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Boundary-Mediated Electron-Electron Interactions in Quantum Point Contacts
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An unusual increase of the conductance with temperature is observed in clean quantum point contacts
for conductances larger than 2(e?/h). At the same time, a positive magnetoresistance arises at high
temperatures. A model accounting for electron-electron interactions mediated by boundaries (scattering
on Friedel oscillations) qualitatively describes the observation. It is supported by a numerical simulation at

zero magnetic field.
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Quantum point contacts (QPCs) are usually formed
when two wide 2D conducting regions are connected by
a small constriction. They exhibit a number of intriguing
phenomena among which conductance quantization [1,2]
is the most emblematic. Recently, the puzzling low con-
ductance ‘0.7 anomaly” [3] has attracted most of the
attention since it is related to electron-electron (e-¢) inter-
actions. But apart from the 0.7 anomaly, it is commonly
believed that the physics of QPCs is well understood using
a single-particle picture (see Ref. [4] and references
therein). On the contrary, it is well known that the proper-
ties of two-dimensional electron gases (2DEGs) dramati-
cally depend on interactions [5—9]. The related corrections
to the conductance and tunneling density of states have
their origin in Friedel oscillations (FOs) of electron density
around impurities. Friedel oscillations are also known to
appear at boundaries [10—12] and could therefore affect the
properties of nanoscale devices. Interestingly, boundary-
mediated FOs were recently shown to be possibly involved
in 0.7 anomaly physics [13], but this subject is still highly
debated [14]. In this context we show that e-e interactions
can have a significant influence on transport properties of
clean quantum point contacts even in the large conductance
regime [G > 2(e?/h)]. We used a combination of rela-
tively low electron densities, high mobility, and low series
resistance to clearly uncover the effects of e-e interactions.
It increases interactions due to reduced screening and
ensures that impurity scattering can be disregarded.
Starting from the second conductance step, the average
slope of the conductance versus gate voltage linearly in-
creases with increasing temperature 7. At the same time,
the low field magnetoresistance (MR) is nonmonotonic at
high T and strongly temperature-dependent. Some of our
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The quantum point contacts were defined by employing
a split-gates lateral depletion technique [19] on high mo-
bility GaAs quantum wells [20]. Needle- and square-
shaped samples of various sizes were used to check the
influence of the geometry (see Table I). All samples have a
back gate to tune the electron density, and some samples
have a 0.2-um-wide center gate to obtain better-defined
conductance quantization steps when grounded [21]. Four-
terminal resistance measurements were carried out be-
tween 350 mK and 10 K with a standard low-frequency
technique at small excitation voltage <20 uV to avoid
heating effects. Any obvious temperature dependence (ac-
tivated parallel conduction, anomalous temperature depen-
dence of the series 2DEG, or leakage of the gates) was
excluded [22]. More than 10 samples showed a qualita-
tively similar behavior.

Figure 1(a) shows the conductance G of the sample
Squarel as the split-gate voltage V, is varied for different
temperatures. The small ( ~ 15 )) 2DEG series resistance
was not subtracted. At low 7, the conductance is quantized
to exact integer values of 2(e?/h). Note that the 0.7 anom-
aly is observed. Increasing temperature not only shrinks
the plateaus but also increases the overall slope of G(Vsp)
resulting in the increase of conductance with 7. Such a
change in the slope of the conductance is not expected
from a simple energy averaging, which produces fixed
temperature-independent points in the conductance located

TABLE 1.
see [20]).

Summary of the samples (for the wafer and Hall bar,

Sample Wafer Hall bar Point contact Center gate
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FIG. 1 (color). (a) Conductance of the sample Squarel as a
function of Ve (from top to bottom 7 =4 K, 3K, 2 K, 1 K, and
350 mK). The inset shows scanning electron microscope images
illustrating  possible shapes of the point contacts.
(b) Conductance as a function of the scaled split-gate voltage
Vg for the same temperatures. The inset shows the scaling
parameter a.

at integers of e?/h [23]. Regions with alternatively positive
or negative temperature dependence should be separated
by these fixed points. This is not observed in our experi-
ment. It is, however, possible to restore this behavior by a
phenomenological approach. For each temperature, a new
effective split-gate voltage can be calculated Vg, =V, +
a(T)(V,, — V) to superpose the curve to the low tempera-
ture one [see Fig. 1(b)]. Here V, is the pinch-off voltage,
and « is the scaling parameter. The strong linear tempera-
ture dependence of « points at quantum effects, possibly
e-e interactions.

In the Hartee-Fock approximation, scattering on the
potential created by all of the other electrons can be
considered as the origin of e-e interaction effects [5—
8,11,12]. This potential is connected to the formation of
Friedel oscillations of the electron density close to scatter-
ers (defects or boundaries) due to interferences between
incoming and reflected electron waves. Spatial variations
of their density results in a varying effective potential seen
by conducting electrons. In our case, the QPC is clean, and
FOs are created at the boundaries of the constriction. They
affect its conductance in two different ways. At low T
when the thermal length Iy exceeds W, the QPC width,
FOs located in the 2DEG can reduce the conductance at a
plateau via scattering of emitted electrons back to the QPC
[10]. As T is increased, these oscillations are damped, and

conductance plateaus reach the ideal integer value of
2(e*/h) [24]. When [; = W, there remain only FOs lo-
cated inside the QPC. This corresponds to our experimen-
tal conditions (I =1 pm at T =300 mK). As T is
further increased, the transverse oscillations inside the
QPC are damped, thus effectively widening the constric-
tion (or, equivalently, shifting 1D energy levels). One has
to compensate by applying a lower V;, to obtain a compa-
rable value of conductance (the curves shift to the left). The
scaling can be qualitatively understood as follows.
Electrostatically defined QPCs have a parabolic cross sec-
tion potential U = m*w?x?/2, where m* is the effective
mass. The width of the channel can be defined as W =
(2/w)+/2Er/m*, where Ep is the Fermi level in 2DEG
reservoirs. One-dimensional energy levels are written
E, = (n + 1/2)hw, and in a constant capacitance model
W is proportional to Vg, — V,,. It follows that AE, /E, >
Aw/w = AW/W = A(Vy, = V,)/(Vy, — V,). In analogy
to the 2D case, where the conductivity ¢ is renormalized
as Ao /o ~ B(T/Ey) in the ballistic regime of interaction
[7], we expect that AE,/E, ~ B(T/Ep) when E, ~ Eg
(the interaction-induced shift AE, of the closest to Fermi
level subband only is considered). Here S is the interaction
parameter. This leads to the rescaling V, — Vi, =V, +
a(T)(Vy, — V), with a(T) = T as measured.

This result is consistent with a numerical non-self-
consistent Hartree-Fock simulation. The principle of the
computation is first to calculate the local electron density
n(x, y, T, u) by solving the one-particle Shrodinger equa-
tion in a “soft wall” electrostatic potential for different
chemical potential u and temperature 7. Indeed, instead of
calculating the conductance as a function of Vg, for a
varying potential Uy(x, y, Vy,) and fixed u, we chose to
fix the electrostatic potential and vary the chemical poten-
tial. This greatly simplifies the calculation because the
wave functions are calculated only once. It is valid for a
small interval of split-gate voltage (between two conduc-
tance steps). The numerical technique and parameters are
described in Refs. [25,26]. In analogy to the 2D case, the
interaction correction to the potential is computed as fol-
lows: 8U(x,y, T, ) = Bdn(x, y, T, T*, w)/D, where B is
the interaction parameter, D is the 2D density of states,
Sn(x, vy, T, w) = n(x, y, T, w) — n(x,y, T", ), and T* is a
temperature high enough to suppress FOs. The obtained
correction which includes only T-dependent terms is then
used to solve the transmission problem in the total poten-
tial, which is now a function of 7" and u [25]. Contrary to
2D systems containing impurities [7,8], it is not possible to
relate the interaction parameter (3 to the interaction con-
stant Fy in a simple way. Close to the boundaries, the
electron density drops to zero. This drop is not completely
abrupt, and the first Friedel oscillation develops in a rare-
fied weakly screening electron gas where e-e interactions
become particularly strong. This is taken into account in
our simulation by the large value of the parameter 8 =
—6. Figures 2(a) and 2(b) show the obtained correction to
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FIG. 2 (color). Calculated correc-
tion to the electron density due to
Friedel oscillations at G = 6(2¢%/h)

for (a) T=35K and
(b) T =350 mK. The scale is m™2.
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This clearly illustrates the rise of the
interaction potential as 7 decreases.
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the electrons density 6n(x, y) in the vicinity of the con-
striction at G =~ 6(e?/h) for (a) T =235K and
(b) T = 350 mK. This clearly illustrates the formation of
FOs as T is decreased. Note that pronounced features are
demonstrated despite the use of a soft wall model.
Figures 2(c) and 2(d) compare the experimental conduc-
tance of the sample Needlel to the conductance calculated
by the method described above. In both cases, the fixed
temperature-independent points are missing, and the con-
ductance is on average increasing with temperature. A test
of the model consists in neglecting the interaction term of
the scattering potential (i.e., setting the interaction parame-
ter B to 0) which restores the dependence for energy
averaging as expected [inset in Fig. 2(d)]. An overall
good qualitative agreement is obtained between computer
and real experiments which further confirms the qualitative
understanding.

In general, the magnetoresistance reveals important in-
formation about scattering, coherent processes, and e-e
interactions [8]. Figure 3(a) shows that, besides the unusual
temperature dependence at B = 0 T, the samples present
an unexpected field dependence. The data displayed were
measured for sample Needlel at G = 6(2¢2/h) [see arrow
in Fig. 2(c)]. At high temperature, the magnetoresistance
presents a maximum around B = 10 mT and becomes
negative at higher fields. At low T, the resistance decreases
with B at all magnetic fields. The high field slope of the
MR is T-dependent. Note that the maximum moves to
lower fields in QPCs with larger width (not shown).

A linear negative MR with a slope inversely proportional
to the width of the channel is known to appear in QPCs
[27]. The increased slope at low temperature that we ob-
serve is consistent with the observation at B = 0 T, which
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leads to the conclusion that e-e interactions could, in
principle, reduce the effective width of the channel at
low T. As for the positive MR, it cannot be attributed to
diffuse boundary scattering, which has very different char-
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FIG. 3 (color). (a) Resistance of the sample Needlel at the gate
voltage indicated by an arrow in Fig. 2(c). (b) Resistance of the
sample Needle2 for the electron density n, = 1 X 10'! cm™2
(dashed line) and n, = 1.5 X 10'! ecm~2 (solid line) for G(T =
4 K) =~ 13(2¢2/h). (c) Resistance of Needle2 (solid line) and
Square2 (dotted line) for n, = 1.5 X 10! cm™? and G(T =
4 K) ~ 13(2¢2/h).
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acteristics [28]. In particular, it is T-independent and ab-
sent in short constrictions. Similarly, the interplay of
boundary scattering and electron collisions [29] can be
discarded. Finally, commensurability of electron trajecto-
ries with the voltage probes can be ruled out since very
different Hall bar geometries were tested (Table I).

The absence of positive MR at low T confirms that the
observed quantum effect is due to e-e interaction and is not
an interference effect (i.e., weak antilocalization), which
should increase at low 7. Similarly to 2D systems [30], it
can most likely be explained by a variation of the parame-
ter B at small magnetic fields which is visible only at high
T. Note that simulations with B-independent 8 did not
produce the positive MR. Figures 3(b) and 3(c) demon-
strate that the magnetoresistance depends on the electron
density and detailed geometry of the point contacts. By
carefully adjusting the back- and split-gate voltages, the
conductance G(T = 4 K, B = 0 T) of the sample Needle2
was tuned to the same value [ = 13(2¢2/h)] for two differ-
ent electron densities. Although qualitatively similar, the
effect is found to be more pronounced at the lower density.
This is consistent with the Friedel oscillation picture,
which should have, in principle, a smaller effect at high
densities when the system resembles a noninteracting
Fermi liquid. Figure 3(c) compares the results of the sam-
ple Needle2 to the effect obtained in the sample Square2 at
the same density and conductance. The temperature de-
pendence at B = 0 T is comparable, but the field depen-
dence is much more pronounced for the sample Needle2,
which has smoother entrances. The geometry dependence
therefore appears to be a very interesting tool to study the
effect of magnetic field on the measured effect. The posi-
tive MR raises interesting questions about the influence of
low magnetic field on Friedel oscillations and requires
additional theoretical work.

We believe that the presented deviations have not been
observed in regular point contacts (for example, in
Ref. [23]) due to the lower mobility and higher density in
these experiments. Indeed, Friedel oscillations are known
to depend exponentially on disorder and interaction.
However, recent measurements on similar samples show
similar phenomenology (see Refs. [15—17] for the conduc-
tance quantization and Ref. [18] for the MR), indicating
that our observation is a general effect. It could have
particular importance in nanoscale electronics since
boundaries dominate transport properties in nanodevices
(electrostatically defined quantum dots, rings, Y junctions,
etc.).
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