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Possible Spin Polarization in a One-Dimensional Electron Gas
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In zero magnetic field, conductance measurements of clean one-dimensional (1D) constrictions
defined in GaAgAlGaAs heterostructures show up to 26 quantized ballistic plateaus, as well as a
structure close t@.7(2¢/hk). In an in-plane magnetic field all the 1D subbands show linear Zeeman
splitting, and in the wide channel limit the factor is| g |= 0.4, close to that of bulk GaAs. For the
last subband, spin splitting originates from the structur®.at2e?/4), indicating spin polarization at
B = 0. The measured enhancement of ghéactor as the subbands are depopulated suggests that the
“0.7 structure” is induced by electron-electron interactions. [S0031-9007(96)00520-0]

PACS numbers: 71.70.Ej, 71.18.+y, 73.20.Dx, 73.40.Kp

The application of a negative voltage to lithographicallyshow that thi€.7 structureds an intrinsic property of a 1D
defined gates over a GaAs-AlGaAs heterostructure allowshannel at low densities, and that its origin could be related
the underlying two-dimensional electron gas (2DEG) toto spin.
be electrostatically squeezed into a particular shape [1]. Previously from measurements [14] of the transconduc-
This has allowed the study of one-dimensional transportancedG/dV, we have determineg, the in-planeg fac-
phenomena [2], where, if the mean free path is largetor when the magnetic field is applied parallel to the
than the effective channel length, it is possible to observgyrrent j through a ballistic 1D constriction. A zero in
ballistic one-dimensional (1D) conductance plateaus [3,4]4G /4v, corresponds to a conductance plateau, whereas

Interaction effects may be significant in a clean one peak corresponds to the step region between plateaus.
dimensional single-mode electron gas, giving rise, forrhe magnitude (but not the sign) gff was determined
example, to new crystal [5,6] and liquid states [7].from a comparison of the splitting of a transconductance
For long-rangel/r interactions between electrons a 1D peak in an in-plane magnetic field with that induced by an
Wigner crystal is expected [5] to occur when the 1Dapplied source-drain voltagé,. When the gate voltage
carrier density is much less than tfiBohr radius)™'.  separation of given peaks ifG/dV, of the two measure-

For short-range interactions a clean 1D system may bgents are the same, thefactor is determined by equating
modeled as a Tomonaga-Luttinger (TL) liquid, where itthe two energy scales [14],

is predicted [8] that the conductance will be renormalized

to G = K(2¢%/h), with a parametek > 1 for attractive eVsa = 28pBS., 1)
interactions K < 1 for repulsive interactions, ankl = 1~ whereu is the Bohr magneton anfl= 1/2. When two

for a noninteracting electron gas. Other theories [9—11fnd three 1D subbands are occupied, the measured [14]
suggest that conductance renormalization will not occug factors were 1.08 and 1.04, respectively. In this earlier
because the measured contact resistance is determined éxperiment it was not possible to measyre (in-plane

the noninteracting electrons that are injected into the wiremagnetic fieldB applied perpendicular tg).

With the exception of recent results [12], phenomena We have investigated ballistic 1D constrictions defined
observed at zero magnetic field in clean 1D GaAs wiresn high mobility 2DEGs, formed at a modulation-doped
have been interpreted within a single-electron picture. UsGaAs/Aly33Gay¢7As heterostructure grown on a (100)
ing a modified TL liquid theory [13] that accounts for GaAs substrate. Sample A (Figs. 1 and 2) is a split-gate
disorder scattering, Tarucha, Honda, and Saku [12] meadevice of lithographic widttW = 0.75 wm and length. =
sured an interaction parametér~ 0.7 from temperature 0.4 um, defined above a 2DEG of depth770 A,
studies of wires longer thah um. However, this is not which after illumination with a red light-emitting
supported by the presence of a renormalized conductanckode has a carrier density af = 1.8 X 10! cm™2 and
quantization. Experimentally, residual impurity scatteringa low-temperature mobility ofu = 4.5 X 10° cnm?/V s.
and weak resonance effects make it difficult to interpreSample B (Figs. 3 and 4) is a device wi#=0.95 um
small changes it; as interaction effects. and L=04 um, defined above a 2DEG of depth

In this paper we present two pieces of experimentaB170 A, which hasn, =1.4 X 10" cm™2 and u =3.5 X
evidence that suggest that interaction effects are importa0® cn?/V s after illumination. Similar 1D constrictions
in clean split-gate devices. First, as the number of 10have shown [15] an absence of resonant structures on the
subbands decreases, we have measured an enhancentgrantized conductance plateaus, demonstrating the lack of
of the in-plane electrorg factor over its bulk GaAs potential fluctuations within the 1D constriction. The 1D
value. Second, in zero magnetic field we have observedubband structure was also probed [15] using a source-
reproducible structure at approximately’(2¢>/h). We  drain voltage of up toV, =4 mV. For all subbands

0031-900796/77(1)/135(4)$10.00 © 1996 The American Physical Society 135



VOLUME 77, NUMBER 1

PHYSICAL REVIEW LETTERS

1dJdLy 1996

20}
L () hll
L5 O gL
S
g 18% By=82T
& o
155 & e
osf O &%
o
1
% (—)
Subband Index

G (in units of 2¢>/h)
=3
>

sample A
T = 60 mK - 1 @
=
5k ':5", 0.5
> T = 600 mK
0 1 1
58 56
Vg (V)
0 1 1 1
-6 -5 -4 -3
Gate Voltage V, (V)

FIG. 1.

() Gate voltageG(V,) characteristics showing 20
conductance plateaus quantized in unit@af/h. (1l) The gate
characteristics (offset b§.3 V for clarity) in a magnetic field
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FIG. 3. The evolution of the structure #7(2¢2/h) into
a step ate?/h in a parallel magnetic field3; =0 — 13 T,

in steps of 1 T. For clarity, successive traces have been

horizontally offset by0.015 V.

in-plane g factors as a function of subband index, as obtained

from the Zeeman splitting &.2 T.

Vs, indicating thatVyy does not perturb the electrostatic results presented here are qualitatively the same for both
confinement potential within the constriction. We shallfield orientations. To check for an out-of-plane magnetic
rely on this result when we use Eq. (1) to measure botlield component due to misalignment, we monitored the

g| andg, for all 26 1D subbands.
Low temperature measurements of the two-terminahblign the samples to better thdf. All the results pre-

conductanceG(V,) = dI/dV, were performed using an sented in this paper were reproducible on different sample
cooldowns, and have been observed in a variety of devices
surements in an in-plane magnetic field were carried outabricated on different wafers. The bulk 2DEG resistance

changes witlB, and so conductance sweeps have been cor-

excitation voltage of 0 uV atafrequency of1 Hz. Mea-
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FIG. 2. Transconductance trace&s/dV, of the transition
betweenG = 0 and 2¢2/h as a function ofB;. The traces

with the field applied either paralléB)) or perpendicu-
the splitting of the transconductance peaks was linear itar (B, ) to the currentj through the constriction. The

Hall voltage; from such measurements we were able to

rected by choosing a series resistance (typically less than
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2 kQ) that will match the last spin-degenerate plateau tgeak that accompanies the transition fr6i= 0 to 2¢2/h.
the quantized value dfe?/h. As Bj is increased in steps of T, the satellite peak grows

Trace | in Fig. 1 shows the gate characteristibd/,) in intensity and the two peaks separate. Bt=13 T
of sample A in zero magnetic field. With decreasingthe two peaks have roughly equal integrated areas, and
gate voltageV, the constriction is narrowed, and a the zero between the two transconductance peaks corre-
conductance step @fe?/h is observed each time a spin- sponds to the spin-split conductance plateae’dh. As
degenerate 1D subband is depopulated [3,4]. In additioa function ofB) there is a parabolic shift of both transcon-
to the last plateau &&e>/h, trace | shows a weak structure ductance peaks to more positive gate voltage; this is also
close t00.7(2¢2/h); inset (a) in Fig. 1 shows the detail observed for higher 1D subbands and can be attributed to
of this 0.7 structureat 600 mK. We have observed this a diamagnetic shift of the bottom of the 2D subband edge
feature in many 1D constrictions and previously we havg20]. Similar parabolic variations of the position of spin-
commented [16] on this reproducible structure, both in outp and spin-down Coulomb blockade peaks have been ob-
devices and in others. served in a quantum dot device [21].

We shall first present the magnetic field properties of The Fig. 2 inset shows the gate voltage separation
the higher conductance plateaus, where the applicatiodV, of these two transconductance peaks in positive and
of a magnetic field in the plane of the 2DEG lifts the negativeB). The splittingéV, is linear in B, and the
spin degeneracy of the 1D subbands [3]. Trace Il invalue §V, =0.035 V at B =0 which can be interpreted
Fig. 1 shows the gate characteristics obtained in a parallels a zero-field spin splitting with an estimated energy of
field of By =11 T. ForV, <-4V, additional spin-split AE =1 meV. We measure bothE and theg factors of
plateaus are interleaved between those observBg-at).  the n =1 subband from the relatioaVy; = 2gupBS +
For V, > —4V the Zeeman energy is comparable to theAE, rather than Eq. (1). We have also measured linear
subband spacings, and both sets of spin-split plateau&eman splittings of the higher 1D subbands.
cannot be easily resolved. Inset (b) of Fig. 1 shows Figure 3 shows more clearly, in conductance, the
g and g, for all 26 subbands, measured using Eqg. (1)evolution of the0.7 structureas By is increased in steps
at 8.2 T; similar results were obtained d2 T. Three of 1 T. The left hand trace aB = 0 T shows a clear
features are clear: First, there is little in-plane anisotropystructure close td.7(2¢2/k), which by 9 T has shifted
of the g factor. Second, when the constriction is verydown toe?/h. Figure 3 also shows that the structure at
wide g =~ g, = 0.4, close to the valugg | =0.44 of bulk  0.7(2¢2/h) is not replicated af.7(e?/h) when the spin
GaAs [17]. Third, as the subband index decreaggand  degeneracy is removed at highj, evidence that th@.7
g. increase. structureis not a transmission effect.

When the channel is just defined, it is wide with a carrier - Figure 4 shows the temperature dependence of the last
density equal to that of the bulk 2DEG and the electrostaticonductance step. As the temperature is increased from
confinement which can be described by a square-weth.07 to 1.5 K the definition of the plateau ae?/h be-
potential. In this limit the channel can be considered tacomes weaker, whereas tBe7 structurestrengthens and
be more 2D than 1D, and the measurement gffactor  becomes flatter. Th@.7 structureis observable even at
close to that of bulk GaAs provides compelling evidence4.2 K (not shown) when all the quantized plateaus have
for the validity of the energy splitting technique [14]. As disappeared. At present, we are unable to explain this un-
V, is made more negative the constriction narrows, theisual temperature behavior, though it might imply that the
confinement potential becomes more rounded, the carrigy.7 structureis more sensitive to localization than the 1D
density within the channel is reduced, and, for the lasplateaus. The behavior also provides evidence thad.fhe
few occupied subbands, the anisotropy of the confinemenftructureis not due to an impurity, for example, Coulomb
within the channel can be described by a saddle-pointharging would be important if there was “puddling” of the
potential [18]. We, however, observe little anisotropy electrons close to pinch-off, but such effects would show a
of the in-planeg factor as the number of subbands isweakening with increasing temperature. Further evidence
reduced, and we believe that electron-electron interaction®r the absence of impurity effects comes from measure-
are responsible for the enhancemengpfandg.. This  ments where the channel is laterally shifted5§.04 xm
interpretation is in contrast to that [19] in much narrower(using the technique described in Ref. [22]); there is little
(<100 A) 1D wires, wherek - p theory can account for movement of thed.7 structureand no degradation of the
the measured in-plane anisotropy of ghéactor. higher index quantized conductance plateaus.

In Figs. 2 and 3 we present transconductaia@/dV,) Because of the lack of inversion symmetry and the pres-
and conductance traces that show the behavior 00ifie ence of interface electric fields, zero-field spin splitting
structure in a strong in-plane magnetic field. Figure 2 can be present in Ga#8lGaAs heterostructures. Such
shows transconductance data obtained by numerical diffemechanisms will simply lift the spin degeneracy of the
entiation of conductance swee@$V,) measured in fields subbands, and for the last subband this will give rise to a
of Bj=0to 13 T. Because of the presence of th&Z  spin-split plateau ab.5(2¢2/h) rather than a6.7(2¢2/h).
structureat B =0, there is a satellite peak, marked with However, it is expected [23] that the energy splitting will
a star, on the right hand side of the main transconductandse too smal(~10~2 K) to be important in our devices.
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