referred in what follows as the Wannier-Stark states ¥, ;(z), are the metastable states



of the system with the lifetime given by 7 = A/T',. To find the complex spectrum (1.4) (and
corresponding eigenstates) is an ultimate aim of the Wannier-Stark problem.

Several attempts have been made to calculate the Wannier-Stark ladder of resonances. Some
analytical results have been obtained for nonlocal potentials [30,31] and for potentials with a
finite number of gaps [32-36]. (We note, however, that almost all periodic potentials have an
infinite number of gaps.) Common numerical approach is the formalism of a transfer matrix
to potentials which consist of piecewise constant or linear parts, eventually separated by delta
function barriers [37-41]. Other methods approximate the periodic system by a finite one [42—
45]. Most of the results concerning Wannier-Stark systems, however, have been deduced from
single- or finite-band approximations and strongly related tight-binding models. The main
advantage of these models is that they, as well in the dc [46] as in the ac and dc-ac case [47-52],
allow analytical solutions. Tight-binding models have been additionally used to investigate the
effect of disorder [53-55], noise [56] or alternating site energies [57—61] on the dynamics of Bloch
particles in external fields. In two-band descriptions Zener tunneling has been studied [62-65],
which leads to Rabi oscillations between Bloch bands [66]. Because of the importance of tight-
binding and single-band models for understanding the properties of Wannier-Stark resonances
we shall discuss them in some more detail.

1.2. Tight-binding model

In a simple way, the tight-binding model can be introduced by using the so-called Wannier
states (not to be mismatch with Wannier-Stark states), which are defined as follows. In the
absence of a static field, the eigenstates of the field-free Hamiltonian,

2

Hy = 2p—m +V(z), (1.5)

are known to be the Bloch waves

Pa,k(z) = exp(iKT)Xak(Z) ,  Xaw(T + d) = Xan(T) , (1.6)

with the quasimomentum x defined in the first Brillouin zone —7/d < k < m/d. The functions
(1.6) solve the eigenvalue equation

Hopo i (2) = €a(K)bar(z), €a(k+2m/d) =e€q(k), (1.7)

where €,(k) are the Bloch bands. Without affecting the energy spectrum, the free phase of the
Bloch function ¢, x(z) can be chosen such that it is an analytic and periodic function of the
quasimomentum s [67]. Then we can expend it in a Fourier series in x, where the expansion
coefficients

w/d
You(z) = / dr exp(—ikld)da x () (1.8)
—7/d
are the Wannier functions.
Let us briefly recall the main properties of the Wannier and Bloch states. Both form orthogonal
sets with respect to both indices. The Bloch functions are, in general, complex while the Wannier
functions can be chosen to be real. While the Bloch states are extended over the whole coordinate



Figure 1.2. Left panel — lowest energy bands €y (k) for the potential V(z) = cos(x) with parame-
ters h = 1 and m = 1. Right panel — associated Wannier states 1 (solid line) and 11 (dotted
line).

space, the Wannier states are exponentially localized [68,69], essentially within the i-th cell of
the potential. Furthermore, the Bloch functions are the eigenstates of the translation (over a
lattice period) operator while the Wannier states satisfy the relation

¢a,l+1(m) = ’lﬁaJ(CC - d) ) (1'9)

which directly follows from Eq. (1.8). Finally, the Bloch states are eigenstates of Hy but the
Wannier states are not. As an example, Fig. 1.2 shows the Bloch band spectrum e, (x) and
two Wannier functions 9,0(z) of the system (1.5) with V(z) = cosz, m =1 and i = 1. The
exponential decrease of the ground state is very fast, i.e. the relative occupancy of the adjacent
wells is less than 107°. For the second excited Wannier state it is a few percent.

The localization property of the Wannier states suggests to use them as a basis for calcu-
lating the matrix elements of the Wannier-Stark Hamiltonian (1.1). (Note that the field-free
Hamiltonian (1.5) is diagonal in the band index «.) The tight-binding Hamiltonian is deduced
in the following way. Considering a particular band «, one takes into account only the main
and the first diagonals of the Hamiltonian Hy. From the field term z only the diagonal part is
taken into account. Then, denoting the Wannier states resulting from the a-th band by |I), the



tight-binding Hamiltonian reads
A
Hyp =) (€a + dFD{+ —= (1 + 14 + [+ 1)) - (1.10)
l

The Hamiltonian (1.10) can be easily diagonalized which yields the spectrum E,; = &, + dFl
with the eigenstates

Vo) = 3 ot () ) (111)

Thus, all states are localized and the spectrum is the discrete Wannier-Stark ladder (1.3).

The obtained result has a transparent physical meaning. When F' = 0 the energy levels of
Wannier states |I) coincide and the tunneling couples them into Bloch waves |x) = Y, exp(ixl)|l).
Correspondently, the infinite degeneracy of the level €, is removed, producing the Bloch band
€a(K) = €a+(Aq/2) cos(dk). | When F # 0 the Wannier levels are misaligned and the tunneling
is suppressed. As a consequence, the Wannier-Stark state involves (effectively) a finite number
of Wannier states, as indicated by Eq. (1.11). It will be demonstrated later on that for the
low-laying bands Eq. (1.3) and Eq. (1.11) approximate quite well the real part of the complex
Wannier-Stark spectrum and the resonance Wannier-Stark functions U, ;(z), respectively. The
main drawback of the model, however, is its inability to predict the imaginary part of the
spectrum (i.e. the lifetime of the Wannier-Stark states) and one should estimate it from an
independent calculation. Usually this is done with the help of Landau-Zener theory.

1.3. Landau-Zener tunneling

Let us address the following question: if we take an initial state in the form of a Bloch wave
with quasimomentum s, what will be the time evolution of this state when the external static
field is switched on?

The common approach to this problem is to look for the solution as the superposition of
Houston functions [70]

¢(£,t) = an(t)qpa('fﬂat) ’ (1'12)

valot) = exp (—1 [ AWeals!)) da @) (113

where ¢4 (z) is the Bloch function with the quasimomentum «' evolving according to the
classical equation of motion p = —F, i.e ¥ = k — Ft/h. Substituting Eq. (1.12) into the
time-dependent Schrgdinger equation with the Hamiltonian (1.1), we obtain

G = F%:Xa,g(n') exp (—% /O b len () — eﬂ(n')]) s, (1.14)

!Because only the nearest off-diagonal elements are taken into account in Eq. (1.10), the Bloch bands are always
approximated by a cosine dispersion relation.




where X, g(x) = [ dzx}, . (7)Oxp,x(2)/0k. Assuming F' to be small we have
cg(t) = 0ap - (1.15)

This solution is the essence of the so-called single-band approximation. We note that within this
approximation one can use the Houston functions (1.13) to construct the localized Wannier-Stark
states similar to those obtained with the help of tight-binding model.

The correction to the solution (1.15) is obtained by using the formalism of Landau-Zener
tunneling. In fact, when the quasimomentum s’ explores the Brillouin zone, the adiabatic
transition occurs at the points of “avoided” crossings between the adjacent Bloch bands [see,
for example, the avoided crossing between the 4-th and 5-th bands in Fig. 1.2(a) at k = 0].
Semiclassically, the probability of this transition is given by

P A 1.16
= \ s FTg0F) ° (19

where A, g is the energy gap between the bands and e’a’ 3 stands for mean slope of the bands at
the point of avoided crossing in the limit A, 3 — 0 [71]. Noting that the adiabatic transition
occurs once for each Bloch cycle Tp = 27h/dF, the population of the a-th band decreases
exponentially with the decay time

T=h/Ts, Ta=aqFexp(—by/F), (1.17)

where a, and b, are the band-dependent constants.

In conclusion, within the approach described above one obtains from each Bloch band a set
of localized states with energies given by Eq. (1.3). However, these states have a finite lifetime
given by Eq. (1.17). It will be shown in Sec. 3.1 that the estimate (1.17) is, in fact, a good “first
order” approximation for the lifetime of the metastable Wannier-Stark states.

1.4. Experimental realizations

We proceed with experimental realizations of the Wannier-Stark Hamiltonian (1.1). Originally,
the problem was formulated for a solid state electron system with an applied external electric
field, and in fact, the first measurements concerning the existence of the Wannier-Stark ladder
dealt with photo-absorption in crystals [72]. Although this system seems convenient at the first
glance, it meets several difficulties because of the intrinsic multi-particle character of the system.
Namely, the dynamics of an electron in a solid is additionally influenced by electron-phonon and
electron-electron interactions. In addition, scattering by impurities has to be taken into account.
In fact, for all reasonable values of the field, the Bloch time (1.2) is longer than the relaxation
time, and therefore neither Bloch oscillations nor Wannier-Stark ladders have been observed in
solids yet.

One possibility to overcome these problems is provided by semiconductor superlattices [73],
which consists of alternating layers of different semiconductors, as for example, GaAs and
AlyGay_5As. In the simplest approach, the wave function of a carrier (electron or hole) in
the transverse direction of the semiconductor superlattice is approximated by a plane wave for
a particle of mass m* given by the effective mass of the electron in the conductance or valence
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bands, respectively. In the direction perpendicular to the semiconductor layers (let it be z-axis)
the carrier “sees” the periodic sequence of the potential barriers

)W, |z| < a/2
V(=) _{ 0 . a/2< |z <d/2 (1.18)

where the height of the barrier Vj is of the order of 0.1 ¢V and the period d ~ 100 A. Because
the period of this potential is two order of magnitude larger than the lattice period in bulk
semiconductor, the Bloch time is reduced by this factor and may be smaller than the relaxation
time. Indeed, semiconductor superlattices were the first systems where Wannier-Stark ladders
[74-76] were observed and Bloch oscillations [77,78] have been measured in four-wave-mixing
experiments as proposed in [79]. In the following years, many facets of the topics have been
investigated. Different methods for the observation of Bloch oscillation have been applied [80—
83], and nowadays it is possible to detect Bloch oscillations at room temperature [84], to directly
measure [85] or even control [86] their amplitude. Wannier-Stark ladders have been found in a
variety of superlattice structures [87-91], with different methods [92,93]. The coupling between
different Wannier-Stark ladders [94-98], the influence of scattering [99-101], the relation to the
Franz-Keldysh effect [102-104], the influence of excitonic interactions [105-109] and the role
of Zener tunneling [110-113] have been investigated. Altogether, there is a large variety of
interactions which affect the dynamics of the electrons in semiconductor superlattices, and it is
still quite complicated to assign which effect is due to which origin.

A second experimental realization of the Wannier-Stark Hamiltonian is provided by cold atoms
in optical lattices. The majority of experiments with optical lattices deals with neutral alkali
atoms such as lithium [114], sodium [115-117], rubidium [118-120] or cesium [121-123], but also
optical lattices for argon have been realized [124]. The description of the atoms in an optical
lattice is rather simple. One approximately treats the atom as a two-state system which is
exposed to a strongly detuned standing laser wave. Then the light-induced force on the atom is
described by the potential [125,126]

2
Viz) = hiz—(sRcosQ(ka), (1.19)
where h{QR is the Rabi frequency (which is proportional to the product of the dipole matrix
elements of the optical transition and the amplitude of the electric component of the laser field),
kp, is the wave number of the laser, and ¢ is the detuning of the laser frequency from the frequency
of the atomic transition.?

In addition to the optical forces, the gravitational force acts on the atoms. Therefore, a laser
aligned in vertical direction yields the Wannier-Stark Hamiltonian

2 2
P hQ%
H=_— 2 .
om T 85 cos(2k;z) + mgx , (1.20)

where m is the mass of the atom and g the gravitational constant. An approach where one can
additionally vary the strength of the constant force is realized by introducing a tunable frequency

2The atoms are additionally exposed to dissipative forces, which may have substantial effects on the dynamics
[127]. However, since these forces are proportional to §~2 while the dipole force (1.19) is proportional to 6!, for
sufficiently large detuning one can reach the limit of non-dissipative optical lattices.
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difference between the two counter-propagating waves which form the standing laser wave. If
this difference dw increases linearly in time, dw(t) = 2krat, the two laser waves gain a phase
difference which increases quadratically in time according to é¢(t) = kpat?. The superposition
of both waves then yields an effective potential V (z,t) = (1i2%/46) cos®[ki(z — at?/2)], which in
the rest frame of the potential also yields the Hamiltonian (1.20) with the gravitational force
g substituted by a. The atom-optical system provides a much cleaner realization of the single
particle Wannier-Stark Hamiltonian (1.1) than the solid state systems. No scattering by phonons
or lattice impurities occurs. The atoms are neutral and therefore no excitonic effects have to be
taken into account. Finally, the interaction between the atoms can be neglected in most cases
which justifies a single particle description of the system. Indeed, Wannier-Stark ladders, Bloch
oscillations and Zener tunneling have been measured in several experiments in optical lattices
[115,116,121,128-130].

Besides the semiconductor and optical lattices, different attempts have been made to find
the Wannier-Stark ladder and Bloch oscillations in other systems like natural superlattices,
optical and acoustical waveguides, etc. [131-140]. However, here we denote them mainly for
completeness. In the applications of the theory to real systems we confine ourselves to optical
lattices and semiconductor superlattices.

A final remark of this section concerns the choice of the independent parameters of the systems.
In fact, by using an appropriate scaling, four main parameters of the physical systems — the
particle mass m, the period of the lattice d, the amplitude of the periodic potential V; and the
amplitude of the static force F' — can be reduced to two independent parameters. In what follows
we use the scaling which sets m = 1, V5 = 1 and d = 2x. Then the independent parameters
of the system are the scaled Planck’s constant i’ (entering the momentum operator) and the
scaled static force F'. In particular, for the system (1.20) the scaling z' = 2krz, H' = H/V}
(Vo = 1% /46) gives

1/2
8Wirecl hk?
B = < ég’ ) . Wree = 2—7; , (1.21)

i.e. the scaled Planck’s constant is inversely proportional to the intensity of the laser field. For
the semiconductor superlattice we define the scaled Plank constant as i’ = (h2n2/d>m*Vp)'/2.

1.5. This work

In this work we describe a novel approach to the Wannier-Stark problem which has been
developed by the authors during last few years [141-156]. By using this approach one finds
the complex spectrum (1.3) as the poles of a rigorously constructed scattering matrix and, in
this sense, solves the Wannier-Stark problem. The suggested method is very efficient from the
numerical points of view and has proven to be a powerful tool for an analysis of the Wannier-
Stark states in different physical systems.

The review consists of two parts. The first part, which includes chapters 2-3, deals with the
case of a dc field. After introducing the notion of a scattering matrix for the Wannier-Stark
system we describe the basic properties of the Wannier-Stark states, such as lifetime, localization
of the wave function, etc., and analyze their dependence on the magnitude of the static field. A
comparison of the theoretical predictions with some recent experimental results is also given.
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In the second part (chapters 4-7) we study the case of combined ac-dc fields:

2

H = 2p_m +V(z) + Fz + F,z cos(wt) . (1.22)
We show that the notion of a scattering matrix introduced for the case of dc field can be extended
to the latter case, provided that the period of the driving field T;, = 27 /w and the Bloch period
(1.1) are commensurate, i.e. ¢Tg = pT,, with p, ¢ being the integers. Moreover, the integer ¢ in
the last equation appears as the number of scattering channels. The concept of the metastable
quasienergy Wannier-Bloch states is introduced and used to analyze the dynamical and spectral
properties of the system (1.22). Although the method of the quasienergy Wannier-Bloch states
is formally applicable only to the case of “rational” (in sense of equation T;,/Tp = ¢/p) values
of the driving frequency, the obtained results can be well interpolated for arbitrary values of w.

The last chapter of the second part of the work deal with the same Hamiltonian (1.22) but
consider a very different topic. In chapters 2-6 the system parameters are assumed to be in
the deep quantum region (which is actually the case realized in the most experiments with the
semiconductor and optical lattices). In chapter 7, we turn to the semiclassical region of the
parameters, where the system (1.22) exhibits the chaotic scattering. We perform the statistical
analysis of the complex (quasienergy) spectrum of the system and compare the results obtained
with the prediction of random matrix theory for chaotic scattering.



Chapter 2

Scattering theory for Wannier-Stark
systems

In this work we reverse the traditional view in treating the two contributions of the potential to
the Wannier-Stark Hamiltonian

Hy = p; +V(z)+ Fz, V(z+2r)=V(z). (2.1)

Namely, we will now consider the external field F'z as part of the unperturbed Hamiltonian
and the periodic potential as a perturbation, i.e. Hy = Hy + V(z), where Hy = p?/2 + Fz.
The combined potential V(z) + Fx cannot support bound states, because any state can tunnel
through a finite number of barriers and finally decay in the negative z-direction (F > 0).
Therefore we treat this system using scattering theory. We then have two sets of eigenstates,
namely the continuous set of scattering states, whose asymptotics define the S-matrix S(E),
and the discrete set of metastable resonance states, whose complex energies £ = E — i['/2 are
given by the poles of the S-matrix. Due to the periodicity of the potential, the resonances are
arranged in Wannier-Stark ladders of resonances. The existence of the Wannier-Stark ladders
of resonances in different parameter regimes has been proven, e.g., in [25-28].

2.1. S-matrix and Floquet-Bloch operator

The scattering matrix S(F) is calculated by comparing the asymptotes of the scattering states
Ug(FE) with the asymptotes of the “unscattered” states ¥o(E), which are the eigenstates of the

“free” Hamiltonian
2

Hoz%—i—Fx, F>0. (2.2)
In configuration space, the ¥((FE) are Airy functions
Uo(z; B) ~ Ai (€ — &) — &/ *sin (¢ +m/4) . (2.3)

where ¢ = az, &y = aE/F, a = (2F/K%)'/3, and ¢ = 2/3¢%/? [157]. Asymptotically the scattering
states ¥g(E) behave in the same way, however, they have an additional phase shift ¢(F), i.e. for
x — —oo we have

Ug(z; E) — £ V4sin[¢ + /4 + o(E)] . (2.4)

13
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Actually, in the Stark case it is more convenient to compare the momentum space instead of the
configuration space asymptotes. (Indeed, it can be shown that both approaches are equivalent
[152,156].) In momentum space the eigenstates (2.3) are given by

21.3
Uy (k; E) = exp li (FLG—II; - E?k> ] . (2.5)

For F' > 0 the direction of decay is the negative z-axis, so the limit & — —oc of ¥y (k; E) is the
outgoing part and the limit k¥ — oo the incoming part of the free solution.
The scattering states ¥g(E) solve the Schrgdinger equation

Hy Vs(E) = E¥g(E) (2.6)

with Hy = Hy + V(z). (By omitting the second argument of the wave function, we stress that
the equation holds both in the momentum and coordinate representations.) Asymptotically the
potential V(x) can be neglected and the scattering states are eigenstates of the free Hamiltonian
(2.2). In other words, we have

: (W’K®  Ek
klgl:noo Us(k; E) = exp ll (6—}7’ - + (p(E'))] . (2.7

With the help of Egs. (2.5) and (2.7) we get

_ o Us(=ki E) Uo(k; E)
S(E) = 8. () s )

(2.8)

which is the definition we use in the following. In terms of the phase shifts ¢(F) the S-matrix
obviously reads S(F) = exp[—i2¢(F)] and, thus, it is unitary.

To proceed further, we use a trick inspired by the existence of the space-time translational
symmetry of the system, the so-called electric translation [158]. Namely, instead of analyzing
the spectral problem (2.6) for the Hamiltonian, we shall analyze the spectral properties of the
evolution operator over a Bloch period

i h
U= exXp (_ﬁHWTB> s TB = F . (29)
Using the gauge transformation, which moves the static field into the kinetic energy, the operator
(2.9) can be presented in the form

U=e 0, (2.10)
~ i B — 2
7= & (—ﬁ /OT lw + V(x)] dt) , (2.11)

where the hat over the exponential function denotes time ordering. The advantage of the
operator U over the Hamiltonian Hyy is that it commutes with the translational operator and,
thus, the formalism of the quasimomentum can be used.! Besides this, the evolution operator

!The tight-binding version of the evolution operator (2.10) was studied in Ref. [159].
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also allows us to treat the combined case of an ac-dc field, which will be the topic of the second
part of this work.

There is a one to one correspondence between the eigenfunctions of the Hamiltonian and
the eigenfunctions of the evolution operator. Indeed, let ¥g(z; E) be an eigenfunction of Hyy
corresponding to the energy F. Then the function

Sg(z; N\ k) = Zexp(—i?wlm)\lfg(x —27l; E) (2.12)
!

is a Bloch-like eigenfunction of U corresponding to the eigenvalue A = exp(—iETg/h), i.e.
Uds(\, k) = APg(\, k), A=exp(—iE/F). (2.13)

Equation (2.13) simply follows from the continuous time evolution of the function (2.12), which
is ®g(z; A\, Kk, t) = Y, exp(—i2nlk) exp[—i(E + 27 Fl)t/h]Vg(z — 2nl; E), or

bg(\, Kk, t) = exp(—iEt/h)Pg(\,k — Ft/h) . (2.14)

Let us also note that the quasimomentum x does not enter into the eigenvalue A. Thus the
spectrum of the evolution operator U is degenerate along the Brillouin zone. Besides this, the
relation between energy E and A is unique only if we restrict the energy interval considered to
the first “energy Brillouin zone”, i.e. 0 < E < 27F.

When the energy is restricted by this first Brillouin zone, the transformation inverse to (2.12)
reads

1/2
Ug(E) = /1/2 dk ®5(\, ) - (2.15)

This relation allows us to use the asymptotes of the Floquet-Bloch solution ®g(A, ) instead
of the asymptotes of the ¥g(F) in the S-matrix definition (2.8). In fact, since the functions
®g(x; A\, k) are Bloch-like solution, they can be expended in the basis of plane waves:

Bs(z; M k) =Y Cs(m M\ k)(zln + k), (zln+ k)= (2m) /20T (2.16)

From the integral (2.15) the relation (n + k|®g(A, k)) = (n + k|¥g(E)) follows directly, i.e.
in the momentum representation the functions ¥g(k; E) and ®g(k; A, ) coincide at the points
k = n + k. Thus we can substitute the asymptotes of ®g(k; A, k) in Eq. (2.8). This gives

i Cs(=n) Cy(n)
n—=o Co(—n) Cs(n)’

S(E) = (2.17)

where the energy on the right-hand side of the equation enters implicitly through the eigenvalue
A = exp(—iE/F). Let us also note that by construction S(F) in Eq. (2.17) does not depend on

the particular choice of the quasimomentum . In numerical calculations this provides a test for
controlling the accuracy.
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Figure 2.1. Matriz of the Floquet-Bloch operator U for Hy = p?/2 + cos(z) + Fx with system
parameters h = 0.5 and F = 0.2: The absolute values of the elements are shown in a grey scale
plot. With increasing indices the matriz tends to a diagonal one.

2.2. S-matrix: basic equation

Using the expansion (2.16), the eigenvalue equation (2.13) can be presented in matrix form

Z o 1 nCs(n) = ACs(m) , (2.18)
where
ﬁr(,'f,)n = (m| exp(—iﬁw)ﬁexp(imx)m) (2.19)

and the unitary operator U is given in Eq. (2.11). [Deriving Eq. (2.18) from Eq. (2.13), we took
into account that in the plane wave basis the momentum shift operator exp(—iz) has the matrix
elements (m|exp(—iz)|n) = dmt1,n.] Because A does not depend on the quasimomentum s, 2
we can set x = 0 and shall drop this upper matrix index in what follows. For n — +oo, the
kinetic term of the Hamiltonian dominates the potential and the matrix U tends to a diagonal
one. This property is exemplified in Fig. 2.1, where we depict the Floquet-Bloch matrix for the
potential V(z) = cos(z). Suppose the effect of the off-diagonals elements can be neglected for
|n| > N. Then we have

U % umbpnpn  for |m|,|n| > N (2.20)

2This means that operators exp(—ia:)ﬁ (*) are unitary equivalent — a fact, which can be directly concluded based
on the explicit form of this operator.
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with

i (Ts PRANE ih? 3 3
Um = €xp | — 5 ; (hm — Ft)°dt | = exp 6—F[(m—1) —m] . (2.21)

For the unscattered states ®o(A) the formulas (2.20) hold exactly for any m and, given a energy
E or A = exp(—iE/F), the eigenvalue equation can be solved to yield the discrete version of the
Airy function in the momentum representation: Co(m) = exp(ih*m?®/6F —iEm/F). With the
help of the last equation we have

Co(n) h2nd  2En
— ll s UF | (2.22)

which can be now substituted into the S-matrix definition (2.17).
We proceed with the scattering states ®g(\). Suppose we order the Cg with indices increasing
from bottom to top. Then we can decompose the vector Cg into three parts,

Cs=| c¥ |, (2.23)
o)

where ng_) contains the coefficients for n > N, ¢ contains the coefficients for n < —N —1

and Céo) contains all other coefficients for —N—1 < n < N. The coefficients of Cg—) recursively
depend on the coefficient Cs(N), via

Cs(m +1) = (A um+1) Cs(m) form > N . (2.24)
Analogously, the coefficients of Cé_) recursively depend on Cg(—N — 1), via
Cs(m) = (um+1/A) Cs(m + 1) form < =N —1. (2.25)

Let us define the matrix W as the matrix U, truncated to the size (2N + 1) x (2N + 1).
Furthermore, let By be the matrix W accomplished by zero column and row vectors:

ot o
B = — . 22
N (W 0) (2.26)

Then the resulting equation for C’éo) can be written as

(By — A1) O = —uy 1 Cs(N + 1) et (2.27)
where el is a vector of the same length as C éo)’ with the first element equal to one and all others

equal to zero. For a given )\, Eq. (2.27) matches the asymptotes Cgﬂ and Cgf) by linking Céﬂ,
via Cg(N +1) and Eq. (2.24), to Céo) and, via Cs(—N —1) and Eq. (2.25), to C57). Let us now
introduce the row vector e; with all elements equal to zero except the last one, which equals one.
Multiplying e; with Céo) yields the last element of the latter one, i.e. Cg(—N — 1). Assuming
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that A is not an eigenvalue of the matrix By (this case is treated in the next section) we can
multiply Eq. (2.27) with the inverse of (By — A1), which yields

Cs(=N —1)
Cs(N +1)
Finally, substituting Eq. (2.22) and Eq. (2.28) into Eq. (2.17), we obtain

. -1
= —uniier [By —e /M1 el (2.28)

. -1
S(B) = lim A(N + 1)ex [By —e E/F1] et (2.29)

with a phase factor A(N) = —unyCy(N)/Co(—N), which insures the convergence of the limit
N — oco. The derived Eq. (2.29) defines the scattering matrix of the Wannier-Stark system and
is one of our basic equations.

To conclude this section, we note that Eq. (2.29) also provides a direct method to calculate
the so-called Wigner delay time

__.0lnS(E) 0p(E)
T(E) = —i 9B 2 9 (2.30)
As shown in Ref. [145],
o1 0) ~(0
r(B) = lim —[(cf”,cf") 2w +1)] . (2.31)

Thus, one can calculate the delay time from the norm of the Céo), which is preferable to (2.30)
from the numerical point of view, because it eliminates an estimation of the derivative. In the
subsequent sections, we shall use the Wigner delay time to analyze the the complex spectrum
of the Wannier-Stark system.

2.3. Calculating the poles of the S-matrix

Let us recall the S-matrix definitions for the Stark system,

_ iy YSCKE) Yok E) . Cs(=n) Co(n)
S(E) - k:l—>oo \Ds(k,E) qfo(—k;E) nl—>oo CS(n) CO(_n)

The S-Matrix is an analytic function of the (complex) energy, and we call its isolated poles
located in the lower half of the complex plane, i.e. those which have an imaginary part less than
zero, resonances. In terms of the asymptotes of the scattering states, resonances correspond to
scattering states with purely outgoing asymptotes, i.e. with no incoming wave. (These are the
so-called Siegert boundary conditions [160].) As one can see directly from (2.22), poles cannot
arise from the contributions of the free solutions. In fact, Cy(n)/Co(—n) decreases exponentially
as a function of n for complex energies &€ = E — il'/2. Therefore, poles can arise only from the
scattering states Cg.

Actually, we already noted the condition for poles in the previous section. In the step from
equation (2.27) to the S-matrix formula (2.29) we needed to invert the matrix (By — A1). We
therefore excluded the case when ) is an eigenvalue of By. Let us treat it now. If X is an

eigenvalue of By, the equation defining quo) then reads

: (2.32)

(By —A1)c¥ =0. (2.33)
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hbar=1; f=0.07; kappa=0;
NN=5; N=2*NN+1; jmax=16;

dt=1/f/jmax; v=ones(N—1,1);
V=0.5*(diag(v,—1)+diag(v,1));
p=hbar*((NN—[1:N]+1)'+kappa);

U=eye(N);

° for j=1:jmax,
time=dt*(j—0.5);
H=diag(0.5*(p—f*time).%,0)+V;
U=expm(—i*dt*H)*U;
end

z=zeros(N,1);
B=[z’ O; U z]; d=eig(B);
polar(—angle(d),abs(d),*")

Figure 2.2. The eigenvalues A of the matriz By calculated for system (2.1) with V(z) = cosz,
h =1 and F = 0.07. The numerical parameters are N = 5, jmaz = 16 and kK = 0. The
eigenvalues corresponding to the first three Wannier-Stark ladders are marked by circles. On the
right to the figure is the MATLAB source code which generates the depicted data.

The scattering state C's we get contains no incoming wave, i.e. it fulfills the Siegert boundary
condition. In fact, the first element Céo) (N) is equal to zero, which follows directly from the
structure of By, and consequently Céﬂ = 0. In addition, the eigenvalues fulfill || < 1, 3 which
in terms of the energy £ = E —iI'/2 means I' > 0. Let us also note that, according to Eq. (2.25),
the outgoing wave Ck({) diverges exponentially as Ck({)(n) ~ AT

Equation (2.33) provides the basis for a numerical calculation of the Wannier-Stark resonances.
A few words should be said about the numerical algorithm. The time evolution matrix (2.11)
can be calculated by using 2N + 1 plane wave basis states (z|n) = (27)~"/2 exp(inz) via

U ~ ] exp (—%fﬂ“)(tj)m) (2.34)

where t; = (j —1/2)At, At = Tg/jmaes and H®)(t;) is the truncated matrix of the operator
H®(t) = (p — Ft + hk)?/2 + V(z). Then, by adding zero elements, we obtain the matrix
By and calculate its eigenvalues A. The resonance energies are given by £ = iF'InA. As an
example, Fig 2.2 shows the eigenvalues A\, in the polar representation for the system (2.1) with

3This property follows directly from non-unitarity of Bx: BLB ny=1—ele'.
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V(z) = cosz. Because of the numerical error (introduced by truncation procedure and round
error) not all eigenvalues correspond to the S-matrix poles. The “true” A can be distinguished
from the “false” A\ by varying the numerical parameters N, jnq; and the quasimomentum x (we
recall that in the case of dc field A is independent of k). The true A are stable against variation
of the parameters, but the false A are not. In Fig 2.2 the stable A\ are marked by circles and can
be shown (see next section) to correspond to Wannier-Stark ladders originating from the first
three Bloch bands. By increasing the accuracy more true A (corresponding to higher bands)
can be detected. Typically the accuracy is increased by increasing the matrix size 2N + 1 and
the number of iterations jmq,. However, there is a “fundamental” limit (defined mainly by the
number of bits for machine presentation of the real numbers) because of which one is unable to
detect resonances with the width I' larger than some I, .

2.4. Resonance eigenfunctions

According to the results of preceding section, the resonance Bloch-like functions @, ,, referred
to in what follows as the Wannier-Bloch functions, are given (in the momentum representation)
by

Dor(k) =D Ca(n)d(n+r—k). (2.35)

where C,(n) are the elements of the eigenvector of Eq. (2.33) in the limit N — oo. The change
of the notation ®g(\, k) = @, indicates that from now on we deal with the resonance eigen-
functions corresponding to the discrete (complex) spectrum &£,. The Wannier-Stark states ¥,
which are the resonance eigenfunction of the Wannier-Stark Hamiltonian Hy, are calculated
by using Eq. (2.14) and Eq. (2.15). In fact, according to Eq. (2.14), the quasimomentum x of
the Wannier-Bloch function changes linearly with time and explores the whole Brillouin zone
during one Bloch period. Thus, one can obtain the Wannier-Stark states ¥, ; by calculating the
eigenfunction @, . of the evolution operator U for, say, K = 0 and propagating it over the Bloch
period. (Additionally, the factor exp(—i€,t/h) should be compensated.) We used the discrete
version of the continues evolution operator, given by (2.34) with the upper limit j,4, substi-
tuted by j. Resonance Wannier-Stark functions corresponding to two most stable resonances
are shown in Fig. 2.3.

The left panel in Fig. 2.3 shows the wave functions in the momentum representation, where
the considered interval of k = p/h is defined by the dimension of the matrix By, i.e. |k| < N.
The (faster than exponential) decrease in the positive direction is clearly visible. The tail in
the negative direction reflects the decay of resonances. Although it looks to be constant in
the figure, its magnitude actually increases exponentially (linearly in the logarithmic scale of
the figure) as k¥ — —oo. The wave functions in the coordinate representation (right panel)
are obtained by a Fourier transform. Similar to the momentum space the resonance wave
functions decrease in positive z-direction and have a tail in the negative one. Obviously, a
finite momentum basis implies a restriction to a domain in space, who’s size can be estimated
as |z| < h?N?/2F.* Additionally the Fourier transformation introduces numerical errors due
to which the wave functions decay only to some finite value in positive direction. We note,

4This estimate follows from the classical argument that for a Stark system p ~ —Ft, z &~ —Ft?/2.
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Figure 2.3. Resonance wave functions of the two most stable resonances of system (2.1) with
parameters h = 1 and F = 0.07 in momentum and in configuration space. The ground state is
plotted as a dashed, the first excited state as a solid line. In the second figure the first excited
state is shifted by one space period to enhance the visibility.

however, that for most practical purposes it is enough to know the Wannier-Stark states in the
momentum representation.

Now we discuss the normalization of the Wannier-Stark states. Indeed, because of the presence
of the exponentially diverging tail, the wave functions W, ;(k) or ¥, ;(x) can not be normal-
ized in the usual sense. This problem is easily resolved by noting that for the non-hermitian
eigenfunctions (i.e. in the case considered here) the notion of scalar product is modified as

/ Az (2) Vo (z) — / Az 0L ()R, (z) | (2.36)

where ‘Ifgyl(ac) and ‘I'aR,l(m) are the left and right eigenfunctions, respectively. In Fig. 2.3 the
right eigenfunctions are depicted. The left eigenfunctions can be calculated in the way described
above, with the exception that one begins with the left eigenvalue equation Céo) (BN — A1) =0
for the row vector C éo). In the momentum representation, the left function \Ifil (k) approximately
coincides with the right one, mirror reflected relative to k = 0. In other words, it corresponds to
a scattering state with zero amplitude of the outgoing wave. Since for the right wave function
a decay in the positive k-direction is faster than the increase of the left eigenfunction (being
inverted, the same is valid in the negative k-direction), the scalar product of the left and right
eigenfunctions is finite. In our numerical calculation we typically calculate both functions in the
momentum representation and then normalize them according to

[ ARTL () UE() = (W W) = 0L (237
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Figure 2.4. Comparison of the wave functions calculated within the different approaches for
h =2 and F =0.01,0.03,0.1, shown on a linear (top) and on a logarithmic scale (bottom). The
dotted line is the tight-binding, the dashed line the single-band and the solid line is the scattering
result.

(Here and below we use the Dirac notation for the left and right wave functions.) Let us also
recall the relations

Uoi(z) = ¥ao(z — 2nl) (2.38)
for the wave functions in the coordinate representation and
Uy (k) = exp(i27lk) Vo 0(k) (2.39)

in the momentum space. Thus it is enough to normalize the function for [ = 0. Then the
normalization of the other functions for [ # 0 will hold automatically. For the purpose of future
reference we also display a general (not restricted to the first energy Brillouin zone) relation
between the Wannier-Bloch and Wannier-stark states

1/2
Uy = / dk exp(—i27lK)Pq (2.40)
~1/2
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(compare with Eq. (1.8).

It is interesting to compare the resonance Wannier-Stark states with those predicted by the
tight-binding and single-band models. Such a comparison is given in Fig. 2.4, where the ground
Wannier-Stark state for the potential V(z) = cosz is depicted for three different values of the
static force F'. As expected, for small F', where the resonance is long-lived, both approximations
yield a good correspondence with the exact calculation. (In the limit of very small F' the
single-band model typically gives a better approximation than the tight-binding model.) In the
unstable case, where the resonance state has a visible tail due to the decay, the results differ in
the negative direction. On logarithmic scale one can see that the order of magnitude up to which
the results coincide is given by the decay tail of the resonances. In the positive z-direction the
resonance wave functions tend to be stronger localized. It should be noted that in Fig. 2.4 we
considered the ground Wannier-Stark states only for moderate values of the static force F' < 0.1.
For larger F', because of the exponential divergence, the comparison of the resonance Wannier-
Stark states with the localized states of the single-band model loses its sense. The same is also
true for higher (a > 0) states. Moreover, the value of F', below which the comparison is possible,
rapidly decreases with increase of band index «.



Chapter 3

Interaction of Wannier-Stark ladders

In this chapter we give a complete description of the dependence of the width I' of the Wannier-
Stark resonances on the parameters of the Wannier-Stark Hamiltonian. In scaled units, the
Hamiltonian has two independent parameters, the scaled Planck constant 7 and the field strength.
In our analysis we fix the value of i and investigate the width as a function of the field strength.
The calculated lifetimes 7 = h/T" are compared with the experimentally measured lifetimes of
the Wannier-Stark states.

3.1. Resonant tunneling

To get a first glimpse on the subject, we calculate the resonances for the Hamiltonian (2.1)
with V(z) = cosz for h = 1. For the chosen periodic potential the field-free Hamiltonian has
two bands with energies well below the potential barrier. For the third band, the energy es(k)
can be larger than the potential height. Therefore, with the field switched on, one expects two
long-lived resonance states in each potential well, which are related to the first two bands.

Figure 3.1(a) shows the calculated widths of the six most stable resonances as a function
of the inverse field strength 1/F. The two most stable resonances are clearly separated from
the other ones. The second excited resonance can still be distinguished from the others, the
lifetime of which is similar. Looking at the lifetime of the most stable state, the most striking
phenomenon is the existence of very sharp resonance-like structures, where within a small range
of F' the lifetime can decrease up to six orders of magnitude. In Fig. 3.1(b), we additionally
depict the energies of the three most stable resonances as a function of the inverse field strength.
As the Wannier-Stark resonances are arranged in a ladder with spacing AE = 27 F, we show
only the first energy Brillouin zone 0 < E/F < 2w. Let us note that the mean slope of the
lines in Fig. 3.1(b) defines the absolute position E}, of the Wannier-Stark resonances in the limit
F — 0. As follows from the single band model, these absolute positions can be approximated
by the mean energies €, of the Bloch bands. Depending on the value of E}, we can identify a
particular Wannier-Stark resonance either as under- or above-barrier resonance.!

Comparing Fig. 3.1(b) with Fig. 3.1(a), we observe that the decrease in lifetime coincides
with crossings of the energies of the Wannier-Stark resonances. All three possible crossings

!This classification holds only in the limit F' — 0. In the opposite limit all resonances are obviously above-barrier
resonances.

24
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Figure 3.1. a) Resonance width of the 6 most stable resonances as a function of the inverse
field strength 1/F. b) Energies of the 3 most stable resonances as a function of 1/F (solid line:
most stable resonance, dashed line: first excited resonance, dashed dotted line: second excited
resonance). Parameters are V(z) = cosz and h = 1.
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Figure 3.2. Wannier-Stark resonances in different minima of the potential V(z) = cos(z) + Fz:
The most stable resonance and some members of the first excited Wannier-Stark ladder are
shown. The parameters are h = 1.0 and F = 0.08.

manifest themselves in the lifetime: Crossings of the two most stable resonances coincide with
the sharpest peaks in the ground state width. The smaller peaks can be found at crossings of the
ground state and the second excited state. Finally, crossings of the first and the second excited
state fit to the peaks in the width of the first excited state. The explanation of this effect is the
following: Suppose we have a set of resonances which localize in one of the 27-periodic minima
of the potential V(z) = cosz + Fz. Let AE,3 = E, — Eg be the energy difference between
two of these states. Now, due to the periodicity of the cosine, each resonance is a member of a
Wannier-Stark ladder of resonances, i.e. of a set of resonances with the same width, but with
energies separated by AE = 27 F. Figure 3.2 shows an example: The two most stable resonances
for one potential minimum are depicted, furthermore two other members of the Wannier-Stark
ladder of the first excited resonance. To decay, the ground state has to tunnel three barriers.
Clearly, if there is a resonance with nearly the same energy in one of the adjacent minima,
this will enhance the decay due to phenomenon of resonant tunneling. The strongest effect will
be given for degenerate energies, i.e. for 2nFl = AE, g, which can be achieved by properly
adjusting F, because the splitting AFE, g ~ Ej — Ej, is nearly independent of the field strength.
For the case shown in Fig. 3.2, such a degeneracy will occur, e.g., for a slightly smaller value



27

F =~ 1/14.9 (see Fig. 3.1). Then we have two resonances with the same energies, which are
separated by two potential barriers. In the next section we formalize this intuitive picture by
introducing a simple two-ladder model.

3.2. Two interacting Wannier-Stark ladders

It is well known that the interaction between two resonances can be well modeled by a two-
state system [34,161-163]. In this approach the problem reduces to the diagonalization of a
2 x 2 matrix, where the diagonal matrix elements correspond to the crossing non-interacting
resonances. In our case, however, we have ladders of resonances. This fact can be properly
taken into account by introducing the diagonal matrix in the form [147,152]

_ .Hy [ Ey—1ily/2 0
Uy = exp (—1F> , Hy= ( 0 B —iTy2 | (3.1)

It is easy to see that the eigenvalues Ao 1(F) = exp[—i(Fo,1 — il0,1/2]/F) of Uy correspond to
the relative energies of the Wannier-Stark levels and, thus, the matrix Uy models two crossing
ladders of resonances.? Multiplying the matrix Uy by the matrix

. 01 cose 1isine
Uiny = exp [K( 10 )] - ( isine cose ) ’ (3.2)

we introduce an interaction between the ladders. The matrix UyU;,; can be diagonalized ana-
lytically, which yields

12 By —iT4/2

Ao+ A
= 0 + 1 y A:I: = exp (_1T> . (3.3)

cose *

At

o+ A2
(%) cosze—)\oz\1]

Based on Eq. (3.3) we distinguish the cases of weak, moderate or strong ladder interaction.

The value ¢ = 0 obviously corresponds to non-interacting ladders. By choosing ¢ # 0 but
e < m/2 we model the case of weakly interacting ladders. In this case the ladders show true
crossing of the real parts and “anticrossing” of the imaginary parts. Thus interaction affects
only the stability of the ladders. Indeed, for ¢ < 7/2 Eq. (3.3) takes the form
e Xo + >\1>

Ar = A 1+ —
s (153

(3.4)

It follows from the last equation that at the points of crossing (where the phases of Ao and A\;
coincide) the more stable ladder (let it be the ladder with index 0, i.e. Ty < Ty or [Ag| > |A1])
is destabilized (|A1| < |Ag|) and, vice versa, the less stable ladder becomes more stable (|A_| >
|A1]). The case of weakly interacting ladders is illustrated by the left column in Fig. 3.3.

By increasing e above e,

(Il — M)
Ao |
2The resonance energies in Eq. (3.1) actually depend on F but, considering a narrow interval of F, this dependence

can be neglected. In particular, Fo1 = Eg;, where Eg; is the absolute positions of the resonances, is a good
approximation for the real part of the energies.

(3.5)

tan? €cr =
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Figure 3.3. Illustration to the two-ladder model. Parameters are & = 0.3 —il.1 - 10_2, & =
0.8 —i0.9-10 1, and € = 0.2 (left column), € = 0.4 (center), and e = w/2 — 0.1 (right column,).

the case of moderate interaction, where the true crossing of the real parts Fy is substituted
by an anticrossing, is met. As a consequence, the interacting Wannier-Stark ladders exchange
their stability index at the point of the avoided crossing (see center column in Fig. 3.3). The
maximally possible interaction is achieved by choosing € = 7/2. Then eigenvalues of the matrix
UpUint are Ay = j:i(/\o)\l)l/ 2 which corresponds to the “locked” ladders

Ei:(E0+E1)/2:|:7rF/2, Fi:(P0+F1)/2 (36)

In other words, the energy levels of one Wannier-Stark ladder are situated exactly in the middle
between the levels of the other ladder (right column in Fig. 3.3).

3.3. Wannier-Stark ladders in optical lattices

In the following two sections we give a comparative analysis of the ladder interaction in
optical and semiconductor superlattices. It will be shown that the character of interaction can
be qualitatively deduced from the Bloch spectrum of the system.

We begin with the optical lattice, which realizes the case of cosine potential (see Sec. 1.4). The
characteristic feature of the cosine potential is an exponential decrease of the size of forbidden
zones as /' — oo. Because of this, to get a satisfactory description of the ladders interaction
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Figure 3.4. Widths of the 6 most stable resonances as a function of the inverse field F for
h = 1.0 (solid lines) compared with the fit data (dashed lines).

for F' # 0, one may consider only the under-barrier resonances and one or two above-barrier
resonances. In particular, for the parameters of Fig. 3.1 it is enough to “keep track” of the
resonances belonging to the first three Wannier-Stark ladders. It is also seen in Fig. 3.1 that the
case of true crossings of the resonances is realized almost exclusively, i.e. the ladders are weakly
interacting (which is another characteristic property of the cosine potential). The behavior of
the resonance widths ', (F') at the vicinity of a particular crossing is captured by Eq. (3.4).
Moreover, extending the two-ladder model of the previous section to the three ladder case and
assuming the coupling constants in the form

€a = o €xp(—by/F) , (3.7)

(which is suggested by the semiclassical arguments of Sec. 1.3) the overall behavior of the
resonance width can be perfectly reproduced (see Fig. 3.4). The procedure of adjustment of the
model parameters a, and by, is carefully described in Ref. [152].

The lifetime of the Wannier-Stark states (given by 7 = h/T',) as the function of static force
was measured in an experiment with cold sodium atoms in a laser field [116]. The setting of the
experiment [116] yields the accelerated cosine potential (the inertial force takes the role of the
static field) and an effective Planck constant & = 1.671. For this value of the Planck constant
one has only one under-barrier resonance and the two-ladder model of Sec. 3.2 is already a
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Figure 3.5. Lifetime of the ground Wannier state as a function of the external field. The solid
line is the theoretical prediction, the circles are the experimental data of Ref. [116]. The insert
blows up the interval 4000m/s? < a < 10000m/s? considered in the cited experiment.

good approximation of the real situation. Figure 3.5 compares the experimental results for the
lifetime of the ground Wannier-Stark states with the theoretical results. The axes are adjusted
to the experimental parameters. Namely, the field strength in our description is related to the
acceleration in the experiment by the formula F = 0.0383a, where a is measured in km/s?
and the unit of time in our description is approximately 1.34us. The experimental data follow
closely the theoretical curve. (Explicitly, the analytical form of the displayed dependence is
given by Eq. (3.4) with € = aexp(—b/F'), a = 1.0, b = 0.254.) In particular we note that the
theory predicts a local minimum of the lifetime at @ = 5000m/s?, which corresponds to the
crossing of the ground and the first excited Wannier levels in neighboring wells. Unfortunately,
the experimental data do not extend to smaller accelerations, where the theory predicts much
stronger oscillations of the lifetime.

3.4. Wannier-Stark ladders in semiconductor superlattices

We proceed with the semiconductor superlattices. As mentioned in Sec. 1.4, the semiconductor
superlattices are often modeled by the square-box potential (1.18), where a and b = d — a are
the thickness of the alternating semiconductor layers. For the square-box potential (1.18) the
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width of the energy gaps decreases only inversely proportional to the gap’s number. Because of
this, one is forced to deal with infinite number of interacting Wannier-Stark ladders. However,
as was argued in Ref. [155], this is actually an over-complication of the real situation. Indeed,
the potential (1.18) is only a first approximation for the superlattice potential, which should be
a smooth function of . This fact can be taken into account by smoothing the rectangular step
as

V(z) = [tanh (H+7T/2b) — tanh (%ﬂ/%)] -1 (3.8)

for example. (Here we use the scaled variables, where the potential is 27-periodic and |V (z) < 1.)
The parameter § defines the size of the transition region between the semiconductor layers and,
in natural units, it cannot be smaller than atomic distance. The smoothing introduces a cut-off
in the energy, above which the gaps between the Bloch bands decreases exponentially. Thus,
instead of an infinite number of ladders associated with the above-barrier resonances, we may
consider a finite number of them. The interaction of a large number of ladders originating from
the high-energy Bloch bands was studied in some details in Ref. [155]. It was found that they
typically form pairs of locked [in the sense of Eq. (3.6)] ladders which show anticrossings with
each other.

Since the lifetime of the above-barrier resonances is much shorter than the lifetime of the
under-barrier resonances one might imagine that the former are of minor physical importance.
Although this is partially true, the above-barrier resonances cannot be ignored because they
strongly affect the lifetime of the long-lived under-barrier resonances. This is illustrated in
Fig. 3.6, where the resonance structure of the Wannier-Stark Hamiltonian with a periodic po-
tential given by Eq. (3.8) and i = 3.28 is depicted as a gray-scaled map of the Wigner delay
time (2.30). In terms of Fig. 3.1, this way of presentation of the numerical results means that
each line in the lower panel has a “finite width” defined by the value I' in the upper panel. In
fact, according to the Wigner relation

s F
TE)=1+) (l; Im [mD : (3.9)

«

where each term in the sum over « is just a periodic train of the Lorentzians with the width
I'y. (We recall that, by definition, 7(E) is periodic function of the energy 3.) In the case of
a large number of interacting ladders (i.e. in the case currently considered here, where more
than 10 above-barrier resonances contribute to the sum over «) we find this presentation more
convenient because it reveals only narrow resonances, while the wide resonances contribute to
the background compensated by the constant 79. For the chosen value of the scaled Planck
constant, & = 3.28, the periodic potential (3.8) supports only one under-barrier resonance, seen
in the figure as a broken line going from upper-left to the lower-right corners. Wide above-barrier
resonances originating from the second and third Bloch bands and showing anticrossings with the
ground resonance can be still identified, but the other resonances are indistinguishable because
of their large widths. Nevertheless, the existence of these resonances is confirmed indirectly by
the complicated structure of the “visible lines”.

3The quantity (3.9) can be also interpreted as the fluctuating part of the (normalized) density of states of the
system.
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Figure 3.6. Grey-scaled map of the Wigner delay time (3.9) for the smoothed square-boz potential
(3.8). The parameters are h = 3.28, a/b=39/76 and § = 0.25.

In conclusion, in comparison with the optical lattices, the structure of the Wannier-Stark
resonances in semiconductor superlattices is complicated by the presence of large number of
above-barrier resonances. Besides this, in the semiconductor superlattices a strong interaction
between the ladders is the rule, while the case of weakly interacting ladders is typical for optical
lattices.



Chapter 4

Spectroscopy of Wannier-Stark
ladders

In this chapter we discuss the spectroscopy of Wannier-Stark ladders in optical and semiconduc-
tor superlattices. We show how the different spectroscopic quantities (measured in a laboratory
experiment) can be directly calculated by using the formalism of the resonance Wannier-Stark
states.

4.1. Fermi golden rule approach

The spectroscopy approach assumes that one probes a quantum system by a weak dc field
F,x cos(wt) with tunable frequency w. In our case the system consists of different Wannier-Stark
ladders of resonances, the two most stable of which are schematically depicted in Fig. 4.1. The
driving induces transitions between the ground and the excited states!. Scanning the frequency
w sequentially activates the different transition paths and the different Wannier states of the
excited ladder are populated. Because the excited states are typically short-lived, they decay
before the driving can transfer the population back to the ground state, i.e. before a Rabi
oscillation is performed. Then the decay rate of the ground state is determined by the transition
rate D(w) to the excited Wannier-Stark ladder, i.e

To(w) =To + D(w), (4.1)

where 'y takes into account the decay in the absence of driving. In what follows we shall refer
to the quantity I'g(w) as the induced decay rate or the decay spectrum. In Sec. 5 we calculate
the induced decay rate rigorously by using the formalism of quasienergy Wannier-Stark states.
In this section we employ a simpler method based on the Fermi golden rule. Although being
only an approximation, this approach gives a useful insight into the physics of the phenomenon.

! Actually, transitions within the same ladder are also induced, but their effect is important only for w ~ wp =
27 F/h. Here we shall mainly consider the case w > wp, where the transitions within the same ladder can be
ignored.

33
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cos(X)+Fx
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Figure 4.1. Schematic illustration of the transitions induced by a periodic driving. The positions
of the ground and the first excited Wannier-Stark ladder are shown for F = 0.04 and h = 1.5.
The width of the states is symbolized by the different strength of the lines.

In the notations used, the Fermi golden rule reads

D(w) = F2 / / dE / 4wV (2)2 o (z)| p(E)S(E — Eyy — hw) (4.2)

In Eq. (4.1), the Ug(z) are the hermitian eigenfunctions of the Hamiltonian (2.2) (i.e., E is
real and continuous), p(F) the density of states, F,, the amplitude and w the frequency of
the probing field. For the sake of simplicity we also approximated the ground Wannier-Stark
resonance by the discrete level Ey;. Then Eq. (4.2) defines the decay of the discrete level into
continuum. Using the residuum theorem the integral over E can be calculated analytically. In
fact, the density of states in the vicinity of a particular resonance € is given by the Breit-Wigner
formula p(E) ~ Im(E — £g)~!. Thus the density of states in Eq. (4.2) has a number of simple
poles at the complex energies corresponding to the exited Wannier-Stark resonances. Presenting
the é-function in the form

.1 1
0(E - Ey; — hw) = !1_1}1(1) ;Im (E = oy — o ie) (4.3)
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and closing the integration contour in the lower half plane we obtain

F; V(L)
2 52>o zL: (Egy+2nFL — Eoy — hw) —il's/2
where

is the square of the dipole matrix element between an arbitrary ground Wannier-Stark state
U (x) and the upper resonance Wannier-Stark state Wg;,r,(z) shifted by L lattice periods. In
Eq. (4.4) we additionally included the possibility of transitions to the higher Wannier ladders
(not shown in Fig. 4.1), which is indicated by the sum over 5. We would like to stress that,
because for the resonance wave functions (¥, j|z|Ug ;1) # (¥g || ¥4s)*, the square of the dipole
matrix element VOQ’ ﬁ(L) is generally a complex number.

To proceed further, we have to calculate the squared matrix elements (4.5). A rough esti-
mate for Voz,ﬂ (L) can be obtained on the basis of Eq. (1.11), which approximates the resonance
Wannier-Stark state by the sum of the localized Wannier states: ¥o; = 3, Jm—i1(Aa/47F ) o m.
The typical experimental settings (see Sec. 4.3) correspond to Ag/4nF < 1 and Ag/4nF > 1.
In this case the values of the matrix elements are defined by the localization length of the excited
Wannier-Stark states,

Ap

VEa(E) = (odlalbn) P (1) - (16)

The degree of validity of this result is discussed in the next subsection.
4.2. Dipole matrix elements
In this subsection we calculate the dipole matrix elements
Va8 = 1) = (Ta,lz|Tpy) (4.7)
beyond the tight-binding approximation. We shall use Eq. (2.40)
o ,(z) = / dre P Pg i (2) ,  Pa(®) = € Xa() ;  Xaw(®) = Xau(@ +27) (4.8)

which relates the Wannier-Stark states ¥, ;(z) to the Wannier-Bloch states @, (). As follows
from the results of Sec. 2, the function x, () can be generated from x,0(z) by propagating it
in time

Xar) = exb (I20) T(Olxao) (4.9

where ﬁ(t) is the continuous version of the operator U defined in Eq. (2.11) and the quasimo-
mentum &« is related to time ¢ by kK = —Ft/h. Substituting Eq. (4.8) and Eq. (4.9) into Eq. (4.7)
we obtain the dipole matrix elements as the Fourier image

Vas(l 1) = 2mloly + i / dr 270 VRX o (k) (4.10)
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Figure 4.2. The absolute values of the squared dipole matriz elements (4.5) for V(z) = cosz,
F =004 and h=1 (a), 1.5 (b), 2 (c), and 2.5 (d).

of the periodic function

1 (p+ k)

15]
Xa,,b’("“;) = <Xa,N|&X,B,n> = F(Xa,k‘ 2 + V($)|Xﬂ,k> - ga‘sa,ﬂ . (4.11)

The last two equations provide the basis for numerical calculation of the transition matrix
elements. We also recall that one actually needs the square of the matrix elements (4.5) but
not the matrix elements themselves (which are defined up to an arbitrary phase). Thus we first
calculate V, g(L) and Vg o(L) for L = 0,%1,... and then multiply them term by term.

In Fig. 4.2 we depict the squared dipole matrix elements between the ground and first excited
Wannier-Stark states for V (z) = cos z, a moderate values of the static force F' = 0.04 and values
of the scaled Planck constant in the interval 1 < i < 2.5. For i = 1.0 the Bloch bands width
A1 = 0.05 is smaller than 47 F = 0.5 and the upper Wannier-Stark state is essentially localized
within single potential well>. Then only “vertical” transitions, L = 0, are possible between the
ground and first excited Wannier ladders. By increasing & the localization length of the upper
state grows (proportional to the band width) and more than one matrix element may differ

2The ground Wannier-Stark state is localized within one well for all considered values of the scaled Planck constant.
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Figure 4.3. Comparison of the w-dependence in (4.4) (solid line) with the exact numerical
calculation of the induced decay rate (dashed line). Parameters are F = 0.04, F,, = 0.02 and
h=1.5 (left), h = 2.0 (middle) and h = 2.5 (right panel).

from zero. Simultaneously, the Wannier levels move towards the top of the potential barrier (for
ki > 1.6 the upper Wannier level is already above the potential barrier) and the Wannier state
looses its stability (I'; = 1.90 - 1071%, 1.35 - 1072, 5.24 - 1072, and 1.14 - 1071, for A = 1, 1.5,
2, and 2.5). Because for short-lived resonances the tight-binding result (1.11) is a rather poor
approximation of the resonance wave functions, we observe an essential deviation from Eq. (4.6).
In particular we note a strong asymmetry of the matrix elements with respect to L. It appears
that the transitions “down the ladder” are enhanced in comparison with the transitions “up
the ladder”. At the same time, for weak far transitions (L > 1) the situation is reversed [see
Fig. 4.2(d) and Fig. 4.4(b) below].

Substituting the calculated matrix elements into Eq. (4.4), we find the decay spectra of the
system. The solid line in Fig. 4.3 shows the decay spectra for A = 1.5, 2.0, 2.5. As expected,
['o(w) has number of peaks with the same width I'; separated by the Bloch frequency wp. The
relative heights of the peaks are obviously given by the absolute values of the squared dipole
matrix elements shown in Fig. 4.2, while the shape of the lines is defined by the phase of V02, 5(L)-
As mentioned above, the phases of the squared dipole matrix elements are generally not zero
and, therefore, the shape of the lines is generally non-Lorentzian. In other words, we meet
the case of Fano-like resonances [164]. For the sake of comparison the dashed lines in Fig. 4.3
show the results of an ezact numerical calculation of the decay rate. A good correspondence
is noticed. The discrepancy in the region of small driving frequency is due to the rotating
wave approximation (which is implicitly assumed in the Fermi golden rule) and the effect of the
diagonal matrix elements V,2,(L) (which are also ignored in the Fermi golden rule approach).
In principle, the region of small driving frequency requires a separate analysis.
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Figure 4.4. The absolute values of the transition coefficients V(fl(L) (a), WOQJ(L) (b), VOQ,Q(L)
(¢); and W5 (L) (d).

In conclusion, we discuss the effect of direct transitions to the second excited Wannier ladder.
For the case i = 2 the squared dipole matrix elements V02,1(L) and %2,2(14) are compared in the
left column of Fig. 4.4. It is seen that the main lines in Fig. 4.4(c) are ten times smaller than
those in Fig. 4.4(a). Thus the effect of higher transitions can be neglected. We note, however,
that this is not always the case. In the next section we consider a situation when the direct
transitions to the second excited Wannier ladder can not be ignored.

4.3. Decay spectra for atoms in optical lattices

The induced decay rate 'g(w) was measured for the system of cold atoms in the accelerated
standing laser wave [115,117]. Because the atoms are neutral, the periodic driving of the system
was realized by means of a phase modulation of the periodic potential:

2
H= % + cos[z + e cos(wt)] + Fz , (4.12)
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Using the Kramers-Henneberger transformation [165-168]3 the Hamiltonian (4.12) can be pre-
sented in the form

2
H= % + cos(z) + Fz + Fyzcos(wt), F, =ew?. (4.13)

Thus, the phase modulation is equivalent to the effect of an ac field. Considering the limit of
small e, where cos[z + € cos(wt)] & cos z + e sinz cos(wt), we can adopt Eq. (4.4) of the previous
section to cover the the case of phase modulation. Namely, the amplitude F,, in Eq. (4.4) should
be substituted by ¢ and the squared dipole matrix elements (4.5) by the squared matrix elements

W 5(L) = (Woy|sina|¥g4 L) (Uppr|sinaz|To) . (4.14)
Moreover, according to the commutation relation for the Hamiltonian of the non-driven system
h=2[Hw, [Hw,z]] = —sinz + F , (4.15)
the squared matrix elements WOQ, (L) are related to the squared dipole matrix elements VOQ’ﬁ(L)

by

' Vis(L) . (4.16)

It follows from the last equation that the way of driving realized in the optical lattices suppresses
the transition down the ladder and enhances the transition up the ladder. This is illustrated
in Fig. 4.4, where we compare the squared matrix elements WOQ, 5(L) and V(fﬁ(L) for B = 1,2
calculated on the basis of Eq. (4.14) and Eq. (4.5), respectively. It is seen that the practically
invisible tail of far transitions in Fig. 4.4(a) shows up in Fig. 4.4(b). Besides this, for L > 1 the
squared matrix elements between the ground and second excited Wannier-Stark states are larger
than those between the ground and first excited one. Because the width of the second excited
Wannier-Stark resonance I'y is lager than I'; (and actually larger than the Bloch energy), the
transition to the first and second excited Wannier ladders may interfere. Indeed, this is the case
usually observed in the high-frequency regime of driving (see Fig. 4.5, which should be compared
with Fig. 4.3).

We proceed with the experimental data for the spectroscopy of atomic Wannier-Stark ladders
[115] (note also the improved experiment [117]). The setup in the experiment [115] is as follows.
Sodium atoms were cooled and trapped in a far-detuned optical lattice. Then, introducing a
time-dependent phase difference between the two laser beams forming the lattice, the lattice
was accelerated (see Sec. 1.4). After some time, only atoms in the ground Wannier-Stark states
survived, i.e. a superposition of ground ladder Wannier-Stark states was prepared. Then an
additional phase driving of frequency w was switched on and the survival probability,

Pi(w) = exp (— Fo%w)t) , (4.17)

was measured. The experiment was repeated for different values of w. In scaled units the
experimental settings with Vy/h = 75 + 7TkHz (we choose the value Vy/h = 68kHz, which

3Loosely speaking, the Kramers-Henneberger transformation is a transformation to the accelerated frame x —
T + € cos(wt).
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Figure 4.5. Decay spectra as a function of the driving frequency w. Parameters are F = 0.04,
e = 0.02 and h = 1.5 (left), h = 2.0 (middle) h = 2.5 (right panel). The exact numerical
calculation (dashed lines) are compared to the model prediction (solid lines). Note a complicated
structure of the decay spectra in high-frequency region caused by the interference of the transitions
to the first and second excited Wannier-Stark ladders.

is used in all numerical simulations in [115]) and a = 1570m/s? correspond to A = 1.709
and F = 0.0628. (For these parameters the ground and first excited state have the widths
Ty =2.38-1075 and T'y = 6.11- 1072, respectively.) The timescale in the experiments is 1.37us,
and the Bloch frequency is wp/2m = 26.85kH 2. The driving amplitude was ¢ = 0.096. The
left panel of Fig. 4.6 shows the decay spectra as a function of the frequency in this case. The
vertical transition dominates the figure, accompanied by the two transitions with L = +1 and
a tail of transitions with positive L > 1. In the right panel, the experimental data for the
survival probability P;(w) are compared to our numerical data. The time t is taken as an
adjustable parameter and chosen such that the depth of the peaks approximately coincide. The
curve shows the survival probability at ¢ = 300us corresponding to ¢ = 219 in scaled units. A
good correspondence between experiment and theory is noticed. The minima of the survival
probability appear when the driving frequency fits to a transition. The relative depth of the
minima reflecting the size of the transition matrix elements agrees reasonably. Furthermore,
the asymmetric shape of the minimum between 4wp and bwp is reproduced. Note that the
experimental data also allow to extract the width of the first excited state from the width of the
central minimum: 'y ~ 0.3wp ~ 6.9- 1072, which is in reasonable agreement with the numerical
result 'y = 6.11 - 1072,
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Figure 4.6. The left panel shows the induced decay rate of the ground Wannier-Stark state as
function of the driving frequency for h = 1.709, F = 0.0628 and ¢ = 0.096. The right panel
compares the experimental data from [115] with the calculated survival probability Pi(w) for
t = 300us.

4.4. Absorption spectra of the semiconductor superlattice

The Fermi golden rule approach of section 4.1 can be also used to analyze the absorption
spectrum of the undoped semiconductor superlattices. According to Ref. [45,113] the absorp-
tion of the light by the semiconductor superlattices is defined by the so-called one-dimensional
absorption

D(w) = / / dECdE" / da ¥ (z; B)U" (z: B*) | p(B)p" (BM)6(B® — B + B, — hw) . (4.18)

which is just the probability of creating the electron-hole pair by a photon of energy hw. (The
electron-hole Coulomb interaction is neglected.) In Eq. (4.18) p®(E®) and p"(E") are the electron
and hole densities of states and E, stands for the energy gap between the conductance and
valence bands in the bulk semiconductor. Repeating the arguments of Sec. 4.1 we obtain

12 5(L)
D(w) ~ azﬂ ;Im l(Eg — B+ edFL + By — fw) — (T + Pg)/2] ’ (4.19)

where

Ic%, (L) = <‘I’Z,l|‘1’%,l+L)<‘I’%,z+L|‘I’Z,z) (4-20)
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Figure 4.7. Grey-scaled map of the one-dimensional absorption spectra (4.19) as a function of
the static field F' and photon energy hv.

is the square of the overlap integral between the hole and electron wave functions. (The pro-
portionality sign denotes that the absorption is proportional to size of the sample.) The values
of the squared overlap integral obviously depend on the localization length of the electron and
hole Wannier-Stark states which, in turn, depend on the value of the static field. In the low-
field regime the Wannier-Stark states are delocalized over several superlattice periods and many
transition coefficients Ig’ (L) differ from zero. In the high-field regime the Wannier-Stark states
tend to be localized within a single well and the vertical transitions L = 0 become dominant.
We would like to stress, however, that the process of localization of the Wannier-Stark states is
always accompanied by a loss of their stability. As mentioned above, the latter process restricts
the validity of the tight-binding results concerning a complete localization of the Wannier-Stark
states in the limit of strong static field.

As an illustration to Eq. (4.20), Fig. 4.7 shows the absorption spectrum of the semiconductor
superlattice studied in the experiment [113] . (Should be compared with the absorption spec-

“The superlattice parameters are Vo = 0.0632 eV (Vo = —0.0368 eV) for the electron (hole) potential barrier, and
m* = 0.067m. (m* = 0.45m,) for effective electron (hole) mass. These parameters correspond to the value of the
scaled “electron” and “hole” Planck constants h = 3.28 and h = 1.64, respectively.
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trum calculated in Ref. [45] by using a kind of finite-box quantization method.) The depicted
result is a typical example of Wannier-Stark fan diagram. By close inspection of the figure one
can identify at least four different fans associated with the transition between o = 0,1 hole
and 8 = 0,1 electron states. However, in the region of strong static field considered here, the
majority of these transitions are weak and the whole spectrum is dominated by the vertical
L = 0 transition between the ground hole and electron states. Note a complicated structure
of the main line resembling the broken feather. Recalling the results of Sec. 3.4 (see Fig. 3.6),
this structure originates from avoided crossings between the (ground) under-barrier and (first)
above-barrier electron resonances. A this “broken feather” structure was well observed in the
cited experiment [113].



Chapter 5

Quasienergy Wannier-Stark states

In the following chapters we investigate Wannier-Stark ladders in combined ac and dc fields.
Then the Hamiltonian of the system is

2
H= % + V(z) + Fz + F,z cos(wt) (5.1)
or, as described in Sec. 4.3, equivalently given by

2
H = % +V[z +ecos(wt)] + Fz, e=F,/w?. (5.2)

Depending on the particular analytical approach we shall use either of these two forms. Let us
also note that the Hamiltonian (5.2) can be generalized to include the case of arbitrary space-
and time-periodic potential V(z,t) = V(z + 2m,t) = V(z,t + T,,).

5.1. Single-band quasienergy spectrum

For time-dependent potentials the period of the potential sets an additional time scale. In
order to define a Floquet-Bloch operator with properties similar to the time-independent case, we
have the restriction that the period T, of the potential and the Bloch time Tg are commensurate,

le.
pl, =qTg =T . (5.3)
In this case the Floquet operator U(T') over the common period 7' can be presented as
o . i [T — Ft)?
UT) = e 0(T), U(T)=é&p (-% / dt [% + V (s, t)D . (5.4)
0

Consequently the eigenstates of U(T),
UT)®(z;\, k) = A®(z;\,6), A=exp(—iET/h), (5.5)

can be chosen to be the Bloch-like states [169,170], i.e. ®(z + 2m;\, k) = €2™*®(z; A, k). Due
to the time-periodicity of the potential, V(z,t + T,,) = V(z,t), we have the relation

U(T) = U(T,)? = [exp(-iza/p) U(T)]" - (5.6)
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As a direct consequence of this relation, the states ®(z; A, k) with the quasimomentum s — 7/p
(r =0,1,...,p — 1) are Floquet states with the same quasienergy. In terms of the operator
US)(T) = exp(—ikz)U(T) exp(irz) this means that the operators U®*)(T) are unitarily equiv-
alent for these values of the quasimomentum.! Therefore, the Brillouin zone of the Floquet
operator U(T') is p-fold degenerate. In the next section we introduce the resonance Wannier-
Bloch functions ®, . (z) which satisfy the eigenvalue equation (5.5) with the Siegert (i.e. purely
outgoing wave) boundary condition and correspond to the complex energy &,(x). Then the p-
fold degeneracy of the Brillouin zone just means that the dispersion relation £,(x) is a periodic
function of the quasimomentum with period given by p.

It should be noted that the Wannier-Bloch functions ®(z; A, k) (hermitian boundary condition)
or ®, () (Siegert boundary condition) are not the quasienergy functions of the system because
the latter, by definition, are the eigenfunctions of the evolution operator U(T,,) over the period
of the driving force. However, the quasienergy functions can be expressed in terms of the
Wannier-Bloch functions as

p—1
W) = 2 Y exp [0 | @ eirpo). (5.7)
p= P
Equation (5.7) is the discrete analogue of the relation (2.40) between the Wannier-Bloch and
Wannier-Stark states in the case of pure dc field. Since the evolution operator U(7,,) commutes
with the translational operator over p lattice periods, the quasienergy states \If&",,l(w) are the
eigenfunctions of this shift operator. In particular, as easily deduced from Eq. (5.7), in the limit

¢ — 0 the function \I!gf,l(ac) is a linear combination of every p-th state of the Wannier-Stark
ladder (and altogether there are p different subladders). Thus, as well as the Wannier-Bloch
states @, (), the eigenstates of U(T,) are extended states. Note that the Brillouin zone is
reduced now by a factor p, i.e the quasimomentum is restricted to —1/2p < k < 1/2p. On
the other hand, as T,, = T'/p, the energy Brillouin zone is enlarged by this factor, i.e. the
quasienergies take values in the interval 0 < Ref < hw. Thus, if £4(k) is the complex band
of the Floquet operator (5.4), and the complex quasienergies corresponding to the quasienergy
states (5.7) are

EM™ (k) = Eq(r) + hwg , hw= 2WF§ . (5.8)
In the rest of this section we discuss the dispersion relation £,(x) for the quasienergy bands on
the basis of the single-band model. It is understood, however, that the single-band approach
can describe at its best only the real part E = Ref of the spectrum.

In the single band analysis [51], it is convenient to work in the representation (5.1). Assuming
that the two timescales are commensurate, the Houston functions (1.13) can be generalized to
the Wannier-Bloch functions, which yields the following result for the quasienergy spectrum

Ft F,

T
Bo(r) = % /0 caln(t) )b, K(0) =5~ o — 2 sin(wi), (5.9)

In this equation, as before, €,(k) is the Bloch spectrum of the field-free Hamiltonian Hy =
p?/2+V(x) and k(t) is the solution of the classical equation of motion for the quasimomentum

'We recall that in the case of pure dc field the operators U (Ts) are unitarily equivalent for arbitrary .
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(Ey(@)-E )E,

Figure 5.1. The band structure of the quasienergy spectrum originating from the ground (o =0)
Bloch band as predicted by the single-band model. The parameters of the non-driven system are
h =3, F =0.08 and the driving amplitude is ¢ = 1. Only the rational values w/wp = p/q with
q < 7 are considered. The straight lines restricts the interval |E| < hw corresponding to two
(quasi)energy Brillouin zones.

with initial value k. Expanding the Bloch dispersion relation into the Fourier series

o

€a(k) = Z €q (V) cos(2mvk) (5.10)

v=0

we obtain after some transformations

(uqu

Bal) = 3 Jua (952 Eliup) cos(2nppn) (5.11)

u=0

Thus, the dispersion relation for the quasienergies is given by the original Bloch dispersion
relation with rescaled Fourier coefficients. As the coefficients €, () rapidly decrease with v, for
practical purpose it is enough to keep only two first terms in the sum over p.

Because the absolute value of the Bessel function is smaller than unity, the width of the
quasienergy band is always smaller than the width of the parent Bloch band. In particular,
assuming €, (k) & €4 + (Aqy/2) cos(2mk) (which amounts the tight-binding approximation) and
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the simplest case of the resonant driving w = wp (p = ¢ = 1), we have

Ey(k) =€+ N1 (%) % cos(27k) . (5.12)
As follows from this equation equation, the width of the quasienergy band approaches zero at
zeros of the Bessel function Ji(z). This phenomenon is often referred to in the literature as a
dynamical band suppression in combined ac-dc fields. A similar behavior in the case of pure dc
field was predicted in [47,52] and experimentally observed in [130].

Let us finally discuss the case of an irrational ratio of the Bloch and the driving frequency,
7 = w/wp. We can successively approximate the irrational v by rational numbers p;/g;, which
are the j-th approximants of a continued fraction expansion of y. Then, as for a typical v
both p;,q; — oo, the bandwidth of this approximation exponentially decreases to zero and the
quasienergy spectrum turns into a discrete point spectrum [50]. This is illustrated by Fig. 5.1,
where the band structure of the quasienergy spectrum (5.8), calculated on the basis of Eq. (5.11),
is presented for @ = 0 and constant value of driving amplitude ¢ = F,w?. (The parameters of
the non-driven system with V(z) = cosz are h = 3 and F' = 0.08.) Note that the quasienergy
bands have a noticeable width only for integer values of p.

It is an appropriate place here to note the similarity between the quasienergy spectrum of
a driven Wannier-Stark system and the energy spectrum of a Bloch electron in the constant
magnetic field. The latter is known to depend on the so-called magnetic matching ratio

eBd?

= 27he ’

(5.13)

where d is the lattice period. The spectrum of the ground state energies as a function of 3 forms
the famous Hofstadter butterfly [171]. In particular, for rational control parameter § = p/q
the number of distinct energy bands in the spectrum is given by the denominator q. Note that
the magnetic matching ratio can be interpreted as ratio of two timescales, one of which is the
time d?m /27h a particle with momentum 277 /d needs to cross the fundamental period d, and
the other is the period eB/mc of the cyclotron motion.? Similar, the driven Wannier-Stark
system has two intrinsic timescales and the structure of the quasienergy spectrum depends on
the control parameter v = T/T,, = hw/edF', which is often referred to as the electric matching
ratio.

5.2. S-matrix for time-dependent potentials

Provided the condition (5.3) is satisfied, the derivation of the scattering matrix closely follows
that of Sec. 2.2. Thus we begin with the matrix form of the eigenvalue equation (5.5), which
reads

ST . Gs(n) = AGs(m). (5.14)

(To simplify the formulas we shall omit the quasimomentum index in what follows.) Comparing
this equation with Eq. (2.18), we note that index of the matrix U is now shifted by ¢q. Because

2This remark is ascribed to F. Bloch.
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of this we have ¢ different asymptotic solutions, which should be matched to each other. Using
the terminology of the common scattering theory we shall call these solution the channels.

(+)

As before, we decompose the vector G's into three parts, i.e. G5’ contains all coefficients with
n> N and G4 all coefficients with n < —N — g. The third part, Gg)), contains all remaining
coefficients with —N — ¢ < n < N. The coefficients of Ggﬁ and G(_) are defined recursively,

Gs(m) = (A um) Gs(m — q) form > N, (5.15)
Gs(m — q) = (um/A) Gg(m) form < —N, (5.16)

where u,, = exp(ih?[(k +m — q)® — (k +m)?]/6F). Let W be the matrix U truncated to the
size (2N + 1) x (2N + 1), and, furthermore, let O,,, be an m x n matrix of zeros. With the
help of the definition

Ogonv+1 O
By=| "% w 5.17
= (O o ) 17)

(0)

the equation for G'g’ reads
un+¢Gs(N +q)

(By — A1) GO = - (5.18)

un+1Gs(N + 1)
Oany1,1

The right hand side of the last equation contains g subsequent Gg(m) and therefore contributions
from the ¢ different incoming asymptotes. However, we can treat the different incoming channels
separately, because the sum of solutions for different inhomogeneities yields a solution of the
equation with the summed inhomogeneity. Thus, let us rewrite (5.18) in a way that separates
the incoming channels. We define the matrices e and eq as

1
e = ( 0213:(:1(1 ) v €q = ( Ogant1 1gg ) ’ (5.19)
where 1, denotes a unit matrix of size ¢ x g. Furthermore, we define the matrix u9 as a diagonal
g X q matrix u? with the diagonal

diag(u?) = (un+qs- .-, UN+1) (5.20)

and finally the column vectors G and Gq with the entries G(N +¢),...,G(N +1) and G(—N —
1),...,G(—N—gq), respectively. With the help of these definitions the right hand side of equation
(5.18) reads e9u1G9, which directly leads to the following relation between the coefficients of
the incoming and the outgoing channels

Gq = eq By — AM1]7" e%u9GY, (5.21)

In the S-matrix formula we additionally need to include the influence of the free states, which
are again discrete versions of Airy functions. Thus, with the help of two additional diagonal
matrices, a4(E, N) and aq(E, N), which contain the contributions of the free solutions,

diag(a?) = (Go(N +q), ... ,Go(N +1)), diag(ag) = (Go(—N —1),...,Go(—N —q)) (5.22)
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with Go(m) = exp (ihQ[H +m]3/6F —iE[k + m]/F), we define the ¢ x ¢ S-matrix
S(E) = lim ag 'eq[By — A1} tedudal. (5.23)

It can be proved that the matrix (5.23) is unitary by construction, i.e. ST(E)S(E) = 1.
Based on Eq. (5.23), the equation for the resonance wave functions has the form

(By — A1) GY) =0. (5.24)

In fact, as follows from the explicit form of the matrix By, the first g elements of the eigenvector
are zero and, according to Eq. (5.16), Gg—) = 0. Thus, the solution of Eq. (5.24) satisfies the
resonance-like boundary condition of empty incoming channels. The corresponding energies are
given by £ = ihln A/T and actually depend on k, which enters all above displayed equations as
a parameter.

To conclude this section, we generalize the equation for the Wigner delay time. The general-
ization of (2.30) for systems with ¢ decay channels reads

i Oln[det S(E)]

e oAt (5.25)

or, equivalently

1 OS(E)
r="Tv(7), 7=-iSH(E — 5.26

JI(7) is'(B) = (5.26)
where 7 is the so-called Smith matrix [172]. Along with the Wigner delay time, in the random
matrix theory of chaotic scattering (see chapter 7) the notion of partial delay times, which are
the eigenvalues of the Smith matrix, and one-channel delay times, which are the the diagonal
elements of the Smith matrix, appear. The sum of the partial or one-channel delay times

obviously amounts the Wigner delay time.

5.3. Complex quasienergy spectrum

Using the scattering matrix approach of the preceding section we can calculate the complex
quasienergy spectrum of the Wannier-Stark system for arbitrary values of the parameters. In
this chapter, however, we confine ourselves to the perturbation regime of small £ and relatively
large values of the scaled Plank constant h. The opposite case of large ¢ and small & will be
considered in chapter 7.

We begin with the analysis of the real part of the spectrum, ¥ = Re£. Recalling the results
of Sec. 5.1 the real part of the quasienergy spectrum is expected to obey

2rFn  ARe
=y ;COS(Zﬂpﬁ), n=0,...,p—1. (5.27)

The left panel in Fig. 5.2 shows the mean position of the ground quasienergy bands (dots) and the
band widths (marked as error bars) calculated for some rational values of the driving frequency
w (only the bands with n = 0 are shown). The parameters of the non-driven system with
V(xz) = cosx are h = 2 and F = 0.061. For these parameters the widths of two first resonances
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Figure 5.2. The real (left panel) and the imaginary (right panel) parts of the ground quasienergy
resonances as function of the driving frequency w. The dashed line interpolates the average
values Eg(w) and To(w) obtained for the rational values w/wp = p/q with ¢ < 7 and p < 98.
The “error bars” mark the bandwidths Alé(w) and AY™(w). The system parameters are h = 2,
F =0.061 and € = 0.08.

are g =1.24-10"* and T’y = 1.30-10~!. The distance between the real parts of the resonances
is By — Ey = 3.784hwp. It is seen in the figure that the band widths Af¢ = Al¢(w) are large
only for w = pwp, in qualitative agreement with the estimate (5.11). We would like to stress,
however, that estimate (5.11) is obtained within the single-band approximation and, because
of this, the actual bandwidths deviate from this dependence. (We shall discuss the conditions
of validity of Eq. (5.11) later on in Sec. 5.4.) The second deviation from the predictions of
single-band model is the dependence of the mean quasienergy band position Ey on w. As shown
below, this dependence reflects the presence of the other quasienergy states, originating from
the higher (o > 0) Bloch bands. Let us also note that the mean position E, = E,(w) is, unlike
the band width AZe = A%¢(w), a continuous function of the frequency.

The right panel in Fig. 5.2 shows the imaginary part I' = —2Im £ of the quasienergy spectrum.
In the perturbation regime ¢ — 0 a behavior similar to (5.27),

Im

Io(k) = Ty + ;‘ cos(2mk) , (5.28)

is observed. It should be noted that the smooth function T'y = T'g(w) approximating the mean
values of the bands is nothing else as the induced decay rate discussed in Sec. 4.1. In fact, an
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arbitrary initial state of the system (which was assumed to be the ground Wannier-Stark state
Uy () in Sec. 4.1) can be expanded in the basis of the quasienergy states g (z) as

=0) =Y can¥P, caln) = (TP[U(t=0)). (5.29)

(Here we assume that w/wp is an irrational number and, therefore, the quasienergy functions
are localized function with discrete spectrum.) During the time evolution the coefficients ¢y (t)
decay as exp(—I'yt/2h). Since I'y, > Iy (a > 0), the projection of the wave function back to the
initial state decays (after a short transient) exponentially with an increment given by Tg(w)/2.
This is the underlying argument of our numerical method of calculating the decay spectrum of
the system. Namely, to obtain the decay spectrum discussed in chapter 4 we calculated the mean
imaginary values of the quasienergy bands for a number of rational w/wp and then interpolate
them for an arbitrary w.

Let us now discuss the w-dependence of the smooth functions Eg(w), Tg(w). Because we ana-
lyze the case of weak driving, these functions can be obtained by using perturbation theory. In
fact, assuming again an irrational value of w/wpg, the zero order approximation of the most sta-
ble quasienergy function is the ground Wannier-Stark state ¥, (z). According to the common
perturbation theory, the first order correction is

(Top|z|T
o = \P0n+FwZZE °"g|0|ni’%w\1/a,l- (5.30)

Correspondently, the second oder correction to the energy is

Vool —n)
(n) _ _w 0,a 1
& =&ont 225 &+ (- n)hop £he (531)

In Eq. (5.31) we used the notation (4.5) for the squared dipole matrix elements and took into
account that the energies of the Wannier-Stark states form the ladder £, ; = £, +1hwp. Equation
(5.31) is illustrated in Fig. 5.3, where the real (left panel) and imaginary (right panel) parts of the
quasienergy calculated on the basis of this equation (solid line) are compared to the numerical
data of Fig. 5.2 (dots, interpolated by a dashed line). For small (relative to wpg) frequencies both
curves coincide almost perfectly, but deviate for large w. We attribute this deviation to slow
convergence of the perturbation series over « in the high-frequency region. (For the presented
results the upper limit for the sum over the Wannier-Stark ladders is taken as a = 3.)

The concluding remark of this section concerns the Fermi golden rule approach of chapter 4. It
is seen by comparing Eq. (4.4) to Eq. (5.31), that the Fermi golden rule approach is essentially a
second-order (non-hermitian) perturbation theory. The only difference between Eq. (5.31) (more
precisely, the imaginary part of this equation) and the “e-version” of Eq. (4.4) (used to describe
the decay spectrum in Fig. 4.5) is the use the squared matrix elements (4.14) instead of the
squared dipole matrix elements. However, recalling the relation ¢ = F,,/w? and relation (4.16),
this difference can be shown to be within the accuracy of the second order perturbation theory.
The advantage of the e-version over the F},-version is a better convergence in the hight-frequency
region.
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Figure 5.3. Corrections to the ground state energy from Fig. 5.2 (dashed line) compared to
approzimations based on equation (5.31) (solid line). The left panel shows the real part of the
ground state energy, the right panel the width.

5.4. Perturbation theory for rational frequencies

Discussing the perturbation approach in the previous section we excluded the case of rational
ratio of the driving and Bloch frequencies. Let us now turn to it. To be concrete, we restrict
ourselves by the simplest but important case w = wp. In this case the periodic driving couples the
Wannier-Stark states belonging to the same Wannier-Stark ladder and, therefore, the extended
Wannier-Bloch function @, , is an appropriate zero order approximation to the quasienergy
function.

As described in the beginning of this chapter, the complex quasienergies of the system are
found by solving the eigenvalue equation

U(T,)®a,x = exp|—ilq(k)Ty /R Do - (5.32)

Let us approximate the Hamiltonian (5.2) by the first order of the Taylor expansion in ¢, H =
Hyy — esin(z) cos(wt) (here Hyy is the Wannier-Stark Hamiltonian (2.2) and V(z) = cosz is
assumed for simplicity). Then we can calculate the effect of the periodic driving in the interaction
representation of the Schrgdinger equation. Explicitly, we get

U(T,) = Uw(Tw) Us(T.) (5.33)
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where the operator U.(T,,) reads

. Tw

U.(T,) = &p (% dt cos(wt) U, (t) sin(z) UW(t)> , (5.34)
0

and the operator U (t) is the evolution operator for the unperturbed system. According to

common perturbation theory, the first order correction is given by the diagonal elements of the

operator U.(T,),

exp[—iA&y (k)T /h] = (Po,k|Ue(T0) | Par) - (5.35)

Let us approximate this formula further. Expanding the operator exponent in a series in € and
keeping only the first term, the correction to the quasienergy reads

AE, (k) = —Tiw /0 "t cos(wt) (Do |US (2) sin(z) Up(t)|Bay) - (5.36)

Using the solution Uy (t)®@a,x = exp(—i€at/h) @4 x—r1/n and substituting dt/T, = —dx,
Eq. (5.36) takes the form

1
Ay (k) = —¢ / dK' cos(2K') (B s nt| SI(2) | ey - (5.37)
0

Finally, using the symmetry property of the Wannier-Bloch function, the integral (5.37) can be
presented in the form

Ale 4 inlm

A&y (k) = ( 2

) cos(27k) , (5.38)
where
1
ARe L iAIm — _9¢ / dk cos(27K) (B | Sin(z) | Pa k) - (5.39)
0

(The special notation for the band width stresses that the integral on the right hand side of
Eq. (5.39) is a complex number.) Thus, a weak periodic driving removes the degeneracy of the
Wannier-Bloch bands which then gain a finite width. Moreover, there are corrections both to
the real and imaginary part of the quasienergy.

In conclusion, let us briefly discuss the relation between the formulas (5.38), (5.39) and the
tight-binding result (5.12). As was stated many times, the single-band model neglects the
interband tunneling, which is justified in the limit ' — 0. In this limit the quasienergy band
width can be estimated as

4m?F A,
h2
where A, is the width of the Bloch band. Indeed, using Eq. (4.15), the band width in Eq. (5.39)

can be expressed in terms of the dipole matrix elements as

. 2 F)2

F,
ARe = ¢ = A2, (5.40)
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Then, using the tight-binding approximation (1.11) for the resonance Wannier-Stark states
U, 1(z), we obtain the estimate (5.40). (Alternatively, we can approximate xo(z) in Eq. (4.11)
by the periodic part of the Bloch function.) It is seen, that the estimate (5.40) coincides with
Eq. (5.12) in the limit F,,/F — 0. We would like to stress, however, that the actual perturbation
parameter of the problem is € ~ F,,/F? and not F,,/F, as it could be naively expected on the
basis of the tight-binding model.

5.5. Selective decay

This section serves as an illustration to the perturbation theory of Sec. 5.4 and discusses some
important limitations of the perturbation approach. In order to reduce the number of relevant
resonance states, we choose the parameters of the unperturbed system as A = 2, F = 0.08. In this
case we have to take into account mainly two resonances with energies £ = 9.42-10~2 —i5.60-10~*
and & = 4.18 - 1072 —i8.81 - 102. All other resonances are very unstable and approximately
do not influence the results. The frequency of the time-periodic perturbation is given by w =
2nF/h =~ 0.251.

Figure 5.4 shows the real parts of the quasienergies of the two most stable Wannier-Bloch
resonances for different amplitudes €. In panel (a) we have the unperturbed case with flat bands.
When the ac driving is added, the dispersion relation of the ground band is well described by the
theoretical cosine dependence. The first excited band follows this relation only up to € = 0.2.
If the amplitude is increased further, deviations from the cosine appear, and for ¢ = 1 other
effects strongly influence the band (note that in this case F,,/F = 0.79, thus we are still far away
from the parameter range where the tight-binding model predicts dynamical band suppression).
Furthermore, for ¢ > 0.2 the bands cross, and then we cannot neglect their interaction.

Next we investigate the bandwidth, i.e. the difference between the extrema of the real parts of
the quasienergies. Figure 5.5 shows the width of the two most stable bands as a function of the
amplitude ¢ for three different field strengths F' = 0.02, F' = 0.04 and F' = 0.08. It is seen that
in all cases the bandwidth grows approximately linearly. Again, the agreement is much better
for the ground band; for the first excited band one observes an oscillation around the linear
growth. Note that the slope is proportional to F' as expected on the basis of the perturbation
theory [see Eq. (5.40)].

We proceed with the analysis of the imaginary part of the quasienergy spectrum. Figure 5.6
shows the width of the ground state as a function of the Bloch index for the parameters of
Fig. 5.4. For € = 0 the band is flat as predicted from the theory. For ¢ = 0.2 the width can be
approximated by a cosine, however, the mean is shifted to approximately twice the unperturbed
width. If we further increase e, additional structures appear. In comparison with Fig. 5.4, we
see that the bandwidth is increased where the (real part of the quasienergy of the) ground band
crosses the first excited band. Therefore, we can clearly assign the increase of the width to the
band crossings. Recalling the results of chapter 3, we again observe effects of resonant tunneling,
now as a function of the quasimomentum. As shown in Ref. [148,156], the two-state model of
Sec. 3.3 can be adopted to the present case and yields good correspondence to the numerical
data.

In Fig. 5.6 we can see that the perturbation can both increase and decrease the width and
thus the rate of decay of the quasienergy states. In the case considered, for small ¢ the decay is
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Figure 5.4. Real part of the two most stable (quasi-)energy Wannier-Bloch bands for e =0 (a),
€e=0.2(b),e=04 (c) and e =1 (d). The other system parameters are h = 2, F = 0.08 and
w=2nF/h = 0.251.

Figure 5.5. Width of the two most stable Wannier-Bloch bands as a function of the perturbation
parameter € for F = 0.08 (solid line), F = 0.04 (dashed line) and F = 0.02 (dotted line).
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Figure 5.6. Width of the ground state as a function of the Bloch index x for the cases studied in
Fig. 5.4. The width is normalized with respect to the width at € = 0.

Figure 5.7. Decay rate of the most stable Wannier-Bloch state at k = 0 (lower family of curves)
and k = £1/2 (upper family of curves) for the same parameters as in Fig. 5.5, i.e. F = 0.08
(solid line), F = 0.04 (dashed line) and F = 0.02 (dotted line). The rate is normalized against
the decay rate at € = 0.
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enhanced at the edges of the Brillouin zone and suppressed in its center. 3 Let us therefore take
these two quasimomenta, to further investigate the dependence on the perturbation parameter €.
The results of a calculation of the widths at k = 0 and K = £1/2 as a function of the amplitude
¢ are shown in figure 5.7. For small € the dependence is nearly linear, but for larger values it is
highly nontrivial. In particular, we would like to draw the attention to the behavior of the solid
line at € = 0.4 and of the dashed line at € ~ 0.54. Here the decay rate is suppressed by more
than a factor 10°! This tremendous decrease of the decay rate has enormous consequences on
the global dynamics. For example, let us initially take the most stable Wannier-Stark state and
then add the ac driving. Then the survival probability is given by

1/2 T 1

P(t) :/ dk exp (—70(@ ) . (5.42)
“1/2 h

If we approach the critical value €., the decay is suppressed and asymptotically

P(t) ~ t_1/2 exp(—me t/h) ’ (543)

where I';,,;,, is the minimal decay rate. Let us also note another property. Since the decay rate of
the quasienergy states depend on the quasimomentum, after some time only the contributions
with quasimomentum around the value with the smallest decay rate will survive. In what follows
we shall refer to this phenomenon as the selective decay of the quasienergy states. Some physical
consequence of this phenomenon are discussed in the next chapter.

3The regions of enhanced and suppressed decay depend on the difference between the phase of the driving force
and the phase of the Bloch oscillation. For example, the change of cos(wt) in the Hamiltonian (5.2) to sin(wt)
shifts the displayed dispersion relation by a quarter of the Brillouin zone.



Chapter 6

Wave packet dynamics

In this section we address the question about the time evolution of an initially localized wave
packet. Usually this problem is analyzed by simulating the wave packet dynamics on the basis of
time-dependent Schrgdinger equation. However, this numerical approach is very time consuming
and has an upper limit for the times considered. In what follows we describe the evolution of the
wave packet in terms of the resonance states. Besides tremendous decrease of the computational
efforts, the latter approach also gives additional insight into the decay process of the Wannier-
Stark states.

6.1. Expansion over the resonance states

A direct expansion of a localized state in terms of resonances yields inappropriate results
because in the negative z-direction the resonance states extend to infinity. Therefore the de-
scription needs to be modified to take into account the finite extension of the initial state.
Recently this problem was analyzed for decaying quantum systems with a finite range potential
[173,174].1

Let us adopt the approach of [174] to describe the evolution of the wave packet in momen-
tum space. In this approach, the wave function 1 (k,t) is expressed in terms of the stationary
scattering states Ug(k; E):

Wik, 1) :/o:odEf(E) U (k; ) exp (—i%) , (6.1)

where f(FE) = (Vg(k; E)|(k,0)). [We recall that the states ¥g(k; E) are normalized to d-
function: (Ug(k; E')|¥s(k; E)) = 6(E — E').] We are mainly interested in the properties of
the decay tail at kK — —oo. In this region the scattering states can be approximated by their
asymptotic form [see Eq. (2.7)

lim Ui(k;E) = g+ (E)ex ih2k3 _Ek (E) = et¢(F) (6.2)
Pt +\ /v, = g+ 1Y 6F F ,y g+ =€ . .

'"However, this problem was already addressed in textbooks as, e.g., [175].
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Substituting this asymptotic form into Eq. (6.1) we have

P(k,t) = exp (iﬁ;ff)) G_ <k + %) , k<0, (6.3)
where

f(E) .Fk
G_ / dE ) exp( F) . (6.4)

If the initial wave function 1 (k, 0) has a finite support, f(E) is an entire function in the complex
plane. Then the function f(F)/g+(E) has simple poles at zeros of g4 (E), i.e at the poles of
the scattering matrix S(E) = g_(F)/g+(E). This property suggests to evaluate the integral
(6.4) with the help of the residuum theorem. Without knowing the explicit form of the function
f(E)/g+(E) we have to make some assumptions on its asymptotic behavior in order to proceed
further. In particular, if we assume that the function f(E)/g+(E) does not influence the be-
havior of the integrand at infinity, the integral yields a sum over the residua located within the
appropriate contour. Explicitly, for £ > 0 the contour should be closed in the lower half of the
complex plane, for k£ < 0 it contains the upper half. Since all poles of the scattering matrix are
located in the lower half of the complex plane, we get

G_(k) =270 (k Zb exp (—16_’F—k> , (6.5)

where O(k) is the Heaviside function, the b, are the residue of f(E)/g+(F) at the poles, and
v = {a,l}. Inserting this result in (6.3) yields

21.3
b(k,t) = O (hk + Ft) chexp[ (h()’}l:' _%_@)] |

(6.6)
with ¢, = 27ib,. The terms of the sum are actually proportional to the asymptotic form of the
resonance wave functions ¥, (k,t). Thus, we can equivalently present the wave function as

ik ) = © (1l -+ F1) e, exp ( Eht) o, (k) . (6.7)

Therefore, in the Stark case we can describe the evolution of an initial state by a superposi-
tion of resonances, where we take into account the space-time decay process in the prefactor
© (hk + F't). This factor truncates the wave function at the momentum hk = —F't, i.e. only
momenta with Ak > —F't contribute. With increasing time, the wave function extends to smaller
momenta, where the edge moves according to the classical equation of motion.

It should be noted that the location of the edge reflects the assumption on the behavior
at infinity we made in order to explicitly evaluate the integral. For example, the function
f(E)/g+(E) may contain an additional exponential factor exp(icE) (see the example in [174]).
Though this factor does not influence the poles, it nevertheless influences the argument of the
Heaviside function. In fact, in a realistic situation the edge will be shifted, because the truncation
edge at ¢ = 0 has to reflect the extension of the initial state in momentum space. We take this
into account by replacing ik in the argument of the Heaviside function by h(k + ko), where
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ko describes the extension of the initial state in the negative k-direction. Furthermore, if the
initial state does not have a compact support but a tail in the negative momentum direction,
the edge will be smoothed and deformed. However, the qualitative behavior remains unchanged:
the prefactor is approximately constant for positive arguments of the Heaviside function, and
it approximately vanishes for negative arguments. Therefore, we take the Heaviside description
as a reasonable approximation to the real situation. Let us also note that the wave function
constructed in this way can be normalized. Indeed, in the positive momentum direction the
resonances decrease stronger than exponentially, and in the negative direction the wave function
is truncated.

Now we discuss the dynamics of the wave packet in coordinate space. If we are interested
in the asymptotic behavior for z < 0, the wave function 9(z,t) can be found by a Fourier
transform of the asymptotic form of Eq. (6.7):

Pz, t) = /_O:odk Ok + ko) + F1] 3¢, exp li (6—F -y kac)] . (6.8)

Let us evaluate the integral in the stationary phase approximation. The equation for the sta-
tionary phases reads

213
4 (ﬁ—@—l—kw) 0. (6.9)

Neglecting the imaginary part of the energy &, 2, the stationary phase condition is just the energy
conservation, and the stationary points are the classical momenta hk, = \/2(E, — Fz) = p,(z).
If p,(z) €« —hko — Ft, the prefactor is zero and the integral vanishes. On the other hand, if
puv(z) > —hko — F't, the integral of the contribution of the v-th resonance yields approximately

Eut 2rF pg(w) Typy (-7")
v _ _ Nl
eXP( 7 ) hipy (@) exP( ShFE ~ onF ) (6.10)

which is just the asymptotic form of the Wannier-Stark state in the coordinate representation.
The critical point is p,(z) = —hky — F't, where the approximation breaks down because the
Heaviside function is not a slowly varying function at this point. Actually, in the vicinity of this
point the integral interpolates between the other two possibilities. Let us skip a more detailed
analysis here and roughly describe the transition between both regimes by a Heaviside function
of the argument p,(z) + hky + Ft, or, equivalently, of the argument x + F(t + t()?/2 — E, /F,
where tg = hko/F. Then, replacing the contribution (6.10) by ¥, (z,t), we get

b ) =Y 6,0 |z+ Flt+t)® @] exp (-i%) U,(z). (6.11)

2 F

In comparison to equation (6.7) there are two differences. First, in coordinate space the trunca-
tion depends on the energy of the resonances. Furthermore, the edges of the different contribu-
tions move with a quadratic time dependence, which reflects the classical (accelerated) motion
in a constant external field.

*More precisely, we treat the exponential of the imaginary part as a slow varying function.
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6.2. Pulsed output from the Wannier-Stark system

Let us consider the dynamics of a coherent superposition of the Wannier-Stark resonances
belonging to a particular Wannier-Stark ladder

\/j?a exp (—2—22) . (6.12)

(To shorten the notation, we skip here the truncation by the Heaviside function because the
truncation does not influence the properties which we are going to discuss). This problem, as
will be seen later on, is directly related to the experiment [118], where the coherent pulsed
output of the cold atoms was observed. Based on this phenomenon, a possibility of constructing
an atomic laser is currently discussed in the literature.

According to Eq. (2.39) the Wannier-Stark states belonging to the same ladder are related by
Vo i(k) = exp(—i2nlk) ¥o0(k) and &,y = E4 + 2wlF. Combining this phase relation with the
different phases due to the time evolution, the time evolution of the superposition is given by

8,0 = Serewp (<5) Wasth) =

PY(k,t) = Uoo(k,t)C (% + k) , C(k) =Y crexp(—i2nlk) . (6.13)
l

where W, o(k,t) = exp(—i€qat/h)¥qa(k). Thus, the time evolution of the superposition is given
by the time-evolved wave function at the mean energy, ¥, o(k,t), times the discrete Fourier
transform C(k) of the amplitudes ¢;, which is taken at the momenta k + Ft/h. Since the
function C(k) is periodic in momentum space the factor C(k 4+ Ft/h) is also periodic in time
with the period i/F = Tg. In what follows we shall refer to the function C(k) as amplitude
modulation factor. In the considered case ¢; ~ exp(—I2/0?) the amplitude modulation factor is
obviously a periodic train of Gaussians with the width o—.

We turn to the coordinate representation. Following the derivation of the preceding section,
the wave function % (x,t) can be shown to obey

~( 1 x

$lz,1) = Voo, 00 (7 + 22 | (6.14)
’ T h

where, as before, p(z) = \/2(Eq — Fz) is the classical momentum. Because the function C/(k)

has peaks at integer values of the arguments, the function C(t/Ts + p(x)/h) has peaks at the
coordinates

xz:vo—g(t—l—mTB)Q, (6.15)
where g = E, /F is the classical turning point. Thus, as a function of time, the peaks accelerate
according to the classical equation of motion of a free particle subject to a constant electric
field. Additionally, the peaks broaden linearly with increasing time (or with increasing m). It is
straightforward to combine the result (6.14) with the result of the previous sections. Generally,
we have to truncate the wave front approximately at the coordinate x = —F (¢ + t9)?/2.

Figure 6.1 shows the evolution of the superposition of the ground Wannier-Stark resonances for
V(z) = cosz. The system parameters are i = 3.3806, F' = 0.0661 and o = 15, which correspond
to the setting of the experiment [118]. The figure was calculated in the following way: First the



62

L
L

Iy

-500 400  -300  -200  -100 0
X [um]

2
|¥]
=)

Figure 6.1. Space-time decay of the wave packet for the parameters of the experiment [118].
From top to bottom, the panels correspond to t = 3ms, bms, 7ms and 10 ms, respectively.

ground [ = 0 Wannier-Stark state was calculated in the momentum representation. Then the
wave function was multiplied with the amplitude modulation factor C(Ft/h + k) taken at the
specified times and truncated according to equation (6.7). (We shifted the truncation edge by
ko = 1/2 in order to avoid a truncation directly at the maxima. As mentioned in Sec. 6.1 this
shift takes into account the finite extension of the initial state.) Finally the resulting function
was Fourier transformed into coordinate space. The obtained result reproduces the findings of
the experiment [118]. A series of pulses is formed which then accelerate according to the free
motion. At a fixed value of the coordinate, the sequence is periodic in time (after the first pulse
passed), up to an overall exponential decay which reflects the fact that every pulse takes away
a certain amount of probability.

A few words should be added about the validity of the one-particle approximation. In fact,
in the experiment cited, the authors used a Bose-Einstein condensate of the Rubidium atoms,
uploaded in a vertically aligned optical lattice. Thus a description of the system with the help
of the Gross-Pitaevskii equation?

2

iho, U = 2% + Vo cos(2kz2) + Mgz + Vi | T2 | @, (6.16)

3 A detailed introduction to the physics of Bose-Einstein condensates can be found in the review article [176].
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looks more appropriate. Equation (6.16) was studied numerically in Ref. [177-183]. It was
found that for moderate densities of the condensate (realized in practice) the pulse formation
is only slightly modified by the nonlinear term in the Gross-Pitaevskii equation. Thus the
physics behind the experimentally observed phenomenon is provided by single-particle quantum
mechanics and can be well understood in terms of the resonance Wannier-Stark states.

6.3. Atomic laser mode-locking

The crucial point for the existence of the pulsed output in the Wannier-Stark system is the
fixed phase relation between the probability amplitude ¢; in Eq. (6.12). In the experiment
[118], this fixed phase relation was achieved by the self-interaction of the Bose condensate. In
the following we show that one can prepare an appropriate initial state within single particle
quantum mechanics. Explicitly, the statement is as follows. Take an arbitrary initial state (i.e.
arbitrary ¢;) and drive the system for a finite time Tj,; with the frequency matching the Bloch
frequency wpg. If the driving amplitude is sufficiently large and the interaction time Tj,; is long
enough, the initial state decays with a pulsed output afterwards.

The physics behind this effect is the selective decay of the quasienergy Wannier-Bloch state
discussed in Sec. 5.5. Indeed, let the ®, . (k) be the quasienergy states of the dc-ac Hamiltonian
(5.2). Then we can expand the initial state 1(k,0) in this basis

1/2

$(k,0) = 3 / Ak ca(r) Ban(k), (6.17)

—-1/2

where the ¢, (k) are periodic functions of the quasimomentum. [In particular, assuming the
adiabatic switching of the field, the initial condition 1 (k,0) = ¥ (k) will correspond to c4(K) =
da,0 €xp(isl).] Note that the expansion (6.17) is also valid in the case of a pure dc field considered
in the previous section, but we preferred there the alternative basis of the Wannier-Stark states
[see Eq. (6.12)]. After N periods of driving the wave function reads

1/2 .Eo(k)NTp

dk cp(K) exp (—17) Do (k) , (6.18)

bk, NTg) ~ / -

—1/2
where we assumed that all quasienergy states, excluding the ground states o = 0 has decayed.
Now the ac field is switched off, and we take the final state ¢(k, NTg) as the initial state of the
pure dc dynamics. Expanding it in the basis of the Wannier-Stark states yields 1 (k, NTp) =
co(k) exp(—i&o(k)NTg/h) Vo o(k), where the functions cy(x) and Ey(k) are treated now as the
periodic function of the momentum instead of the quasimomentum. Then

b(k,t > NTg) = Uao(k, t)C (% + k) G(k) = cok) exp (—i%) . (6.19)
Comparing this result with Eq. (6.13), we notice that the prefactor (k) exp(—i€y(k)NTg/h)
takes the role of the amplitude modulation factor C (k) of the new initial state. Let us discuss
this factor in more detail.

As shown in Sec. 5.4, for small ¢ the dispersion relation of the complex quasienergy band is
Eo(k) = & + (AFe/2 +iAf™/2) cos(2mk). Thus the absolute value of the amplitude modulation
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Figure 6.2. Tail of the wave function after the system was driven for different times T = NTpg.
The parameters are h = 3.3806, F = 0.0661 and ¢ = 0.1.

factor is given by

[oNTg Al™NTg
h 2h

IC(k)|? = |e(k)|* exp | — cos(27k) | (6.20)
If the interaction time Tj,; = NTp is large enough (and if ¢(k) is sufficiently smooth), the strong
modulation of the exponential dominates the form of the amplitude modulation factor. Then
the wave function is periodically peaked in momentum space. Of course, such a periodically
peaked structure is also found for larger values of ¢ where formula (5.38) is no longer valid. In
fact, due to the stronger modulation of I'y(x), it appears even for short interaction times.

The behavior of the wave function in coordinate space is additionally modified by the disper-
sion due to the real parts of the quasienergies. If we approximate it by the cosine and again apply
the stationary phase approximation in the Fourier transform of equation (6.19), the stationary
points kg are solutions of the slightly modified equation h%f /2 + wAfeN sin(27ks) = Ey — Fx.
The implications are as follows. In coordinate space, the form of the peaks is changed compared
to the dispersion-free case, in particular, the peaks can be broadened or narrowed. Note that
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Figure 6.3. The same as in Fig. 6.2 but € = 1.5.

for small |ks| there may be three instead of one stationary point for each branch of the square
root. Then the wave function shows additional interferences due to the interaction of the three
different contributions. However, for large |ks| (i.e. for £ — —o0), the dispersion only slightly
influences the shape of the peaks. Thus, for large |z|, the shape of the peaks of the decay tail
mainly reflects the function T'yg(k), which provides a method to experimentally access of this
function.

To support the above analysis, Fig. 6.2 shows the decay tails which develop for a weak driving
with € = 0.1. In this numerical example we choose the ground Wannier-Stark resonance ¢ o(z)
as the initial state (the other parameters are the same as in Fig. 6.1) and drive the system for
different interaction time. (Explicitly, we calculated the resonances wave function ¥go(k), mul-
tiplied by the amplitude modulation factor exp(—i€y(k)NTg/h), where the dispersion relation
was calculated independently, and finally Fourier transformed to coordinate space.) After short
interaction times, the tail is slightly modulated. For longer interaction times, the modulation
depth increases and pulses develop, which finally are clearly separated. Note that, apart from
effects due to the dispersion, we can decrease the width of the pulses by further increasing the
interaction time, which provides a simple way to tune the width experimentally.
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A crucial point of the weak driving regime is the long interaction time which is needed to
generate well separated pulses. The relevant timescale is set by the most long-lived state from
the ground band. For the case ¢ = 0.1, the minimum width is T, = 7.214 - 1073, which
corresponds to a lifetime approximately 10 75. Thus, the interaction time is much longer than
the lifetime of the most stable state. Consequently, a predominant part of the initial wave packet
has already decayed before pulses are being formed. One can, however, surmount this problem
by increasing the amplitude of the resonant driving. Figure 6.3 shows the decay tail for ¢ = 1.5.
Now the pulses develop after much shorter interaction times. For ¢ = 1.5, the function I'y(k)
has four minima, which are due to two crossings with higher excited Wannier-Stark ladders (see
Sec. 5.4). Note that one can directly read off this property from the substructure of the pulses
on the decay tail. In the lower panels of the figure one can also see the narrowing caused by
the dispersion. In particular, the first peaks (counted from the right) strongly oscillate, which
reflects the existence of three stationary points in this region. However, the last peaks have
approximately the same shape, i.e. here the narrowing effect can be neglected.



Chapter 7

Chaotic scattering

This chapter continues the analysis of Wannier-Stark system affected by an ac field. In chapters
5-6 we have considered the case of a relatively large scaled Planck constant % (see Sec. 1.4) and
relatively small values of driving amplitude €, where the perturbation approach can be applied to
analyze the spectral and dynamical properties of the system. Now we turn to the region of small
h — 0. In this region even a weak driving violates the condition of perturbation theory which
roughly reads ¢/h < 1. On the other hand, a small & corresponds to the semiclassical region,
where the classical mechanics can guide the quantum-mechanical analysis. It turns out (see next
section) that the classical dynamics of the system (5.2) is typically chaotic. Then the question
we address sounds as “What are the quantum manifestations of this chaotic dynamics?”. This
question belongs to the list of problems considered by the modern branch of quantum mechanics
known as Quantum Chaos (and actually can be considered as the definition of the field) [184].
A powerful tool of the theory of quantum chaos is the random matrix theory (RMT) [184-187].
Its application is based on the conjecture that the spectral properties of a classically chaotic
system are similar to those of a random matrix of the same (as the Hamiltonian) symmetry class.
Recently a considerable progress has been made in nonhermitian random matrix theory, which
aims at describing the properties of scattering systems [188-191]. In what follows we study the
system (5.2) from the point of view of nonhermitian random matrix theory. In particular, we
numerically calculate the distribution of the width of the quasienergy Wannier-Stark resonances
and distribution of the Wigner delay time and compare them with the prediction of RMT.
We would like to note that presently there are just a few physical models which allow detail
comparison to analytical results of RMT.! In this connection, the driven Wannier-Stark system
(5.2),

p? F,
e} + cos[r + ecos(wt)] + Fx, &= —, (7.1)

H=
w2

(to be concrete, we choose V(z) = cosx) serves an excellent example for testing an abstract
RMT.

! Among the physical models two-dimensional billiards with attached leads [192-194], simplified models of atomic
and molecular systems [195-197], the kicked rotor with absorbing boundary condition [198-200], and scattering
on the graph [201,202] could be mentioned.

67
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7.1. Classical dynamics

We begin with the analysis of the classical dynamics of the driven Wannier-Stark system (7.1).
Let us consider first the case F' = 0. Expending the space- and time-periodic potential in Fourier
series yields

cos[z + ecos(wt)] = Jy(e) cos(z) — Ji(e)[sin(z + wt) + sin(z — wt)] (7.2)
Ja(€)[cos(z + 2wt) + cos(z — 2wt)]
+  Js(e)[sin(z + 3wt) + sin(z — 3wt)] + ...

Then, from the view point of the classical nonlinear dynamics [203], the system (5.2) is a system
of many interacting nonlinear resonances. Depending on a particular choice of the parameters w
and ¢, its dynamics can be either quasiregular or chaotic [204]. This is exemplified by Fig. 7.1,
where the stroboscopic surface of section? is shown for w = 10/6 and € = 0.1 and ¢ = 1.5. In
the quasiregular case with € = 0.1 only the three terms, cos z and sin(z + wt), in series (7.2) are
important. The three corresponding nonlinear resonances are clearly visible in the left panel.
The main resonance of cos x appears as the large central island and the two other resonances
correspond to the two smaller islands at z =~ 1 and p =~ +1.5. For large ¢ = 1.5 many such
nonlinear resonances overlap, and a broad chaotic band appears. Assuming an initial condition
in this chaotic band, the classical motion is then confined to this chaotic region, i.e. in the field
free case F' = 0 it remains bounded in the momenta.

Adding a dc field changes this property, since it destroys the invariant curves separating the
chaotic component of the phase space from the outer region of the regular motion. In fact, the
static field connects the regions of large momentum, because a particle initially localized in the
regular region of large positive momentum p >> p* ~ 5 can then move into chaotic region (small
momentum |p| < p*) from where it can finally reach the region of large negative momentum.
Thus the scattering process p — —p consists of tree stages: almost uniformly deaccelerated
motion for p > p*, temporal chaotic motion |p| < p*, and accelerated motion for p < —p* (see
Fig. 7.2). The time spent by the particle in the chaotic region is the delay or dwell time 7, which
we define as the time gain or loss relative the case V(z,t) =0
7= lim [r(po = —po) — 2po/F] - (7.3)
Figure 7.3 shows the delay time (measured in periods T,,) as the function of the initial coordi-
nate zo (the momentum pg is kept fixed). The function is very irregular. Regions where it is
approximately constant are intermitted by regions of irregular peak structures. If we zoom into
such a structure, this behavior repeats on a finer scale, and altogether the function 7(zy) shows
a fractal behavior which is one of the main characteristics of classical chaotic scattering.

The randomness of T suggests its statistical analysis. Figure 7.4 shows the distribution P (1)
of the classical delay time for w = 10/6, ¢ = 1.5 and F' = 0.065. It is seen that the distribution
has an exponential tail

P,(1) ~ exp(—vT) , (7.4)

2The stroboscopic surface of section is generated by plotting the momentum p(¢) and coordinate z(t), taken by
modulus 27, for t = nT, (n=0,1,...).
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Figure 7.1. Classical stroboscopic surface of section of the system (7.1) for F = 0. The driving
frequency is w = 10/6, and the amplitude ¢ = 0.1 (a) and ¢ = 1.5 (b). In the first case the
system is almost regular, in the second case a broad chaotic band appears.
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Figure 7.2. Ezample of classical trajectories for the system (7.1) with parameters w = 10/6,
F=013 ande=0 (a), e =15 (b).
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Figure 7.3. Fractal structure of the classical delay time T as a function of the initial coordinate
z. The system parameters are F = 0.3, w = 10/6 and € = 1.5.
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Figure 7.4. Distribution of the scaled (1 — F1) classical delay time for w = 10/6, ¢ = 1.5 and
F = 0.065.

which is another characteristic feature of the chaotic scattering®. The value of the decay in-
crement v primarily depends on F, and for F = 0.13 and F = 0.065 (used later on in the
quantum simulation) is v &~ 0.13F and v = 0.20F, respectively. Note that the distribution of
the delay times also defines the decay of the classical survival probability P,(t). Assuming an
ensemble of classical particles with the initial condition in the chaotic region, the latter quantity
is defined as the relative number of particles remaining in the chaotic band. Obviously, the
classical survival probability (asymptotically) decreases exponentially with the same increment
v, i.e. Py(t) = exp(—vt).

7.2. Irregular quasienergy spectrum

We proceed with the quantum mechanical analysis of the system. Let us begin with the
analysis of the complex quasienergy spectrum for the simplest case p = ¢ = 1, where the
quasienergy spectrum coincides with the spectrum of the Floquet-Bloch operator(5.4).

Figure 7.5 shows the real and imaginary part of the spectrum &, (k) for w = 10/6, ¢ = 1.5
and h = 0.5. (The value of the static force is fixed by the resonant condition w = wp =

3In principle, far asymptotic of the distribution P, () may deviates from the exponential law, which is known
to be due to the effect of the stability islands or their remnants. In our case, however we did not observe such a
deviation.
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Figure 7.5. Real and imaginary parts for the quasienergy spectrum E,(k) of the system (7.1)
with parameters h = 0.5, w = 10/6, ¢ = 1.5 and F =~ 0.13.

Figure 7.6. FEigenvalues Ay (k) = exp(—i€q(k)/F) in a polar plot. The left panel shows the
location of the eigenvalues inside the unit circle, the right panel additionally shows the dependence
on the quasimomentum.
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2nF/h, which corresponds to F' = 0.133.) For each value of the quasimomentum r, 15 most
stable resonances are plotted. In addition to Fig. 7.5, Fig. 7.6 shows the same spectrum as a
polar plot for the eigenvalues A\ (k) = exp(—i€q(k)/F'), where the axis of the cylinder is the
quasimomentum axis. Now 30 resonances are depicted. It is seen in the figures that, apart from
the symmetry x — —k [which reflects the symmetry ¢ — —¢, p — —p of the Hamiltonian (7.1)],
the spectrum looks very irregular. The formal reason for this irregularity is the interaction of the
quasienergy bands discussed in Sec. 5.4. However, in the presently considered case of small A,
this interaction appears to be so strong, that it makes an analytic description of the dispersion
relation impossible.

An important result following from the numerical data is a clear separation of the resonances
according to their stability. Namely, for every k there is a finite number of relatively stable
resonances which occupy the region near the unit circle in Fig. 7.6. The rest of the resonances
are very unstable and they occupy the region in the center of the unit circle. Using the phase-
space representation of the resonance wave function (for example the Husimi representation
[153]) it can be shown that the former resonances are supported by the chaotic region of Fig. 7.1
and, thus, are associated with the chaotic component of the classical phase space. The latter
resonances are associated with the outer regular region of the classical phase space and can
be considered as a kind of “above-barrier” resonances. According to the Weyl rule, the total
number of the relatively stable (chaotic) resonances can be estimated as

¢ pdz
N =
2rh

where the integral § pdz stands for the volume of the chaotic component.* Let us also note that
these resonances have the width of nearly the same order of magnitude. This fact and the avoided
crossings in the real part reflect the chaotic structure of the interaction region in classical phase
space, which quantum mechanically results in a strong interaction of the participating states.

Additional information about the structure of the quasienergy spectrum can be obtained by
considering the Wigner delay time (5.25). As an example, Fig. 7.7 shows the Wigner delay time
7(E) for w/wp = 1/2. As already mentioned in Sec. 3.4, since

Lo
T(E) ~ > (E—E)2+12/4° (7.6)

«

(7.5)

the Wigner delay times reveals only the narrow resonances. The majority of these resonances can
be identified with the chaotic resonances, which form an irregular pattern in Fig. 7.7. However,
besides this irregular pattern, a regular one in the form of a rhombus is clearly seen. Below we
show that this regular structure is due to the stability islands of the classical phase space.

In fact, let us consider an arbitrary term in Eq. (7.2). This term corresponds to classical
nonlinear resonance at p & mw. Assuming that the interaction between the nonlinear resonances
does not completely destroy this particular resonance, the dynamics of the system in the vicinity
of its stable periodic point is locally governed by the effective Hamiltonian

2
Het = % + J(e) cos(z + mwt) + Fa (7.7)

4This formula also estimates the number of under-barrier resonances for € = 0. Then f pdzx is the phase volume
confined by the separatrix.
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Figure 7.7. The Wigner delay time (left panel) and the real part of the quasienergy spectrum
(right panel) for the system (7.1) with parameters ¢ = 1.5, w = 10/6 and h = 0.25 in the case

p/g=1/2.

(the sign of the Bessel function and the sin or cosine dependence does not matter). By substi-
tuting ' = z + mwt, the Hamiltonian (7.7) is transformed to the time-independent (up to an
additive term) form Hy,, = p?/2 + Jp(€) cos ' + Fz'. The latter Hamiltonian can support the
localized Wannier-Stark states U, ;(z') 5 or, alternatively, the extended Wannier-Bloch states
D, (z'). Denoting by &, the degenerate band of these Wannier-Bloch states, the dispersion
relation for the quasienergy spectrum of the effective Hamiltonian (7.7) reads

1 [w? '
Ea(RK) =hw — | —+&, | £mk . (7.8)
hw 2 mod:1

It follows from the last equation that the nonlinear resonance index m can be extracted from
the slope of the dispersion lines. In particular, one can clearly identify the stability islands with
m = £2 and the remnant of the stability islands with m = %1 in Fig. 7.1.

To summarize, the quasienergy spectrum of the Wannier-Stark system consists of two com-
ponents, associated with the regular and chaotic components of the classical phase space. The
“chaotic” component of the spectrum has seen to have a rather complicated structure. This
suggests a statistical analysis of the spectrum, which will be done in Sec. 7.4. Before doing this,
however, we shall briefly discuss some results of random matrix theory.

®Note that these states move m lattice periods to the left or right per period of the driving frequency.
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7.3. Random matrix model

As was mentioned in the introductory part of this chapter, the main conjecture of random
matrix theory of quantum chaos is that the spectral statistics of a classically chaotic system
coincides with those of an appropriate ensemble of the random matrix. Let us first discuss
which ensemble is “appropriate” to model the spectral statistics of the system of our interest.

According to the results of Sec. 5.2, the quasienergy resonances of the Wannier-Stark system
are given by the eigenvalues of the nonunitary matrix (5.17), which enters in the definition of
the scattering matrix (5.23). In the random matrix approach it is reasonable to keep the same
structure of the matrix. In other words, we model the case of rational w/wp = p/q by the
random scattering matrix

—iEq1— 1
S(E) =em[B—e P17 1eM | ey = ( On,m lM,M) . eM= ( O%Xr) , (7.9)

where nonunitary matrix B is given by

Ou,Nn Omm
B= : Mo 7.10
( Wnn Onum ) (7.10)

and Wy n is a random unitary matrix of size N x N. In Eq. (7.9) and Eq. (7.10), the parameter
M is identical with the denominator ¢ in the condition of comensurability.> Moreover, we choose
Wy~ to be a member of Circular Unitary Ensemble (CUE). The reason for this is that matrix
W~ should model the unitary matrix (7("),

U :&T)(—%/OTdt M+V(w,t)b (7.11)

2
which, excluding the cases k = 0 and k = £1/2, has no time-reversal symmetry.

Now we discuss the statistics of the resonance widths. The histograms in the left panel of
Fig. 7.8 show the distribution of the scaled resonance widths for the random matrix model (7.9),
(7.10) for M = 1,2,3. These histograms are obtained in the following way. First, we generate
a random 40 x 40 GOE matrix (i.e., a symmetric matrix with random elements distributed
according to normal law). Then, multiplying the eigenvectors of this matrix (arranged column-
wise in a square matrix) by a random-phase factor, we obtain a member of CUE [205]. This CUE
matrix is enlarged to a nonunitary matrix B and diagonalized. After diagonalization, we have
(N — M) non-zero eigenvalues A = exp[—i(E — iI'/2)]. To ensure the convergence in the limit
N — o0, the resonance widths I' are scaled based on the mean level spacing A = 27 /(N — M) as
I's = NI'/2 = «['/A. Finally, the distribution of the scaled widths is calculated for an ensemble
of 1000 random matrices.

In Fig. 7.8 the distribution of the resonance widths is compared with the analytical expression

(=DM a1 dM [1—exp(—2T;)
(M—1)!"° drM T,

5In this section we use standard notation of RMT — N for the matrix size and M for the number of scattering
channels.

I(T,) = , (7.12)
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Figure 7.8. Distribution of the resonance widths (left panel) and distribution of the sum of partial
delay time (right panel) for M =1, 2, 3 decay channels. Numerical data (histograms) are com-
pared with theoretical curves (solid lines). With increasing M, the mazima of the distributions
shift to the right.

valid in the limit N — oo [206]. Note that the distribution (7.12) was originally obtained for a
different random matrix model, which was aimed to model the chaotic scattering of the ballistic
electrons in the mesoscopic cavities [189], and corresponds there to the so-called case of perfect
coupling [188]. The asymptotic behavior of the distribution (7.12) is given by II(T's) ~ M /22 for
s> 1, and II(T) ~ I‘é\’f —1 for 'y <« 1. A perfect coincidence between the depicted numerical
data and analytical results is noticed in all three considered cases.

We proceed with the distribution of the Wigner delay time. The advantage of the Wigner
delay time is that it can be directly compared to classical delay time (7.3). Within the random
matrix approach discussed above, the Wigner delay time can be calculated by taking the trace
of the Smith matrix (5.25), where the random matrix analogue of the scattering matrix (5.23) is
given in Eq. (7.9). Alternatively, we can calculate the Wigner delay time by using an M-channel
analogue of Eq.(2.31)

r(B) = 2T (MHBT — 1] B — e 1P1] TeM) | (7.13)

Note that the scattering matrix (7.9) yields only positive delay times whereas the Wannier-Stark
system (where the delay time is compared to the “free” motion) also allows for negative values.
However, we can easily take this fact into account by shifting the delay time (7.13) by N units.

The distributions Py, (7) of the Wigner delay times require an additional remark. The ran-
dom matrix theory predicts only the distribution of the partial delay times [see Eq.(7.14) below],
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whereas we are interested in the Wigner delay time, which is the sum of partial delay times di-
vided by the number of channels. Because the partial delay times are correlated, the exact
distribution of the Wigner delay time is a rather complicated (open) problem in random ma-
trix theory. However, “in the first order approximation”, the correlation of the partial delay
times may be neglected. Then the distribution Py, (7) of the Wigner delay time is the M-fold
convolution of the distribution P(7) for the partial delay times. According to the results of
Ref. [145,188], the latter is given by

P(ry) = % FM=2 g1/ (7.14)
where 73 = 7/N = 7A /27 is the scaled delay time.

In the right panel of Fig. 7.8, the distributions of the sum of the partial delay times are
compared with the M-fold convolution of the distribution (7.14).” An ensemble contains 1000
random matrices of the size 40 x 40, and for each matrix the delay time is calculated at 100
equally spaced values of E. In the one channel case both results agree perfectly, whereas in the
other cases the curves are slightly shifted. However, even here the agreement is pretty good.
Thus, the assumption of independent partial delay times really yields a good approximation to
the data.

7.4. Resonance statistics

In the previous section we introduced a random matrix model of the driven Wannier-Stark
system which yields analytical results for the distribution of the resonance width and Wigner
delay time. In this section we compare the actual distributions, obtained numerically, to these
theoretical predictions. In our calculation, we construct the statistical ensemble by scanning the
quasimomentum x with a step Ax over the first Brillouin zone —1/2p < k < 1/2p. To get a
good statistics, Ax should be as small as possible. On the other hand, because the widths and
the delay times depend smoothly on the quasimomentum, there is a characteristic value of Ax
such that a further decrease does not improve the statistics. In the following calculations we
choose Ak = 1/200p, i.e. we average over 200 spectra.

The other problem arising in the statistical analysis of the numerical data is the appropriate
rescaling of the resonance width and the delay time. In fact, the notion of matrix size N is
not directly specified in our approach. However, we can use the estimate (7.5) to specify the
parameter N. For the value of the scaled Plank constant % = 0.25 considered below this gives
N = 32. In what follows, however, we use a slightly smaller value N = 28.

The two upper panels of Fig. 7.9 show the complex quasienergies and the distribution of the
resonance widths for the most simple single channel case p = ¢ = 1. A good agreement between
the random matrix results and the calculated distribution is noticed. The distribution has its
maximum at 'y = 0, i.e. the resonances tend to be long-lived. The main deviation is a peak at
I's = 8, which is due to states associated with stability islands in the classical surface of section.
One also finds these resonances in the delay time shown in the left lower panel of Fig. 7.9. As
discussed in Sec. 7.2, resonances corresponding to classical stability islands form straight lines

"To obtain the distribution for the Wigner delay time, the displayed histograms should be scaled as Py, (7) —
MP(r/M).
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Figure 7.9. Complez quasienergies, distribution of the widths, delay time and distribution of the
delay times of the system (7.1) for the case p/q = 1 with parameters ¢ = 1.5, w = 10/6 and
h = 0.25. In this case the constant force is F =~ 0.066.

in the quasienergy spectrum. Indeed, we can see the lines with the slope £47 and remnants of
two lines with slope +27. Because such resonances have approximately the same widths, their
signatures are easily identified in the distribution of the widths.

The right lower panel shows the distribution of the delay time (to facilitate the comparison,
the histogram for the scaled delay time is shifted to the right by one unit.) Here the agreement is
pretty good, either. The location of the maxima at 7, = 0.33 and the shape of both distributions
coincide almost perfectly.

We proceed with the case p/q # 1, where we restrict ourselves to an analysis of the resonance
widths. The most striking prediction of the random matrix model of Sec. 7.3 is that the statistics
of the resonance widths is solely defined by the integer ¢g. On the other hand, the random matrix
model is supposed to describe the properties of the real system with four parameters. Thus,
provided ¢ is the same, the distribution of the resonance widths should be independent on the
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Figure 7.10. Distribution of the resonance widths for different field strengths F with ¢ = 1.5,
w =10/6 and h = 0.25. The histogram show the numerical data, the solid lines are the random
matriz predictions (7.12) for the proper number of decay channels.
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particular choice of the other system parameters. (Of course, the condition for chaotic dynamics
should be fulfilled.) To check this prediction we proceed as follows.

The number ¢ of decay channels is defined by the rationality condition pT,, = ¢T’g, i.e. in
terms of the system parameters by F' = qhw/p2w. As in the preceding cases, we choose ¢ = 1.5
and w = 10/6 to ensure that the system is classically chaotic, and A = 0.25 in order to be in
the semiclassical regime. Then we calculate the distribution of the resonance widths for several
combinations of the integers p and ¢, which correspond to increasing values of F'. Naively one
would expect that with increasing F' the resonances tend to destabilize. Instead the distributions
follow closely the RMT distributions for the g-channel case as can be seen in Fig. 7.10. The first
and the last picture for the smallest and the largest field strength correspond to the one-channel
case ¢ = 1. Note that the field strength differs by a factor seven, but the distributions are
essentially the same. For the intermediate field strengths the distributions vary according to the
number of decay channels. We should stress that the only adjusted parameter, the number of
states N = 28 defining the scaled width I';, is constant in all figures.

7.5. Fractional stabilization of the Wannier-Stark system

In this section we discuss an interesting application of the results of preceding section, which
can be referred to as fractional stabilization of the Wannier-Stark system.

Let us discuss again the spectroscopic experiment [115], where the survival probability for the
cold atoms in the accelerated optical lattice was measured as a function of the driving frequency
(see Sec. 4.3).We assume now the following modifications of the experimental set up. The value
of the scaled Planck constant (which is inversely proportional to the laser intensity) is small
enough to insure the semiclassical dynamics of the system. The value of the driving amplitude
is large enough to guarantee the classical chaotic dynamics of the atoms. (Note that both these
condition were satisfied in a different experiment [208].) The atomic survival probability is
measured as a function of the acceleration but not as the function of the driving frequency, i.e.
we vary wp instead of varying w. (This condition is actually optional.)

Figure 7.11 shows the results of the numerical calculation of the quantum survival probabil-
ity P,,(t) based on direct numerical simulation of the wave packet dynamics.® The survival
probability shows an interesting behavior. For small times, the curve fluctuates around an
approximately constant value. When the time is increased, this average value decreases expo-
nentially. In addition, however, peaks develop at integer values v = w/wp and, incrementally,
at rational y = p/q with small denominator. Thus, the decay is slowed down for rational . In
what follows we explain this stabilization effect by using RMT approach.

Indeed, the system parameters were chosen to ensure the regime of chaotic scattering. Then
the distribution of the resonance widths is given by equation (7.12). Let us assume that the
initial state uniformly populates all resonances. If we then neglect the overlap of the resonances
(this is the so-called diagonal approximation) the survival probability is given by the integral

8Explicitly, we calculate wave function 4 (p,t) in the momentum representation with the localized Wannier state
as an initial condition. Then the probability for a quantum particle to stay within the chaotic region is given by
Py (t) = flpl <pr |4 (p, t)|? dp, where p* is the classical boundary between the chaotic and regular components of
the classical phase space.
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Figure 7.11. Survival probability as function of the control parameter v = w/wp. The system
parameters are w = 10/6, ¢ = 1.5 and h = 0.25.

[207]
P (t) = /0 Tar () e "t/ (7.15)

where I' = 2I';/N and N is the number of states in the interaction region. The long-time
asymptotics of this integral is defined by the behavior of II(I') at small I, where it increases as
the power law II(T') ~ T9 1. Consequently, the survival probability asymptotically follows the
inverse power law Pg,(t) ~ t~9. Thus, the asymptotics depend on the number of decay channels
and therefore on the denominator of the control parameter v = w/wp = p/q.

With the help of supersymmetric techniques, Py, (t) can be calculated beyond the diagonal
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Figure 7.12. Survival probability at t = 200Ts. The left part shows the numerical data, the right
part the theoretical curve based on equation (7.16). To stress the discontinuous character of the
latter function, we slightly changed its graphical representation.

approximation. This gives more elaborated result [207]

Ppu(t) ~ (1 + M) - (7.16)

hq
where T'yy is the so-called Weisskopf width (which is a free parameter in the abstract ran-
dom matrix theory). For rational y and large times the decay of the survival probability is
algebraic, Py, (t) ~ t79, as found in the diagonal approximation. The case of irrational 7y
can be approximated by the limit ¢ — oo. Then the system shows the exponential decay,
P,,(t) = exp(—T'wt/h) and its natural to identify the parameter I'yy /7 with the classical decay
coefficient v.

The right panel in Fig. 7.12 shows the values of the function (7.16) for t = 2007z and some
rational values of 7 = w/wp. Here we use a slightly different graphic presentation of Py, (t) to
stress that the function (7.16) is a discontinuous function of v for any ¢. In contrast, the atomic
survival probability shown in the left panel is a continuous function of v where its discontinuous
structure develops gradually as ¢ — oco. In fact, the survival probabilities calculated for two
close rational numbers ; and 7y, follow each other during a finite “correspondence” time. (For
instance, for v; = 1 and vy, = 999/1000 the correspondence time is found to be about 507p.)
Thus it takes some time to distinguish two close rationals, although they may have very different
denominators and, therefore, very different asymptotics. With this remark reserved, a nice
structural (and even semiquantitative) correspondence is noticed.
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The described numerical experiment suggest a simple laboratory experiment with cold atoms
in optical lattice, where one can test the statistics of the resonance width indirectly, by measuring
the survival probability for atoms.
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