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On the One-Dimensional Scattering by Time-Periodic
Potentials: General Theory and Application to Two
Specific Models

D. S. Saraga and M. Sassoli de Bianchi!

[nstitut de Physique Théorique, Ecole Polytechnique Fédérale de Lausanne
CH-1015 Lausanne, Switzerland

:15.1X.1996)

Abstract. A comprehensive introduction to the basic formalism of the one-dimensional scattering
by time-periodic short-ranged potentials is presented. The fundamental objects of the theory
(transmission and reflexion probabilities, sidebands and time delays) are defined, and a generalized
Born expansion derived. Particular emphasis is given to the connection between the time-dependent
approach and the quasi-stationary one. In particular, the independence of the scattering process
of the choice of time-origin, in the limit of a monoenergetic wave packet, is clearly established.
The generalized Born expansion is applied to two archetypical models: the square barrier with
modulated height (the celebrated Biittiker-Landauer model) and the square barrier with oscillating
position. For these two models, the full transmission probability is calculated up to the first non-
vanishing correction in the time-dependent perturbation.

1 Introduction

Roughly speaking, time-dependent potentials arise in physics when a small part of a system
Is singled out. and its action on the larger part neglected. If the motion of the larger part
is known, one obtains an approximate description of the small subsystem in terms of an
offective non-conservative force field. Examples include interaction of electromagnetic waves
with matter, thermal fluctuations, chemical reactions at surfaces, coupling of electrons with
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optical phonons and electrons transport in presence of external oscillating voltages [1]-[10].

By now, the general description of scattering by time-dependent potentials is fairly well
understood mathematically [11]-[20]. However, as far as we know, one cannot find in the
physical literature a sufficiently simple and complete description of the basic formalism for
such systems. The purpose of the first part of the present paper is precisely to fill this gap.
For this, we shall limit ourselves to the case of time-periodic potentials and of a single spatial
dimension.

We give in Section 2 the formulation of the scattering problem for perturbations periodic
in time. The concept of quasi-energy will be explained. Transmission and reflexion proba-
bilities and sideband intensities will be clearly defined. The notion of stationarity will also
be discussed, showing that if the incoming packet is sharply peaked in energy, the process
becomes insensitive to the choice of time-origin. 1n Section 3, we establish the connection
between the time-dependent approach, described in Section 2, and the quasi-stationary one
which deals with the scattering of non-normalizable plane waves. We shall also obtain an
heuristic definition of the relevant time delays involved in the description of the scatter-
ing process. Section 4 is devoted to the derivation of the perturbation expansion for the
scattering matrix, generalizing the usual Born series to the case of time-periodic potentials.

The second part of our work consists of a study of two specific models: the Biittiker-
Landauer model [1]-(6], consisting of a square barrier with time-modulated amplitude, and
the square barrier whose mean position oscillates [5]-[10]. To do this, we shall use the
perturbation expansion we derived in Section 4, to obtain, in Section 5, explicit formulae
for the intensities of the transmitted and reflected sidebands at the leading order in the
perturbation.

More interestingly, we shall obtain explicit expressions for the first non-vanishing cor-
rection to the full transmission probability. This will require second order perturbation
expansion which, we believe, is performed here for the first time for these two models.
The graphical solutions of Section 6 will show that for both models, the full transmission
probability is dominated, in the tunnelling regime, by its first-order-sideband contribution
(provided the barrier is sufficiently opaque). The variation of the transmission probability, as
a function of the modulation frequency, shows resonances corresponding to maximums of the
transmission time delay. These resonances arise approximately at frequencies at which the
energy of the first-order-sideband becomes equal to the resonance energies above the top of
the barrier, in agreement with the numerical study [21]. We conclude our study by presenting
some final comments in Section 7. In particular, the role played by the Biittiker-Landauer
time in the description of the crossover regime will be examined.

2 Formulation of the scattering problem
We consider a quantum mechanical system with Hamiltonian
H(t) = Ho+ V(t), (1)

acting in the Hilbert space H = L%(IR?), where d is the spatial dimension (later we shall
set d = 1). The first term in the Hamiltonian, Hy = p?/2m, is the kinetic energy, with
p the momentum operator and m the mass of the particle. The second term, V(t), is the
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potential energy, which may depend explicitly on time. We shall assume that V(t) is local
and short-range. Local means that it can be written

V(t) = /dda:'v(a?,t) |z) (x|, (2)

with v(z.t) a real function of z and ¢. Short-range means that the function v(z,t) goes to
zero sufficiently rapidly (faster than 1/|z|) as |z| — oc. To write (2), we have introduced
the improper eigenvectors q|z) = z|z), x € IR?% of the position operator ¢, obeying the
completeness and orthogonality relationships [ d%z |z){z| = I and {(x|z') = é§(z — 2’). In the
following, we shall assume for simplicity that v(z,t) is bounded everywhere, with (compact)
support in a ball of radius r.

When one allows the Hamiltonian to become time-dependent, many complications arise.
In general [H(t), H(t")] # O for t # ¢, so that the unitary evolution operator U(t,t), solution
of the Schrodinger equation

MUt t) = HOU( ), Ul to) = 1 (3)

is no longer given simply in terms of an exponential e~ ##(=%) a5 it is the case for a static
Hamiltonian H, but by its Dyson expansion (at least when it converges)

L’r(t,to) - e—iHot {I + Z Ui(n)(t!to)\‘ G%HOEO~ (4)
n=1
with o t .
n 1 1 n—1

Ut to) = (—5) [ dtr [dta [T dta Vitt) - WltaoVilta) (5)

’, 0 0 0

and

Vi(t) = exHoty (t)ewtlot, (6)

Contrary to the static case, the evolution is no more invariant under time translations,
the energy of the system is in general not conserved and, in particular, one has to abandon
the notion of stationary state.

However, this does not mean that one has to renounce scattering theory. Indeed, the
important point for the characterization of scattering states, which leave any bounded region
in configuration space as t — +o0, is not that the potential may depends or not explicitly
in time, but that it decreases sufficiently rapidly in space i.e., that it is short-range.

More precisely, let |1(ty)) € H be the pure state describing the system at time ¢,. At time
t the system will be described by the state |¢(t)) = U(t,t0)[%(to)). If the initial condition
[(to)), at time to, is of scattering type, then |y (¢)) will behave in the distant future, and has
behaved in the remote past, according to the free evolution. In other terms, there exist free
evolving outgoing and incoming states |4 (t)) = e~ aHolt=t) |, (t4)), such that the difference

(1)) — lx(t)) = Ut to)[w(to)) — e~ *Ho=10)| o (1)) (7)

tends to zero (in the Hilbert space norm) as t — +oc.
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Multiplying (7) from the left by U'(¢.ty). one finds that the asymptotic conditions here-
above are equivalent to the existence (as strong limits) of the wave operators?

Qi(to) — tHIiI;C Ut(t.to)(l_%”(’(f_t”). (8)

According to (7) and (8), the scattering state at time ¢, is related to the incoming and
outgoing states at time to, by the equalities

[%(to)) = Qs(to)lp+(to)). (9)

This yields the correspondence
¢+ (t0)) = QL (ta)Q2—(t0) |- (t0)) (10)
between the outgoing and the incoming state, and defines the unitary scattering operator?
S(to) = O (t)02_(to) (11)

for the initial condition at time t = ;.

The main difference between the discussion hereabove and the standard presentation for
time-independent potentials, lies in the fact that the scattering process now depends on the
choice of the initial time tg, since the evolution is not invariant under time translations i.e..
Ult,to) # U(t + t1,to + ty) if t; # 0. According to (8),(9), the wave operators for different
initial times are related by

Qi (to) = Ulto, t) 2yt Jentfolot), (12)
which in turn yields for the scattering operators
Sty = (,‘éfi(>(f0*tt)5(tl)(,ﬁffn(!o"h)_ (13)

Relations (12) and (13) are, respectively, the generalization of the usual intertwining property
and of the energy conservation law. This becomes more transparent if one differentiates both
equations with respect to the initial condition ¢, vielding {the prime denotes differentiation
with respect to the argument)

ih¥y (to) = H(to)x(to) — Qx(to) Ho (14)
and
ihS'(to) = [Ho, S(to)] - (15)

Clearly, for a static Hamiltonian the left hand sides of (14) and (15) are zero. and one
recovers the usual form of the commutation properties of wave and scattering operators. In
the following, we shall set 2, = Q4 (0) and S = S(0).

? As strong limits of unitary operators, the wave operators are isometries i.e.. Q;(f@ﬂi(f“) = I. However.
in general they are not unitary i.e., Sli(to)ﬂl(to) # I, according to the fact that bound-states may exist in
the theory.

3The scattering operator is unitary if the theory is asymptotically complete [20]. Roughly speaking, the
theory is complete if all states in H are either scattering states or bound states i.e., if there are no states
trapped by the interaction, nor states that, although propagating away from any bounded region as t — +oc.
do not do it according to the law characterizing free particles [17]. In this paper we are only interested in
time-periodic short-ranged potentials, for which the completeness of the theory has been demonstrated [12].
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2.1 Time-periodic potentials and the law of quasi-energy conser-
vation

From now on, we shall assume that the time-dependence of the potential is periodic with
period T = 27 /w i.e., V(t) = V(¢ + T). Then, it is clear from (3)-(6) that U(t + T, T) =
U(t,0), so that Q.(T) = 24(0) = Q4 and S(T) = S(0) = S. According to (13), it follows
that the scattering operator S commutes with the free evolution over one period:

(S, e~ xHoT] = (), (16)

The commutation relation (16) is the precise law of quasi-energy conservation saying that,
while Hp may not be conserved by scattering, the energy can be changed only by discrete
quanta nhw, n = 0,41, 42, ... To see this more precisely, we shall limit ourselves to the case
of only one spatial dimension (d = 1). We introduce the simultaneous improper eigenvectors
of Hy and f) = p/'pl

H(l|E'U) :ElE;Cr)‘ ﬁ|E~U) :(T‘E,O’), (17)
with E € [0,00) and 0 € {—1,1}. They satisfy the relations of completeness
5 ]“’ dE |E,o)(E, 0| = I, (18)
a=+1"0
and of orthogonality
(E,0|E',0') = 8(E — E')by 0, (19)

and have for spatial wave functions the plane waves (hk = v2m#FE)

1 m wokr
(z|E, o) = \/m\/%( ke (20)

Taking the improper matrix elements of the commutation relation (16), one finds

(E',d'|[S, e #HT)|E o) = (E',0'|S|E, 0) ((;gm' - (’kiE’T) = 0. (21)
Equation (21) implies that the kernel (E’, o’'|S|E, o) is zero except when e #ET = ¢=#&'T
or in other words, E' — E = nhw with n = 0,+1,+2 ... Therefore, writing the energy
E € [0.o0c) as the sum E = = + nhw, with n > 0 the entire part of E/hw and = € [0, hw)
the quasi-energy (i.e., the energy modulo fuw), the equality (21) becomes (we set |e,n,0) =

s+ nhw,o))

(', 0'|S|e.n.a) (e75 — emhT) = 0. (22)

Hence, since the difference in the brackets is zero only if = = 2/, the kernel in (22) has the
form

(".n'.d'|S|le.n.a) = (n',a'|S(e)|n. o) b(c — &), (23)

showing that the quasi-energy = is conserved during the scattering process.

The operator S(=) is called the scattering matrix or scattering operator on the quasi-
energy shell. According to the fact that each quasi-energy state is doubly degenerate (there
are only two angles ¢ = +1 in one dimension), it is natural to divide S(=) into four blocks:

S(z) = ( gg; ?g) ) (24)
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where T'(g) = (+]S(g)|+) refers to states coming from the left being finally transmitted,
R(e) = {(—|S(g)|+) to states coming from the left being finally reflected, and similarly for
T(e) = (—|S(g)|-) and R(c) = (+]|S(c)|-), but for particles incident from the right.

The unitarity of the scattering operator S induces the unitarity of the scattering matrix
S(e) i.e.,

St(e)S(e) = I, S(e)St(e) = I. {25}

More specifically, using the decomposition (24), the first identity in (25) yields

and similarly for the second one. In particular, the first equality in (26) gives

> [[(mIT(E)n)* + [(mIREIM] =1, (27)

m>0

for all n > 0.

2.2 Transmission and reflexion probabilities

Transmission probability has an easily visualisable meaning. For a particle coming from the
left, it may be defined as the probability of finding the scattering particle on the right hand
side of the potential as t — oc. To put the above sentence in the appropriate mathematical
language, we first need to introduce the projection operator

Fiooy = [ dzla)al, (28)
onto the set of states localized in the spatial interval [h, oc), and the projection operators
Fi= [ dE|B,£)(E,+| = |£)(], (20)
0

onto the set of states with positive (+) and negative (—) momentum. Then, the precise
statement that the scattering particle approaches the potential from the left is F,|¢) = |p)
i.e., that its incoming momentum is positive (to simplify the notation, we have set |p) =
|p—(0)) for the incoming state at time ¢ = 0). The transmission probability, P, (y), for a
particle coming from the left, with incoming state |p), may thus be defined by the limit

Pulp) = lim (@(t)] Fpoo) [¥(1))
= Jlim (e FtS ] Fiyoo) [ R0 Sp)
= (S¢| Fy|Sy). (30)

The second equality in (30) follows from the asymptotic condition (7). The last equality
conforms to the intuition that for large positive times the probability that a free evolving
particle will be found in the interval [b, o0) is the same as the probability that its momentum
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is positive.’ The result is independent of b, as is clear from the fact that the scattering state
propagates away from anv bounded region as t — oc.

According to quasi-energy conservation (23) and to the decomposition (24). one finds
that (30) reduces to

hw
Pulp)= 3 / ds £4(2) (s T (=) n)* (5| T() ) gm(2), (31)

nm.s>0

where we have used the completeness and orthogonality relations (18).(19), rewritten into

the form .
3y Z/ de|e.n,a)(e,n,a| = I, (32)
0

ag=x1n>0

and

(e,mn,ole’ 0, 0") = 8(e — €bnnbs.o, (33)

and we have set p,(g) = (¢.n, +|p).

Similar considerations lead, of course, to the definition of the reflexion probability for a
particle coming from the left. which is simply obtained by replacing T'(¢) by R(g) in (31).
In the same way, for a particle coming from the right. one has to use T(<) and f]’(:) instead

of T(z) and R(=).

2.3 Stationary process

Since in experiments one does not usually know the exact form of the incoming packet, one
may look for more realistic expressions than (31). for transmission and reflexion probabilities,
which are independent of any of the details of preparation of the particles in the incoming
beam. Indeed. one may think of the incoming beam as constituted of a succession of incoming
wave packets with a small time lag. that are scattered independently.

According to the discussion above, the scattering with a time-dependent potential is
sensitive to the choice of time origin (i.e., to the choice of the initial condition), since particles
entering the interaction region at different times will not experience the same configuration
of the potential.® More specifically. using (13), one finds that the transmission probability
(31). corresponding to an initial condition at time ¢t = (. transforms to

| e
Pulp,to) = . gtm—n)wto de o (£)(s|T(g)|n)*{s|T()|m)pm(e), (34)

n.m,s >0 0

if the initial condition is shifted at time t = ¢y, # 0.

‘From a mathematical point of view, the equality follows from the Dollard decomposition of the free
evolution. We refer the interested reader to [22].

®The evolution operator U' (t.t,). associated with the time-translated potential V(¢ +¢,). coincides with
the evolution operator U(t + t).tg + 1), associated with the potential V(t), since both operators obey the
same differential equation with the same initial condition at ¢t = ty,. Therefore, according to definitions
(8).(11), the scattering operator S'!(to) for the potential V(¢ + t,) and with initial condition at time t = t¢,
is the same as the scattering operator S(to + t;) for the potential V(t) and with initial condition at time
t = to+ t;. This is the precise version of the intuitive statement saying that two incoming packets with a
time lag t, will feel the external potential with a time difference t;. See also the discussion in [23].
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However, for an incoming packet with a small spread in energy. one loses the control on
the time at which the particle is prepared. Therefore, if the energy spread AF is sufficiently
narrow to give a time-dispersion At ~ h/AE ® larger than the period of the potential, one
expect the transmission and reflexion probabilities to become independent of the choice of
the time of preparation of the particle.

To show that this is indeed the case, one simply has to observe that if the incoming state
has its energy support in an interval AE < hw. i.e.. it is of the form p,/(c) = &,.,.+g(), with
g a given function of quasi-energy ¢ € [0, iw), then (34) reduces to

‘ _ huf,.f“Z;/Q aE
Pulpite) = 3 [ d' [T (i) (=)™ (35)

m2>0

This expression is manifestly independent of the initial condition ty. In other words, the
process becomes stationary for incoming packets with a spread in energy less than hw, in
the sense that it becomes independent of the choice of time-origin or, equivalently, of the
choice of the time of preparation of the incoming state.

Furthermore, under the additional assumption that the elements of the scattering matrix
S(e) are slowly varying functions of quasi-energy <. and that g(<') is sharply peaked at about

¢’ = £, we have the approximation

g1 3 Um|T(e)ln)[*

m>0

hw !
nmmw=L¢

— Z |(m|T(£)|nH2 = Pul(E), (36)

m=>0

where the last equality follows from the fact that the incoming state is normalized to unity,
and we have set £ = ¢ + nfw for the incoming energy.
For the reflexion probability, one finds in the same way

Prr(ipto) = 3 [(m| R(=)n)? = Pres(F) (37)

m2>0

and, as a consequence of unitarity (27), the probability is conserved: Py (E) + Prt(E) = 1.

In summary, equations (36) and (37) show that, in the limit of initial packets sharply
peaked in energy, the process becomes stationary and transmission and reflexion probabilities
depend only upon the incoming energy i.e., they are free of any wave packet structure
considerations.

2.4 Sidebands

According to equations (36) and (37) the physical interpretation of the scattering matrix
elements is straightforward: |(n’|T(z)|n)|? is the probability that a particle with incoming
kinetic energy E = £ + nhw, will be finally transmitted with energy £’ = ¢ + n’hw, and
similarly for the elements of R(¢) for the case of reflexion.

6We recall that the proper sense of the time-energy uncertainty relation AEAt ~ h for a free particle is
that one is unable to say when it will cross a given point with a precision greater than At ~ h/AE [24].
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From a physical point of view, it is however more natural to fix the incoming energy F
(instead of the quasi-energy =), and to discuss only in terms of energy transfer. This leads
us to the definition of the so-called intensities for the transmitted sidebands. These are the
probabilities.

m(E) = [(n + m|T(=)|n) 2. (38)

tr
for an incoming particle of energy FE. of being transmitted with a transfer of exactly m
quanta of energy hw with the external field. m = 0, +1. £2, ... Clearly, a similar definition
holds for the case of reflexion.
The probability of a transfer of m quanta with the external field, irrespective of the fact
that the particle is ultimately observed as transmitted or reflected. is given by the sum

P™E) = P™ME) + P™(E) = |{n+m|T)|n)* + [{n + m|R(=)|n)]?. (39)

It is worth noting that, by definition, sidebands are zero for m < —n, since there is no
scattering for a particle with negative outgoing energy. The case m = 0. which corresponds
to the case of no transfer with the external field, will be referred to as the elastic channel in
the sequel.

2.5 Invariance principles

We conclude this Section by discussing time reversal and parity invariance. For a static
potential, time reversal invariance implies that the transmission amplitudes from the left
and from the right coincide. What happens for a time-periodic potential? To find the
answer let us first recall that the time reversal operator 7 is the anti-unitary operator
obeying T|x) = |z} and T|E.o) = |E,—0). Since the local potential is real, the total
Hamiltonian commutes with 7. Thus, according to Dyson’s series (4)-(6). and taking into
account the anti-unitarity of 7. one finds that TU(t.ty) = Ug(—t. —to)7T . where Ug denotes
the evolution operator for the time-reversed potential V(1) = V(—t). Then. assuming
V(t) = V(—t). one has S = T'S'T . from which it follows that

(n|T(=)|lm) = (n|TT(=)|m)" = (m|T(c)

n) (40)

and

(n|R()lm) = (n|R'()|m)* = (m|R(z)|n). (41)

In other words, for time-reversal invariant potentials V'(t) = V(—t), the probability for a
particle coming from the left with energy = + nhw to be transmitted (respectively. reflected)
with energy < + mhw, is the same as the probability for a particle coming from the right with
energy = + mhw to be transmitted (respectively. reflected) with energy = + nhw (the same
will be true for the associated time-delays. see next Section). Considering equation (13) and
the remark in Footnote 5, one can note that the same conclusion also holds for potentials
which satisfy time reversal invariance only in the limited sense V(t) = V(—t+1t,), for a given
£."

"In that case one has. instead of (40).
(n|T(e)|m) = (m|T(e)|n)e? -t

and similarly for the reflexion amplitudes.
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For rotational (i.e., parity) invariant potentials v(x,t) = v(—x,t), one finds in the same
way that the scattering operator commutes with the unitary parity operator obeying P|x) =
| — z) and P|E.s) = |E, —0o), implying T(c) = T(¢) and R(s) = R(e).

Finally, if the potential is P and 7 invariant, then (n|T(c)|m) = (m|T(s)|n) and
(n|R(g)|m) = (m|R()|n), i.e., scattering amplitudes remain unaffected if one permutes
the incoming with the outgoing energy.

3 Connection with the quasi-stationary approach and
time delays

In this Section we establish the connection between the time-dependent approach, presented
in the previous Section, and the more commonly used quasi-stationary approach. which
describes the scattering of (non-normalizable) plane waves in terms of a system of coupled
stationary Schrodinger equations, called the quasi-stationary Schrodinger equation. This
connection is based on a stationary phase argument which also provide us with a definition
of time delays.

To derive the quasi-stationary Schrodinger equation, we introduce the Fourier series

Vit =) V™, Q_ )= 0™ (42)
for the potential V(¢) and for the wave operator Q_(#). Inserting (42) into (14) and com-
paring the Fourier coefficients one finds the operatorial identity

> (BnsHo + Vi) Qo = Q, (Ho + nhwl). (43)

s

Formally, we multiply (43) from the left by (x|, and from the right by |E. o), to obtain the
system of coupled stationary Schrodinger equations

h2
T Yo (E, 1) + Y vas(x)YI(E, z) = (E + nhw)¥y(E, z) (44)

for the kernels v2(E,x) = \/ﬁ\/%(iﬂﬂu]E.U), The system (44) is the so-called quasi-
stationary Schrodinger equation.

The solution of (44) corresponding to a plane wave ¢'** of energy £ = h*k?/2m, incident
from the left (o = 1), is distinguished by the boundary conditions (we assume for simplicity
that the potential is of compact support in the interval [—r, r])

8n0 €% + Ry (E)e % g < —r

(Y — . :
Wy (El) { ,I;z(E) (’tk"T rT>r, (4‘))

where we have defined hk, = /2m(E + nhw). Similarly, for a plane wave e~*7 incident
from the right (¢ = —1), we have the boundary conditions

T.(E) e tknz T < —r

j)f « ] = X ~ . 46
Yn (E I) { o ekt 4 R,”(E)f’lknj TS ( )
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The amplitudes T,(E), R.(E). T,(E) and R,(E) are uniquely determined by (44)-(46).
Note that in the definition of k,, we chose the branch of VE + nhw so that if F + nhw =

|E + nhwle, then VE + nhw = \/|E + nhw|e*®/2. This means that when E + nhw < 0,

then k, = i\/|E + nhw/|, corresponding to exponentially decaying functions as r — +0o0, the
so-called quasi-bound states.

Relating the above amplitudes to the elements of the scattering matrix gives the con-
nection between the quasi-stationary approach and the time-dependent one (we shall follow
here essentially the treatment presented in [15]). For this, we assume that the incoming wave
has its energy support in the interval [nhw, (n + 1)hw), and describes a particle approaching
the potential from the left i.e., 7 (c) = (e.m,0|@) = bumbs19(c), with g(e) a sufficiently
smooth function of quasi-energy ¢ € [0, hw). Then, by means of (9),(12),(32),(33) and (42),
the scattering spatial wave function reads

U(t,z) = (z|Y(t)) = (z|U(t.0)2_|p)
= (z|Q-(t)e wHot ) = S (z]|QuemnHot )it

bod

- \/_ Z w c + nhw, _T)(:—%[5+(n+s')h-_,-]tg(£)

hw
) \/27r / hrf DU ale + nhw, x)emwEH (), (47)

where ¢¥'f_, (s + nhw, ) = V2rh/2n (2|Q,_.|z.n. +), Ak, = /2m(z + nhw), and for the

last equality we have made the change of variables s = s’ + n. In the same way. the spatial
wave functions of the free evolving incoming and outgoing states are

Ao ”
p(t, ) = (z|e~ "ot p) —271' [) dv’/ﬁh e~ klle+nhw)t—hunz] 5 ) (48)

and

(Sp)(t,z) = (zle™*

_ 1 / ‘ /m (s,0]S(c)|n, +Ye" (e +shw)t—how,x] q(2)
V2Wﬁ 0 o= 11 s>()
/ m |T (<) |77 " — #[(e+shw)t—hrgr)
V2rh Jo )

+ (s|R()|n)e” (st T] g(z). (49)

By the stationary phase argument, p(¢, r) differs appreciably from zero as ¢ — —oc only
for those values of (¢, x) for which the argument of the exponential in (48) is stationary with
respect to energy variations. More precisely, the incoming packet is essentially localized at
time ¢ (t — —oc) at a point x given by the condition

; (g + nhw)t — hwpz] =0 (50)
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ie. x = "Mat showing that the particle was on the far left of the potential in the distant
past.

In the same way, applying the stationary phase argument to the outgoing state (S)(t, r)
for t — oc, yields the conditions

% (g + shw)t — hk,x — arg(s|T(<)|n)] =0, s=0,1,2,... (51)
and J
g (£ + shw)t + hk,x — arg(s|R(e)|n)] =0, s=0,1,2,..., (52)

showing that the outgoing wave is split into an infinite number of parts. each of which is
essentially localized at time ¢ (t — oc) at points

% = ficy (t - h(“i% arg(.s-(T(s){n)) , S=1,1.2... (53)

m

in the right hand side of the potential (transmission contributions), and at points

he,

m

I =

(t — ﬁi arg(s|R(s)ln)) , s=0,1,2,... (54)

in the left hand side of the potential (reflexion contributions).

Next, the asymptotic relations (7) are used to compare the scattering wave (47) with the
incoming (48) and outgoing (49) waves for t — —oc and ¢t — oc, respectively. To this end,
it is necessary to study the asymptotic of ¥/(t,r) as t — +oo. By (45), the terms with s < 0
in (47) (the quasi-bound states) do not contribute since they are exponentially decreasing as
r — xoc. Again by the stationary phase argument. it is easy to check that only the terms of
the form é,,,¢""* contribute in the limit t — —oc of (47), whereas the others contribute only
as t — oo. Comparing these asymptotic with those obtained hereabove for the incoming
and outgoing states. one finds that they coincide if one sets
HTZ

T n(e + nhw) = (s|T(e)|m) (55)

S

and
KT!

Rs_n(e + nhw) = ([ — (s|R(e)|n). (56)

Relations (55) and (56) establish the proper connection between the amplitudes delivered

by the quasi-stationary approach and the elements of the scattering matrix. Similar relations
hold, with obvious modifications, for the case of a particle incident from the right.

3.1 Time delays

According to the analysis above, if the incoming wave is well peaked in energy, the outgoing
scattering state is a superposition of an infinite number of waves characterized by the free
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velocities vy = hx /m. s = 0,1,2,... Since the latter are essentially localized at points (53)
for the transmitted parts, and points (54) for the reflected ones, it is natural to interpret

sn

() = A arg(s| Tl (57)

and

d
ref ) = h—
rit(e) = ho-

in (53) and (54) as the time delays experienced by the transmitted and reflected particles
with incoming energy ¢ + nhw and outgoing energy ¢ + shw.

Transmission and reflexion time delays, irrespective of the outgoing energy, may thus be
defined by the conditional averages (F = ¢ + nhw)

arg(s| R(<)]n) (58)

Tu(E):P"}E)QZDHSIT(SHRH () (59)
and
M(E) = s 3 |GIRE ) () (60)
" 520

Finally, the global (i.e., unconditional) time delay is given by

T(E) = Put(E)T™(E) + Pu(E) T (E)

. d
= —'ih(n.+|31(E)E;S(£)|n.+). (61)
where 7(¢) = —ihS"(2)dS(¢)/dz= is the quasi-energy version of the well known Eisenbud-

Wigner time-delay operator [25].

4 Generalization of the Born series

In this Section, we derive the natural generalization of the Born series for the scattering

operator on the quasi-energy shell. We begin by observing that, by means of (8) and (11).

we may write the scattering operator as the (weak) limit of Uj(t,to) = erflotU(t, ty)e~wHoto

for ty — —oc and t — oo. Writing Uj(t, ty) as the integral of its derivative, one obtains for
the scattering operator the integral representation

8= Fm -;l-/dte%“v'V(t)sz_(t)e-%”vf. (62)

Taking the matrix elements of (62) with respect to the improper eigenvectors (17), we find

(g, 8", 0'|S|e,s,0) = b(c' — )by bgr o
~ %fdt erlE e (bt t o GV (Q_(2)]e, 8, 0).
(63)



764 Saraga and Sassol de Bianchi

Inserting the Fourier representations (42) for V(t) and ©_(t) and redefining the simmation
indices, we arrive at the relation

e, a9 9a) = {8 ;0"

S(e)|s.a) é(s" — €) (64)

with
(s",a'|S()ls,0) = by b g — 2mi Z(: ¥ oIV el sle8 ok (65)
m
According to (65). to determine the perturbation expansion for the elements of the scat-
tering matrix (i.e.. the Born series). it suffices to determine the perturbation expansion of
Qm-slz,5,0). To do this, our starting point will be the Dyson expansion (4)-(6). which we
rewrite, with the help of (42), as®

Ui(t, to) = T+ 3 UMt t0) (66)
n=1
with N ’ : )
U™ (2, 1) = (‘E) S [t [T Vi () Vi (ta) 720 0 (67)
..., £y 0 -0
and

‘/'[(t) — (’%”Ut‘/} (,—i'”u" (08)

On the other hand, for the wave operator 2_(t), we have (in the strong sense)

Q1) = lm Ul(to.t)e” #f07
(,*iﬁnt lnl—i-Iilx Lyl(t,f,g) (:%Hnl' (b(J)

Thus, we need to study the Dyson expansion (66)-(68) in the limit ¢, — —oc. In order
to take this limit without breaking the convergence of the series. we have to introduce an
adiabatic cut off of the interaction i.e., we have to replace V(t) bv 'V (t). & > 0. The wave
operator §2_(t.6), for the potential with cut off, is given by the series’

Q_(t,6) =1+ fj Q" (¢, 8), (70)

n=1

8Notice that each term of the series can be majorized by

10t < (“ S i v n) -

so that the series is norm-convergent for finite times |t — ty| < oc, and for bounded time-periodic potentials

obeying 3 || Vin |I< oc.
“The series is norm-convergent for each é > 0, since we have the bounds

. 1 (e "
Q" ¢.8) | < = (ﬁz | Vin II) -

At the end of the calculation, we shall take the limit & — 0. However, the convergence of the series will then
no longer be guaranteed, since these bounds diverge in that limit.
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with
(.6 = (-1) Z j ity [ty [l i
x [Vi(t) ---w.,(tn)lef”‘*‘e s (71)
Making in (71) the change of variables ¢, = 371, t;, m = 1,...,n, it gives
a(t.6) = (~3) Lt / Pty [ dt e h o
h £y by VT 00 -0
8 { ﬁ e%[Hg—hz;zm(wfjﬂ'é)]t’mvim} an(,(z_zg;l trj).
- (72)
The integrals in (72) can be evaluated by using the formula (Imz > 0)
] dt’ enHo=a" — jp Ry (z)er Ho=2)t (73)

where we have defined the resolvent Ro(z) = (z — Hp)~'. To remove the last exponential,
we apply (72) to an improper eigenvector |e,s,0). Using (73) and the change of variables
$i =8+ Lmen—g-1)fm: J=1,..., .n, one finds

Xl(ll)(f.ﬁ)If,S,n _(J"‘S‘ZQ(“) (8)|g, s, g)eHen— o)t (74)

Spn—S

with

O (8)z,5,0) = S Role + h(saw + i8)Vap s, -

S14ey8n—1

- Vipes Role + h(syw + i6)]Vy, _sle, 8, 0). (75)
If we let & — 0 in (74) we recover the Fourier series for Q(_")(t)15._ s,0). Setting

Go(E) = lim Ro(E + i8), (76)

6>0

we get for Q,, ,|z.s.0) the formal series

P 1,08 = Bl ) % 0D [t ) (77)

n=1
with

QY e, s,.0) = Y Gols + mhw) Vs, -

£y,
.. V[ﬂ_z_gn_lco(f + (,l_[hu.f)v

bpn_1—s

|z, 8,0). (78)
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Finally, inserting (78) into (65), we obtain for the elements of S(=) the perturbation expansion

Se)y=1+> ") (79)
n=1
with
(¢',0'|1SM(e)|s,0) = —2mi Y (e, 8,0 |Vu_y,Golz + LAw)Vi, g, -
£ iy
'"G(](f+én_lflw)w"wl_s[-&'.ﬁ,ﬂ). (8())

Equation (80) is the natural generalization of the Born series for a potential periodic in
time. In the special case of a static potential Vi ¢, = 6 ¢,,,V, one recovers the usual
Born expansion as expected. In fact, it is possible to write (79),(80) in a form closer to the

latter, by introducing the matrix notation

V= Vinln)m|, N=3 nin)n| (81)

n.m

which allows (80) to be rewritten compactly as

SM(c) = —2mi(s|V [Go(s + Nhw)V]" |2). (82)

5 Application to two specific models

In this second part of the paper, we apply the general theory developed in Sections 1-4, to
two basic one-dimensional models: the oscillating amplitude barrier, better known as the
Biittiker-Landauer model, and the oscillating position barrier.

The oscillating amplitude barrier model has played a central role in the recent controversy
over tunnelling times (see also Section 7), and may be seen as a simplistic model for tunnelling
electrons coupled with optical phonons of fixed frequency. In its generalized form, it is
described by the time-periodic potential

2
o(z,t) = wo(z) + A)ui(z), A (z + —) —A) (83)

w
consisting of a static potential vy(z), locally modulated by a time-periodic perturbation
A(t)vi(x). The oscillating position barrier, on the other hand, is pertinent to the study of
the a-c Stark effect or in the modeling of chemical reactions at surfaces. It is described by

the potential
2T

v(z,t) = vo(x — aft)), a (1‘ + —) = @(t). (84)

w

For small modulations A(t) and oscillations a(¢), both models can be analyzed with the
help of the perturbation theory for time-periodic potentials. For this, since we no longer take
as the unperturbed Hamiltonian the free Hamiltonian H, but the total static Hamiltonian
H = Hy + Vg, we first need to modify the Born expansion we derived in Section 4.
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Let H(t) = H+W (t) be a time-periodic Hamiltonian, with H = Hy+V} time-independent
and W (1) of zero average i.c.. [77 dt W(t) = 0. Writing
Uilt.to) = exfolU(t, tg)ewHoto

_ et~ H ((’;?”’U(t. t.))e‘ﬁ'”‘“) prHto = Hoto (85)

and taking the limits t — oc and t; — —oc. one finds that the full scattering operator S for
the scattering system defined by the pair (H(t), Hp). factorizes according to

+ ot & o ;

S=0"'% 0, (86)

where Q% are the wave operators belonging to the pair (H, Hy), and S is the scattering
operator for the system (H(t), H). Clearly, the perturbation expansion of Section 4 holds
for S (at least at a tformal level), if one replaces Hy by H throughout. By the chain rule
(86). one thus finds for the transmission amplitudes

(s'|T(=)ls)y = (s, +]|S(g)]s,+)
= bu T(E) + (/|TM(2)]s) + (51T (2)]s) + -+ - (87)

where T(FE) is the transmission amplitude, at energy E = = + shw, for the static potential
l"(](.'!') and
(/| TV (2))s) = —2mi (=, 8", + |02 W _ 20 e, 5, +), (88)

(5T (2)|s) = —2mi 3 (e, &', Q0 Wo_G(z + thw)W,_ QL |, 5, +), (89)
{

with G(=z + fhw) the Green operator for the total Hamiltonian H. Similar equations hold,
of course. for the transmission amplitudes for a particle incident from the right and for the
case of reflexion.'?

We are now in a good position to calculate the first non-vanishing corrections to the
transmission and reflexion amplitudes for the two mentioned models. For this, let us
first introduce the relevant quantities pertaining to the unperturbed problem. We write
= (E.z) = \/ﬁ\/%('r!ﬂl_lE. +) for the two linearly independent scattering solutions of
the stationary equation Hy* = Eyt, with boundary conditions (we assume that vy(z) is of
compact support in the interval [—r.r])

kx ik
W 4 R(E)e T < —r
HE.x)=1{ | e 90
L B { T(E)e*= & =P 80
for the incoming plane wave coming from the left, and
- T(E)e %= T<—T
. ) = % - 91
¥ By { e L R(E)ek* x> (81}

19The following remark is in order. If the unperturbed potential supports a given number N of bound-
statesof energy E,. j = 1..... N, then the Green operator in the second order term (89) diverges for resonant
quasi-energies £ such that ¢ + fhw = E,, for a given j (provided that W, _¢ and W,_, are not zero). For
these resonant energies a non trivial interaction arises between the incoming wave and a quasi-bound state
of the time-dependent potential and the perturbation expansion for the scattering amplitudes becomes more
complicated to describe [15]. In this work, we shall restrict ourselves to the case of non-resonant incoming
energies.
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for the one coming from the right, with

T(E) R(E) ) (2)

58)=  aiz) 1i6)
the associated 2 x 2 scattering matrix. We denote by G (z,y) = (z|G(F)|y) the Green func-

tion for the total Hamiltonian H, which can be entirely expressed in terms of the solutions
Yt (E, z) by the formula

m T(Ext(Ey) y > .
Gl Y) = WTE) { UHE 2} (B y) y < )

5.1 The modulated barrier

We consider the potential (83). letting vo(z) be an arbitrary bounded function with support
in the interval [—r,r]. We assume that v|(z) = X(-rr(T). With x(—rr/(7) the characteristic
function of the interval [—r, 7] (x(—rr(z) = 1 for z € [—r.7] and x—,,(2) = O otherwise)
and, with no loss of generality, f(;z”/u dt A1) = 0.

5.1.1 Sidebands

Inserting the completeness relation fdz|z)(x| = I into (88) and using the fact that
(E',+}SZO+‘\|:F) = (z|Q°|E,-) (time-reversal invariance). one finds for the first order cor-
rection the expression (n # 0)

(s +n|T(=)|s) = —2miM(E + nhw, +|Q% F_, 4Q°|E, +) + O(A?)

/\ m + 312
o ) W, Iy O s
ﬁQ\/m d:ru (E +nhw, )" (E,x) + O(\°)

(94)

where F = ¢ + shw, hk, = VQm(E + nhw), A\, denotes the Tourier coefficient of A(¢), and
Fi_,, = JI, dz|x){z]| is the projection operator onto the set of states localized in the spatial
interval [—r, r].

If vo(r) is a square barrier i.e., vo(x) = pioX[-r,(x) (With po an arbitrary coupling), one
can easily perform the integral (94) since in that case the solutions inside the barrier are
known. However, even for an arbitrary vp(z). it is possible to integrate (94) and to express
the result in terms of the elements of the scattering matrix (92). For this. one observes that
the projection operator Fj_,,; can be written as the (strong) limit

PFlwg=1= bliﬂolc [F,[wb,%r) ¥ F(r,b]} ; (95)
Substituting (95) into (94), one finds
(s + n}T(-’)ls) = —2miA T(E)ﬁ(nfw)
ﬁ2 b—oo

+1/\ lim (/ d:r+ )¢‘(E+nhw,m)w+(E,.T)+()()\2).
(96)



Saraga and Sassoli de Bianchi 769

The first term in (96) is zero since n # 0. In the second term, the intervals of integration in
(96) are outside the support of the potential so that one can simply replace ¢~ (E + nhw. 1)
and Y7 (E.r) by their asymptotic (90).(91) and the integration is straightforward. In the
limit b — oc. it is not difficult to show that the b-dependent oscillating terms converge to
the distribution 27\, T(E)é(nhw). cancelling the first (in any case zero) term in (96). The
final result is the formula (n # 0)

A, M 1
K2 Vkk, k,l -

kn — kN in
+ (—) ﬁ“ﬁ“’[T(E + nhw)R(E)

(s +nlT(e)|s) =

PAT(E + nhw)e b = T(E)e b

k, + k
+ T(E)R(E + nhw)|} + O(N?) (97)
For the case of reflexion from the left, a similar calculation gives
An 1 ‘
s+nlRE)|s) = —5—= R(E + nhw)e'kn=kr — R(E)eitkn—h)r
<S+IH| ( )I") hz \/mkn**k { ( +HJ ) ( )(

k, — k
n Akt k)r )
(__ku = k) [T(E + nhw)T(E)

+ R(E +nhw)R(E) — *"“ﬂ}+ou% (%)

5.1.2 Elastic channel

As shown above. the calculation of the first non-vanishing contributions to the amplitudes of
the transmitted and reflected sidebands requires only first-order perturbation expansion. On
the other hand, since by definition the time-average of the perturbation over one period is
zero, to calculate the first non-vanishing correction for the elastic amplitudes {s|T(=)|s) and

/

(s|R(=)|s) one has to resort to second order perturbation expansion ((88) is zero if s = s
since Wy = 0). By (87)-(89), we have for the case of transmission

(s|T(<)|sy = T(E) + (s|T@(e)|s) + O(I), (99)

where T(F) is the transmission amplitude for the static unperturbed potential at energy
E = ¢+ shw, and

(SIT®(2)]s) = —2mi S [Aemu (e, 8, +|QU FL Gl + Oh) Fr g0 |2, 5, +)
L

m 2
= _ﬁ [Xe—sl® dzjdyu (B, 2)Gprana(x, g0 (E,y).
¢ -

(100)
where ¢ (E. 1) are the solutions (90).(91). Gy (7.y) is the Green function (93). and

hk = V2mE.

For simplicity, we restrict ourselves to the special case where vg(x) i1s a square barrier
i.e., vo(x) = poxi-rr(z). The solutions Y*(E, r) inside the barrier are then of the form (see
any good book of quantum mechanics)

VE(E, 1) = A(E)e®™ + B(E)e™, (101)
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where he = /2m(E — o),

o tk+e)r BIE R—t(k—c)rk i
A(E) = — D(E) k(k + c), (E) = D(E) (k —¢). (102)
and
D(E) = 2ick cos(2cr) + (¢ + k*)sin(2cr). (103)

The transmission and reflexion amplitudes are given by

2ick B 2ikr )

(k2 T Cz) sin 2er ,—2tkr
D(E) '

D(E)

T(E) = R(E) = (104)

Inserting (101)-(104) into (100) and using the explicit formula (93) for the Green function,
one is led to a long but straightforward calculation of which the result is

m?

3
U mw)lf(E) + O\, (105)

o B 2
(SIT(E)ls) = T(E) + 3 Il

where hk, = \/Qm(E + (hw), and the function I;(E) is given by the rather involved expres-
sion (for simplicity, we write A for A(E) and A, for A(E + fhw), and similarly for B. Also,
we set ¢ = \/Qm(E + thw — 1))

1
L(E) = m{4ABAfoL,(JbZ(c,+(.5)r
4 (AZ 4 B2) {A?€2z(r+(-()r . B}Z(J~2i(c+ci)r]}
1
+ m{ilABA[BF COS 2((7 — (.‘p)'f'
E (A2 4 B‘Z) [A?(,f‘}.‘i((:f(‘;)r S B}Z(,‘zi(Cgci)r]}
+ = 1 2{ (A2 + B?)A(By + (A} + BE)AB} cos 2cr
£* —ig
— (A’ + B))A(Bycos 2cr — AB [Aje®*" + Ble™ "]
¢ 81N 2¢ ; ; p . ; ,
P “CRE (A2 - BYAB i (A + BY) (A} - BY))
c+q 2 2\( 42 2 :
_ zm (A?+ B*)(A} + B}) + 4ABA;B,] : (106)
- by

Note that the denominators in (106) never vanish since the sum in (105) runs only over ¢ # 0
as Ao = 0 by definition.

5.2 The oscillating position barrier

We consider the potential (84) with vo(x) = pox (- () a square barrier of a given arbitrary
coupling o and j{fﬁ/ “dta(t) = 0. Then, we have the Taylor expansion (in the sense of
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listributions)

vo(T —a(t)) = o X—rr)(T) — poa(t) [6(z +71) — b6(x — 1))

+ 0 (e 4 ) = 8w = )] + Ola). (107)

vhere é'(z) denotes the derivative of the Dirac distribution, defined by
/dmé'(mir)f(:r) — —f'(&r), (108)
‘or sufficiently smooth functions f(z).

5.2.1 Sidebands

For the first-order correction to the sidebands amplitudes, we need to consider only the
inear approximation for the displaced potential (107). For the case of transmission, we have

n #0)
(s + n|T(€)|s) = —2mijto an(E + nhw, +]927 (6, — 6_,)0° |E, +) + O(a?)

oy, T B ;
—1i ;12 T fdm V7 (E + nhw, )Yt (E, z) [6(x — r) — é(z + )] + O(a?)
v.gﬁ‘%’i\/—z.% (47 (E + nhw, )0 (E.r) — v (E + nhw, —r)¢:* (B, —r)]

+ O(d?). (109)

Using the asymptotic forms (90) and (91), we obtain

Holn T ‘ i(kn—k)r —i(kn—Kk)r
(s +n|T(c)|s) = 1—4;12——7(-]—6: {T(E + nhw)et k=0T _ T(E)ekn—k)
+ ¢SO [T(E + nhw)R(E) — T(E)R(E + nhw)] }
+ 0O(a?), (110)

where the transmission and reflexion amplitudes in (110) are given by (104). For the case of
reflexion. a similar calculation yields

HoQn, ™M

"R Rk,
o6t [T(E + nhw)T(E) — R(E + nhw)R(E) — g~ (knt B }

+ O(a?). (111)

(s +n|R(e)[s) =

{R(E + Tlflu;)ei(k"‘k)r + R(E)(,—i(k,.—k)r

5.2.2 Elastic channel

As for the case of the modulated barrier, to calculate the first non vanishing correction to
the elastic channel one has to resort to a second order perturbation expansion. Using (107)
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and the definition (108) for the derivative of the Dirac distribution, one finds after a long
but straightforward calculation (we consider here only the case of transmission)

JHE) + O(a?). (112)

2
_ ; 1
(sIT(<)ls) = T(E) = Y a2

i kk}
where the function Jy(E) is given by (we set R = R(F), Ry = R(E + fhw). and same for the
transmission amplitude)

J(E) = e***0m [9TRR, — T(T? + R?)|
+ 2e¥*TR 4 2% (TR, — RT))
g~ k=R 4. BT, (113)

6 Graphical solutions

We present in this Section. for the modulated and oscillating position barriers, some graphs
of transmission probabilities, sidebands and time delays, as a function of the frequency w of
the external field. We consider only the case of an incoming energy in the tunnelling regime
Le.., E < pp. and of cosinusoidal time-dependences A(t) = py coswt and a(t) = Gcoswt.
According to (87)-(89). to the leading order in the perturbation the transmission probability
(36) can be written as the sum of three channels

Pu(E) =PyE) + PUE)+ P (E) +---. (114)

where P/I'(E) are the sidebands intensities defined in (38).
More specifically. we shall consider the following model parameters: £ = 5. py = 8.
re=Lagi= L= L8 m=12and f=],

6.1 The modulated barrier

In Figure 1. we have plotted the transmission probability (114), calculated according to
formulae (97) and (105). and the associated time-delay (59). The dashed vertical line gives
the inverse of the Biittiker-Landauer “traversal” time 7y, = 2mr/h|c| [2], and the full vertical
lines the frequencies at which E + hw corresponds to an energy-resonance of the static
unperturbed barrier. The figure shows that, as the modulation frequency increases from
the adiabatic (w = 0) to the high frequency regime. the transmission probability increases
drastically to reach resonances corresponding to maximums of the transmission time-delay.
The resonances correspond rather well to the condition for the coincidence of the sideband
energies £ + hw with the resonance energies of the unperturbed static barrier. On the other
hand. at the Biittiker-Landauer frequency wgy, = 1/7g;, there is apparently no particular sign
of crossover (we shall come back to this point in the next Section). Notice that time-delay
{(curve B) has been scaled by a factor of 1072 in the graph.
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Figure 1: Transmission probability Py, (£) (full line A) and transmission time delay 74(E) (dashed line B),
as a function of frequency w. Time delay is scaled by a factor 1072, The vertical dotted line corresponds to

wit, = 1/m31,. The other full vertical lines correspond to frequencies such that E + hw is equal to a resonance
cnergy of the static transmission probability.
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Figure 2: Absorption, emission and elastic contributions to the total transmission probability. Curve (C)
corresponds to PY(E) (transmission with absorption of one quanta hw), curve (D) corresponds to P, ' (E)

(transmission with emission of one quanta hw), and curve (E) corresponds to the transmission probability
The emission and elastic

PP(E) with no transfer of encrgy of the particle to the field (elastic channel)
contributions are scaled by factors of 10" and 10, respectively.
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In Figure 2, the three different contributions (114) to the full transmission probability
arc plotted separately. The Figure shows that the process is dominated by the absorption
channel. corresponding to a transfer of one quanta of energy hw from the external field to
the particle. For questions of clarity. the emission and elastic probabilities have been scaled
in the graph by factors of 10" and 10. respectively. Note that the emission probability is
identically zero for hw > K. since there 1s no contribution to the scattering for outgoing
negative energies (corresponding to the quasi-bound exponentially decaying states deseribed

in Section 3).

6.2 The oscillating position barrier

Figures 3 and 4 are the same as Figures 1 and 2. but for the case of the oscillating position
barrier. It is worth noting that curves in Figures 3 and 4 are very similar (at least qualita-
tively) to curves in Figures 1 and 2. so that the same remarks hold. This also shows that the
two models, even though very different from the classical point of view [5]. show similaritics

at the quantum level.
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Figure 3: Transmission probability Py (E) (full line A) and transmission time delay 7'"(E) (dashed line B),
as a function of frequency w. Time delay is scaled by a factor of 1072, The vertical dotted line corresponds

to wpl, = 1/78. The other full vertical lines correspond to frequencies such that E + hw is equal to an

energy-resonance of the static transmission probability.
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Figure 4: Absorption, emission and elastic contributions to the total transmission probability. Curve (C)
"(E)
(transmission with emission of one quanta hw), and curve (E) corresponds to the transmission probability
PY{E) with no transfer of energy of the particle to the field (elastic channel). The emission and clastic

contributions are scaled by factors of 10° and 10, respectively.

corresponds to PL(E) (transmission with absorption of one quanta hw), curve (D) corresponds to Py,

7 Concluding remarks

[n the first part of the paper, we have described the basic formalism and concepts of the one-
dimensional scattering problem by time-periodic perturbations. Although the deseription of
the formalism is far from being complete (scattering from time-dependent potentials is a
very rich subject, both from the mathematical and from the physical point of view, which is
still under intense investigation), we have given a simple and self-contained presentation of
the problem. Since such a presentation is hardly found in the literature, we hope that this
work will also serve as a useful didactical purpose.

A generalization of the Eisenbud-Wigner time-delay formula was derived in Section 3,
by a stationary phase argument. The same formula can also be obtained using the more
transparent concept of sojourn time [25]. For this, and similarly to the case of N-body
scattering [26], one needs to define a free reference time which is symmetric with respect
to the incoming and outgoing asymptotic states. We plan to come back to this problem in
future work.

A generalization of the Born series was presented in Section 4. Although the series was
derived in the one-dimensional context, it is straightforward to check that the final result
(79).(82) will also hold for an arbitrary number of dimensions.

The Born series was applied in Section 5 to two specific models (the barrier of modulated
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height and the barrier with oscillating position). and in Section 6 a graphical discussion of the
obtained perturbation formulae was presented for the case of transmission in the tunnelling
regime. The case of an incoming energy which is above the barrier and the case of reflexion
have not been discussed, in order to not increase dramatically the length of the paper. Also.
we have not discussed the complementary case of perturbation of a transparent barrier i.e..
a barrier having a (static) transmission probability which is close to one. In that case, one
finds that, contrary to the case of the opaque barrier, the process is essentially dominated
by its elastic channel contribution.

To conclude, let us spend a few words on the recent controversy over tunnelling times,
where the intriguing results of Biittiker and Landauer have played a central role [2]. The
original proposition of these authors was as follows: if the period T = 27 /w of the exter-
nal modulation is long compared to the time during which the particle interacts with the
barrier, then the particle sees an effective static barrier during its traversal. On the other
hand, at modulation frequencies high compared to the reciprocal traversal time, the particle
sees many cycles of the oscillation and can emit or absorb modulation quanta (in particular,
by absorbing quanta it will tunnel more easily through the barrier). As the modulation fre-
quency is varied, there is a crossover frequency wgy, between these two different regimes, and
the inverse of this frequency gives the traversal time of the particle (or at least a magnitude
of it). In [2]. the time 7y, = 2mr/h|c| was found for the case of the opaque rectangular
barrier.

The above reasoning assumes implicitly the existence in quantum mechanics of a concept
of traversal time, and the existence of a crossover frequency. Concerning the first assumption.
it has now been noted by many authors (see [27]-[28], and the references cited therein) that
contrary to the case of classical mechanics, a traversal time cannot be uniquely defined in
quantum mechanics, because of the uncertainty principle (at least, not within the standard
theory of measurement). Conversely. it can also be argued that the time proposed by Bittiker
and Landauer should be referred to as an interaction time, in the sense that it estimates the
time of interaction of the particle with the additional dynamical degree of freedom of the
barrier. In this way, one avoids the controversy over interpretation, and simply asks if there
is a characteristic frequency separating the pure adiabatic regime with the regime where
inelastic effects start to become relevant in the scattering process.

According to Figures 1 and 3. the Buttiker-Landauer frequency wgy, is apparently un-
related to any particular crossover regime. the only critical frequency emerging from the
Figures being the one for which the energy E + hw of the first sideband becomes equal to the
first resonance energy of the static barrier (this was the conclusion of the numerical study
[21]). However, in Figure 5, we have plotted the transmission probabilities of Figures 1 and
3, magnifying the adiabatic region going from w = 0 to w = 5. These curves show that
the Biittiker-landauer frequency does indeed correctly estimate the critical region where the
transmission probability starts to deviate from its adiabatic (static) limit. in the sense that
it correctly separates the pure adiabatic regime with the regime where inelastic effects start
to become relevant in the scattering process.
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Figure 5: Total transmission probability for the modulated barrier (up curve) and for the oscillating position
varrier (down curve), as a function of frequency w. The vertical dotted line corresponds to wpy, = 1/mpL..
The full vertical line corresponds to the frequency such that E + hw is equal to the first resonance energy of
-he static transmission probability.
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