Pauli-Heisenberg Oscillations in Electron Quantum Transport
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I. INTRODUCTION

Conduction of electrons in matter is ultimately de-
scribed by quantum mechanics. Yet at low frequency or
long time scales, low temperature quantum transport is
perfectly described by this very simple idea: electrons are
emitted by the contacts into the sample which they may
cross with a finite probability’2. Combined with Fermi
statistics, this partition of the electron flow accounts for
the full statistics of electron transport3. When it comes
to short time scales, a key question must be clarified:
are there correlations between successive attempts of the
electrons to cross the sample? While there are theoretical
predictions! and several experimental indications for the
existence of such correlations*®, no direct experimental
evidence has ever been provided.

In order to probe temporal correlations between elec-
trons, we have studied the correlator between current
fluctuations i(t) measured at two times separated by T,
C(1) = (i(t)i(t+7)), where (.) denotes statistical averag-
ing. We calculate this correlator by Fourier transform of
the detected frequency-dependent power spectrum of cur-
rent fluctuations generated by a tunnel junction placed at
very low temperature. The very short time resolution re-
quired to access time scales relevant to electron transport
is achieved thanks to the ultra-wide bandwidth, 0.3-13
GHz, of our detection setup.

We report the measurement of the frequency-
dependent noise spectral density of both thermal noise
(no dc bias, various temperatures) and shot noise (low-
est temperature, various voltage biases), from which we
determine the current-current correlator in time domain
C(7). In complex quantum systems, the method we have
developed might offer direct access to other relevant time
scales related, for example, to internal dynamics, cou-
pling to other degrees of freedom, or correlations between
electrons.

In the following, the noise spectral density is expressed
in terms of noise temperature : T (f) = S(f)/(2kpG).

II. RESULTS

Thermal noise spectroscopy. On Fig. 1, we show mea-
surements of the noise temperature Ty vs. frequency
for various electron temperatures T between 35 and 200
mK, when the sample is at equilibrium, i.e. with no
bias (V = 0). We observe that at low frequency one has
Tn(0) = T which is the classical Johnson-Nyquist noise.
At high frequency hf > kpT, all experimental curves
approach the zero temperature curve (theoretical dotted
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FIG. 1. Equilibrium noise temperature vs. frequency
for various electron temperatures 7. Symbols are ex-
perimental data and solid lines are theoretical expectations
of Eq. (1).

Inset : Experimental rescaled noise temperature Tn /T vs.
rescaled frequency hf/(2kgT).

black line) which corresponds to the so-called vacuum
fluctuations Syuc(f) = Ghf. Our data are in very good
agreement with the theoretical predictions given by” :

h
Seq(f.T) :thcoth<2k§T). (1)

Shot noise spectroscopy. Fig. 2 shows the measure-
ments of Ty vs. frequency for various bias voltages V.
The data are taken at the lowest electron temperature
T = 35 mK. At low frequencies, i.e. hf < eV, one
observes a plateau corresponding to classical shot noise
S =el. When hf > eV, the vacuum fluctuations take
over and S = Syq.(f). Black lines on Fig. 2 are the theo-
retical predictions of the out of equilibrium noise spectral
density®
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Current-current correlator in time domain.  The
current-current correlator in the time domain is given
by the Fourier Transform of Eq. (2) :

+Seq <f

C(t, T, V) = Cog(t,T) cos (e‘gt) . (3)
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FIG. 2. Out of equilibrium noise temperature vs. fre-
quency for different dc voltage biases V at 7' = 35 mK.
Symbols are experimental data and solid lines are theoretical
expectations.
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FIG. 3. Rescaled current-current correlator in time
domain vs. reduced time eV¢/h for various bias volt-
ages V = 25.5, 30.6, 35.7 and 40.8 pV.

However, Seq(f) diverges as |f| — o0, so Ceq(t,T) di-
verges at all times. To circumvent this problem, we de-
fine the thermal excess noise and its corresponding time
domain correlator :

AS(f,T,V) = S(f,T,V) - S(fvT: 07V)
AC(t,T, V) = ACuy(t,T) cos (‘?) 7 @)

We show experimental data for AC(t,V)/AC,(t,T) as
a function of the rescaled time h/eV on Fig. 3. This
rescaling clearly demonstrates the oscillation period be-
ing h/eV, in agreement with Eq. (4).

III. INTERPRETATION

These oscillations are the result of both the Pauli prin-
ciple and Heisenberg incertitude relation. To see this, let
us consider a single channel conductor crossed at t = 0
by two electrons of energy E and E’. According to Pauli
principle, the energies must be different, £ # E’. But
how close can F and E’ be? According to Heisenberg
incertitude relation, it takes a time ¢ty ~ h/(|E — E’|)
to resolve the two energies, so F and E’ cannot be con-
sidered different for times shorter than ¢z. This means
that if one electron crosses at time ¢ = 0, the second one
must wait. Since |[E — E’| < eV, one has ty > h/eV:
there is a minimum time lag h/eV between successive
electrons. The regular oscillations we observe on AC' are
a direct consequence of this blockade and reflect the fact
that electrons try to cross the sample regularly at a pace
of one electron per channel per spin direction every h/eV .
The decay of AC(7) we observe at long time reflects the
existence of a jitter which is of pure thermal origin.

At high bias voltage, eV > kT, hf, the oscillation pe-
riod h/eV becomes so small that the electrons no longer
have to wait before tunneling. This high energy regime
is the classical limit where the current flowing through
the junction is characterized by a Poisson distribution.
The noise spectral density is thus given by the Schottky
limit S = el. At low bias voltage, there are correlations
between successive tunneling electrons and the resulting
current distribution is no longer Poissonian.
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