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Abstract. We demonstrate transverse magnetic focusing of electrons in semiconductor de-
vices consisting of two trenched-type quantum point contacts (QPC) acting as an injector and
a detector. The peak in the detector voltage, corresponding to the penetration of injected elec-
trons into the detector, is observed. Applying the voltage difference between injector side gates
is found to cause an abrupt shift of the peak position on the magnetic field scale. This shift can
be explained by switching between spatially separated channels inside the multi-well potential
formed inside a QPC-injector.
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Annortanusg. VMccnenoBaHa MarHuTHass (pOKyCHMpPOBKa 3JEKTPOHOB B IMOJYIIPOBOIHUKOBBIX
YCTpOMCTBax, cocToslIuxX W3 AByX oauHakoBbix KTK TpaHiueitHoro tuma (MHXEKTOp U
netektop). Habniomaercss muk B HanpskeHUM AETEKTOpa, COOTBETCTBYIOLIMI IOMagaHUIoO
MHXEKTUPOBAHHBIX 3JEKTPOHOB B JeTeKTop. [IpuyioXeHue pasHOCTU HANpPSKEHU MeXay
3aTBOpaMU MHXEKTOpa MPUBOAUT K PE3KOMY CMEIIEHUIO (DOKYCUPOBOUHOTO MTHUKA, YTO MOXKET

ObITh OOBSCHEHO IEPEKIIOYEHHEM MEXAY IPOCTPAHCTBEHHO pPa3[e/IeHHbIMU IIPOBOISILIUMU
kaHanamu B KTK mHxekTope.
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Introduction

The conductance quantization in units of 2e*/h [1, 2] is a hallmark of quasi-one-dimensional
electron transport inherent in quantum point contacts (QPC) — point microconstriction in a two-
dimensional electron gas (2DEG) with a width comparable to the Fermi wavelength of electrons.
Nowadays a number of conductance quantization features lying beyond a single particle model
remain unclear. In recent contributions a trenched-type QPC created by means of lithographic
trenches separating the conducting area from two side gates is shown to experience an unusual
effect of multichannelity [3—7]. The effect consists in the formation of several channels inside
the QPC, which conductances are separately quantized and add up. The effect observation is
promoted by the feature of a trenched-type QPC allowing to apply both positive and negative
potentials to the gates, as well as large voltage differences between the gates [8] and investigate
the QPC conductance in a wide range of the sum and difference of gate voltages.

The physical mechanism of multichannelity is supposed to be linked with a correlated
redistribution of charges in the heterostructure (electrons of 2DEG and positively charged donors)
caused by their Coulomb interaction leading to the formation of multi-well confining potential.
The self-consistent numerical calculation presented in [7] describes the formation conditions of a
multi-well confining potential. The creation of multi-well potential due to Coulomb interaction
is shown in simulations performed in other articles dealing with a split-gate QPC [9] and bilayer
graphene [10].

The conductance measurements described above allow obtaining only the implicit evidence
of multichannelity. Therefore, transverse magnetic focusing (TMF) [11, 12] was chosen to
investigate the multichannelity since it can be used to directly discern the channels existing in the
QPC through the separation of its contribution to the measured signal on a magnetic field scale
[13, 14].

In the present work we report on the investigation of the multichannel electron transport in
the trench-type QPC by means of the TMF experiments. The devices consisting of two trench-
type QPCs are created for this purpose. Each of the QPCs is supplied with two symmetric side
gates. In the experiment one QPC acts as a monochromatic injector of ballistic electrons, another
one plays a role of a point detector. The focusing peaks corresponding to the registration of
injected electrons emerge in the detector voltage as a function of magnetic field. The cyclotron
diameter of 4 "um" corresponding to the magnetic field of "70 mT" at the top of the peak is
shown to coincide with the injector-detector separation of 4 "um" . The application of gate
voltage difference between side gates is found out to shift the focusing peak. The peak was shifted
by 2 mT (by 3% of resonance magnetic field) which is the experimental evidence of conducting
channel displacement in the QPC-injector at about 100 nm. This value is comparable with the
characteristic distance between channels [4, 6]. Interestingly, the shift occurs abruptly, and that
can be interpreted as switching between conducting channels inside the QPC-injector, which
confining potential is multi-well.
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Materials and Methods

Experimental samples are created from the GaAs/AlGaAs heterostructure grown by molecular
beam epitaxy on a GaAs substrate (Fig. 1, @). It has a short-periodical AlAs/GaAs superlattice and
a 13 nm GaAs layer located in the middle and acts as a symmetrical quantum well for electrons.
Doping the heterostructure with Si 6 -layers symmetrically relative to the quantum well allows
electrons to fill it and form a 2DEG. A feature of the heterostructure used is that it contains
low-mobility X-valley electrons localized on Si-donors, which characteristic concentration is
n,~ 10" em™. X-valley electrons do not give a contribution to the conductance but smooth
the fluctuations of electrostatic potential of random impurities thereby increasing the 2DEG
mobility [15]. The 2DEG density and mobility at 7= 4.2 K are =7 x 10" cm™ and
=2 x 10° cm?(V-s), respectively. The presence of the Al Ga  As lzayer does not affect the
observation of multichannelity. This layer can be used to create suspended (separated from the
substrate) nanostructures [16, 17], but we study the non-suspended structure.

a) b)
GaAs cap layer
AlAs/GaAs superlattice
GG 4 um
GaAs 2DEG — 1
5 Sl ................................... QPC 1 QPC 2
Al Ga,,As
GaAs substrate

Fig. 1. Schematic images of the heterostructure with the 2DEG doped with Si 6 -layers (a) and
the experimental sample for transverse magnetic focusing (b). The lithographic trenches separating
conducting area (lighter region) from the gates (darker regions) are marked in white

The devices for the TMF experiments consist of two parallel and similar trenched-type QPCs
(injector and detector) separated at the distance of 4 um (less than mean free path length
/=20 pum) from each other in the direction perpendicular to the channel direction (Fig. 1, b).
Both the QPC-injector and QPC-detector have adiabatic form optimal for the magnetic focusing
[18]. The injector and detector have individual sources and common drains. The lithographic
width of the QPC is about 900 nm and the curvature radius of side gates near the QPC is 500 nm.
The electron injection was carried out by the ac source-drain bias with the magnitude of 100 pV.
The detector voltage was measured by means of the lock-in technique as a function of transverse
magnetic field. All measurements were performed at 7= 1.6 K.

Results and Discussion

The relative detector voltage [V(B) — V(0)]/V(0) as a function of transverse magnetic field at
fixed injector and detector conductance (G, . = G, = 2e’/h) is shown in Fig. 2. The potentials
on the side gates remained symmetrical. The measurement configuration is shown in the inset to
Fig. 2. A distinct peak is seen at the field B* = —~70 mT. The cyclotron diameter corresponding
to B” d, = 2h\/2nn /eB ~ 4 um turns out to be equal to the distance between the injector and
detector. Therefore geometrical resonance relating to the injected electron ingression into the
detector is observed at this field. The corresponding ballistic trajectory is shown with the arrow in
the inset to Fig. 2. A similar peak is not observed at B > 0 since electrons at the positive magnetic
field move in the direction opposite to the detector. Further we will consider only the range of
the field containing the focusing peak. The inversion of the detector and the injector leads to the
similar picture due to their symmetry.

A series of the detector voltage dependences on the magnetic field shown in Fig. 3, a is obtained
by applying voltage difference AV to the injector gates. Each curve corresponds to the different
value of AV . The curves are Vertlcally shifted from each other for clarity. The voltage difference
AV, was changed in a w1de range of values from —20 to +20 V. The sum of gate voltages remained
constant and equal XV _ = — 12 V. Range of the field containing the focusing peak is shown in
Fig. 3, b where the detector voltage maxima are marked by circles. The peak position as a function
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Fig. 2. Relative detector voltage as a function of the transverse magnetic field at symmetrical potentials

on the side gates. The inset gives the measurement configuration. The trajectory at the resonance

magnetic field is shown with the arrow
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Fig. 3. Dependence of the detector voltage on the magnetic field at various AV, of the injector (applied
to dashed gates) changing from —20 to +20 V (a); the lower curve corresponds to —20 V, upper curve
to +20 V. The sum of gate voltages was fixed (£V, =~ 12 V). Measurement configuration is shown
in the inset. The panel in (b) shows the dependence in (a) on an enlarged scale. The maxima of the
detector voltage are marked by circles. Peak position as function of AV (c). lllustration of shift of the
electron density in the injector when applying AV, (d). Fermi energy is marked by a dash-dotted line

of AV_ is shown in Fig. 3, c. It is seen that, at AV, < 0 the focusing peaks are observed near
B, =-70 mT, while at AV_> 0 they are concentrated near B, = —-68 mT. Thus, we observe
a abrupt shift of the focusing peak by AB ~2 mT at AV = 0. ZThis rapid shift corresponds to
the change of cyclotron diameter Ad ~ 100 nm (comparable with the characteristic distance
between the channels determined from the analysis of the experimentally measured capacitance
coefficients [4, 6]) that can be interpreted as an abrupt shift of the conducting channel inside
the QPC-injector when the AV sign changes. The abrupt shift can be evidence of the formation
of a double-well potential inside the QPC-injector. Applying the voltage difference to the gates
gives an addition to the confining potential AU(x) = ax, linearly dependent on the coordinate x
perpendicular to the channel in a 2DEG plane. If the potential was single-well, applying AV
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would only shift the position of potential minimum and thus the conducting channel position in
the lateral direction. Assuming the confinement has a conventional parabolic shape, we obtain
that:

U 2L gy G m)

where x, = —o/m*® is the lateral shift. In this case in the experiment we would observe a smooth
shift of the focusing peak as the AV, changes. The case of double-well potential is qualitatively
different because applying AV, lowers one of the potential minima below the other one. At
the same time the electron density relocates to the lower energy minimum (Fig. 3, d), i.e., the
switching between two spatially separated conducting channels occurs. This shifting manifests
itself in the experiment as the abrupt shift of the focusing peak. Besides the peak shift the doublet
indicating the simultaneous filling of the both wells might have been expected. However, as seen
from Fig. 3, ¢, this regime corresponds to the narrow range of AV values, which is impossible to
analyze with the current accuracy.

Fig. 4, a describes a change of the focusing spectrum as the detector width changes by means
of different sums of the gate voltages XV (the lower the AV is, the narrower the detector is) at
AV_=0. Each curve of the series corresponds to the different XV value that changed from —18
to —12 V. The measurement scheme is the same (see inset to Fig. 2). The peak height dependence
on XV (Fig. 4, b) shows that widening the detector causes the focusing peak reduction. Indeed,
the wider detector is, the more trajectories of ballistic electrons connect the injector and the
detector, and a particular trajectory consequently becomes less resolvable.
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Fig. 4. Detector voltage dependence on the magnetic field at various detector XV, values changing

from —18 to —12 V (a). The lower curve corresponds to —18 V, and the upper curve to —12 V. The

difference of gate voltages is zero. The measurement configuration is shown in the inset. The vertical
arrow shows the focusing peak height. The focusing peak height as a function of the XV, value (b)

Conclusion

We study the ballistic electron magnetotransport in the devices consisting of two similar
trenched-type QPCs (injector and detector), located in the same plane and separated from each
other at the distance of 4 um. The detector voltage demonstrates the peak at the magnetic
field corresponding to the cyclotron diameter equal to the distance between the injector and
the detector, caused by the magnetic focusing. Increasing the detector width by means of gate
voltage is shown to lead to the focusing peak suppression. The best focusing peak observation
condition is found to be Ginj =G, ~ 2¢e*/h. Applying the in-plane electric field by the injector
gates asymmetrization causes the abrupt shift of the focusing peak by 2 mT. The corresponding
cyclotron diameter change is about 100 nm, which is comparable with the characteristic distance
between the conducting channels. The observed abrupt peak shift can be interpreted as the
switching between two spatially separated conducting channels inside the QPC-injector.
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