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Conductance anomaly and Fano factor reduction in quantum point contacts
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We report an experimental study on the shot noise as well as the dc transport properties of a quantum point
contact (QPC) whose conductance anomaly can be tuned electrostatically by the gate electrodes. By controlling
the single QPC so that it has no anomaly or an anomaly at 0.5, 0.8 or 0.9G,, (Gy=2¢?/h), we prove that the
anomaly always accompanies the Fano factor reduction due to the asymmetric transmission of the two spin-
dependent channels for the conductance lower than G. For the QPC tuned to have the anomaly at 0.5G, the
channel asymmetry is found to be as large as 67% with the spin gap energy gradually evolving as the

conductance increases.
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The conductance of electron (G) through a quantum point
contact (QPC) is a beautiful manifestation of the Landauer
formula.!? Just before the pinch off only the transmission of
the last conducting mode (7)) contributes to the conductance
resulting in G=G,T,, where Gy=2¢?/h~(12.9 kQ)™!. In
spite of a naive expectation that 7, monotonously behaves as
a function of the opening of QPC, there often appears a
shoulder structure (“anomaly”) at G~ 0.7G,.> A number of
conductance measurements have suggested that this “0.7
anomaly,” which may appear between 0.5G, and G, is
caused by the lifting of the spin degree of freedom even in a
zero magnetic field,>-® while its microscopic origin remains
to be clarified in spite of intensive theoretical efforts.>~!”
When the spin is explicitly taken into account, the Landauer
formula for the last conducting mode yields G=Gy/22 7,
where 7, is the transmission of the last channel with spin o
(=7 or |). The above argument means that the single-
particle picture that To=7,=7 does not hold true in the
anomaly case so that two spin-dependent channels asym-
metrically contribute to the conductance to cause the
anomaly. The conductance measurement alone, however, is
not sufficient to address this issue as it only gives the aver-
aged transmission.

The quantum shot noise is a powerful probe to provide
more detailed information on the transmission as it results
from the partition process of electrons.'® When the dc current
I is fed to QPC the shot noise yields the current fluctuation
S;=2elF in the zero-temperature zero-frequency limit, where
F is the Fano factor to characterize the above partition pro-
cess. The mesoscopic scattering theory!®  predicts
F=3,7,(1-7,)/ 2,7, for G=G,, and therefore F simply
equals 1-G/G, when the spin is degenerated. While the
pioneering works!®! including recent ones*>?* overall
confirmed the theory,”*2® some recent measurements’®
reported that F is smaller than this value at the 0.7
anomaly. This is clear evidence of the asymmetric
contribution of the two spin-dependent channels to the
conductance and the shot noise because the inequality
F=[(1-m)7+(1-7)7]/(1y+7)<1-G/G, always holds
for 7 #7 78 In other words, the channel asymmetry
A=|r— Tj/ (714 7)) is finite. Although here the electron cor-
relation is only included in the Hartree-Fock level in the
framework of the Landauer-Biittiker formalism, the Fano
factor reduction due to the asymmetry serves as an important
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signature of the correlation. While the recent first-principles
calculation successfully proves a finite asymmetry for the
QPC with a given potential shape,'* there have been no ex-
periments to address how large it can be depending on the
actual potential shapes of QPC.

Here we report an experimental study on the relation be-
tween the Fano factor reduction and the conductance
anomaly. By using the QPC whose anomaly can be tuned
between 0.5G, and G, electrostatically, we show that the
conductance anomaly accompanies the Fano factor reduction
and the zero-bias peak in the differential conductance. We
also show that when there is no anomaly, the Fano factor
perfectly agrees with the conventional shot-noise theory. The
asymmetry and the spin gap between the spin-dependent
channels of QPC when G =G, are discussed.

Figure 1(a) shows the scanning electron micrograph of
our QPC fabricated on the two-dimensional electron gas
(2DEG) in the AlGaAs/GaAs heterostructure and the experi-
mental setup for the shot-noise measurement. The current
fluctuation at 3.0 MHz defined by the resonant (inductor-
capacitor) circuit is measured through the homemade cryo-
genic amplifier to obtain the shot noise.®?? To increase the
resolution of the noise spectrum, the cross-correlation tech-
nique is used’?° with two sets of the resonant circuit and the
amplifier.® The experiment was performed in the dilution re-
frigerator whose base temperature is 45 mK, and the electri-
cal temperature (7,) in the equilibrium states was calibrated
to be 125 mK by measuring the thermal noise. A slight mag-
netic field (0.2 T) was applied perpendicular to the 2DEG as
performed before %820

The present QPC is defined by the main gate and the side
gate to which the voltages V,, and V, are applied, respec-
tively [Fig. 1(a)]. By modifying the two gate voltages the
curvature of QPC is varied; when V,, is negatively large, the
constriction potential of QPC has a large curvature with
small |Vg| and vice versa. Figure 1(b) shows the QPC profile
as a function of V, for several V,,’s. In going from the small
curvature (V,,=—1.55 V) to the large one (V,,=-2.50 V),
the conductance plateau becomes shorter as expected from
the saddle-point model for QPC.?” While there is no anomaly
for V,=-1.55 and -2.25 V, an anomaly appears at
V,=—180 and -195 V around G=09G, and at
V,,=—2.50 V around G=0.5G,,.

The current fluctuation S; at the source-drain voltage (Vq)
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FIG. 1. (a) Schematic diagram of the measurement setup with
the scanning electron microscope image of the sample fabricated on
the GaAs/AlGaAs 2DEG. Two gates electrodes, namely, the main
gate (V,,) and the side gate (V,), are used to define QPC. The
conductance measurement was performed by a standard lock-in
technique with an excitation voltage of 10 uV. For the shot-noise
measurement, the cross-correlation technique was used with the two
cryogenic amplifiers. (b) Typical examples of the QPC conductance
are shown as a function of V, for several V,, values. For
V,,=—1.80, —=1.95, and -2.50 V, the conductance anomaly appears
as indicated by the arrows. (¢) When V,,=—1.55 V four conduc-
tance plateaus are clearly observed without any signature of the
anomaly. (d) The obtained Fano factor for V,,=—1.55 V presented
in points with error bars behaves just as the standard theory predicts
(shown in the solid curve).

was analyzed based on the following formula:'®

eVSd
S](Vsd) = 4kBTeG +2FG eVSd coth - ZkBTg .
2UeyT,
(1)

where kg is the Boltzmann constant. For example, the ob-
tained Fano factor as a function of the conductance for
V,=—1.55 V, where the four conductance plateaus are
clearly observed [Fig. 1(c)], is plotted in Fig. 1(d). The result
satisfactorily agrees with the standard theory of the quantum
shot noise expected for a simple QPC.!82528

From now on we focus ourselves on the four kinds of
conductance profiles obtained for the present QPC by vary-
ing V,,, the QPC with “no anomaly,” and the ones with the
anomaly at G,~0.9G,, at G,~0.8G,, and at G,~0.5G, as
shown in solid curves in the top panels of Figs. 2(a)-2(d),
respectively. The middle panels show the corresponding dif-
ferential conductance plots obtained at finite V for different
V,’s. The Fano factor as a function of G is plotted in points
for the four cases in the bottom panels of Figs. 2(a)-2(d). In
all four cases, not only the conductance quantization is ob-
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served but also the Fano factor is very close to zero at
G=G,, which ensures that only the last conducting mode
contributes to the conductance when G = G,,

For the “no anomaly” case shown in Fig. 2(a), the con-
ductance profile is monotonous as a function of V, and the
differential conductance has no particular structure around
Vaq=0 mV. The Fano factor increases according to
1-G/G, (shown in a solid line) as the conductance de-
creases from G; the standard shot-noise theory is satisfacto-
rily valid.'®25 On the other hand, for the G,~0.9G, case
[Fig. 2(b)], the peak structure around V=0 mV appears in
the nonlinear differential conductance as the conductance de-
creases from G, across the anomaly at G,. This observation
is consistent with the well-known zero-bias peak as often
reported for the QPC anomaly.>®® While the Fano factor
obeys the theoretical curve F=1-G/G, (shown in a solid
curve) for G=0.8G,, it has a clear dip structure around G,
as seen in the inset of the bottom panel of Fig. 2(b). The
reduction in the Fano factor at the anomaly is consistent with
the previous reports.”

Importantly, a similar observation holds true for the
G,~0.8G, and G,~0.5G, cases; the reduction in the Fano
factor is most prominent around G=G,; and the zero-bias
peak in the differential conductance emerges there. Thus, the
conductance anomaly, the zero-bias peak in the differential
conductance, and the reduction in the Fano factor are all
synchronous. The inset of the bottom panel of Fig. 2(d)
shows the shot noise (excess noise on top of the thermal
noise) at G=0.5G,, for the G,~0.5G,, case as a function of
V.- The solid circles represent the experimental data with
the fitted curve by Eq. (1). The shot noise is indeed remark-
ably reduced with F=0.22 from the theoretical value
(F=0.5).

By combining the results of the conductance
G=Gy(m+7)/2 and the Fano factor F=[(1-7)7
+(1=7)7]/(7+ 7)), we decompose the transmission to the
two channels on the assumption that the conductance below
G is composed of two spin-dependent channels whose trans-
mission are given by 7; and 7.%!3 The bottom panel of Fig.
3 shows the decomposed transmissions obtained from the
data shown in Fig. 2(d). The channel asymmetry
A=|7—7|/(7;+7)) is also shown in the middle panel. At the
conductance plateau G, the transmissions of both channels
are close to unity, and hence A=0 within the experimental
accuracy. As the conductance decreases, the finite asymmetry
occurs and takes the maximum value of 67 = 3% around the
anomaly 0.5G,,. As the conductance decreases, A rapidly de-
creases to zero again, although A cannot be sufficiently pre-
cisely determined for G <0.3G, due to the low resolution of
the Fano factor at the lower conductance region. In spite of
this limitation, the value as large as 67% has enough accu-
racy. For the cases of G,~0.9G, [Fig. 2(b)] and
G,~0.8G, [Fig. 2(c)], A takes its maximum around the con-
ductance anomaly to be 20+ 2% and 26 = 3%, respectively.

The gap energy between the two channels is estimated
by assuming the energy-dependent  transmission
7,(€)=1/(1+¢>™€9hwx) 8 \which is appropriate for the
saddle-point potential with the curvature parallel to the cur-
rent defined by w,.>”?° w, is obtained by fitting the conduc-
tance profile for G=0.3G,, and the energy gap
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FIG. 2. (Color online) (a) The conductance (G), the differential conductance, and the Fano factor (F) are plotted as a function of V,, V4,
and G in the upper, middle, and lower panels, respectively. These are obtained when there is no anomaly in the QPC profile. Each curve in
the differential conductance plot is obtained for several different V,’s. We set the bias range e|Ve|=150ueV for obtaining the Fano factor
to minimize the effect of the nonlinearity of the conductance while we have confirmed that a slight variation in the bias window
(100-250 wueV) does not affect the result. (b)—(d) the corresponding plots for the cases when the conductance has an anomaly around 0.9,
0.8, and 0.5G,,. In the inset of the bottom panel in (b), the close-up of the Fano factor behavior around the anomaly region is shown. In the
inset of the bottom panel in (d), the shot noise observed at G=0.5G, is shown as a function of V4. The solid circles represent the
experimental data with the fitted curve by Eq. (1) in a solid curve with the dashed curve for the predicted shot noise for the noninteracting

case.

Ae=|e;—¢€| is calculated from 7; and 7 (Fig. 3), where the
lever arm extracted from the transconductance data [in the
middle panel of Fig. 2(d)] is used to convert V, to the energy.
The obtained A€ is plotted in the top panel of Fig. 3. In the
G,~0.5G, case (hw,=4.4 meV), Ae almost linearly in-
creases as a function of V, from 0 (at G=0.3G) to 3.5 meV
(at 0.8G,), being in agreement with the phenomenological
model with the energy gap depending on the gate or the
electron density.!> At G=0.5G,, Ae=2.5 meV is much
larger than kzT,, which agrees with our observation that the
conductance profile is only weakly dependent on the tem-
perature below 1 K and the magnetic field below 3 T when
the conductance profile has an anomaly around 0.5G,. In the
same way Ae=2.2 meV at G=G, for the G,~0.8 case
(hw,=3.5 meV), and Ae=1.8 meV at G=G, for the
G,~09 case (hw,=52 meV). For comparison,
Ae=0.5 meV at G=0.7G,, for the previous experiment.
The obtained values of the asymmetry A are remarkably
large especially for the G,~ 0.5 case since the similar analy-
sis gives A=14% at the conductance anomaly for the data
reported before.® Some theories discuss that the QPC
anomaly is attributed to the spontaneous spin polarization
due to the exchange interaction in QPC.%!6 If that would be
the case, as is the case in QPC in the two-dimensional hole
gas,’0 the asymmetry A would give the spin polarization of
the electrons at QPC. In this case, 67% is comparable to that
of the typical ferromagnets such as permalloy. On the other
hand, other theoretical approaches'®'>!> do not require a
finite magnetic moment at QPC; for example, the Kondo

mechanism successfully reproduces the shot-noise behavior
for the 0.7 anomaly case.'> To determine which the case is,
the frequency dependence of the shot noise in the higher-
frequency range is necessary.
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FIG. 3. In the lower panel the decomposed spin-dependent
transmissions of the last channel (7; and 7|) for the G,~ 0.5G, case
is shown as a function of the side gate voltage V, with the conduc-
tance profile superposed. In the middle and the top panels, the ob-
tained asymmetry A and the spin gap energy Ae are shown,
respectively.
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To conclude, we show that the anomaly accompanies the
Fano factor reduction and the zero-bias peak in the differen-
tial conductance. After proving that the Fano factor is close
to zero at G=G, we discuss the asymmetric transmission of
the two spin-dependent channels for G = G,. The asymmetry
for the 0.5G, anomaly case is as large as 67% with the spin
gap energy gradually evolving from O to 3.5 meV as the
conductance increases. Further clarification on the relation
between the asymmetry and the QPC potential will open up
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a new strategy to tune the spin-dependent transport in low-
dimensional systems.
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