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We study the low-temperature in-plane magnetoresistance of tunnel-coupled quasi-one- 

dimensional quantum wires. The wires are defined by two pairs of mutually aligned split 

gates on opposite sides of a I 1 micron thick AlGaAsIGaAs double quantum well 

heterostructure, allowing independent control of their widths. In the ballistic regime, when 

both wires are defined and the field is perpendicular to the current, a large resistance peak at 

-6 Tesla is observed with a strong gate voltage dependence. The data is consistent with a 

counting model whereby the number of subbands crossing the Fermi level chan, Des with fie!d 

due to the formation of an anticrossing in each pair of ID subbands. 
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Coupled double two-dimensional electron systems (2DESs) have received much 

study in recent years, exhibiting a number of remarkable phenomena. In the weak tunneling 

. regime, these include Coulomb drag [ 11 and an inter-layer tunneling Coulomb gap. [2] In the 

strong tunneling regime, an in-plane magnetic field-induced anticrossing of the two lowest 

energy 2D subbands has seen considerable study. [3-41 While most of this work has 

occurred in double quantum wells (DQWs), much has occurred in wide single QWs with a 

2DES at each heterojuction. [SI 

Similar interesting new phenomena are expected to occur in coupled systems of lower 

dimensionality, such as coupled pairs of ID wires or coupled OD quantum dots. Extensive 

work in coupled quantum dots has produced considerable evidence for coherent interdot 

coupling, whereby quantum dot “molecules” are formed. [6] By contrast, relatively little 

work has been done on coupled quantum wires (CQW). Early work examined CQWs 

defined in a single 2DES, whereby the coupling occurred laterally across a lithographically 

defined barrier. [7] More recently, vertically coupled quantum wires (VCQWs) were defined 

by mesa-etching a double quantum well heterostructure. [8] While this last approach enables 

a well-defined tunnel barrier, control over the ID wire widths is limited. and in any event 

cannot be performed independently for the two wires. 

In this paper, we present an experimental magnetotransport study of a pair of closely 

coupled VCQWs whose widths are independently tunable. Using our previously developed 

epoxy-bond-and-stop-etch (EBASE) technique [9 ]  a pair of vertically aligned split gates is 

defined by electron beam lithography on each side of a double quantum well heterostructure 

whose thickness is only 0.8 pn. This use of close-proximity split gates on both sides of the 

epitaxial layers allows the width of each quantum wire to be independently controlled. By 

examining the conductance as a function of the various gate voltages, five different regimes 

are clearly identified. We define these regimes by the dimensionalities of the two channels 

provided by the top and bottom quantum wells: (I) 2D-2D; (ii) 2D-1D; (iii) 1D-1D; (iv) 
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1D-pinched-off; and (v) both pinched-off. In the presence of an in-plane magnetic field 

oriented perpendicular to the current direction, we observe a large magnetoresistance peak at 

. -6 T in the ballistic regime. The peak is strongly dependent on the gate voltages, and occurs 

only in regime (iii), where quasi-1D ballistic wires are defined in both quantum well 

channels. We attribute the magnetoresistance peak to the depopulation of 1D subbands in the 

VCQWs as magnetic-field-induced 1D-ID anticrossing develops. The data is in qualitative 

agreement with a recent theory by Lyo. [ 101 

The samples were fabricated from MBE-grown material consisting of two 200 8, 

wide GaAs quantum wells separated by an 11 A A1,,G%,7As barrier. For both the top and 

bottom quantum wells, a 1 x 10" cm" Si delta doping layer was separated by a 700 8, 

AlGaAs spacer layer. For both QWs, an additional 5 x IO" cm" Si delta-doping layer was 

placed 100 8, away from the first delta layer. Diffused AulGeMi made ohmic contact to both 

of the quantum wells. The EBASE process was used in conjunction with electron beam 

writing to fabricate aligned split gates of nominally identical dimensions on both sides of the 

epitaxial layers, as described in more detail elsewhere. [ 1 I ]  After the EBASE process. the 

top surface was I450 A from the top QW, while the back surface was 6450 A from the 

bottom QW. Three devices were fabricated on a single sample. For all three, the split gates 

had openings of width W = 4000 A, while the lengths L were 1000,2000, and 3000 A. Figs 

l(a) and (b) show a top view and perspective view schematic of the sample structure, 

respectively. Fig. l(c) shows a scanning electron micrograph of a cross section of a dual 

split-gate test structure, where sub-tenth-micron alignment accuracy between the front and 

back split gates is readily apparent. 

Standard quantum Hall effect measurements on an identically EBASEd lar, De area 

front- and back-gated Hall bar yielded electron densities in the two lowest 2D subbands of 

2.5 and 1.15 x l O " ~ m ' ~ ,  with no bias on the gates. A symmetric-antisymmetric energy gap 

of ASAS = 1.7 meV was measured, corresponding to the minimum density difference between 
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the two lowest energy subbands obtained when the QWs are balanced, which occurred at a 

top gate bias of 0.45 V. The total mobility of the structure is quite high at 5.8 x 10’cm2/Vs, 

yielding an electron mean free path of -10 pm, indicating ballistic transport in the VCQWs. 

All measurements were performed using a standard lock-in technique with 5 nA current at 

0.3 K after brief illumination with an LED. Excellent reproducibility over thermal cycling 

was found. 

In Fig. 2 we show the resistance of the lo00 A long device as a function of top split- 

gate voltage V,, with back split-gate voltage V, = 0. A number of features appear which 

correspond to transitions between the different regimes described above. At V, = 0, both 

channels are 2D. As V, is made increasingly negative, the channel resistance shows a clear 

shoulder at -0.35 V followed by a sharp increase at -0.8 V. These two features are due to the 

sequential depletion of first the top and then the bottom QWs in the regions directly beneath 

the top split gates. [13-141 Thus, at V, = -0.8 V, where electrons directly beneath the top 

split gate become completely depleted from both QWs, coupled ID channels are formed in 

both QWs. Hence this marks the transition from regime ii, the ID-2D case, to regime iii, the 

1D-1D case. We note that a simple capacitance calcuiation predicts the complete depletion 

of electrons beneath the split gates at V, = -0.9 V, very close to the experimental value. 

As V, is made further negative, we expect that both the widths and the electron 

densities of the quantum wires change [15], and that the quantum wire in the top QW 

narrows more rapidly than that in the bottom, since the channel depth is comparable to the 

gate opening. At V, = -2.35 V, the channel resistance shows a weak plateau-like feature, 

where a definite change in the slope of the conductance curve is observed. [ 161 As V, is 

made yet more negative, a separate series of plateaux appear, corresponding to conductance 

steps quantized in units of 2e’/h, until the channei is completely pinched off at V, = -3.9 V. 

The monotonic quantization in steps of 2e’h clearly indicates that only one channel is 

present for -2.35 V > V, > -3.9 V. Thus the plateau at -2.35 V-which is clearIy not part of 
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the series of quantized s teps-can be unambiguously identified as the point at which one of 

the two channels is pinched off. This point thus marks the transition from regime iii, the 1D- 

ID case, to regime iv, the ID-pinched-off case. [ 171 We note that plots of the resistance vs. 

V, at fixed V, values appear very similar to Fig. 2, except that the scale of the voltage axis is 

changed, so that the transition to regime iii, corresponding to formation of the VCQWs, 

occurs at -4.4 V, and both channels are pinched off at -8.4 V. 

We now turn to the central result of this paper, the behavior of the VCQW devices in 

the presence of a magnetic field. As shown in Fig. I.(a), the field direction was perpendicular 

to both the growth direction and the VCQW current direction. Fig. 3(a) shows the 

magnetoresistance of the IO00 long device when V, = V, = 0 - i.e. in regime i where both 

channeIs are 2D. The magnetoresistance exhibits a strong minimum at B = 7 T followed by a 

weaker maximum at 8.5 T. These are the well-known anticrossins features previously 

studied in large area double quantum well samples. [3] The in-plane B field displaces the 

two dispersion curves of the QWs by an amount eBdlh ,  where d is the effective distance 

between the two electron layers. At sufficiently high B the curves anticross, opening a 

partial energy gap in the dispersion. The two features correspond to the upper and lower 

edges of the gap passing through the Fermi level, and occur due to the singularities in both 

the 2D density of states and the Fermi velocity at the upper and lower edges of the energy 

gap. We expect the two anticrossing features to be centered about a point B*,D = 

( K + & ) f ? / e d .  Using the measured dark density values, we obtain B*?* = 6.5 T, in 

fair agreement with the data. The fact that the measured B*zD is slightly higher is consistent 

with a slight increase in density due to the brief LED illumination. 

As V, is made more negative but remains below the transition to regime iii at -0.8 V, 

the 2D anticrossing features persist. Fig. 3(b) shows the magnetoresistance for V, = -0.7 V 

and V, = 0. The minimum remains at 7 T, but the background resistance has increased. In 

addition, it appears that a very weak broad resistance peak is superimposed on the 2D 
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anticrossing features. As will be made clear below, this marks the beginning of the 

formation of the VCQW. 

Fig. 3(c) shows the magnetoresistance for VT = -0.8 V and V, = 0. This is just after 

the transition to regime iii, when the VCQW is formed and the system is 1D-ID. Although 

V, differs by only 0.1 V from Fig. 3(b), the behavior of the magnetoresistance is dramatically 

different. A large broad peak in resistance appears, of magnitude -85 Q. The peak is 

centered near 6.5 T, slightly lower than the value observed in the 2D-2D case at V, = 0. The 

peak is also considerably wider than the 2D anticrossing features, with a full-width at half- 

maximum of -3.5 T. 

Fig. 3(d) shows the magnetoresistance at V, = -2.5 V and V, = 0, at which point the 

device has moved to regime iv and only a single 1D channel is occupied. At this point the 

resistance peak has completely disappeared. (As will be shown below, the peak remains 

present for values -2.5 V < V, < -0.8 V when V, = 0.) This clearly illustrates that the 

magnetoresistance peak is present only when the coupled ID-ID wires are defined, i. e. only 

in regime iii. This feature, which is so qualitatively different from that observed in the 2D- 

2D case, can thus be considered to be an intrinsic property of VCQW transport. 

In Fig. 4 (a)-(b), we plot the conductance G = 1/R as a function of B at several top 

gate voltages V,, with a fixed V, = 0. As shown in Fig. 4(a), at V, = -1.0 V, the zero-field 

conductance is 24 (2e’h). As V, becomes increasingly negative and the top QW wire 

narrows, the zero-field conductance monotonically decreases and reaches 8 (2e’h) at V, = - 

2.5 V, when the top wire has completely pinched off. The dip in the magnetoconductance 

becomes smaller in amplitude as V, is made more negative, until disappearing completely at 

V, = -2.5 V. As indicated by the dotted line, the position B,, of the broad minimum moves 

to increasingly lower values as V, becomes more negative. In Fig. 4fb). the in-plane 

magnetoresistance measurements at several backside gate voltages V, with fixed V, = - 1.5 V 

show a similar behavior, but the shift in B,, as a function of V, occurs more strongly. 
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In Fig. 5 we show data from the 0.2 and 0.3 pm long VCQW devices, here plotted as 

magnetoconductance rather than magnetoresistance. The data from these longer devices are 

. very similar to that described thus far for the 0.1 pm long device, except that the size of the 

features is reduced considerably. In the case of the 0.2 pm device, the magnetoconductance 

peak observed at V, = -0.7 V evolves similarly into a broad dip at V, = -0.8 V. Because the 

dip is shallower than in the 0.1 urn device, a superimposed remnant of the 2D-2D 

conductance peak, presumably originating in the 2D leads, is relatively larger and hence 

gives the feature the appearance of a double minimum. 

We now to turn to a discussion of the origin of the resistance peak. In a recent 

experiment by the Nottingham group [SI, a similar broad resistance peak at an in-plane 

magnetic field B = 10 T, perpendicular to the current, was observed in a VCQW defined by 

mesa etching. The wire had a lithographic width of 800 nm and length of 1.0 pm, and was 

fabricated in material with an elastic mean free path of -10 pm. In that work, the resistance 

peak was attributed to a semi-classical size effect. in which increased diffusive scattering 

occurs at the edges of the quantum wire. It was argued that for a field perpendicular to the 

current, the low-velocity electrons near the saddle-point of the field-distorted dispersion 

curve play a larger role in the conductance, producing the enhanced resistance peak. 

However, it is unclear whether our data can be explained by this proposed size effect. 

First, we note that the electron mean free path in the bulk, -10 pm, is much longer than the 

lithographic channel length of 0.1 pm. While some shortening of the mean free path is 

known to occur in quasi-1D structures, gate defined single quantum wires of 0.1 pm length in 

similarly high mobility material typically exhibit ballistic conductance. Indeed, that transport 

in our device is ballistic is further supported by our observation of quantized conductance 

steps when only one wire is occupied. Second, gate-defined electrostatic boundaries 

generally exhibit specular boundary scattering rather than diffusive. [ 181 If the observed 

magnetoresistance peak arose due to significant diffusive boundary scattering, then one 
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would expect that the peak would be absent for ballistic wires, and would gradually become 

more pronounced as the length of the wire increased. [ 191 This is inconsistent with what we 

. observe. 

Rather, we propose a model based on counting the number of 1D subbands crossing the 

Fermi level. [ 101 In a ballistic ID wire, each occupied ID subband contributes 2e’h to the 

total conductance, and simply counting the number of occupied 1D subband yields the total 

conductance. Because this holds true irrespective of the form of the 1D dispersion, it also 

applies to ballistic VCQWs. When an in-plane magnetic field is applied perpendicular to the 

current direction, the ID subband dispersion curves in one wire will shift in k-space with 

respect to those in the other wire. Due to the tunnel coupling, at sufficiently high B the 1D 

dispersion curves from one wire will anticross with their counterparts from the other wire, 

opening a quasi gap of 4AS, similar to the 2D case. [3] (The Fermi level will lie in the center 

of the anticrossing gap when B* 1D = (kF,  + kF2)h / ed, where k,, and kF2 are the Fermi wave 

vectors of the two uncoupled ID subbands.) The resulting dispersion curve thus consists of 

several anticrossed pairs of 1D subbands characterized by a Asas and ID subband spacing 

AEID. Due to these multiple anticrossings, the number of ID subbands crossing the Fermi 

level-Le. the conductance-becomes substantially modified in two ways: (1) Whenever the 

Fermi level falls within a 1D anticrossing gap, the conductance is reduced by 2e’h from the 

uncoupled double quantum wire case. (2) Because for each pair of anticrossed ID subbands 

there is a large increase in the density of states at the edges of the anticrossing gap, each 

andcrossed pair can accommodate many more electrons. Since particle number is constant, 

the Fermi level thus drops substantially and intersects fewer 1D subbands, resulting in a drop 

in conductance. 

These two different mechanisms can be illustrated by considering two different extreme 

For the case of only one occupied pair of subbands and AEID >> ASAS, the cases. 

magnetoconductance dip is due to mechanism (1). Here the conductance is 4e’h at B=O 
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where the Fermi level crosses the subbands at four Fermi points. At intermediate B such that 

the Fermi level lies in the anticrossing gap and thus crosses the subbands at only two Fenni 

points, the conductance drops to 2e2/h. Finally, at high B the anticrossing gap lies well above 

the Fermi levei, which again crosses the subbands at four Fermi points, yielding a 

conductance of 4e2/h. On the other hand, in the second case of many occupied subbands and 

E,, << hAS, a similar dip in conductance at intermediate B occurs, but this time due to 

mechanism (2) mentioned above. As B is increased and the anticrossings form, the increased 

density of states causes each subband to accommodate more electrons and the Fermi level 

drops. As a result the higher energy subbands become depopulated, the Fermi level crosses 

fewer Fermi points, and the conductance drops. At high B the anticrossing gaps all lie above 

the Fermi level, the density of states for each subband recovers its B=O value, and the Fermi 

level rises again to cross more subbands, increasing the number of Fermi points and hence 

the conductance. The primary difference between the two cases is the sharpness of the 

conductance changes. 

Qualitatively, the simple picture described above provides fair agreement with the data. 

Although additional studies of longer wires are needed, the observed reduction in the size of 

the magnetoresistance peak with increasing wire length is consistent with our model, since 

fewer electrons will traverse the wire ballistically. We note that the shift of B,,, to lower 

field with increasingly negative V, in Fig. 4(a) is also consistent with the model. An 

increasingly negative V, not only narrows the width of the top quantum wire, but also raises 

the bottom of the wire’s potential, reducing the electron density in all its 1D subbands. This 

results in a decrease in k,, and hence a decreasing B*,D, for each pair of coupled 1D 

subbands, resulting in a decreasing Bmn. A similar decrease in B,, occurs with increasingly 

negative V,, only significant stronger, as shown in Fig 4(b). This stronger decrease of B,,, 

with negative V, is consistent with the back split gates being about four times further away 

from the VCQW. In that case the electric field lines from the gates are oriented more 
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vertically at the VCQW, causing a more rapid rise in the bottom of the VCQW’s potential as 

its width decreases with negative gate bias. [ 151 

Finally, although no direct quantitative comparison is available at present, preliminary 

calculations [lo] show behavior very similar to our data. This further supports our 

conclusion that the observed magnetoresistance peak occurring at fields of a few T is an 

intrinsic Fermi-surface related property of a ballistic coupled ID-1D system. We note that 

recent theoretical work predicts a possible edge-related effect in VCQWs due to widely 

differing widths of the top and bottom quantum wires [20], and also a large in-plane 

magnetoconductance enhancement in VCQWs in the strongly diffusive regime [21]. These 

topics clearly constitute intriguing areas for future investigations in coupled 1D quantum 

wires. 
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Figure Captions 

Fig. 1. (a) Top view, and (b) perspective view schematic diagrams of the sample, consisting 

of a Hall bar geometry mesa with mutually aligned submicron split gates on both the 

front and back sides. (b) Scanning electron micrograph of a cross-section of a dual split- 

gate test structure of similar dimensions to the actual sample. After the EBASE process, 

the topside is against the epoxy and buried beneath the epitaxial layers. 

Fig. 2 Resistance vs. top gate bias V,, at back bate bias V, = 0, for the L = 0.1 pm and W = 

0.4 pm sample. The left and right plots have different scales for the resistance and cover 

different ranges of V,. Inset is an expanded view of the -0.5 V > V, > 0 range. Arrows 

indicate the transitions between different regimes: 2D-2D to 1D-2D at -0.35 V; 1D-2D to 

1D-1D at -0.8 V; and ID-ID to 1D-pinched off at -2.35 V. 

Fig. 3. Resistance of 0.1 pm long device vs. magnetic field perpendicular to both current and 

growth direction, for fixed back gate voltage V, = 0 and different top gate voltages, (a) 0 

V, (b) -0.7 V,  (c) -0.8 V, and (d) -2.5 V. For all cases the resistance scale spans rouzhly 

20 9% of the B=O resistance. 

Fig.4. Conductance vs. in-plane magnetic field of 0.1 pm long device, for (a) several V, 

voltages at a fixed V, = 0, and (b) several V, voltases at a fixed V, = -1.5 V. Dashed 

lines are guides to the eye indicating the position in B of the conductance minimum. 

Fig. 5. Conductance vs. in-plane magnetic field of 0.2 pm (solid lines) and 0.3 pm (dotted 

line) long devices at several top gate voltages, for a fixed V, = 0. The 1D-1D 

conductance dips are considerably weaker than for the 0.1 pm long device. For both of 

the devices shown here, when V, < -0.7 V the dip in conductance appears to have a 
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double minimum due to a weak 2D-2D anticrossing conductance peak from the Ieads 

being superimposed. 
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