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Magnetotransport spectroscopy of spatially coincident coupled electron waveguides
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Magnetotransport spectroscopy is carried out on quantum point contacts fabricated from a 30-nm-wide
square quantum well with two occupied two-dimensional subbands. In this system the spatial region of
one-dimensional mode coupling is well defined and the two-dimensional reservoirs do not cause interferences.
The magnetodispersions in transversal and longitudinal magnetic fields show crossings and anticrossings of the
energy levels of the two one-dimensional subladders depending on the parity of the lateral modes of the wave
functions. The influence of the quantum point contact geometry and persistent charging effects on coupling is

demonstrated.
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I. INTRODUCTION Here, we explore unsettled coupling phenomenap-

Coupling of one-dimensional(1D) electron systems tially goin_cidentlD electron_ systems. In suc_h systems mode
in electron waveguides leads to wave-function mixing andcOUPling in the 2D reservoirs cannot occur in the absence of
splitting of degenerate energy levels. Two generic case§ magnetic field. The preparation and control of coherent
have to be considered: first, spatially separated tunneduantum states exclusively develops in the 1D channel.
coupled, and, second, spatially coincident 1D electron sysTherefore, these systems inherently fulfil a major demand for
tems. Coupling phenomena of electron waveguides are gfuantum information processing. QPCs are prepared from a
fundamental interest in exploring two-level systémsder two-dimensional electron gas with occupied ground and
electric and magnetic fields as well as in future applicationdirst excited subbands. Hence, two subladders of discrete 1D
in quantum information processig! Advances in nano- energy levels evolve in the 1D constriction, which we
lithography led to well-defined and controllable ballistic 1D specify in the following as the tweertical modes indexed
electron systems such as quantum point conté@BCS by the quantum numbes; as depicted in the schematic view
with high 1D subband separatiohs, prerequisite to experi- of Figs. 1a) and ib).
mentally resolve coupling-induced energy splittings. Below, For coincidence of 1D energy levels, indexed by the
we report on magnetotransport spectroscopy of unprecyuantum numben, originating from different vertical modes
edented resolution, allowing the proper identifications crossings or anticrossings are expected depending on the
of heretofore unresolved subtle interference induced byymmetry of the 1D confining potential. For harmonic poten-
coupling of spagally coincident 1D eleptron systems. tials wave functions are separable and no mode coupling is

To date, mainly tunnel-coupledpatially separatedlD expected, as previously investigatedy a QPC prepared

electron systems have been investig&t@8. Vertically . . . ;
stacked and coupled QPCs were prepared from tvvotrom a single 2DEG with two occupied 2D subbands in a

dimensional electron ga@DEG) bilayer systems built from parabolic QW. For nonharmonic potentials, instead, compli-

two GaAs quantum welllQWs) separated by AlGaA&Refs. cated spectra of wave-function mixing in magnetic fields are
6-9 or AlAs (Ref. 9 barriers, or from a wide GaAs QW predicted®> and were demonstrated by spectroscopy

giving rise to a “soft” barrier via Coulomb repulsidf. experiment§® on zero-dimensional electron systems. We
Therein, mode coupling is induced by wave-function overlapStudy the complex hybrid case of coupling of spatially coin-
determined by the height and width of the tunnel barrier andfident electron waveguides for which the 1D confining po-
can emerge for degenerate energy levels of the 1D Sub|a(ﬁntia| is approximately harmonic in the lateral direction but
ders. 1D energy level crossing or anticrossing is discussed i@Symmetric in the verticaheterostructure growjtdirection.
terms of symmetry consideratiohespite such advances As shown below, nearly regular patterns of crossings and
the separate and sole control of 1D mode coupling poses &nticrossings exist, depending on the parity of the lateral
predominant challenge for the fabrication of quantum dewave-function modes in the regime investigated.

vices based on mode-coupling phenomena. In vertically

stacked electron systems mode coupling can occur in the 1D Il EXPERIMENTAL DETAILS

channel as well as in the 2D reservoirs because the tunnel

barrier exists in both regions. Instead, laterally tunnel- QPCs are fabricated from a 30-nm-wide square QW with
coupled electron waveguides could immediately pave théwo 2D subbands populated with electrons. A conventional
way. However, to date, an experimental realization of precis&aAs/ Al 3 Ga ¢gAS heterostructuréSi § doped contains
mode coupling in laterally tunnel-coupled electronthe GaAs QW 60 nm below the sample surface. The as-
waveguides remains to be demonstrated. grown carrier mobility in the dark at 4.2 K is 85
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FIG. 1. Schematicallya) conduction band edge of the quantum associates each tranconductance maximum with a 1D subband.
well hosting a 2DEG with occupied ground and first excited sub-describes the quantization in the growth directiwartical modes
bands leading tdb) two subladders of 1D energy levels in a 1D andn describes the lateral confinemétransverse modgsNote the
constriction.(c) Quantized conductance corrected by series resisclear(1,7)(2,3) and(1,8)(2,4) anticrossings in the gray-scale plot.
tances of 500-600) of three QPCs of different widths at 4.2 K.

The inset shows an AFM image of the groove pattern defining thdions from the regular increase ie%Zh units, such as miss-
QPC. ing or ill-defined steps, which arise from degeneracies of 1D
energy levels of the two ladders or from their close proxim-
X 1C° cm?/V's at a density of 4.2 10" cm™. The simu- ity. Figure 4c) shows the conductance characteristics of
lated band structure forms a symmetric QW in the conducthree QPCs containing the contributions of the two 1D lad-
tion band edge at a small positive top-gate voltageof  ders. Each 1D subladder has its own threshold voltage and
about 0.1 V. For smaller and largef the QW changes into  subsequent 1D level population increases the conductance in
an asymmetric, i.e., triangular, shape. The QW carrier den2e?/h steps. Hence, from high-precision transconductance
sity as a function of increasingy was formerly determined measurements we identify unambiguously the QPC modes
from Shubnikov—de Haas oscillatiofsproving the filling of by evaluating the transconductance maxima in terms of peak
the ground subband at -0.4 V and at about +0.02 V of théeights, half-widths, and positioA$.
first excited subband. Most information about waveguide coupling can be ex-

Narrow 1D constrictions are defined by dynamic plough-tracted from magnetotransport spectroscopy by directly im-
ing with an atomic force microscop@dFM) and subsequent aging the magnetodispersion, as shown in Fig),Fig. 5a)
wet-chemical etchind® QPCs of geometric widths between and Fig. 6. Here, the advantage of high 1D-subband spacing
30 and 230 nm at an etch depth of 70-85 nm lead to 1becomes immediately evident as level anticrossings are
electron systems with large subband spacings in excess of Hearly visible and can be quantified. Consequently, we
meV> Consequently, well-defined quantized conductanceresent magnetotransport in constant transversal magnetic
steps and large conductance plateaus at multiples@hzt  field B,, i.e., in the plane of the QW and perpendicular to the
4.2 K prove high-quality ballistic transport for all of the fab- current flow in the 1D constriction, and in constant longitu-
ricated QPCs. Such 1D electron systems are designated #inal magnetic fieldB,, i.e., parallel to the 1D current flow.
resolve clearly splitting energies due to coupling. First, magnetotransport in teansversalmagnetic fields,

The two-terminal differential drain conductancgy  establishes insight into the 1D-level degeneracy and wave-
=dly/ V4 (at constant gate voltagé,), wherely andVy de-  function mixing.
note source-drain current and voltage, respectively, and the Figure Za) shows a transconductance gray-scale plot as a
transconductancegy,=dla/ Vg= dga/ &V, (at constantVy)  function of Vy and B, for a 125 nm QPC. In Figs.(B) and
have been measured as a functiorvgty means of a stan-  2(c) we show two transconductance vs gate voltage scans for
dard lock-in technique. The rms drain excitation voltage wass,=3.5 and 5.5 T, respectively. Bright areas in the gray-scale
0.3 mV at 433 Hz. For transconductance measurements thsiot represent low transconductance values, i.e., conductance
gate voltage has additionally been modulatechvét3 mV  plateau regions. Dark lines, instead, depict transconductance
rms ac voltage. maxima, corresponding to transitions between conductance

plateaus which are associated with the successive 1D-
lll. RESULTS subband edges passing through the Fermi level with increas-

A remarkable feature of the conductance of QPCs preing V. Distinct magnetodispersions related to the two inde-

pared from a 2DEG with two occupied subbands are deviapendent 1D-subband ladders are evident from Fg): 2he
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FIG. 3. Characteristic properties of the 30-nm-wide GaAs quan-mOd_e' Due to the enhan(_:ed diamagnetic shift of the second
tum well varying with applied top gate voltage B2 K. (a—c) vertical mode degene_rames of 1D energy Ieve_ls of th_e two
Conduction band edgg,, Fermi levelEr, subband energie&y, E;, subband ladders are m_duced or abandoned with va@gng
andE,, and square amplitudes of the electron wave functiogs We observe level crossing fo_r modes of unequal parity of the
and ¢, in the lowest and first excited 2D subbanét$. The result-  lateral modes, as given in Fig(& for modes(1,5(2,2) or
ing differenceAz of the expectation values of electron distance for (1.6)(2,3) [see also Fig. @) at V;=0.58 and 0.66 ¥ Anti-
the ground and first excited 2D subbands éeidthe spread of the €rossings, instead, occur for lateral modes of equal parity,
wave functions for the ground subbarstjuare symbojsand the ~ Such as in Fig. @) for, first, (1,8)(2,4) [see also Fig. @) at
first excited subbanériangular symbols Vy,=0.84 V], second, (1,7)(2,3 (for V4=0.78 V and B,

. ) =6.5T), and third, (1,6)(2,2). However, for(1,5(2,1) the
transconductance maxima corresponding to the second sulyation is somewhat ambiguous as neither level crossing
band ladder shift more strongly to higheg with increasing oy anticrossing is clearly distinguishable. Generally, for
B. This observation finds a straightforward explanation inq,ost samples level coincidences of the first vertical mode

terms of the diamagnetic energy shift, which is proportional i, the |owest level of the second vertical ma@el) either
to B and to the square spread of the wave function in thg, e, indistinguishable or tend to reveal crossings.

16 .
growth direction'® In analogy to the larger spatial extent of The anticrossings denoted 16%,7)(2,3 and (1,8)(2,4) in

t_he second 2D-subba_nd wave function in the ngW.th direcFig. 2 are quantified by a doubled transconductance peak of
tion due to the formation of a triangular well at positiVg, educed amplitude on the gate voltage scaleAb; of 33
we anticipate a larger diamagnetic shift for the 1D levels Of;nd 30 mV, respectively. In order to associate an energy

the second Ve”iC?' r_node. Figure@ 3@’ and 3c) show splitting AE to the observed level anticrossings we transform
the calculated variation of the conduction band edge of th"["he gate voltage scale into energy units. A variation of the

QW with applied top-gate voltagé. : -~ _
. . ) . . gate voltagedVy brings about a variationlEg=ye(dV,) of
Figure 3d) depicts the difference in the expectation valuethe Fermi energy, wherg denotes the gate efficiency aed

of the electron distance from the upper heterointerface of th?n . e
: ; L e elementary charge. We determine the gate efficiency for
first excited and the ground 2D subbands=(z,)~(z,, the first 1D-subband ladder using gray-scale plots of the

— 2 2
where (z,)=2¢;(2)d2/ [ ¢(2)dz and ¢, denotes the wave yansconductance versi¥g and an applied dc source-drain
function of theqth subband. Due to the asymmetric well yoltageV, [Fig. 4a)].

potential this distance is larger for the first excited subband The conductance was measured as a functioV.oft

than for the ground state for gate voltages larger than 0.07gonstantv, and the transconductance was obtained by nu-
V. The spatial extentspread of the wave functions(Z)  merical differentiation. In Fig. @) 1D energy separations
—(z;)?"? is shown in Fig. 8) for both subbands=0, 1.  are displayed by, values for which the conductance pla-
Clearly, the wave-function spread of the first excited 2D subteaus at multiples of €/h disappear and half plateaus at
band exceeds that of the ground state. In order to discuss t&en multiples o€?/h remaini®° Furthermore, Fig. &) is
consequences of the asymmetry in the quantum well potera direct superposition image generated by two 1D electron
tial for the magnetodispersion of 1D constrictions, we assigrsystems. In order to extract the gate efficiengyor the first

in the following the indicegs,n) to the vertical(s) and the  vertical mode, we determingE: ;. and the corresponding
transversén) quantization as depicted in Figgb2 and Zc). gate voltage intervalV, at which the Fermi level sweeps
Note, in the 1D constrictiog=0 corresponds ts=1, the AE}Ln+l from the transconductance vers\g plot for Vq
first vertical mode, andj=1 to s=2, the second vertical =0 V. Therefore,y, results forV,=(Vy,+Vyn:1)/2 as the
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FIG. 5. (a) Transconductance gray-scale plot of a 125-nm-wide
QPC vs appliedongitudinalmagnetic field and gate voltage at2K.  FIG. 6. Transconductance gray-scale plots of a 165-nm-wide
The white and_ dark regions represent low and high transconducopc (groove etch depth 70 nnvs appliedlongitudinal magnetic
tance, respectivelyb) and (c) transconductance traces along the field and gate voltage at 2 K. A different confining potential of the
two dashed lines in Fig.(3) at (b) B;=3.5 T and(c) B;=5.5T. The  same QPC is realized by persistent charging, i.e., cooling from RT
index (s,n) associates each tranconductance maximum with a 1Qg 2 K under applied gate bigs) 0 and(b) +0.5 V. This causes a
subbands describes the vertical modes andiescribes the trans-  rejative shift of the 1D subladders and enables us to observe the
verse modes. Note that examples for the clear anticrossings afgansformation from a crossing to an anticrossing situation of de-
(1,6(2,2 and(1,7)(2,3) for B;=3.5T and(1,9(2,3 for B=5.5T  generate energy levels, as encircledanand (b) for (1,8)(2,4).
in the transconductance traces and in the gray-scale plot, where

1,9(2,9 h itionall ircled.
(1.8(2.4 has been additionally encircled 5(a) upper and lower bounds of 1.7 and 1.2 meV, respec-

ratio betweemAE}, ., andeAV,. Figure 4b) shows the re- tively. In Fig. 5a) level crossings and anticrossings show a
sulting valuesy; and an exponential fit which concordantly regular pattern resembling the observations in transverse
describes the decrease pf(V,) and allows an extrapolation magnetic fields, i.e., anticrossing for lateral mode indices of
to Vg values at which anticrossings occur. A determination ofequal parity. In other QPC samples regular patterns persist
the gate efficiency for the second vertical moggV,) is  also for longitudinal magnetic fields; however, showing an-
obscured by the fact that corresponding transconductanderossings for lateral modes of unequal pafity. Fig. 6).
maxima appear much weaker in gray-scale presentation and This finding originates from the variation of the saddle-
render any evaluation unreliable. A similar gate efficiency forpoint potential of a 1D constriction as a consequence of the
both 1D ladders would lead to an upper bound for the energgeometric variation of the etched nanoscale grooves or the
splitting AE of 1.2 meV(+0.3 me\). However, in Fig. 22)  variation of effective doping due to a persistent charging
at B;=0 T we observe larger spacings between consecutiveffect. In the following we briefly demonstrate examples for
maxima of the second ladder compared to that for the firsboth cases.
ladder forV,=<0.7 V. Given that the 1D energy separations Increasing the geometric widtv of a QPC leads to a
of the two vertical modes are expected nearly equal to a firslecrease in 1D-subband spacings which is correlated to a
approximation a reduced gate efficiency is anticipated for thelecrease in threshold voltage as was shown reckEniipte,
second vertical mode. Frogy,(V,) atB;=0 T we estimate a w is only a good measure to compare QPCs with similar etch
ratio y,/y, of about 1.5 in the gate voltage region with the depthsd of the nanoscale grooves. In spatially coincident
anticrossings. In consequence, we obtain a lower bound aflectron waveguides a decrease in threshold voltage is ob-
0.8 meV (x0.2 meV) for the energy splittinga\E observed served for both vertical modes with increasing geometric
in transverse magnetic field. QPC widthw. However, in tendency this variation is less for
Magnetotransport in dongitudinal magnetic fieldB, is  the second vertical mode than for the first as visible from
studied in analogy. However, the longitudinal magneticFig. 7 (left ordinats.
field couples the lateral and vertical confinement of 1D Therefore the difference of threshold voltages between the
electron motion, and distinctly different magnetodisper-first and second vertical mode is enhanced for increasing
sions are expected! Figure 5a) shows a transconductance [Fig. 7 (right ordinate]. The difference in threshold voltages
gray-scale plot as a function of; and B, for the 125 nm  is determined, on one hand, by the 2D threshold in the res-
QPC discussed above. For increasing longitudinal magnetiervoirs(as indicated in Fig. Jfand, on the other hand, by the
field transconductance maxima corresponding to the first vemonidentical lateral confining potentials for the two vertical
tical mode shift to lowerV,, while those assigned to the modes inside the 1D constriction. While the first depends on
second vertical mode shift to high#t,. In Figs. §b) and  the effective doping level of the supply layer, the latter is a
5(c) we present two of the measured transconductance Msinction of the geometry of the etched grooves as well as the
gate voltage scans which show two clear anticrossing#nized donor concentration.
(1,9(2,2 and (1,9(2,3), respectively. In analogy to the An example of variations in the magnetodispersion due to
evaluation of splitting energies in transverse magnetic fieldst change in QPC geometry can be seen in Fig) Hw
we determine for the encircled anticrossifigd)(2,4) in Fig. =125 nmd=80 nm and Fig. 6a) (w=165 nmd=70 nm).
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1o/ L S —a : tentials exist, which is a rare situation that can only occur at
1| groove depths: 65-75 nm | | 2D reservoirs | 0.5 s lower or intermediate gate voltage as is outlined in the fol-
08F a ! 3 lowing. The ideal description of a 1D confining potential
S osl \\ /xo _0_4§ within the saddle-point potential approximation leads to
Py J_\‘ et 5 equidistant 1D level spacings within one ladder. If the 1D
§’ 04} 'Qk‘ O// _03;?; confining potential is exactly the same for both vertical
E ozl -\\ - | % modes then additionally equal 1D separations exist for both
2 N . a 1D ladders. However, in our experiments two effects must
g 0or Z “ Jo2d cause corrections in most cases. First, as outlined in Fdy. 3
S o2l o/o_o Tl § the expectation value of the electron distance from the upper
%\o’ Te< o =2 heterointerface is larger for the first excited 2D subbégmnd
o4r .y " =1) than for the ground subbar{d=0). Consequently, elec-
S0 100 150 200 250 ) infinity trons in the 1D constriction experience a weakened lateral
geometric quantum point contact width (nm) confinement for the second vertical mote=2) compared

FIG. 7. A decrease of the threshold voltage with increasing geow'th the first(s=1), and hence, we expect slightly smaller

metric width of the QPC is observed for both vertical modegt LD level separations for the second 1D ladder. Second, an-
ordinate. However, the second vertical modéilled triangles ~ harmonicity of the nonideal confining potegtlal as well as its
shows less variation than the firéilled squareswhich leads to an  modification with increasing gate volta§é® lead to a de-

increase of the difference in threshold voltages with increasing geccrease in 1D energy spacings with increasing level index
metric width of a QPQright ordinatg. within a 1D ladder. On behalf of these corrections the case of

different lateral harmonic confining potentials for the two

In Fig. 6(a) anticrossings occur for lateral modes of unequal?'ewon waveguides becomes relevant. For such, anticross-

parity. Note, the anticrossingl,8/(2,4) of Fig. 5a) has INgS are expected for 1D levels of equal' parity in the lateral
turned unambiguously into a crossirgncircled in Fig. ~Mede indexi.e., odd/odd or even/evnThis corresponds to
6(a). Such deviations occur mainly in the regime of higher®Y" observation of all anticrossings that occur under trans-
voltages in longitudinal magnetic fields. versal magnetic fields in our experiments.

By contrast, the confining potential of the same QPC can Apart from the common Qbserva'uons, tunnel-coupleq 1D
be tuned such that a relative shift of the 1D subladders of thE!€Ctron systems differ distinctly from electron waveguides
two vertical modes occurs by purely electrostatic mééns. With two vertical modes: first, a larger spatial separation of
Persistent charging can be achieved by cooling the sampld€ €xpectation values of the electron position in the 1D
from room temperaturéRT) to low temperatures while ap- cOnstrictions exists and, second, nearly equal electron densi-
plying a gate big® and leads to a change in the effective ties in the coupled waveguides can be adjusted. Until now,

; : ; ki he sole previous work on spatially coincident electron
doping. Figures @) and @b) display the variation in the t - "
magnetodispersion of a QPC cooled without and with posiWaveguides was on QPCs prepared from a parabolic'QW.

tive applied gate bias, respectively. The relative shift of 1DAS in our study, in these systems the two vertical modes are
subladders leads to a larger difference of the threshol opulated by differing electron densities. However, due to

voltages for the first and second vertical modes. FurtherN® |_’1early par_abolic QW no.mode coupling ?S expecteq .and
more, the change in confining potential can lead to a transi?ithin the regime of an undisturbed harmonic 1D confining

tion from a level crossing to anticrossing as observed foPotential all level degeneraciésrossings persist.
(1,8(2,4) (encircled. It is worth mentioning that in all works cited above, a

lateral 1D confinement was electrostatically defined by
means of split, mid, or side gates prepared via electron-beam
lithography and eventually supported by back gates. Gate
widths exceeding 0.2m and deeply buried QWSs result in
Below, we discuss how the coupling phenomena underather weak 1D confining potentials and, hence, lead to 1D-
investigation are related to the observations from previousubband spacings of only a few meV. Therefore energy split-
works on other 1D electron systems. A close resemblance isngs at anticrossings of 1D modes are difficult to resolve.
found for tunnel-coupled electron waveguides for whichHere, AFM nanolithography substantially improves the ex-
Thomaset al.” report coupling phenomena and splitting en- perimental resolution by providing high 1D-subband spac-
ergies in transversal and longitudinal magnetic fields. Hereings in an extremely narrow lateral potential well.
anticrossings in transversal magnetic fields are found only
for 1D levels ofequallateral mode index. This is in accor-
dance with a model of well-aligned saddle-point potentials of
approximately equal confining strengths for which 1D levels In conclusion, we performed direct high-resolution imag-
of any combination of unequal lateral mode indices remairing of distinct 1D energy level crossings and anticrossings of
degenerate and show crossings. We do find such onlyspatially coincidentelectron waveguides prepared from a
crossing cases for level degeneracies arising fromfitsé  nonharmonic, asymmetric 2D potential. By transport experi-
level of the second vertical modél ,n)(2,1). Therefore, we ments, we have shown that the perturbation of symmetry via
conclude that in these cases nearly similar 1D confining popurely electrostatic means presents a powerful tool for a

IV. DISCUSSION

V. CONCLUSION
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high-precision adjustment of mode coupling between 1Dturned on and off by purely electrostatic means. For this
quantum states. The two 1D electron systems experiengaurpose structures with sophisticated combinations of gates
strong coupling and strikingly nearly regular patterns of(side, split, back gatewill be required.

mode-dependerével anticrossings with distinct deviations

are_observed in transverse ar_1d longitudinal magnetic fields. ACKNOWLEDGMENTS
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