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b) Ehrenfest time

¢) Weak localization
d) Shot Noise
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a) Method of Semiclassical Trajectories

b) RMT result for DoS in Andreev Billiards
¢) Ballistic (semiclassical) result

d) Ehrenfest Oscillations and Gap Size

» Energy Level Statistics

a) RMT

b) Non-linear Sigma model
¢) Periodic Orbits
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Ao (t)

FIG. 1. The weak-localization correction to the conductivity in
the time domain, Ao(t) = [(dw/2m)Aa(w)e ™ for the quantum
chaos (solid line) and quantum disorder (dashed line) regimes. The
developed theory is valid for r=tz. Solid curve is calculated for
parameters A =4\, = 1/7, and In(a/\p)=17. e
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(1.2)

I‘(w)=exp(2iwr5—~ X

where the Ehrenfest time 7 is the time it takes for4he mini-
mal wave packet to spread over the distance of the order of
a, and is given by’

1 a
Quantity A=A\ in Eq. (1.2) characterizes the deviation of
the Lyapunov exponents, and it will be explained in Sec. II
in more detail. In the time representation, result (1.2) corre-
sponds to the delay of the weak-localization correction to the
current response by large time 21, ; see Fig. 1.

The paper is arranged as follows. In Sec. II, we present
the phenomenological derivation of Eq. (1.2). The explicit
expression relating the weak-localization correction to the
solution of the Liouville equation will be derived in Sec. IIL
In Sec. IV, we will find the quantum corrections to the con-
ductivity in the infinite chaotic system. Section V describes
the effects of the magnetic field and finite phase relaxation
time on the renormalization function. The conductance of the
ballistic cavities is studied in Sec. VI. Our findings are sum-
marized in Sec. VIIL

IL. QUALITATIVE DISCUSSION

The classical diffusion equation is based on the assump-
tion that at long time scales an electron loses any memory
about its previous experience. However, during its travel, the
electron may traverse the same spatial region and be affected
by the same scatterer more than once. These two scattering
events are usually considered independently, because with
the dominant probability the electron enters this region hav-
ing completely different momentum.

However, if we wish to find the probability Wo(T,pg)
for a particle to have a momentum opposite to the initial
one, p(T)=—p(0) (time T is much larger than 7,), and to

[ L. ALEINER AND A. L. LARKIN 54
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FIG. 2. The classical trajectory corresponding to the probability
of return at the initial point with the momentum opposite to the
initial one. In the ‘‘Lyapunov region’’ the initial **/-1"" and final
**2-f"" fragments of the trajectory are governed by the same poten-
tial.

approach its starting point at small distance |r(T)
—r(0)| = ppy<a, we should take into account the fact that the
motion of the particle at the initial and final stages are cor-
related. This is because the trajectory along which the par-
ticle moves on the final stage [r(T—1),p(T—1)] almost co-
incides with the trajectory particle moving along at the initial
stage [r(z),p(1)]; see Fig. 2. These correlations break down
the description of this problem by the diffusion equation.
The behavior of the distribution function for this case can be
related to the Lyapunov exponent, and we now turm to a
discussion of such a relation. [The relevance of W (T, py) to
the weak-localization correction will become clear shortly.]

The correlation of the motion at the final and initial stages
can be conveniently characterized by two functions

pO)=r(t)—x(T—1), Kk()=p(T-0)+pr). @21

The classical equations of motion for these functions are

6p_k(t}

at " T (2.22)

ok oU[KT-1)] aU[x(1)]
% . or ar

(2.2b)

where U is the potential energy. If the distance p is much

larger than the characteristic spatial scale of the potential a,
" Egs. (2.2) lead to the usual result {p(1))¢'* at times ¢ much

larger than 7,. The situation is different, however, for
p<a, where the diffusion equation is not applicable (we will
call this region of the phase space the ‘‘Lyapunov region’’).
Thus the calcula.don of function Wy(T,py) should be per-
formed in two steps. First, we have to calculate the condi-
tional probability W(a,pg;t), which is defined so that the
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Energy Level Statistics

a) Level Statistics in RMT (Dyson)

b) DoS in a metal grain (Gorkov, Eliashberg)

¢) Supersymmetry (Efetov)

d) Periodic Orbits (Gutzwiller, Berry,
Bogomolny, Keating)

e) Classical-to-Quantum Crossover
1) GOE (Aleiner, Larkin)
2) GUE (Tian, Larkin)




Fine Structure in Energy Spectra of Ultrasmall Au Nanoparticles

- Dragomir Davidovié™ and M. Tinkham
Department of Physics and Division of Engineering and Applied Sciences
Harvard University, Cambridge, MA02138
(March 18, 2000)

We have measured the electronic energy spectra of Au nanoparticles of diameter 2-5 nm by
tunnel spectroscopy, and found that the electron-in-a-box levels can be split into 2-10 energy -
levels, even in zero magnetic field. We propose that this splhitting may result from spin multiplets
in the presence of strong spin-orbit interaction. Relation to a theoretical model is discussed.
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