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Interference and Dephasing by Electron-Electron Interaction
on Length Scales Shorter than the Elastic Mean Free Path
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A modified Young s double-slit experiment is realized for electrons in a high-mobility two-dimensional
electron gas (2DEG). The observed quantum interference is employed to study dephasing by electron-
electron interaction on length scales shorter than the elastic mean free path. It is found that the mea-
sured phase-breaking length agrees very well with theoretical calculations of the e-e mean free path in

an ideal 2DEG. In contrast to the diffusive regime, dephasing occurs via e-e scattering events with an
energy exchange on the order of the carrier excess energy.

PACS numbers: 73.40.—c

Electronic interference phenomena in solid-state sys-
tems and their destruction by electron-electron interac-
tion have been extensively studied both theoretically and
experimentally in recent years. Examples include weak
localization, Aharonov-Bohm oscillations in small rings,
universal conductance Auctuations in mesoscopic conduc-
tors, and the magnetoresistance of narrow wires. All
these studies, however, were concerned with diffusive
electronic motion where the elastic mean free path l, was
the shortest relevant length in the system. In particular,
in all of these experiments and corresponding theories,
the e-e mean free path l, „aswell as the phase-breaking
length l&, has been much longer than l, . Here we are
concerned with the opposite limit, the ballistic one (as
far as phase breaking is concerned), where l, ) l&. Mac-
roscopic transport in this case is expected to be purely
classical and the experiment presented below was there-
fore carried out on length scales smaller than or compa-
rable to both l, and l&.

In Fermi-liquid theory, the dephasing time is a key pa-
rameter that determines the quasiparticle lifetime. An
experimental determination of this quantity, and its
dependence on different parameters in the various re-
gimes, is therefore of great importance in testing our
theoretical understanding of an interacting two-dimen-
sional electron gas (2DEG). A more practical motiva-
tion originates from the need to predict the constraints
on operation of electronic devices based on quantum in-
terference phenomena. For the diffusive case, l&))l„it
was shown by Altshuler, Aronov, and Khmelnitzkii' that
for dimensionality equal to or lower than 2, and low
enough temperatures, phase is lost due to e-e scattering
events characterized self-consistently by an energy ex-
change on the order of 6/z& (z& is the phase-breaking
time). For 2D conductors, this energy is smaller than
the temperature k&T by a factor kFl, /ln(kFl, ) » 1 (kF ts
the Fermi wave vector). The quasiparticle energy is
therefore a well-defined quantity as required for a quasi-
particle description of a Fermi liquid. The resulting
phase-breaking time is considerably shorter than the en-

ergy relaxation time, which is governed by scattering
events with an energy exchange on the order of kgT.
The importance of small-energy scattering events for de-
phasing in 1D wires was confirmed experimentally by
Wind et al.

For the ballistic case, we are not aware of any detailed
discussion of phase-breaking processes. The e-e scatter-
ing time due to electron-hole pair excitation was, howev-
er, calculated for an ideal 2DEG by Chaplik and by
Giuliani and Quinn and was found to be given for ksT
=0 and &«6 'k, gTF/m by
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Here, QTF =2me /eh is the 2D Thomas-Fermi screen-
ing wave vector, h, is the quasiparticle energy relative to
EF, m is the effective electronic mass, and e is the dielec-
tric constant (12.7 for GaAs). The calculated e -e
scattering rate is dominated by processes with momen-
tum exchange much smaller than kF and an energy ex-
change on the order of the excess energy A.

In the present Letter we report on a realization of an
interference experiment in a high-mobility 2DEG, analo-
gous to Young's double-slit experiment in optics. The
observed quantum interference is then employed to
directly probe dephasing of the injected carriers by in-
teraction with electrons in the Fermi sea. The measured
phase-breaking length agrees very well with the e-e
mean free path for electron-hole excitation in an ideal
2DEG calculated using Eq. (1). It then follows, in con-
trast with the case of diffusive motion, that dephasing in
the ballistic regime occurs via single e-e scattering event
with an energy transfer on the order of the carrier excess
energy. The phase-breaking length, measured here for
the first time on length scales shorter than l„differs
from the corresponding quantity in the diffusive regime
in both magnitude and its dependence on excess energy.

The experiment was carried out employing a modula-
tion-doped 2DEG formed in the interface between GaAs
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and A1GaAs. The carrier concentration and mobility,
measured at 1.4 K by a standard van der Pauw pro-
cedure, were found to be n =3.85 x 10" cm and

p = 1.4 x 10 cm V ' sec ', respectively, leading to
EF =13.7 meV and I, =14 pm. A top-view micrograph
of one of the devices is presented in Fig. 1. Two pairs of
metallic gates were deposited on top of the heterostruc-
ture and were biased negatively with respect to the
2DEG to define an emitter and a voltage probe (E and P
in Fig. 1). The remaining pair of gates, G~ and Gq, were
used to modulate the wavelength, and hence the accumu-
lated phase, of electrons passing underneath them. A
similar idea was previously employed to fabricate an
electrostatic electron lens. Electrons and holes (in the
conduction band) were injected by applying a dc bias Vz
to the emitter relative to the base (8 in Fig. 1) with a
small ac modulation voltage v„superimposed on it for
phase-locked-detection purposes. The probe voltage was
measured in a four-terminal configuration relative to one
of the base contacts (Fig. 1) using standard lock-in tech-
nique. The various regions, namely, E, P, and several
base terminals, were contacted, 50 pm away, using
NiGeAu-alloyed Ohmic contacts. All measurements
were done at 1.4 K.

Using the Biittiker-Landauer multiprobe formula, it
can be shown that the measured voltage is given by
Up = v TpF/Tp, with TpE and Tp being the transmission
coe%cient from the emitter to the voltage probe and the
total transmission of the voltage probe, respectively. The
total probe transmission is simply related to its conduc-
tance gp via the Landauer formula Tp =(h/2e )gp. For
constant emitter voltage and voltage-probe conductance,
measurement of vp amounts, therefore, to a direct prob-
ing of Tpz. The transmission probability TIF. can be ex-
pressed as a coherent sum over all paths i leading from E
to P with corresponding amplitudes a;. In the case dis-
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cussed here, where the separation L between E and P is
smaller than l„those paths are approximately directed
along the line connecting E and P and can hence be di-
vided into two groups. Group A consists of all paths
passing underneath, say, G& and a second group B con-
tains all other paths. An application of a small, negative
gate voltage Vg to G ~ results in a partial depletion of the
2DEG underneath the gate and, hence, in a phase
change p in all paths pertaining to A. The transmission
coefficient Tpp = ~g; c pa; exp(ip) +P; z za; ~

is then ex
pected to oscillate as a function of Vg with a period cor-
responding to the optical path of group 2 by one wave-
length. Assuming a constant capacitance between the
gate and the 2DEG, it can be shown that the oscillation
should be periodic in (1 —Va/Vd) ' with a period given
by 2'/kF&. Here, W is the electrical gate width and Vd
is the gate voltage needed to exactly deplete the 2DEG
underneath the gate. For our structure, Vd =0.29 V was
measured by monitoring the emitter resistance as a func-
tion of the voltage applied to the gates defining it. The
depletion voltage agrees well with the capacitance ex-
pected from the separation between the gates and the
2DEG.

The measured probe voltage as a function of (1 —Va/
0.29)' for Vp=0 is depicted in Fig. 2 for two gate
widths. For clarity, the upper curve is offset up by one
division. The oscillation resulting from the interference
between paths pertaining to groups A and 8 is pro-
nounced. Its magnitude relative to the background
varied in diff'erent devices between 20% and 50%. The
periodicity is evident both from the main figure and from
its inset, where (1 —Va/0. 29)' is plotted versus peak
number. The slopes of the resulting straight lines can be
used to determine the electrical widths of the two gates.
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FIG. l. A top view of one of the devices used in the experi-
ment (L =4.30 pm). The light areas are the metallic gates de-
posited on top of the the GaAs/A1GaAs heterostructure.

(1 —VG/0. 29)

FIG. 2. The measured probe voltage vp vs (1 —VG/0. 29) '~

for two diA'erent gate widths. T=1.4 K and VE=0. The
upper curve is oA'set by one division. Inset: (1 —Vz/0. 29) ' ' vs

peak number. The dashed lines correspond to the theoretically
expected slopes.
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For the wider gate we find 8'=4640 A, while for the
narrower one &=3170 A. The measured widths should
be compared with the capacitive ones including fringing
fields. Numerical solutions of the corresponding 2D
Poisson equation yield 4930 and 2940 A for the wider
and narrower gates, respectively. The theoretically cal-
culated slopes are depicted in the inset of Fig. 2 by
dashed lines. An application of a small, constant bias to
the other gate results in a phase shift in the oscillations
presented in Fig. 2. A similar phase shift is also pro-
duced by a very weak magnetic field applied perpendicu-
larly to the 2DEG. These two eAects result from the rel-
ative phase change between paths pertaining to the two
groups, A and 8, when either a gate voltage or magnetic
field is applied. Further verification of our interpretation
of the observed oscillation was obtained using a device
with two identical gates. While a scan of each gate bias
separately yielded the expected oscillation, a simultane-
ous scan of both gate voltages resulted in a similar phase
change for all paths and hence produced no oscillation.

The observed quantum interference can be employed
to directly probe the dependence of l& upon carrier excess
energy relative to EF. One possibility is to monitor the
oscillation amplitude as a function of temperature.
However, in the ballistic regime, a more detailed mea-
surement can be carried out by applying a dc bias Vz to
the emitter with a small ac voltage v„superimposed on
it. A simple analysis shows that such an experiment is
equivalent to injecting an energetically narrow electron
beam with an energy width determined by the larger be-
tween kgT and ev, , (in our experiment kgT) ev„).Ei-
ther electron or hole transport can be studied in this
fashion by applying a negative or positive Vz, respective-
ly. The measured oscillation amplitude as a function of
injection voltage is presented in Fig. 3 for three diff'erent

device lengths L. The three curves are again vertically
offset by one division for clarity. Each point in the graph
represents a scan, similar to that in Fig. 2, with a given
injection voltage. The relative oscillation amplitude is

defined as the peak-to-peak amplitude divided by the
average probe voltage for a given oscillation (i.e., relative
magnitude of the quantum effect). Each point in the
graph was obtained as an average over three periods cor-
responding to the smaller gate voltages in plots similar to
Fig. 2. All results are normalized to the oscillation am-
plitude at an injection voltage comparable to the temper-
ature (kgT=0. 1 meV). The solid line passing through
each set of data is of the form exp( L/1—, , ), with 1, ,
=r, , t. , r, , given by Eq. (1), and v =[2(EF—eVE)/
m]' [since 6 kFgrF/m =36 meV, Eq. (1) is valid for
all injection energies used in the experiment]. Note that
the expression exp( L/l, —, ) describes the probability of
traversing a length L with no e-e scattering event. The
agreement between the experimental data and the
theoretical curve therefore indicates that in the ballistic
regime l& =l, „namely, that dephasing occurs via a sin-
gle scattering event with an energy exchange on the or-
der of the carrier excess energy. An exponential depen-
dence of the oscillation amplitude on L implies a univer-
sal (independent of L) curve for —[ln(amplitude)]/L
=l& '. The result of such an analysis is presented in
Fig. 4. As can clearly be seen, the data corresponding to
various device lengths scale onto a single curve. The
solid line depicts l,:,' calculated from Eq. (1). No ad-
justable parameters have been used throughout the
analysis. The scattering of the data at small injection
voltages results from the long dephasing length com-
pared with L.

In the analysis presented in Figs. 3 and 4 it was as-
sumed that the carrier excess energy is identical to the
externally applied voltage. While such an estimate cer-
tainly sets an upper limit, the actual excess energy rela-
tive to the Fermi energy in the base might be smaller. In
the Ohmic regime, a linear dependence on injection
energy is expected. In fact, magnetic-focusing experi-
ments ' with electrons injected to a high-mobility
2DEG at similar energies reveal a linear relation be-
tween the applied injection voltage and the measured ki-
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FIG. 3. Oscillation amplitude (see text) vs injection voltage
for three diAerent devices. The curves are vertically off'set,

each with respect to the other, by one division. The solid lines
correspond to exp( —L/I, ., ) calculated from Eq. (I).
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FIG. 4. Measured l&
' vs injection voltage for three diferent

devices. The similarity between the results corresponding to
devices of diAerent lengths supports the exponential depen-
dence assumed in the analysis. The solid line is calculated
from Eq. (I).
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FIG. 5. Same as Fig. 4 but assuming that the actual excess
energy is smaller than the applied voltage, EF —E =0.82eV&.
The remarkable agreement with theory and previous experi-
mental results supports this assumption.

netic energy, E =EF—aeV&, with a=0.67 and 0.82 in
Refs. 9 and 10, respectively. The origin of the diAerence
between the applied voltage and the measured kinetic en-
ergy is not clear but might be related to relaxation pro-
cesses on the emitter side of the constriction. The results
of such calibration, with a=0.82, as measured by our
group' on a rather similar 2DEG, are shown in Fig. 5.
The remarkable agreement between theory and experi-
ment strongly supports such an assumption. At any rate,
I& is bounded between the experimental results presented
in Figs. 4 and 5, namely, it agrees within 20% with the
theoretical l, , calculated using Eq. (1). The main un-
certainty resulting from the unknown injection energy
can probably be resolved in a temperature-dependence
study.

An additional possible source for dephasing might, in

principle, be due to electron-acoustical-phonon scatter-
ing. However, both theoretical calculations" and mobil-
ity measurements in an ultrapure GaAs/A16aAs hetero-
structure' find, for temperatures equivalent to the injec-
tion energies used in the present experiment, an
electron-phonon mean free path on the order of 20 pm.
The low lattice temperature used here excludes phonon
absorption and stimulated emission, leading to an even
longer mean free path. It hence follows that in our ex-
periment phonon scattering is negligibly weak compared
with e -e scattering.

In summary, dephasing due to electron-electron in-
teraction was studied in a regime where the phase-
breaking length was shorter than the elastic mean free
path. It was found, in contrast with the diffusive regime,
that dephasing occurs via a single scattering event with
an energy exchange on the order of the carrier excess en-
ergy. The experimentally measured dephasing length
agrees very well with the calculated e-e scattering length
in an ideal 2DEG.
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