PRAMANA © Indian Academy of Sciences Vol. 56, Nos 2 & 3
— journal of Feb. & Mar. 2001

physics pp. 425-437

Complex wave-interference phenomena: From the atomic
nucleus to mesoscopic systems to microwave cavities
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Abstract. Universal statistical aspects of wave scattering by a variety of physical systems ranging
from atomic nuclei to mesoscopic systems and microwave cavities are described. A statistical model
for the scattering matrix is employed to address the problem of quantum chaotic scattering. The
model, introduced in the past in the context of nuclear physics, discusses the problem in terms of a
prompt and an equilibrated component: it incorporates the average value of the scattering matrix to
account for the prompt processes and satisfies the requirements of flux conservation, causality and
ergodicity. The main application of the model is the analysis of electronic transport through ballistic
mesoscopic cavities: it describes well the results from the numerical solutions of tredifger”
equation for two-dimensional cavities.
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1. Introduction

Wave scattering by complex systems has been an interesting chapter of physics for a long
time. Let us mention, for instance, the problem of multiple scattering of waves, which has
been of great relevance to optics [1]. Recently, a revival of interest in this problem has been
seen, both for electromagnetic waves and for electrons, motivated by the phenomenon of
localization, which gives rise to a great many exciting effects [2—4].

The field of nuclear physics, with typical dimensions of a few finfinf = 10 !5 m),
offers excellent examples — dating as far back as the 1930’s, when compound-nucleus
resonances were discovered — of quantum-mechanical scattering by ‘complex’ many-body
systems and of itstatisticalaspects.

Interestingly enough, features similar to the ones observed in complex nuclear problems
have also been found in certain ‘simple’ systems. While the geometry of these systems is
apparently very simple, their classical dynamics is fully chaotic. In contrast to the com-
plex cases, these systems are amenable to exact (humerical) calculation; however, when
the results are analyzeddatistically, they appear to have a close relation with those of
the complex systems. Experimentally, two types of situations involving simple scatter-
ing systems have been studied: electron transport through microstructures called ‘ballistic
guantum dots’, whose dimensions are of the ordenghland microwave scattering from
metallic cavities, with typical dimensions of 0.1 m.
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The ‘universal’ statistical properties of wave-interference phenomena observed in sys-
tems whose dimensions span about 14 orders of magnitude turn out to depend on very
general physical principles and constitute the central topic of this talk [5]. Our aim is
to provide a theoretical framework to describe this physical situation. The description of
the general statistical features of chaotic scattering processes is achieved in this presenta-
tion through aandom-matrixmodel that was first introduced in the past in the context of
nuclear physics using anformation-theoretiapproach [6].

In order to emphasize the generality of the ideas involved we presgatsiome of the
features of statistical nuclear reactions — with a brief reference to microwave cavities —
and, in§3, some characteristics of the problem of electronic conduction through ballistic
guantum dots. The latter, in fact, is the field of main interest in this talk.

In §4 we define the scattering problem and introduce the basic object we shall work with,
the scattering o6 matrix of the problem. Throughout the talk we shall treat ensembles
of systems in terms of ensemblesmatrices. For that purpose, we first explain how to
‘weigh’ S matrices: this is done through the notion of the ‘invariant measure’, the mathe-
matical concept that corresponds to the intuitive idea of ‘egy@iori-probabilities’. In
85 we introduce the information-theoretic model and,8nits consequences for the prob-
lem of electronic transport through quantum dots are discussed.

2. The atomic nucleus and microwave cavities

Figure 1 shows the excitation function associated with the reaétiGh(p, a)?2S as a
function of the incident proton energy: this is on the order of 10 MeV, so that the excita-
tion energy in the compound systefhd is about 18 MeV. At these energies, the width-
to-spacing ratio of nuclear resonances is large, so that the peaks seen in the figure do not
correspond to individual resonances, but rather to the coherent superposition of many res-
onances, giving rise to the phenomenon knowlrasson fluctuation$7].
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Figure 1. The excitation function for the reactiGACl(p, ao)32S, in which the resid-

ual nucleus’S is left in its ground state; the observation is mad&7af in the lab-
oratory. The abscissa indicates the energy of the incident proton. The observed peaks
are not individual resonances in the compound nuéfedsbut statistical fluctuations
produced by the coherent superposition of many resonances. (From ref. [7].)
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The system involved in the experiment just described is a ‘complex’ many-body one.
There does not exist a theory of the nucleus capable of reproducing the individual peaks
shown in figure 1 and, even if there should be one such theory, it would be of very little
interest. A statistical analysis of the data is much more interesting and significant: for
instance, it is of great importance to know the average cross section, its fluctuations and
correlations in a certain energy interval.

One of the most successful models in nuclear physics, called the ‘optical model’ of the
nucleus, was invented by Feshbach, Porter and Weisskopf [8] in the 1950’s. That model
describes the scattering of a nucleon by an atomic nucleus — a complicated many-body
problem — in terms dfwo distinct time scales

1. A promptresponse related witdirect processesn which the incident nucleon feels
a mean field produced by the other nucleons. This response is described mathemati-
cally in terms of theaverageover an energy interval around a given eneligf the
actual scattering amplitudes: these averagedptical,amplitudes vary much more
slowly with energy than the original ones.

2. A delayed orequilibrated response, related to the formation and decay of the com-
pound nucleus. It is described by the difference between the exact and the optical
scattering amplitudes: it varies appreciably with the energy and is studiedtaith
tistical concepts using techniques known as random matrix theory [9].

Inthe field of statistical mechanics time averages are very difficult to construct and hence
are replaced bgnsemble averagesing the notion oérgodicity, similarly, in the present
context one finds it advantageous to study energy averages in terms of ensemble averages
through an ergodic property [10].

The relation of the above problems with the theory of waveguides and cavities was pro-
posed very clearly by Ericson and Mayer—Kuckuk [7] more than thirty years ago: ‘Nuclear-
reaction theory is equivalent to the theory of waveguides We will concentrate on
processes in which the incident wave goes through a highly complicated motion in the nu-
cleus.. .. We will picture the nucleus as a closed cavity, with reflecting but highly irregular
walls.

Recent experiments with microwave cavities have indeed shown features similar to those
that had been observed in the nuclear case. Now we know that the ‘irregular walls’ men-
tioned by Ericson and Mayer—Kuckuk for the nuclear casenateecessary in order to
see these features: the analogy between nuclear reaction theory and the theory of cavities
and waveguides holds for smooth cavities as long as the corresponding classical dynamics
is chaotic. This has been the idea behind several experiments involving microwave scat-
tering from metallic cavities [11,12]. Very important were also various experiments on
microwave scattering by a disordered dielectric medium (see, for instance, ref. [13]).

3. Ballistic mesoscopic cavities

As we mentioned in the introduction, features similar to those described in the last section
also occur in quantum-mechanical single-particle scattering problems that involve cavities
whose classical dynamics is chaotic. Ballistic microstructures, or quantum dots, are an
experimental realization of such systems. One finds that, for sufficiently low temperatures
and for spatial dimensions of the order ofufin or less, the phase coherence lenigih
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exceeds the system dimensions, so that the phase of the single-electron wave function —in
an independent-electron approximation — remains coherent across the system of interest.
Under these conditions, these systems are catlesoscopic The elastic mean free path

ls) also exceeds the system dimensions: impurity scattering can thus be neglected, so that
only scattering from the boundaries of the system is important. (For a review, see [4].) In
these systems, the dot acts as a resonant cavity and the leads as electron waveguides and
we are back to the description indicated in the previous section.

Theoretically, the problem of quantum transport through ballistic quantum dots has been
described in the past in the semiclassical [14,15], field-theoretic [16] and random-matrix
[16—20] approaches.

Experimentally, an electric current is established through the leads that connect the cav-
ity to the outside, the potential difference across the cavity is measured and the conductance
G is then extracted. In an independent-electron picture, the two-terminal conductance is
given by [21]

G257 1
=2--T, 1)

T = tr ('), )

t being the matrix of transmission amplitudgg, with a, b denoting final and initial chan-
nels. In this ‘scattering approach’ to electronic transport one thus aims at understanding
the quantum-mechanical single-electron scattering by the cavity in question.

It is the multiple scattering of the waves reflected by the various portions of the cavity
that gives rise to interference effects. When the external magneticHieta the Fermi
energyer, or the shape of the cavity are varied, the relative phase of the various patrtial
waves changes and so do the interference pattern and the conductance. This sensitivity
of G to small changes in parameters through quantum interference is cailiddctance
fluctuations

Representative experiments on quantum dots are given in ref. [22]. They report cavi-
ties in the shape of a stadium, for which the single-electron classical dynamics would be
chaotic, as well as experimenethsemble®f shapes. Averages of the conductance, its
fluctuations and its full distribution were obtained over such ensembles.

4. The scattering problem

Very generally, a quantum-mechanical scattering problem is described by its scattering
matrix, or.S matrix, whose rows and columns label the so catipein channels

In our application to mesoscopic physics we consider a system of noninteracting ‘spin-
less’ electrons and study the scattering of an electron at the Fermi enefgy a 2D
microstructure, connected to the outside/bigads of widthiV;, 1 = 1,..., L. Along each
lead! we define an axis; pointingawayfrom the cavity, the origin being assumed at the
place where the lead is connected to the cavity. The general situation is indicated in figure
2; from now on, though, we restrict the discussion to two leads only, .2, with equal
widths 7.

Thetransverse modesr channels, originate from the confinement of the electron in the
transverse direction in the leads. For the incident Fermi momehtuthere are
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Figure 2. The 2D cavity referred to in the text. The cavity is connected to the outside
via L waveguides. The arrows inside the waveguides indicate incoming or outgoing

waves. In waveguidéthere can béV; such incoming or outgoing waves: this is indi-
O]

cated in the figure by the amplitude’, b\, respectively, where = 1,..., N;.
N = kFW/ﬂ' (3)

transmitting or running modes (open channels) in each of the two leads. The wavefunction
in leadl (I = 1, 2 for the left and right leads, respectively) is written as Melimensional
vector

O (@) = [ (@), o @), (@)
them-th component being a linear combination of unit-flux plane waves, i.e.
— itk ik xy
(1) _ e m b e
U)o G T 7 7 b 7

In (5), k., the ‘longitudinal’ momentum in channel, is such that

m=1,...,N. (5)

mm12
K2+ [W] — k2. ©6)
The2N-dimensionals matrix relates the incoming to the outgoing amplitudes as
p a®
[b@)] =5 [aw) } ’ ()

wherea®, a®, (1), (2) are N-dimensional vectors. The matrfkhas the structure

r t
s=(75). ®
wherer,t are theN x N reflection and transmission matrices for particles from the left

andr', ¢’ for those from the right. This thus defines the transmission matrsed earlier
in eq. (2).
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The requirement dlux conservatiorfFC) impliesunitarity of the S matrix [1], i.e.
SSt=1. 9)

This is the only requirement in the absence of other symmetries.tiroe-aeversal invari-
antproblem (as is the case in the absence of a magnetic field) and no spshirthtix,
besides being unitary, g/mmetrid1,23]:

S=sT. (10)

In numerical simulations of quantum scattering2dy cavities with a chaotic classical
dynamics one finds that tifematrix and hence the various transmission and reflection co-
efficients fluctuate considerably as a function of the incident ené@y incident momen-
tum k), because of the resonances occurring inside the cavity [17,24]. These resonances
are moderately overlapping for just one open channel and become more overlapping as
more channels open up. An example is illustrated in figure 3.

One is led to a statistical analysis of the problem, just as was explairf&iimcon-
nection with the nuclear problem. The statistical properties of the quantities of interest,
sampled along the energy axis, will be represented by a statistical ensemble of systems, in
a way analogous to that followed in classical statistical mechanics, where time averages
are represented by ensemble averages, employing an ergodic hypothesis. In the latter field,
the starting point is the notion of equalpriori-probabilities in phase space. The equiv-
alent notion in the present context is provided byitivariant measuren the space of
matrices, to be described below.

2.5 ' 30 35
kW/TT

Figure 3. Total transmission coefficient of eq. (2) as a function of incident momentum,
obtained by solving numerically the Sollifiger equation for the system indicated in
the upper left corner. (From ref. [24].)
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By definition, that measure remains invariant, for a given symmetry class, under an
automorphism of that class of matrices unto itself [23,25], i.e.

du'?(S) = du@(s"). (11)
For unitary symmetric§ matrices we have
S' = U,SU{, 12)

Uy being an arbitrary, but fixed, unitary matrix: (12) represents an automorphism of the set
of unitary symmetric matrices unto itself. This is thehogonalcase, also known as the
B = 1 case. For unitary, not necessarily symmetsiecnatrices

S = UySVy, (13)

Uy andV, being now arbitrary fixed unitary matrices. For thisitary, or 3 = 2 class, the
resulting measure is the well known Haar's measure of the unitary group and its uniqueness
is well known [26,27]. Uniqueness for thie= 1 class (anB = 4) was established in ref.
[23]. The invariant measure, eq. (11), definesdineular (orthogonal, unitary ensemble
(COE, Cup, for g = 1, 2 respectively.

The S-matrix of eq. (8) can be expressed in the so-called ‘polar representation’ [28—30]
as

g— o 0 —V1-7 /T v® 0 (14)
10 o® VTo/1-1 0 o@ |’

wherer stands for theV x IV diagonal matrix of the eigenvalueg of the Hermitean
matrix ttt. Thev(?) are arbitrary unitary matrices fgt = 2, with v = ()T and
o = (V)T for B = 1. The tracey_,, 7, is the total transmissiof, eq. (2).

In the polar representation the invariant measure can be expressed as [17,20]

dp?(8) = p D () [[ dra [ [ duw™), (15)

where the joint probability density of the-} is
PP ({r}) = C;s H |70 — 1 |° HTC(sz)/z. (16)

a<b c

In eq. (15), dk(v?) denotes the invariant, or Haar’s, measure [26,27] on the unitary group
U(N) andCj is a normalization constant.

The invariant measure introduced above is the starting point for the development to be
carried out in the next section.

5. The information-theoretic model

As was mentioned in th§2, the prompt response associated with direct processes is de-
scribed by the energy-averaged, or optiGamatrix [8], which, through the ergodic prop-
erty of the ensemble, is represented as the ensemble ayiag®r the invariant measure
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of the previous section we clearly ha{&€) = 0. Ensembles in whickS) is nonzero con-
tain moreinformationthan the circular ensembles and will be constructed as

dPg) = p(d)(S) du®(S) . (17)

The Shannon informatiah associated with the above probability distribution is defined as
[6,9,31,32]

Tlpsy] = / pesy(S) Inlpgs) (S)] da(S) - (18)

Far from channel thresholds tl$ematrix is analyticin the upper half of the complex-
energy plane (causality). This requirement, plus that of ergodicity (so that energy averages
can be calculated as ensemble averages), we calrthlyticity-ergodicity requirement
(AE). AE implies thereproducing property6,25]

1) = [ 18)4Ps () 19)
for a functionf(.S) analytic in its argument. The probability density

det(I — (S)(STy)Fm+2-A)/2
[det(T - 5(STy) Proz?

() = vyt 20)
known asPoisson’s kernelI(z is a normalization constant and = 2N), satisfies the
reproducing property, eg. (19) [25]. It can also be shown [6] that the information associated
with Poisson'’s kernel is less than or equal to that of any other probability density satisfying
the AE requirements for the sanig). Thus, Poisson’s kernel describes those physical
situations in which, having fulfilled the requirements of flux conservation, time-reversal
invariance (when applicable), and Aee details are irrelevant except for the averafie
matrix.

6. The information-theoretic model and the problem of transport through ballistic
chaotic cavities

We first consider the particular case in whidinect processes are absenin this case
the optical matrix S) vanishes and egs (17) and (20) show that the distribution fo$ the
matrix reduces to the invariant measure, i.e.
(8
dP(S):
Averages of products ¢f andS * matrix elements for the CE’s can be calculated without

using an explicit form fordp3(S), but solely its invariant properties [32,33]. Using the
notation

o= du?(S) . (21)

N = / Fau(), (22)

with
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[ =1, (23)
one finds, for example (fof = 1,2) [17]
8 _ 1
(I'tas 7)o =TI 5’ (24)

(1t 2] tog [2)0 = 2 £ 2= D)+ dacdia) — bae — bua
o 2N(2N +1)(2N +7 — 4B)

We can obtain the first and second moments of the transmission coefliciéeq. (2) by
performing, in the above equations, the sum over channels, with the results [17]

(25)

@_N__ N 1
_ N(N+1) 1
var(T) = BN+ 122N £3) — g COE (27)
2
N L ouE (28)

TAANT_1) 16’

where the limitis asV — oc. In this limit, theweak-localization correctioii26) and the
magnitude of theonductance fluctuationsyar(7"), becomeuniversal the latter is twice
as large in the presence of time-reversal symmeiry=( 1) as in the absence of such
symmetry. Comparison with numerical simulations of the type already discus§édsin
presented in figure 4. We see that the agreement with the theoretical results of eqs (26)—
(28) is very good.

The distribution ofl" can be obtained by direct integration of eq. (15). For instance, for
N =1andg =1 one obtains

1
(T) = ﬁ, (29)
and, forg = 2
w(T) =1. (30)

These results are compared in figure 5 with the numerical simulations discussed above.
Again we conclude that the CE gives a very good description of the data.

Whendirect processes are presente have to use eq. (20) for the distribution of the
S matrix. A number of cases have been worked out analytically for the distribution of the
transmission coefficierif. For instance, foB = 2 and in the presence of direct reflection
only (i.e., no direct transmission), one finds

w(T) =(1-X%)2(1-Y?)2{(1 - XYH(1 - X%Y?)

—(1-T)[(X*+Y?)(1 - 6X%YV? + X*V*) +4X?Y?(1 + X?YV?)]
+(1=T)*[(1 4+ X2Y?)(6X2Y% — X* — V) —4X?*V3(X? +Y?)]
+(1=TPX?+VH(X2-Y?)?} x {(1 = X?Y?)? —2(1-T)

X[(14 X2V2)(X2 4+ YHAX2Y?) + (1 - T)> (X2 —v2)2}—5/2, (31)

Here,X = | (S11)], Y = | (S22} |.
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Figure 4. (a) The weak-localization correction ant)(the variance of the conduc-
tance, obtained solving numerically the Smtiriger equation for the system indicated

in the lower left corner. The numerical results (with the statistical error bars) are in-
dicated with squares (faB = 0) and triangles (foB # 0). The dotted line is the
theoretical result obtained from the COE, and the dashed line the one obtained from the
CUE. The abscissa is the number of channels. The agreement is excellent. (From ref.
(17])
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Figure 5. The probability density of the total transmission coeffici#htobtained
numerically for the same system as in figure 4. In each panel the number of open
channelsV is fixed. The dotted lines represent the theoretical results from COE (left
column) and CUE (right column). (From ref. [17].)

A number of computer simulations have been performed, solving numerically the
Schidinger equation for 2D structures, in order to compare with our theoretical results.
The opticalS was extracted from the numerical data and used as an input to eq. (20), in
order to find the distribution df’ from our model, which thus becomegarameter-free
prediction The results are presented in figure 6. The agreement between the numerical
solutions of the Scladinger equation and our information-theoretic model is, generally
speaking, found to be very good [19]. The magnetic field was increased as much as to pro-
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Figure 6. The probability density of the total transmission coefficiéhbbtained
integrating numerically the Sobalinger equation for the billiards shown on the left
side of the figure fotV = 1. The results are indicated with squares, that include the
statistical error bars. The curves are obtained from Poisson’s kernel, eq. (20)Syvith
extracted from the numerical data. The agreement is very good. (From ref. [19].)

duce a cyclotron radius smaller than a typical size of the cavity, and about twice the width
of the leads, and the agreement was still found to be good. The above predictio((f for

in the presence of direct processes should be experimentally observable in microstructures
where phase breaking is small enough, the sampling of the conductance distribution being
performed by varying the energy or shape of the structure with an external gate voltage.

Before closing, we remark that other definitions of information have been proposed
[34], in addition to Shannon’s definition (18) that was employed in the above analysis.
However, the consequences of these other definitions in the present context have not been
investigated, and they thus constitute, at present, an open question.

Finally, we wish to point out that the philosophy behind the use of the information-
theory criterion is best illustrated by William’s of Occam’s (1300-1349) famous dictum:
‘Essentia non sunt multiplicanda praeter necessitatem’, known as the ‘Occam razor’. Oc-
cam’s statement, which, literally, means: ‘Entities do not have to be multiplied beyond
necessity’, was rephrased by Bertrand Russel [35] as: ‘ If in a certain science everything
can be interpreted without a certain hypothesis, there is no reason to use it'.
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