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Influence of e-e scattering on the temperature dependence of the resistance of a classical ballistic
point contact in a two-dimensional electron system
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We experimentally investigate the temperature (T ) dependence of the resistance of a classical ballistic point
contact (PC) in a two-dimensional electron system (2DES). The split-gate PC is realized in a high-quality
AlGaAs/GaAs heterostructure. The PC resistance is found to drop by more than 10% as T is raised from 0.5 K to
4.2 K. In the absence of a magnetic field, the T dependence is roughly linear below 2 K and tends to saturate at
higher T . Perpendicular magnetic fields on the order of a few 10 mT suppress the T -dependent contribution δR.
This effect is more pronounced at lower temperatures, causing a crossover to a nearly parabolic T dependence in
a magnetic field. The normalized magnetic field dependencies δR(B) permit an empiric single parameter scaling
in a wide range of PC gate voltages. These observations give strong evidence for the influence of electron-electron
(e-e) scattering on the resistance of ballistic PCs. Our results are in qualitative agreement with a recent theory of
the e-e scattering based T dependence of the conductance of classical ballistic PCs [Phys. Rev. Lett. 101, 216807
(2008) and Phys. Rev. B 81, 125316 (2010)].
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I. INTRODUCTION

Electronic conductance of a diffusive solid-state system
is characterized by a mean free path of charge carriers (l0).
Scattering off disorder and phonons, as well as electron-
electron scattering (via U processes), contribute to a total
quasimomentum relaxation rate, inversely proportional to
l0. With increasing temperature (T ) the scattering typically
becomes more effective and the mean free path decreases. The
impact of scattering on the T dependence of the conductance
differs in ballistic systems, among which a classical point
contact is, perhaps, the simplest.

Introduced by Sharvin,1 the classical ballistic point contact
(PC) is represented by an orifice between two clean reservoirs
with dimensions large compared to the inverse Fermi momen-
tum (kF ). In two dimensions (2D), the conductance of the
classical PC is given by a well-known analog of the Sharvin
formula,2

G0 = 2e2

h̄

akF

π2
, (1)

where e is the elementary charge, h̄ is the Planck constant, and
a is a half-width of the PC orifice, akF � 1. A finite mean free
path in the reservoirs gives rise to a nonzero backscattering
probability of the carriers injected through the PC. As a
result, the PC conductance is smaller than the ideal value
(1) roughly by δG/G0 ∼ −a/l0. With increasing T the mean
free path l0 decreases and causes a negative T dependence
of the PC conductance. Important in disordered systems, this
effect can be neglected in contemporary high-quality devices
(a/l0 ∼ 1%), including those studied here.

In a recent work,3 the impact of the e-e scattering on the
conductance of classical PCs has been analyzed. As shown by
the authors, the dominant contribution comes from scattering
of the injected electrons with those incident onto the PC at

large distances from the orifice. Contrary to naive expectations,
this scattering mechanism enhances the conductance of the
PC. For a classical PC in a two-dimensional electron system
(2DES) with Fermi energy EF and temperature T the e-e
scattering contribution is found to be (the numerical factor is
given after4),

δGee

G0
≈ 0.037αee(akF )

kBT

EF

ln(lc/a), (2)

where αee ∼ 1 is a dimensionless e-e interaction parameter,
kB is the Boltzman constant, and lc ∼ l0 � a is a cutoff
length scale in the 2DES. For a typical PC in a 2DES in
GaAs the e-e scattering contribution is estimated as ∼10% at
liquid He temperatures and, hence, expected to dominate the T

dependence. More recently,5 a suppression of the e-e scattering
contribution to the PC conductance in small perpendicular
magnetic fields has been calculated.

Ballistic constrictions in 2D have been extensively studied
since the first observations of conductance quantization.6,7

Thermal smearing of the conductance plateaus causes a
well-known T -dependence mechanism in such devices.8,9

A quantum-dot-Kondo-like T dependence in the region of
the so-called 0.7 anomaly10 is associated with many-body
physics. E-e scattering-induced size effects in wide and long
quasiballistic channels have been studied in Ref. 11. In those
experiments, a current self-heating was used to vary the
electronic temperature and a nonmonotonic behavior of the
differential resistance was observed. The results were later
interpreted as a 2D analog of a hydrodynamic-like Gurzhi
effect.12 A nonlocal hydrodynamic-like problem of electron
injection through a PC was addressed in Ref. 13 in case of
e-e scattering dominating all other scattering mechanisms.
Corresponding experiments14 have been performed in wide
channels in a strongly nonlinear regime. Observation of the
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e-e scattering contribution to the linear response Sharvin con-
ductance requires careful measurements of the T dependence
and magnetoresistance in PCs formed in a clean 2DES. We are
aware of only one such experiment,15 which is qualitatively
consistent with the e-e scattering scenario of Refs. 3 and 5.

Here we present an experimental study of the T dependence
of the resistance in split-gate-defined PCs in a GaAs-based
2DES at liquid He temperatures. In the absence of a magnetic
field, a negative T -dependent resistance contribution on the
order of 10% is found. The T dependence is suppressed by
a small perpendicular magnetic field of a few 10 mT. The
normalized magnetic field dependencies for different gate
voltages obey an empiric single-parameter scaling procedure.
The results give strong evidence for the influence of the
e-e scattering on the PC conductance and are qualitatively
consistent with the predictions of Refs. 3 and 5. We compare
the measured functional dependencies on temperature and
magnetic field with the theory predictions and discuss possible
origins of the discrepancies, supported by a numerical calcu-
lation. In the absence of a magnetic field, a rough quantitative
agreement is achieved and the interaction parameter αee is
evaluated.

The paper is organized as follows. The experimental details
are described in Sec. II. The results in zero and finite magnetic
field are presented in Secs. III and IV, respectively. Section V
is devoted to scaling of the magnetoresistance data. The
discussion of the experimental results is given in Sec. VI.
The details of the evaluation of the electron density inside
the PC and those of numerical calculation are given in the
Appendix A and B, respectively. The paper is briefly summa-
rized in Sec. VII.

II. EXPERIMENTAL DETAILS

Our samples are based on a high-quality (001)GaAs/
AlGaAs heterostructure containing a 2DES 200 nm below the
surface. The electron density is about nS ≈ 0.83 × 1011 cm−2

(corresponding to kF ≈ 7.2 × 105 cm−1) and the mobility is
≈4 × 106 cm2/Vs at T = 4.2 K, which corresponds to an
elastic mean free path of ≈20 μm. The inset of Fig. 1(a)
shows a micrograph of metallic split gates deposited on the
crystal surface with the help of e-beam lithography (shown as
two brighter areas). Negative gate voltages are applied to the
gates in order to deplete the 2DES beneath them and define
a PC. Throughout the paper, the voltage on the right gate is
fixed at −0.4 V, while the left gate voltage (below simply
gate voltage, Vg) can be varied to control resistance of the
PC. Using a finite bias spectroscopy16 we characterized a
quasi-1D subband spacing (h̄ω⊥) and a curvature of the PC
potential along the transport direction (h̄ω‖) in the spirit of
a saddle-point model.17 This was done in a device similar to
the one for which the experimental data are presented below.
The subband spacing decreases appreciably with the number
of occupied 1D channels: from h̄ω⊥ ≈ 1.1 meV for the 1-2
channels to ≈0.35 meV for the 5-6 channels. Respectively,
the curvature along the transport direction decreases from
h̄ω‖ ≈ 0.55 meV to ≈0.35 meV. These parameters reflect the
experimental observation that the fifth and higher conductance
plateaus are hardly resolved even at very low T .18 Consistently,
the lithographic width of the PCs used is 260 nm, which gives
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FIG. 1. (Color online) Gate-voltage dependencies of the PC
resistance/conductance. (a) A four-terminal PC resistance for a
set of temperatures in absolute (right axis) and dimensionless
(left axis) units. (Inset) Electron micrograph of the surface of a
sample analogous to that used in the experiment. Two top gates
arranged in a T-shaped geometry appear in a light gray color.
(b) A dimensionless PC conductance at the three lowest temperatures
used in the experiment.

an upper bound of 6 for the number of quantized conductance
plateaus.

The ohmic contacts to the electron system are obtained via
annealing of Ni/Au/Ge/Ni/Au layers and placed at distances
about 1 mm away from the PC. The experiment is performed
in a 3He insert at temperatures between 0.46 K and 4.2 K
and in magnetic fields (perpendicular to the interface) up
to 330 mT. The four-terminal resistance is measured with
a lock-in amplifier with current excitation, ranging from
2 to 46 nA at frequencies between 12 and 32 Hz, strictly
in the linear response. A 2DES resistance in series with the PC
does not exceed 30� and has no impact on our results. The
measurements were performed for a set of gate voltages fixed
during a cool-down. The setup is equipped with a calibrated
thermometer in the vicinity of the sample, which allowed us
to measure the T dependence of the PC resistance during
a slow (more than 1 h) cool-down or warm-up procedure.
Rare random jumps in the resistance on the order of 1%,
typically observed above 2 K [see Figs. 2(b) and 5(a)], are
presumably caused by a nearby impurity recharging. When
recording magnetic field dependencies, we compensated for
these by a minor shift (<3%) of the curves in Fig. 3(b)
such that the zero-field data points correspond to Fig. 2(b).
Magnetic field sweeps exhibited a small hysteresis (less than
±10 mT), which was accounted for with the help of Hall
voltage measurements. Altogether we measured three PCs on
two samples prepared from two similar wafers. The results are
practically sample independent and reproducible in respect
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FIG. 2. (Color online) Temperature-dependent contribution to the
PC resistance in the absence of a magnetic field. (a) Experimental T

dependence for R0 ≈ 1.4 k� in absolute units (symbols). Model fits
are shown by lines; see Sec. VI A. A fit according to Eq. (2) for
αee = 0.77, a = 2 × 290 nm, and lc = 13 μm is shown by a dotted
line. A result of a numeric calculation in the spirit of Ref. 3 is shown
by a dashed line for the same parameters. This fit is intended to
describe deviations from a linear T dependence at low temperatures.
The solid line demonstrates a numerical calculation which accounts
for a beam decay effect due to e-e scattering. The parameters are
αee = 1.75, lc = 5 μm, and the same a. (b) Normalized experimental
T dependencies for a set of R0 indicated in the legend. (Inset)
Gate-voltage dependencies of the PC resistance for the two lowest
temperatures. Arrows indicate the points where the three curves with
high R0 in (b) were taken.

to thermal recycling, so only the data for one PC obtained
within the same thermal cycle are given below. Throughout
the paper, with a few exceptions, we present the data for the
PC resistance, which was actually measured in experiment.
When comparing to theory, we make use of a relation between
small contributions to the resistance and the conductance:
δR/R0 = −δG/G0, with R0 = 1/G0.

III. PC RESISTANCE IN A ZERO MAGNETIC FIELD

Figure 1(a) shows gate-voltage dependencies of the PC
resistance (R) for a set of T values. The traces start at Vg =
−0.2 V, where (and at more positive Vg) the device resistance
≈30� is dominated by that of the 2DES connected in series.
At more negative gate voltages, the 2DES below the left gate
depletes. Note that the gate metallization consists of three
parts of different widths [inset of Fig. 1(a)], with the width
sometimes being smaller than the distance to the 2DES layer.
That is why the 2DES depletion under the gate occurs within a
relatively wide range −0.22 V < Vg < −0.35 V, where three
successive steps on the dependencies R(Vg) can be resolved in
Fig. 1(a). Below Vg ≈ −0.35 V all the current flows through
the PC constriction formed in the 2DES. The physical width

FIG. 3. (Color online) Magnetoresistance of the PC for R0 ≈
2.2 k�. (a) Experimental dependence R(B) for the lowest accessible
T (solid line) and the fits accounting for the suppression of backscat-
tering in B �= 0 (dotted line) and, additionally, for the magnetoelectric
subband depopulation (dashed line). (Inset) Magnified low-B region
of the main figure with dimensions 45 � × 10 mT. The experimental
data in the inset (solid line) are obtained in a separate low-B sweep
with a better resolution. The fits in (a) are obtained assuming
the electron densities of 8.3 × 1010 cm−2 and 3.15 × 1010 cm−2,
respectively, in the 2DES and inside the PC. The deduced R0 equals
2235 �. (b) Evolution of the experimental magnetoresistance with
temperature.

of the PC, as well as the electron density inside it, is tuned by
stray electric fields, such that its resistance increases towards
more negative Vg . Within the range −0.5 V < Vg < −0.35 V
the gate-voltage dependencies are featureless and the device
behaves as a classical PC with the resistance 0.24h/2e2 > R >

0.12h/2e2 (corresponding to 3.1 k� > R > 1.5 k�). In order
to cover a broader resistance range, we also performed the
experiment outside this gate-voltage interval. At more negative
gate voltages, −0.8 V < Vg < −0.5 V, we enter a quantum
PC regime at the lowest T and study the PC resistances up
to R ≈ 6.4 k� (0.5h/2e2). At more positive gate voltages,
−0.35 V < Vg < −0.27 V, the PC constriction is not yet fully
developed and its width exceeds the lithographic one. Here, PC
resistances down to R ≈ 0.64 k� (0.05h/2e2) are accessible.
As seen already from Fig. 1(a), the negative T -dependent
contribution is found within the whole resistance range
studied.

The effect of a finite temperature is easier to observe in the
gate-voltage dependence of the PC conductance G = 1/R.
This is shown in Fig. 1(b) for a relevant Vg range at the three
lowest experimental temperatures. At the lowest T ≈ 0.47 K
the signatures of the quantized plateaus 2ne2/h (n = 2,3,4)
are resolved. The impact of increasing T is twofold: It causes
(i) a smearing of the plateaus and (ii) an overall conductance
increase. The first effect is caused by a well-known thermal
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broadening8 of the Fermi distribution function. However,
as Fig. 1(b) demonstrates, at temperatures above 1 K the
gate-voltage dependencies of the conductance are already
smooth, and this effect has a minor (if any) contribution to
the T dependence. In what follows, we focus on a second
effect: the pronounced positive/negative T dependence of
the conductance/resistance, which is similar to the results of
Ref. 15 and observed within the whole gate-voltage interval in
Figs. 1(a) and 1(b). This effect dominates the T dependence
above 1 K.

In Fig. 2(a) the T dependence of the PC resistance is shown
for Vg = −0.337 V (symbols). The data are plotted in the
form of a T -dependent contribution −δR ≡ −[R(T ) − R0],
where R(T ) is the measured resistance at a given temperature.
The resistance R0, which determines the absolute value of the
T -dependent contribution, is deduced from the magnetore-
sistance data of Sec. IV. The overall T dependence of the PC
resistance in Fig. 2(a) is negative such that −δR monotonously
increases with increasing temperature. The T dependence is
strongest for 1 K < T < 2 K, where −δR increases by a
factor of 2.3 almost linearly with T . At higher temperatures,
the T dependence becomes substantially weaker and δR(T )
tends to saturate. Since δR(T = 0) = 0, the data imply that
the T dependence should also weaken at T → 0. Yet the
temperatures used are not low enough for this tendency to
be pronounced in Fig. 2(a).

Similar qualitative behavior is observed in a wide range
of gate voltages, as shown in Fig. 2(b). Here the relative
contribution −δR/R0 is plotted as a function of T for a set of
PC resistances, 0.64 k� � R0 � 6.4 k�. Again, the negative
T dependence is strongest at intermediate T , and weakens at
high and low T , with some minor differences. For instance,
the lowest resistance trace (R0 = 0.64 k�) demonstrates a
high-T downturn, which seems to have the same origin as the
saturation of the T dependencies for higher R0 (see Sec. VI A).
At T < 1 K the three traces with high R0 suffer from a residual
thermal smearing of the n = 2,3,4 resistance plateaus. This
effect contributes a spurious positive (negative) T dependence
on the low-Vg (high-Vg) edge of a resistance plateau.8 As a
result, below 1 K the measured T dependence is stronger for
the 6.4-k� trace and weaker for the 4.7-k� and 3.5-k� traces;
see the inset of Fig. 2(b).

The data of Fig. 2 demonstrate a negative T dependence
of the PC resistance on the order of ∼10% at liquid He
temperatures. This effect is observed in a wide range of
resistances from the limit of classical PC (R0 
 h/2e2) to
the quantum PC regime (up to R0 ≈ 0.5h/2e2). The negative
T dependence of the resistance cannot be interpreted in terms
of a backscattering of electrons due to a finite elastic mean free
path in the 2DES. In our ballistic PC, the overall backscattering
contribution is too small (on the order of a/l0 ∼ 1%) and
would result in a positive T dependence of the resistance.
One can also safely neglect a possible contribution from the
weak localization in the 2D leads, which results in a negative
T -dependent contribution several orders of magnitude smaller
than that in Fig. 2. Instead of single-particle effects, we
attribute the T dependence of the PC resistance to the e-e
scattering scenario,3 which turns out to be consistent with
the results of the experiment (see Sec. VI). The behavior of
the magnetoresistance data in small perpendicular magnetic

fields, presented in the next section, further support this
hypothesis.

IV. PC RESISTANCE IN A PERPENDICULAR
MAGNETIC FIELD

In Fig. 3(b) the experimental PC magnetoresistance is
plotted for a set of temperatures at a gate voltage of Vg =
−0.41 V, corresponding to a classical PC regime. In small
fields, the curves R(B) demonstrate a negative T dependence.
The dependence is strongest at B = 0 and quickly suppressed
with increasing magnetic field. As a result, a pronounced zero-
field resistance minimum is observed, which becomes wider
and deeper as T is raised. The T -dependent magnetoresistance
is well seen even for |B| < 10 mT, where the cyclotron radius
(RC > 4 μm) by far exceeds the size of the PC orifice. This
observation gives a strong evidence that the T -dependent PC
magnetoresistance originates from the neighboring 2DES in
agreement with the e-e scattering scenario.5 In higher magnetic
fields |B| � 50 mT a sign change of the T dependence is
observed in Fig. 3(b) (signatures of such a behavior were also
seen in Ref. 15), which we failed to unambiguously interpret.
For this reason, in the following we limit our analysis to the
magnetic field range |B| � 25 mT.

Before analyzing the T -dependent contribution in detail,
we note that in Fig. 3(b) it is superimposed on a well-known
single-particle magnetoresistance19 (see also Ref. 5). The latter
contribution is independent of T and can be identified in
the low-T limit. In Fig. 3(a) the PC resistance at the lowest
T ≈ 0.47 K is plotted as a function of B (thick line) for the
same Vg as in Fig. 3(b). The overall magnetoresistance is
negative and well explained by two single-particle effects.
The first contribution results from a nonadditivity of the
ballistic PC resistance and Hall resistance RH = B/(ecnS)
of the neighboring 2DES leads (so-called suppression of
backscattering20). In a quasiclassical approximation,19 the
four-terminal PC resistance exhibits a negative linear magne-
toresistace δR(B) = −|RH | ∝ −|B|. As seen from Fig. 3(a),
for |B| � 25 mT the experimental magnetoresistance has
the same slope as that of −|RH | (dots) with a value of nS

deduced from Shubnikov oscillations in the bulk 2DES. In
stronger magnetic fields, the experimental magnetoresistance
weakens, due to a second effect—namely, depopulation of
magnetoelectric subbands in the PC.19 To the lowest order in
B, this effect contributes a positive magnetoresistance ∝B2. As
shown in Fig. 3(a), taking both these contributions into account
results in a nearly perfect fit (dashed line) to the experimental
curve for |B| � 100 mT. Hence, other possible B-dependent
contributions (including e-e scattering5) are negligible at this
temperature, except for a tiny field range magnified in the inset
of Fig. 3(a).

In the inset of Fig. 3(a), the experimental magnetoresistance
is shown along with the fits of Fig. 3(a) extrapolated towards
|B| → 0. At B = 0, the single-particle extrapolation predicts
a resistance slightly higher than actually measured. In part,
this deviation is caused by a rounding of the sharp B = 0 kink
in a real 2DES.21 However, a tiny region of very weak positive
magnetoresistance seen in the inset of Fig. 3(a) suggests that
at the lowest temperature used the T -dependent contribution
survives for |B| < 3 mT and contributes to the deviation from
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FIG. 4. (Color online) Magnetic field suppression of the T -
dependent contribution to the PC resistance. Experimental data
[obtained from Fig. 3(b), see text] are shown with solid lines. The
best fit with Eq. (3) (parameters αee = 0.3, a = 204 nm, R0 = 2235
� with an assumed density inside the PC 3.15 × 1010 cm−2) and the
empiric fit δRee ∝ T 2|B|−0.7 are shown with a dotted and dashed line,
respectively.

the extrapolated single-particle fits. This deviation being small
ensures that the complete fit to the lowest T magnetoresistance
data (dashed line in Fig. 3(a)) can serve as a reliable T →
0 limit.22 This fit is used as a reference curve RREF(B)
to determine the T -dependent contribution −δR(B,T ) =
RREF(B) − R(B,T ), where R(B,T ) is the measured resistance
at a given magnetic field and temperature. In a zero field
we have R0 ≡ RREF(B = 0). The same procedure is used at
every gate-voltage value. All such fits are performed with
the same Hall coefficient, corresponding to the bulk 2DES
density. The subband depopulation effect in each case is fitted
separately in a hard-wall model with an electron density inside
the PC as a fit parameter (Appendix A). A possible systematic
error (<1% in the classical PC regime) in chosen RREF(B)
is not important as long as |δR|/R0 is not too small, i.e., for
T � 1 K and in not-too-high magnetic fields. Note that in
the quantum PC regime such a procedure does not allow us
to overcome the T dependence due to the smearing of the
resistance plateaus, which is independent of magnetic field.
Hence, the systematic error is higher in that case and on the
order of a few percentages.

In Fig. 4 the B dependencies of δR(B,T ), obtained from
the data of Fig. 3(b) as described above, are plotted for a set of
temperatures. The absolute value |δR| exhibits a maximum at
B = 0, symmetric with respect to field reversal and decays in
magnetic field. The functional B dependence weakens as the
magnetic field is increased. Dashed lines in Fig. 4 show the
best empiric power law fit to the experimental data set with
an expression δR ∝ −T 2B−0.7. We find such a fit reasonable
at intermediate temperatures T � 2.2 K except for small |B|.
Scaling of the magnetoresistance data at different Vg (Sec. V)
indicates that similar functional B dependencies −δR(B) are
observed in a wide range of the PC gate voltages.

In Fig. 5(a) the measured T dependencies are plotted for a
set of fixed (positive) B values. At B = 0, as discussed above, a
nearly linear T dependence is observed for T < 2 K, followed
by saturation at higher T . The B-driven suppression of the
T -dependent contribution is stronger at lower T . As a result,
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FIG. 5. (Color online) Evolution of the T dependence with
magnetic field for R0 ≈ 2.2 k�. (a) Experimental T dependencies
plotted in linear scale for a set of magnetic field values. (b) Double-log
plot of the experimental dependence at B = 15 mT (thick solid line),
together with the fit to Eq. (3) (parameters αee = 0.3, a = 204 nm,
R0 = 2235 � with an assumed density inside the PC 3.15 × 1010

cm−2) and the empiric dependence δR ∝ −T 2.5. Thin solid lines
indicate the range of possible systematic uncertainty associated with
the choice of R0. These lines are obtained via shifting the thick solid
line by ±10 �.

with increasing B the T dependence approaches parabolic at
low temperatures.

For a quantitative analysis of the T dependence we plot the
data at B = 15 mT on a double logarithmic scale in Fig. 5(b)
(thick solid line). The experimental uncertainty is indicated
as follows. The reference value RREF(B) is determined with
an accuracy of ±10 �, appreciably worse than the random
error in a measured T dependence (±2 �). This unknown
additive contribution to δR(T ) could shift the data up or down
as a whole to a position somewhere between those indicated
with thin solid lines in Fig. 5(b). Within this uncertainty, the
experimental data are compatible with a power-law δR(T ) ∝
−T α , where α ≈ 2.5 ± 0.5. The best such fit −δR ∝ T 2.5 is
shown by a thin solid line in Fig. 5(b).

The key experimental observations of Figs. 3, 4, and 5 can
be qualitatively explained in the framework of the e-e scatter-
ing contribution to the PC resistance. As predicted in Ref. 5,
the e-e scattering is suppressed by a perpendicular magnetic
field B �= 0, as a result of time-reversal symmetry breaking. A
typical B-field scale (a few 10 mT) is defined by competition
of an interaction time argument5 and phase-space constraints
and increases with T . The corresponding magnetoresistance
contribution is positive and T dependent. It is predicted to be
observable already in tiny magnetic fields, where the cyclotron
radius in the 2DES RC = h̄kF c/eB is much larger than the size
of the orifice,5 in perfect agreement with our experiment. We
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next demonstrate that the magnetoresistance data are similar
in a wide range of the PC gate voltages (i.e., R0), permitting a
single parameter scaling.

V. SCALING THE MAGNETORESISTANCE DATA
AT DIFFERENT GATE VOLTAGES

In Fig. 6(a) we compare the curves δR(B) taken at T =
1.6 K for two different Vg corresponding to the PC resistances
of R0 ≈ 1.4 k� and R0 ≈ 3.4 k�. In both cases, the overall
effect of magnetic field is qualitatively similar to that in Fig. 4
and the absolute value |δR(B)| increases with R0. At the same
time, the width of the V-shaped dependence along the B axis
also increases with R0, as demonstrated by arrows in Fig. 6(a),
which mark the full width at the half minimum δR(B). This
behavior is observed within the whole range of R0 investigated
and for all T used.

We find that the data δR(B) at different R0 permit a
single parameter scaling. At a given T , an empiric relation
a−1

eff δR/R0 ≈ F (aeffB) holds, where aeff is an R0-dependent
scaling parameter and F is a function which determines the
shape of the B dependence at this T . It is convenient to express
aeff in units of length and plot the scaled B dependencies in
dimensionless coordinates δR/R0 × w/aeff vs β ≡ aeff/RC ,
where w = 130 nm is the lithographical half-width of the PC
and RC ∝ B−1 is the cyclotron radius in the 2DES. This choice
of axes is natural for the e-e scattering mechanism of the T

dependence, as explained in Sec. VI.
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FIG. 6. (Color online) T -dependent contribution to the magne-
toresistance at different R0. (a) Experimental dependencies δR(B) for
two values of R0 at 1.6 K. The arrows mark the full width at the half
minimum of the V-shaped dependencies. (b) One-parameter scaling
of the magnetoresistance data for R0 � 6.4 k�. The temperature
increases from top to bottom T =1, 1.6, 2.2, 4.2 K.

FIG. 7. (Color online) Dependence of the scaling parameter aeff

from Fig. 6 (symbols) and the physical half-width a of the PC (line)
on R0. The physical half-width a is evaluated from Eq. (1) with
G0 = 1/R0, with a reduced electron density inside the PC taken into
account (see Appendix A). The scaling parameter aeff , normalized
as described in the text, is shown by separate symbols for the four
temperatures used. Black dots and crosses mark, respectively, the
values of a and aeff used in numerical fits; see Appendix B.

In Fig. 6(b), we plot the results of the scaling procedure
for a wide range of R0. For each of the four temperatures
used, the data are obtained as follows. We vary the value
of aeff such that the dependencies δR(B)/R0 at different R0

fall on a single curve. For better scaling, the value of R0 is
also slightly varied within the experimental uncertainty (a few
percentages). Note that the values of R0 are consistent with
the T = 0.47 K data18 and are not expected to exhibit clear
resistance quantization effects for the reasons discussed above
(see Sec. IV). At a given T , a nearly perfect scaling is obtained
in the region of not-too-high |β|, where δR(B)/R0 is not small,
and outside the very vicinity of β = 0 (i.e., zero magnetic
field). The scaling is successful even far from the classical
PC limit, up to R0 ≈ 0.5h/2e2. Remarkably, a similar low-B
behavior is observed even close to the resistance quantum h/e2,
although the scaling is worse for such high R0 (not shown).

In Fig. 7 we plot the scaling parameter aeff (symbols) as a
function of R0. The absolute value of aeff is not determined in
a scaling procedure and is chosen to coincide with the physical
half-width a of the PC on the lowest R0 end. Normalized in this
way, aeff is nearly T independent and decreases at increasing
R0. As seen from Fig. 7, aeff drops by less than a factor of 3
when R0 is varied by almost an order of magnitude.

VI. DISCUSSION

As demonstrated in previous sections, the resistance of
a ballistic PC in a high-quality 2DES exhibits a negative
T dependence at liquid He temperatures. In the absence of
magnetic field, the T dependence is relatively strong below
T ≈ 2 K and tends to saturate at higher temperatures. At not
too high T , a small magnetic field on the order of a few 10 mT
tends to suppress the T dependence. These observations can
be well explained in terms of the e-e scattering contribution
to the ballistic PC resistance. The experimental data are
qualitatively consistent with the predictions of the theory of
Refs. 3 and 5 for classical PCs, which is the only present
theory capable to closely describe the data. Below we discuss
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the experimental results in detail, quantitatively compare the
experimental behavior with key theoretical predictions, and
attempt to evaluate the strength of the e-e scattering in the
2DES studied.

A. Zero magnetic field

1. Qualitative picture at not-too-high T

At temperatures in the range 0.5 K < T � 2 K, the
experimental T dependence of the resistance is not far from
linear [see symbols Fig. 2(a)]. Still, at low T the dependence is
incompatible with the proportionality |δGee| ∝ T predicted by
Eq. (2). This is strongly supported by the magnetoresistance
data of Sec. IV, where the contribution of e-e scattering is
almost negligible at the lowest temperature used T ≈ 0.5 K.
This behavior is captured by a numerical calculation of the e-e
scattering contribution in spirit of Ref. 3 (see Appendix B for
the details) and can be qualitatively understood as follows.

Consider a scattering of an injected electron (momentum k)
with the one incident onto the PC (momentum p) at large
distances r from the orifice (r � a). The two momenta are
approximately opposite such that the angle ϕ between k and
−p is small: |ϕ| � φPC 
 1, where φPC = a/r is the angular
dimension of the PC orifice at a distance r . For |ϕ| � φT (with
a thermal angle defined as φT ≈ T/EF ), the two electrons can
scatter by an arbitrary angle12 and the scattering probability
is independent of ϕ. Outside this range, for |ϕ| > φT , the
scattering probability decreases with increasing |ϕ| and,
accordingly, the scattering angle cannot exceed ∼φT /|ϕ|.
These constraints result from the conservation laws and the
Pauli principle. Depending on T and/or r , two limiting cases
can be realized.

Figure 8 sketches the momentum space for the two limiting
cases. A situation of Fig. 8(a) is realized when φPC < φT , i.e.,

FIG. 8. A sketch of momentum space in the 2DES at a distance
r � a from the orifice for two limiting cases of not too low T (or
large r: φT � φPC) (a) and very low T [or small r: φT 
 (φPC)2] (b);
see text. A typical state of a nonequilibrium electron injected through
the PC is shown by a black dot. The dark gray color indicates occupied
states below the Fermi surface. Electron states with approximately
opposite momenta available for e-e scattering are shown as light gray
areas (see text for the details).

at not-too-low T (and/or not too small r). In this case, an
average injected electron (shown by a black dot) can scatter
by an arbitrary angle with each of the electrons within the
stripe |ϕ| < φT of the width ∼T (shown by a light gray color).
However, only the scattering with the electrons within the
angle |ϕ| � φPC can contribute to the PC conductance. Hence,
δGee ∼ φPC × T , which, in the end, gives rise to the linear T

dependence and a log dependence on lc in Eq. (2), derived in
Ref. 3. At T → 0 the condition φPC < φT breaks down and one
expects deviations from the linear T dependence. In Fig. 8(b)
we sketch a situation in the limit of very low T such that
φT 
 (φPC)2. Here an average injected electron (black dot)
cannot effectively scatter an incident electron unless |ϕ| �
φT /φPC. The corresponding momentum space region of width
∝T is shown by a light gray color in Fig. 8(b). Outside this
region, for larger |ϕ|, the typical scattering angle is smaller than
φPC. Corresponding scattering processes do not influence the
conductance for one of the scattered electrons still reaches the
PC orifice. In this limit the e-e scattering contribution acquires
a parabolic23 T dependence δGee ∝ T 2.

The dashed line in Fig. 2(a) represents a numerical fit to the
experimental data (symbols) performed in the framework of
Ref. 3. The calculation exhibits a crossover between the two
limiting cases considered above and is quantitatively consistent
with the experiment at T � 2 K for the chosen fit parameters
(see caption). For comparison, the dependence predicted by
Eq. (2) for the same fit parameters is shown by the dotted line
in Fig. 2(a). Note that the numerically calculated T dependence
is strongly nonlinear below 0.5 K. This demonstrates that
a naive linear extrapolation of the experimental dependence
R(T ) towards T = 0 may be misleading and an independent
determination of R0 is needed (see Sec. IV). The low-T
behavior is related to the value of the cutoff length lc, which is
expected to be comparable to the elastic mean free path.3 As
discussed in Appendix B, at increasing lc the numerical result
asymptotically approaches the analytic prediction of Eq. (2)
for arbitrarily low temperatures. Hence, a proportionality3

δGee ∝ T might be observed in samples of exceptionally high
quality in future (see Appendix B).

2. High-T behavior and beam decay effects

As seen from Fig. 2(a), the experimental T dependence
levels off and tends to saturate at T > 2 K. A similar behavior
δR(T ) is observed within the whole range of gate voltages
studied [Fig. 2(b)], which is not predicted by theory.3 We find
that such a qualitative behavior is in fact expected for the
e-e scattering scenario at high-enough T and is related to a
breakdown of a condition lc 
 lee, where lee is an electron
mean free path for e-e scattering. In such a situation, a decay
of the injected beam on the length scale of lc due to the e-e
scattering is not negligible. Therefore, the total e-e scattering
probability is no longer small and the calculations3 to first
order in αee are expected to overestimate the effect of e-e
scattering on the PC conductance.

One can estimate the length lee based on a calculation
of a quasiparticle lifetime.24 This calculation agrees with
energy-relaxation data in a high-density device.26 In our 2DES
at T = 4 K such an estimate gives lee ≈ 2.7 μm, indeed
much smaller than the elastic mean free path l0. Moreover,
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we estimate that the condition l0 ∼ lc 
 lee is satisfied only at
T 
 2 K. Therefore, the applicability range of the numeric
calculation in spirit of Ref. 3 turns out to be too narrow
for a reliable estimation of the e-e interaction parameter αee.
Unfortunately, a mathematically strict account for the effects
of the beam decay due to e-e scattering is too involved for
modeling. Nevertheless, we performed additional numerical
calculations with an ad hoc introduced decay of the injected
beam with characteristic length scale of lee. These calculations
are capable of reproducing the T dependence in the whole
temperature range studied; see Appendix B. One such fit
perfectly consistent with the experiment is plotted by a solid
line in Fig. 2(a). Note that the interaction parameter αee

obtained from such fits is roughly 2 times larger compared to
the fit in which the beam decay effect is disregarded [dashed
line in Fig. 2(a)].

B. Finite magnetic field

Thanks to the time-reversal symmetry breaking, the contri-
bution of the e-e scattering to the PC conductance is expected
to rapidly decay in a perpendicular magnetic field.3 The
theoretical prediction of Ref. 5 for not-too-small magnetic
fields is given by

δGee

G0
= 2

9
αee

akF√
β

k2
BT 2

E2
F

ln

(
β

E2
F

k2
BT 2

)
. (3)

This result is derived assuming k2
BT 2/E2

F 
 β 
 1, where
β ≡ a/RC ∝ B is the ratio of the half-width of the PC orifice
to the cyclotron radius in the 2DES RC = h̄kF c/eB.

Equation (3) predicts that a decay of δGee in a perpendicular
magnetic field causes a T dependence stronger than that at
B = 0. On the other hand, as follows from this expression,
at higher temperatures a decay of δGee occurs in stronger
magnetic fields scaling as

√
β ∝ T . This behavior has to

do with the physics of e-e scattering in a perpendicular
magnetic field. Quasiclassically, the e-e scattering probability
is proportional to the effective interaction time between the
scattering electrons. The interaction time depends on the angle
ϕ between the momenta k and −p (defined in Sec. VI A). In
the B = 0 case, this time is maximum for electrons with oppo-
site momenta (ϕ = 0), which follow time-reversed trajectories.
As derived in Ref. 5, in finite B the time-reversal symmetry
is broken and the maximum interaction time is attained for
scattering of electrons with a nonzero angle: |ϕ| ∝ √

β. Along
with the phase-space argument of Sec. VI A this explains
the B-T scaling mentioned. The low-B experimental data of
Figs. 4 and 5(a) are in perfect qualitative agreement with these
theoretical predictions, strongly supporting our interpretation
in terms of the e-e scattering scenario of Refs. 3 and 5.

The functional T and B dependencies predicted by expres-
sion (3) are weaker than those observed in experiment. Dotted
lines in Fig. 4 represent an effort to fit the experimental B

dependence with expression (3) in the range of magnetic fields
where it is applicable. Despite the fact that the overall trends are
qualitatively captured by the fits, we observe that a functional
B dependence in the experiment is appreciably stronger than
the theory predicts. Except for the highest T = 4.2 K, the
empiric dependence of the form δR ∝ T 2B−0.7 describes the
data much better in the same range of B (dashed lines in

Fig. 4). The T dependence in magnetic field is also somewhat
stronger than the theoretical prediction. The dashed line in
Fig. 5(b), drawn according to Eq. (3), is not consistent with
the experimental dependence (thick solid line) in a typical
magnetic field of B = 15 mT. At the same time, the empiric
dependence |δR(T )| ∝ T 2.5 can well describe the data within
the experimental uncertainty. Note that the T dependence of
Fig. 5(b) is discussed in a limited range T � 3 K, which is
related to a possible problem with the applicability of the
theoretical analysis at high temperatures (see Sec. VI A).

Several possibilities might be responsible for the discrep-
ancy between the theory and experiment in magnetic field.
First, we mention the unknown positive T dependence of
the resistance seen for |B| � 50 mT (Fig. 3). If additive
with the e-e scattering-induced magnetoresistance at lower
|B|, such a “wrong-sign” contribution can strengthen the
dependence δR(B). Second, the T-shaped split-gate layout
of our sample (inset to Fig. 1) differs from the theoretical
geometry,5 which might be important for the calculation of
the effective interaction times used in the theory. Finally,
long-range density gradients around the lateral PC and beam
collimation effects discussed in the next subsection can well
affect the e-e scattering contribution in |B| �= 0.

C. Scaling and aeff

As demonstrated in Sec. V, the experimental depen-
dencies δR(B) at different R0 obey scaling in the form
a−1

eff δR(B)/R0 ≈ F (aeff/RC), where the function F deter-
mines the shape of the B dependence at a given temperature.
Here we argue that such a scaling is inherent for the e-e
scattering problem in a 2DES in a perpendicular magnetic
field.

Consider two classical PCs of widths a1 and a2 in magnetic
fields corresponding to cyclotron radii of, respectively, R1 and
R2. Since the phase space for e-e scattering is determined
essentially by the angle between the momenta of scattering
electrons, these two problems are similar and can be reduced
to each other via scaling of the spatial coordinates, provided
a1/R1 = a2/R2. The only difference is that the total scattering
probability (proportional to the interaction time) scales as ai .
Hence, we conclude that the e-e scattering contribution obeys
a scaling in the form a−1δGee/G0 = F (a/RC). It appears that
both analytical expressions of Ref. 5 derived in the limits of low
and high β obey such a scaling. This universality is expected
to break down only at very low magnetic fields (RC � lc),
where a weak disorder scattering comes into play.5

As shown in Fig. 6(b), the experimental dependencies
δR(B) permit scaling of this kind in a wide range of R0

and all T used. This further supports our interpretation of the
negative T dependence in small B in terms of the e-e scattering
mechanism.5 The scaling also indicates that a problem with a
functional dependence δR(B), which is appreciably stronger
in experiment than in theory, persists regardless of R0.

As follows from the above argument, the scaling parameter
is proportional to the PC half-width a. Unexpectedly, the
evolution of aeff with R0 in Fig. 7 is appreciably weaker
than that of the physical half-width a (symbols and line,
respectively). This discrepancy could not be ascribed to exper-
imental uncertainties in scaling procedure and/or evaluation
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of a (see Appendix A). The data of Figs. 6(b) and 7 suggest
that a different length-scale ∝ aeff , rather than a, controls the
behavior of the e-e contribution to the resistance of a laterally
defined PC in a magnetic field. This behavior might be related
to a long-range potential landscape nearby the PC, as briefly
discussed below.

As a result of stray electric fields from the split gates,
an electrostatically defined PC takes the shape of a finite
length channel with smooth boundaries. This causes a classical
beam collimation effect in lateral PCs.27 A reduced electron
density inside the PC also results in beam collimation via an
electrostatic lens effect.19,28,29 In a model of a horn-shaped
channel,19 the angular dimension of the collimated (injected
or incident) electron beam is reduced compared to π . This is
compensated for by the increased channel width aexit at the
exit (entrance) of the PC, although the conductance G0 is still
given by the minimum channel width a and Eq. (1). Hence,
the angular dimension of the PC observed at large distances
is increased, φPC ∝ aexit > a, which is expected to enhance
the relative e-e scattering contribution. This effect resembles
the operation of a microwave horn antenna. In addition, the
collimated beam is squeezed towards the normal to the orifice,
so the angular dimension of the orifice is, on average, further
increased: φPC ∝ cos φn, where φn is the angle in respect to
the normal to the orifice. Obviously, both effects become more
pronounced as the PC is being depleted. One can speculate
that, at large lc, these effects might be roughly described by
an extra effective width parameter aeff > a used instead of a

in Eq. (2). Independent experiments could verify whether the
results of our scaling procedure in a magnetic field can be
interpreted in this way.

D. Evaluation of the interaction parameter αee

The Coulomb interaction in a 2DES is modified due to
screening and correlation effects.30 E-e scattering provides
an important information about interactions via a scattering
length (cross section in 2D) λ(θ ), where θ is a scattering
angle.31 The total scattering probability can be expressed
through a total scattering length λtot = ∫ π

0 λ(θ )dθ . In a
classical approach of Refs. 3–5 this is determined by a
dimensionless interaction parameter αee: λtot = παee/(4kF ).
The measurement of the e-e scattering contribution to the PC
resistance gives a direct access to the scattering length in the
2DES.

Equation (2) permits determination of αee from the slope
of the T dependence at B = 0, provided the constriction
half-width a and the cutoff length lc are known. Moreover,
analysis of the B dependence of the e-e correction allows
us to exclude an uncertainty related to the unknown cutoff
length lc, as follows from Eq. (3). However, application of
this procedure to the present experiment is problematic due
to the discrepancies between theory and experiment discussed
above. Still, we attempt to evaluate αee fitting the zero-field
data δR(T ) by a numerical calculation in spirit of Ref. 3.

As discussed above, at temperatures used in our experiment
the estimated mean free path for e-e scattering is typically not
large compared to the elastic mean free path (and lc), so the
electron beam decay should be taken into account. We employ
fits with a numerical calculation, which accounts for the beam

decay on the length scale of the mean free path for the e-e
scattering. Such fits are capable of describing the data within
the whole T range (see Appendix B) and serve as an order of
magnitude estimate for αee.

At a given R0, the dependence δR(T )/R0 from Fig. 2(b) is
numerically fitted with three fit parameters a, lc, and αee. The
best fits are obtained for lc = 5 μm (for R0 > 0.64 k�). We
used a separate value of lc = 8.5 μm when fitting the lowest
PC-resistance data (R0 = 0.64 k�), which best reproduces a
downturn on the T dependence (see Fig. 12). These values
of the cutoff length are substantially smaller than the elastic
mean free path in our device (l0 ≈ 20 μm). This discrepancy
might arise from a crude model used and is not crucial for our
purposes. Important for the evaluation of αee is the knowledge
of the parameter a. For a classical PC, a simply equals the
half-width of the orifice.3,5 However, this is not the case in
the present experiment for the following reason. In our T-
shaped split-gates layout about a half of the electrons can
reach the PC after a scattering off the 2DES boundary defined
by the right-hand-side gate in the inset of Fig. 1. Assuming
a specular boundary scattering, this results in a factor of 2
enhanced a compared to the geometry of Ref. 3 at the same
R0. Therefore, we perform a numerical fit with a equal twice
the physical half-width of the PC. We also perform an extra fit
using effective width a = 2aeff , as suggested by the scaling of
the experimental curves δR(B) in a magnetic field.

The interaction constant obtained from such numerical fits
is plotted in Fig. 9 as a function of R0 in the range 0.6 k� <

R0 < 3.5 k� (symbols). Circles and triangles correspond
to fitting with a determined by the physical width and the
effective width, respectively. Error bars in the figure indicate
an estimated random uncertainty of the evaluation procedure,
which is mainly limited by that of the R0 determination. For
each data set αee is roughly independent of R0 (exception is the
case of R0 = 0.64 k�), as expected for the parameter charac-
terizing the strength of the e-e scattering in the 2DES. Based
on Fig. 9 we conclude that our experiment is consistent with an
order of magnitude estimate3 αee ∼ 1. A direct calculation31

of the 2D scattering length predicts comparable values of the

FIG. 9. (Color online) Evaluation of αee from the zero-field
T dependence. Circles and triangles correspond to fitting with a

determined by the physical width and the effective width, respectively,
as explained in the text. The values of a and aeff used for fitting are
shown in Fig. 7 as dots and crosses, respectively. Error bars (±20%)
mark the random uncertainty of the evaluation procedure. The arrow
points at the value deduced from the calculation31 of the e-e scattering
length (see text).
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interaction parameter, which increases at decreasing the 2D
electron density. We were able to check that at a density of
nS = 1.5 × 1011 cm−2, still almost twice as high as in our
2DES, the calculations31 predict αee ≈ 0.84 (at T = 2 K).
This value, shown by an arrow in Fig. 9, is roughly consistent
with our evaluation. Unfortunately, a systematic uncertainty,
associated with our fitting procedure and large number of fit
parameters, by far exceeds the random uncertainty in Fig. 9.
This does not permit a quantitative comparison beyond an
order of magnitude estimate. The data of Fig. 9 is rather meant
to illustrate that, in a wide range of R0, the absolute value
δR(T ) is roughly consistent with the predictions of the e-e
scattering scenario.

VII. SUMMARY

In summary, we studied a T -dependent contribution δR to
the resistance of a ballistic PC in a 2DES of a high-quality
GaAs/AlGaAs heterostructure at temperatures below 4.2 K. In
zero magnetic field, the resistance decreases by ∼10–20% as
the temperature is raised from 0.5 K to 4.2 K. The dependence
is roughly linear below 2 K and weakens at higher T . A
B-driven suppression of δR is found in perpendicular magnetic
fields of a few 10 mT and not too high T . These results
give strong evidence for the influence of the e-e scattering
on the PC conductance. The observations are similar in a wide
range of R0, even outside the classical PC regime, and can
be qualitatively described with the e-e scattering scenario of
Refs. 3 and 5. We argue that in the B = 0 case the discrepancies
between the experiment and theory can be well understood
and supported by a numerical calculation. In a magnetic field,
the curves δR(B) permit single-parameter scaling in a wide
range of PC resistances R0, which is an intrinsic property
of the e-e scattering problem. Contrary to expectations, the
dependence of the scaling parameter on R0 is sufficiently
weaker than that of the physical half-width of the orifice. This
indicates that the value of the e-e scattering contribution in
a lateral PC is determined by an independent parameter aeff ,
which we call an effective half-width of the PC. In the B = 0
case, we perform a numerical calculation, which goes beyond
theoretical assumptions3 and is capable of quantitatively
describing the experimental data in the whole temperature
range. Using this calculation, the interaction constant αee of the
2DES is evaluated, which is in rough quantitative agreement
with the calculations31 of the e-e scattering length in 2DESs
in GaAs.
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APPENDIX A: EVALUATION OF THE ELECTRON
DENSITY INSIDE THE PC

The resistance R0 of a quasiclassical PC and its physical
half-width a (at a Fermi level) are directly related as R0 ∝
C1/(akPC

F ), where the Fermi wave-vector is given by kPC
F =

(2πnPC)1/2 and nPC is the (2D) electron density inside the
PC. The numerical coefficient depends on the model of the
confinement potential and equals C1 = π (4), respectively, for
a hard-wall (parabolic) confinement. Separate determination
of a and nPC is possible by analyzing the depopulation of the
magnetoelectric subbands in a perpendicular magnetic field.

The depopulation effect gives rise to a positive contribution
to the magnetoresistance of the quasiclassical PC, which to the
lowest order in B is given by19

δRdepop

R0
= C2

(
a

RPC
C

)2

∝ (C1)2C2
B2

(nPC)2
, (A1)

where RPC
C = kPC

F h̄c(eB)−1 is the cyclotron radius correspond-
ing to the electron density inside the PC. The confinement
model-dependent coefficient equals C2 = 1/6 (1/2), respec-
tively, for a hard-wall (parabolic) confinement. Here we also
used a ∝ C1/kPC

F , since R0 is fixed. The evaluated density
depends on the details of the PC confinement via a factor
C1(C2)1/2 equal to ≈1.28 (2.83) for a hard-wall (parabolic)
model confinement potential. In fact, a gradual transition
from a hard-wall-like confinement in a wider constriction
to a parabolic-like confinement in a narrower constriction is
typically found32 in agreement with numerical simulations
(see Ref. 19 for references). Here, we evaluate the electron
density nPC assuming a hard-wall confinement with the help
of Eq. (2.62a) of Ref. 19. In this way a lower boundary for nPC

is obtained and the strongest possible gate-voltage dependence
of the electron density inside the PC.

The result is shown in Fig. 10 for gate voltages in the
range corresponding to 0.64 k� � R0 � 3.5 k� (symbols).
Here, the lowest T experimental data were used, where the

FIG. 10. (Color online) Evaluation of the electron density inside
the PC from subband depopulation effect, assuming a hard-wall
confinement. Experimental points for a set of gate voltages are shown
by symbols. These symbols indicate values of the density averaged
over several experiments at the same Vg . Error bars represent a random
uncertainty, which comes from both the accuracy of the fits and the
reproducibility of the magnetoresistance traces R(B). The dashed line
is the best linear fit δnPC ∝ δVg .
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contribution of the e-e scattering to the magnetoresistance
is not important (see Sec. IV). The evaluated density nPC is
reduced by at least a factor of 2 compared to that in the bulk
2DES and further decreases towards the lower Vg . Note that
assuming a parabolic confinement would result in factor of
2.2 higher density that is pretty close to the bulk 2DES value
(nS ≈ 0.83 × 1011 cm−2). Most probably, the actual density is
somewhere in between the two limiting cases.

Strictly speaking, the data scatter in Fig. 10 precludes an
accurate evaluation of the gate-voltage dependence of nPC. As a
crude estimate, we take the simplest capacitive approximation
δnPC ∝ δVg to describe the data, which is reasonable for a
relatively deep 2DES used. The dashed line is the best linear
fit extrapolating to nPC = 0 near the pinch-off point of the PC
at Vg ≈ −1.1V. It is this fit that was used for the evaluation
of the physical half-width a in Fig. 7. Note that an ≈16%
uncertainty in a, associated with the confinement model choice
(a ∝ C

1/2
1 C

−1/4
2 ), is not crucial for us (see Fig. 9). At the same

time, an account of a gradual change from a hard-wall-like to a
parabolic-like confinement at decreasing Vg could only cause
a functional dependence of a(R0) in Fig. 7 to become further
from aeff(R0).

APPENDIX B: NUMERICAL CALCULATION

We perform a numerical calculation of the e-e scattering
contribution in a 2DES for B = 0 in the spirit of Ref. 3. This
task involves a six-dimensional integration,

δG

G0
= αeekF a

8π2

∫ π/2

0
cos φpdφp

∫ lc/a

1
dr

∫
dφk

∫
dθ

×
∫∫

fp′fk′ + fp − fpfp′ − fpfk′

T cosh2 εk−1
T

dεpdεk. (B1)

Here p,εp (k,εk) is the momentum and energy (in units
of EF ) of the electron incident to (injected through) the PC
orifice, respectively. After scattering the electrons acquire the
momenta p′ and k′. The angle of p in respect to the direction
normal to the orifice is denoted as φp; φk is the angle between
the direction towards the center of the orifice and momentum
k; θ is the scattering angle in the relative momentum space.
The distance r from the PC is measured in units of PC
half-width a (region r < a is omitted) and the temperature T

in units of EF . The equilibrium distribution functions for the
momenta p,p′,k′ are denoted by fp,fp′ ,fk′ . In this expression
we accounted for the energy and momentum conservation
laws and substituted the distribution fk by its nonequilibrium
part linearized in respect to bias voltage across the PC.
Integration over φk is restricted to the angular dimension of
the electron beam injected through the PC φk ∈ (−φmax,φmax),
where φmax = arctan(cos φp/r). Integration over θ is limited
to the scattering angles such that electrons k′ and p′ do not
reach the orifice. At a given T we restrict the integration over
electrons’ energies to the interval EF ± 5T .

In Fig. 11 we plot the results of the numerical calculation for
αee = 1,a = 400 nm and a set of lc values between 5 μm and
100 μm. We find that at high T the slope of the T dependence
is approximately proportional to ln(lc/a), in agreement with
the analytic result of Eq. (2). To illustrate this, for each lc
the calculated relative contribution δG/G0 was divided by

FIG. 11. (Color online) Results of a numerical calculation of the
e-e scattering contribution in a zero magnetic field. The data corre-
spond to αee = 1,a = 400 nm and a set of lc = ∞,100,30,10,5 μm
from top to bottom curve. The ordinate axis is chosen to illustrate the
dependence on lc; see text.

ln(lc/a) in Fig. 11 to give approximately the same slope at
high T . In the limiting case lc → ∞ we recover the result of
Eq. (2), although the numerical coefficient obtained is a factor
of ≈1.7 larger. The origin of this discrepancy is unclear and
we compensate for this when fitting the experimental data.

With increasing T a mean free path lee for the e-e scattering
decreases and eventually becomes comparable to or smaller
than the cutoff length scale lc ∼ l0. This means that an electron
beam injected through the PC decays at a typical distance of
lee from the PC orifice. In order to numerically estimate the e-e
scattering contribution to the PC resistance in this regime we
weight the integral over the dimensionless distance r in (B1)
by an exponential factor exp(−ar/lee), where the T -dependent
lee is taken from the quasiparticle lifetime calculations.24 Most
probably, this approach cannot be justified by a solution of the
kinetic equation and should be treated as a first crude step on
the way to a self-consistent calculation. Nevertheless, such an
account of the beam decay allows us to describe the experimen-
tal T dependence in the whole range of temperatures. In Fig. 12

FIG. 12. (Color online) Normalized experimental T dependence
of the PC resistance (symbols) together with numerical fits accounting
for the beam decay effect (lines), shifted in steps of 0.05 along the
ordinate axis for clarity. These fits are obtained with the cutoff length
equal to lc = 8.5 μm for R0 = 0.64 k� and lc = 5 μm for the four
other curves. The parameter a equals twice the physical half-width
of the PC orifice from Fig. 7 (dots). The e-e interaction parameter
values are given in Fig. 9 (circles).
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we plot the best numerical fits (lines) to the experimental
data (symbols) for the five lowest values of R0 used. The
data ordinate are shifted in steps of 0.05 for successive R0.
The saturation of the T dependence in the range T > 2 K is
perfectly reproduced by the fits, which strongly supports our
interpretation in terms of the e-e scattering. The overall quality
of the fits is pretty good for R0 � 2.7 k�. At higher R0 the
agreement is worse, presumably thanks to a residual thermal
smearing of the conductance plateaus (see Sec. III).

As follows from Figs. 11 and 12, a cutoff length on the
order of lc ∼ 10 μm is too small to clearly observe the
proportionality3 δGee ∝ T . Improving the sample quality, one

could achieve a longer elastic mean free path (and lc), which
favors linearity of the T dependence at temperatures such that
T/EF � a/lc (see Fig. 11 and discussion in Sec. VI A). On
the other hand, the beam decay effect could not be neglected
unless lc 
 lee, which is harder to satisfy at higher lc. The
trade-off is to increase lc and measure at lower temperatures
in order to satisfy simultaneously a(T/EF )−1 
 lc 
 lee ∝
(T/EF )−2/ ln(EF /T ). These conditions are possible, yet
challenging, to meet and are simpler to do in higher-density
(large EF ) samples. For GaAs, we expect that a T dependence
close to δGee ∝ T could be observed at 0.1 K < T < 1 K in
samples with a 2DES mobility exceeding 107 cm2/Vs.
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