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Magnetotunneling spectroscopy of one-dimensional wires

B. Kardynat, C. H. W. Barnes, E. H. Linfield, D. A. Ritchie, J. T. Nicholls, K. M. Brown, G. A. C. Jones, and M. Pepper
Cavendish Laboratory, Madingley Road, Cambridge, CB3 OHE, United Kingdom
(Received 4 November 1996

We present results of a detailed study of equilibrium magnetotunneling between an array of independent
identical one-dimensional wires and a two-dimensional electron gas. From the tunneling differential conduc-
tance, measured as a function of the in-plane magnetic field, we find directly the number of occupied one-
dimensional subbands, the subband energies, and the wave functions as a function of the strength of confine-
ment in these wires. As many as 14 one-dimensional subbands were probed. We show that an analysis of our
results based on the Bardeen tunneling Hamiltonian formalism allows the determination of the functional form
of one-dimensional confining potentials. We give two examples, one for a harrow wire and one for a wide wire.
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The Schottky gate technique for patterning two-® m~2 with corresponding low-temperature mobilities of
dimensional electron gases2DEG'S (Ref. 1) in 50 and 20 m (Vs) ! in the upper and lower wells, respec-
GaAs/ALGa;_,As heterostructures initiated an intensive tively. Separate contact to each 2DEG was achieved using a
study of one-dimensionallD) system& The response of Selective depletion schemi@An in situ patternech* GaAs

these systems to changing gate voltage is a complefd! gate™® beneath the active tunneling area was used to fix
- o 15
problem—experimentally and theoretically. TheoreticaltN€ Carrier concentration in the lower 2DEG at X0L0™ m

models? which predict a generic dependence of the 1D con-__ PY @pplying a voltageVyg=+0.6 V. A superlattice
fining potential on gate voltage, at least must make assum Schottky gate was defined above the active tunneling area

. A P . _"using electron-beam lithography. Here we consider two de-
tions about the distribution of ionized donors, strain intro vices with superlattice periods of 350 and 570 nm, and litho-

duced by the surface gates and the nature of surface stat Saphic wi - ;
: : aphic wire widths of 180 and 340 nm, respectively, each
and include a model for the Schottky interface. The uncer-Consisting of 50 wires. The application of a voltage

tainty in these parameters has provided a strong motivatio{def_

X . S . =-0.42 V was necessary to define an array of indepen-
for experimental investigation of quantum-mechanical struc-,* y y P

in th librium | | barid ‘dent quasi-1D wires in the upper well of each device. Due to
ture in these systems. Equilibrium lateral transparntd ca- o henetration of the superlattice gate electric field through

pacitance measuremenfsmay not be used for this purpose ¢ depleted regions of the upper well, a 1D surface super-
since they yield information only about density of states ajjyice (1DSSL) was induced in the lower 2DEG. This device

the chemical potential. Nqnequilibrium conductan_ce ME3strycture has a number of features which make it particularly
surements allow the determination of subband spacings closgiiapie for determining confining potentials: the experi-

to the chemical potentidland magnetodepopulation of 1D et may be performed in equilibrium, thereby eliminating
channels can be used to estimate the width of confining PG effect of capacitive coupling on the confining potential:
tentials with many occupied subbarftisdowever, these e \yidths of the two quantum wells are identical to within
methods do not provide sufﬂuenf[ |_nformat|or_1 to determ!neatomic resolution, thereby eliminating the effects of relative
accurate functional forms for confining potentials. Tu””e“”gdiamagnetic shift: and the carrier concentration in the detec-
experiments, in which electrons from a detector electron gag, layer can be t'uned to probe the Fermi surface of the 1D
are used to probe a 1D system do in principle provide suffiy i.ag’

cient information to determine all quantum-mechanical Typical tunneling differential conductan¢&DC) charac-

structures. This is because conservation of momentum iﬂeristics as measured between the quasi-1D wires and the
tunneling ensures that these measurements are sensitive 1BssL ,are shown in Fig. 2 as a function of the magnetic

the details of the 1D spectral functidnThis function con- field applied in the plane of the wells, paralg{, and per-
tains the Fourier transforms of the occupied eigenstatEs, endicularB, to the wires. The measurements were per-
and allowed approximate forms for bound states in etche rmed at 60 mK, with an excitation voltage of 50/ at 79

. 2 . . g .
1m2n\f{\gre§ to be determined in nonequilibrium measure- ), Figures 2a8) and Zb) show the results obtained in the

In this paper we present the results of equilibrium mag-
netotunneling experiments on electrostatically defined 1D
wires which allow a direct determination of their eigenvalues g’ W‘§~— B,

Vi Va

and wave functions, and therefore the functional forms of 2DEGs
their confining potentials.

an
Figure 1 shows a schematic diagram of our devicBwo v, Vg
parallel 2DEG’s occupy 18-nm-wide GaAs quantum wells,
which are separated by a 12.5-nm-widey, AlGa, As bar- FIG. 1. Schematic diagram of our device geometry. Voltages

rier. The carrier concentrations are %010 and 1.9 10  V, andV, make independent contact to each well.
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] FIG. 3. Spectral functions of a 1D parabolic potentaland a
i 1D square well potentialb), at the chemical potential, fdr=0.5
By (T) B (T) meV.

FIG. 2. Magnetotunneling differential conductance measure
with the magnetic field applieth) and (c) parallel and(b) and (d)
perpendicular to the wires. Upper graphs compare the TDC for the _
same, 350-nm period device but differary [(a)—0.47,—0.48. . ., Ba(ky .k, )= |</>V(kL)|2A1(k\| VM), 2
—-0.62 V,(h)-0.48-0.5Q,...,—0.62 V]. Lower graphs compare the v
TDC measured folg=-0.48V for 350- and 570-nm period de-
vices.

(gotential. The spectral function of the 1D system is defined
Yy

whereg,,(ki) is the Fourier transform of theth 1D sub-
band wave function. In the quasi-particle approximation the

) ) spectral functions of the 1D wire and 2DEG in the basis of
350-nm period device foWg between —0.48 and —0.62 V. ihair own eigenstatesy; ), are Lorentzian

At Vg=- 0.62 V, the lower 2DEG was sufficiently depleted

under the 1DSSL gate pattern to prevent further measure- A12(S12 ;M):r/zw[(r/z)hr(M_ggle)Z)]_ ©)
ments. Figures () and 2d) compare results for the 350- and ' ' (1.3
570-nm period devices at,=-0.48 V. s1=(kj,»),s,= (k) .k, ) are the quantum numbers of the 1D

Qualitatively, just as for 2D-2D magnetotunnelitigthe ~ wire and 2DEG, respectively, andT is the quasiparticle
oscillations in the data can be explained as resulting from théfetime, but here it will also account for differences between
relative displacement of the origins knspace of each quan- 1D wires.I'=0.5 meV was used in the calculations as fitting
tum well by 5k, jy=ezBj. /%, wherezy=30.5 nm is the  best the datécompare Ref. P §§1)= E,+A%Kkf2m* +V, is
average tunnelmg distance between_ wells. It causes d_|fferetE|I]e dispersion relation in the 1D wire an(f(sz)
pairs ofk states in each well to contribute to the tunnelingat >, ", N ] ) ] ) 2
different magnetic fields resulting in a variation in the TDC. =#"(kj +K?)/2m* +V; is the dispersion relation for the
The observed change in the TDC upon rotation of the direc2DEG.E, are the 1D subband energies in the upper well and
tion of the magnetic field with respect to the 1DSSL there-V(12) are 2D subband energies in the upper and lower wells,
fore reflects directly the asymmetry of the 1D wires. respectively. _ .

A quantitative analysis can be obtained using the Bardeen The spectral function of a 2DEG, evaluated at the chemi-
tunneling Hamiltonian formalisty, Tunneling between an Cal potential, is just the 2DEG's Fermi circle. The spectral
array of 1D wires and a 1DSSL yields a complex tunnelinngDCF|0” Qf a 1D wire, evaluate_d at thg chemical potential, is
problem. However, in the upper well of our device the |argeell|pt|cal in k space, and contains an internal structure. Two
barriers which separate 1D wires make them independer@xamples of 1D spectral functions are shown in Figs) 3
systems which contribute independently to the device TDcand 3b) for a parabolic and square-well potential, respec-
In the lower well the confining potential is flat and 2DEG- tively. Both have six occupied subbands. The details of the
like in the regions where there is a significant overlap be-lD spectral function are separable indoandk, dependen-
tween the wave functions in the upper and lower Weitsie  Cies, as may be seen from E@). In the k| direction the
to screening by the 1D wire densities. The low-temperaturépectral function has peaks at valueskp# k| derived from
TDC of our device is therefore a sum of 1D-2D tunneling ,uzf(si), and indicated in Figs.(d@) and 3b). In thek, di-

events, one for each wire, and may be written as an overlagction, each peak deriving from each subband is modulated
integral between the spectral function of an average 1D sysyy the Fourier spectrum of this subband wave function.

tem with that of a 2D system: When By is swept, the Fermi circle of the 2DEG moves
relative to the 1D spectral function in the direction. As it
dl passes across the 1D spectral function, there will be a con-

2 . .
av ™t k”%l Agky+ 0ky K, + 8K, ) Ba(ky ko Spe), tribution to the TDC from all parts of the 1D spectral func-
(1)  tion with which it intersects. Detailed analysis of Ed)
shows that in general the dominant contribution is from the
wheret? is the z-direction transmission coefficie@assumed Fourier spectrum of the highest occupied subband. Since the

the energy and position independerind i is the chemical Fermi circle in the 2DEG was larger than the 1D spectral
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FIG. 4. (a) Depopulation characteristics obtained from TDC ol g T
sweeps withB) for 350- and 570-nm period device®) Subband B(T) B(T)
energies estimated from TDC sweeps with for the 350-nm pe- F ‘y' ;’;"_Ez (© A (D/M
riod device. of--4 T ;
function during the experiments the plots in Fig$a)2and s 5 Lf ! N
2(c) are full representations of 1D wave functiofw their o v W2
amplitude in k space. As we sweeépy, [Fig. 2(a)] or change -10_gate SRS Tg&“(’:—. .4".";00...266...360 460«:;;.;.‘;.'
the lithographic wire widtHFig. 2(c)], the number of peaks y (am) y(am)

in each trace, which is the same as the number of occupied

subbands, decreases as the confinement increases. In addiFIG. 5. Experimental and calculated TDC fég=—-0.48 V for

tion, Fig. 2a) shows the change in symmetry of the waveB; (a) and(b) andB, (c) and(d) for a 350-nm period devicé) and

functions between odd and even as successive subbands &gand a 570-nm devicéb) and (d). (e) shows the best fitting
depopulated. Figure(d) shows the number of occupied sub- potential profile for 350-nm period device, afj for a 570-nm

bands as a function d¥ taken from such traces for both period device.

devices, which follow the well-known 1D subband depopu-

lation charac.:te.risticé.6 The lowest number of probeq sub- gives Fig. 3b) the appearance of a flat elliptical disc. The
bands was limited by the geometry of the superlattice gat&yidth of the spectral function in thie, direction is propor-

As many as 14 1D subbands could be probed in the widefiong| to the reciprocal of the width of the 1D wire at the
device. Up to now the observation of so many subbands hagemical potential, and the width in the direction is given
been reported only from measurements of ballistic channels,,, g .

which have smooth potential profilé©ur result shows that ~ The differences between spectral functions for different
the superlattice gate also produces a smooth potential in tg,tentials result in very different TDC characterisG@&ach
upper well, and may suggest that more complex mechanismgeasurement of the TDC as a function of in-plane magnetic

lead to collective depopulation of the subbaritis. _field is a unique signature of the underlying confining poten-
WhenB, is swept, the positions of maximum intersection tjg| and in principle may be used to extract its functional

between the 1D and 2DEG spectral functions correspongorm. Since the TDC traces for thB; and B, directions
approximately, to the fields where the trailing edge of theamphasize different aspects of the 1D spectral function, in
2DEG Fermi circle intersects with the quantized valkiesf  practice we found it better to use data from both directions to
the 1D spectral function. From the magnetic-field points afdetermine confining potential profiles. Figure 5 shows ex-
which maximum intersection occurs in experimental tracesperimental TDC's forB| andB, sweeps withVg=-0.48 V
we can caIcuIatekHV and therefore estimatE,. These are (solid line§ compared to the TDC calculated from Ed)
shown in Fig. 4b) for the narrower device, for which the using functional forms for the confining potentials which
peaks are well resolved. They show the expected increase flave the closest match between experiment and theory.
E, with increasing confinement, in agreement with calcula-These potentials are shown in Figge)sand 5f). For a nar-
tions in Ref. 3, but we have insufficient data to show clearlyrow wire we find an essentially parabolic confinement, and
the pinning of the peaks in the 1D density of states at théor the wide wire we find a flat bottomed potential with steep
chemical potential. The subband separation is similar to thajalls. The parameters which define them are shown in Fig.
found in nonequilibrium lateral measuremehts. 5(e), and were obtained in the following way. The period of
The spectral functions in Figs.(@ and 3b) are quite the superlatticeWy is known accurately from calibrated
different. For the square-well potential thg points are scanning electron microscopy photographs of the device.
bunched toward large values {|, but for the parabolic The data in Figs. & and 5b) give us the number of occu-
potential they are more evenly spaced as a result of thepied subbands and the spatial extent of the highest occupied
different eigenspectra. In the direction for the square-well subband wave function and therefore the widhth,. The
potential the wave functions are truncated sin and cos fund-ermi energies in each 2DEG and the lowest subband energy
tions which have Fourier spectra which peak around thée; are both determined by the positions of the outermost
qguantized 10k, values. This gives Fig.(8) the appearance peaks marked by arrows in Figgcpand Jd). These values
of a broad elliptical ring. In th&, direction for the parabolic are very accurate, since these positions are not affected by
potential, the simple harmonic-oscillator wave functions arehe internal structure of the 1D spectral function. Approxi-
always localized around the classical turning points. Thignate eigenvalues can also be found from Figs) &nd 5d)
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and their distribution gives a strong indication of the shapeand we showed that analysis with the Bardeen tunneling
of the confining potential. The lower part of the confining Hamiltonian formalism may be used to determine functional
potential defined about pointy; is taken to be U forms of 1D confining potentials. We find that the generic
|y —y;|*1. This parametrization allows us to vary its shapebehavior of Lauxet al® describes our data very well: the
continuously from triangulaw;=1 to squarea;—>. We  subband spacings increase with increasingly negative gate
choose a value fowr; based on the distribution of peaks in voltage; a narrow wire has a nearly parabolic confining po-
Figs. Hc) and 5d), at high and lowB|, and the overall shape tential, whereas a wide wire has a flat bottom and steep
of the TDC which varies from strongly peaked for a squarewalls. We cannot directly compare our results with Ref. 3,
potential to flat for a parabolic potenti&f. Fig. 3. The since they perform their calculations for a different device
shape of the upper part of the confining potential definedtructure. For future work, results from our device should
around pointy, is then adjusted through, andC, (defined  allow an accurate parametrization of this type of calculation.
as for the lower paytto give the correct number of occupied In addition, since equilibrium magnetotunneling depends
subbands and width. Fine overall adjustments are then madgon the shape of the spectral function, this device structure
to a4 ,a,,C,, andC, to give the best overall fit. It should be can be used to investigate non-Fermi-liquid behavior pre-
noted that the spectral function does not contain any infordicted for 1D system&: Our experiment is an example of
mation about unoccupied subbands and therefore the TDC hat can be done with equilibrium magnetotunneling. The
not sensitive to the shape of the confining potential above thdevice structure is such that it is possible to perform both
chemical potential. The deviation between the experimentanagnetotunneling and lateral transport measurements on
and theoretical TDC derives from tunneling which does notgate geometries of arbitrary shape.
come from the overlap between the 2DEG Fermi circle and
the 1D spe_ctral function. It is mostly a slowly var_ying back-_ ACKNOWLEDGMENTS
ground which probably comes from the assumption of a uni-
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