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Interaction effects in a one-dimensional constriction

K. J. Thomas, J. T. Nicholls, N. J. Appleyard, M. Y.Simmons, M. Pepper, D. R. Mace, W. R. Tribe, and D. A. Ritc
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~Received 1 December 1997; revised manuscript received 20 April 1998!

We have investigated the transport properties of one-dimensional~1D! constrictions defined by split-gates in
high quality GaAs/AlxGa12xAs heterostructures. In addition to the usual quantized conductance plateaus, the
equilibrium conductance shows a structure close to 0.7(2e2/h), and in consolidating our previous work@K. J.
Thomaset al., Phys. Rev. Lett.77, 135 ~1996!# this 0.7 structurehas been investigated in a wide range of
samples as a function of temperature, carrier density, in-plane magnetic fieldBi , and source-drain voltageVsd .
We show that the 0.7 structure is not due to transmission or resonance effects, nor does it arise from the
asymmetry of the heterojunction in the growth direction. All the 1D subbands show Zeeman splitting at high
Bi , and in the wide channel limit theg factor is ugu'0.4, close to that of bulk GaAs. As the channel is
progressively narrowed we measure an exchange-enhancedg factor. The measurements establish that the 0.7
structure is related to spin, and that electron-electron interactions become important for the last few conducting
1D subbands.@S0163-1829~98!05032-2#
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I. INTRODUCTION

When a negative gate voltage is applied to a lithograp
cally defined split-gate, the underlying two-dimensional el
tron gas ~2DEG! is electrostatically squeezed into a on
dimensional~1D! channel.1 In a clean 1D constriction, wher
the mean free path is much longer than the effective cha
length, the conductance is quantized2,3 in units of 2e2/h; a
result that can be understood as the adiabatic transmissio
1D subbands. In an earlier paper4 we showed that, in addi
tion to the usual quantized conductance plateaus, ther
also a structure at 0.7(2e2/h). This so-called0.7 structure
shows characteristics that demonstrate the importanc
many-body interactions in the limit of a few conducting 1
subbands.

As a consequence of electron-electron interactions, a
electron gas is expected to exhibit Tomonaga-Luttinge5,6

~TL! liquid behavior rather than Fermi liquid behavior.
addition to a TL liquid there are other possible states of
interacting 1D system, for example, a 1D Wigner crysta
predicted7 when the 1D electron density is less than t
~Bohr radius! 21. It has also been shown8 that at sufficiently
low electron densities the exchange interactions will do
nate over the kinetic energy, and a three-dimensional e
tron gas will undergo a transition to a ferromagnetic sta
The increasing importance of the exchange interaction
lower dimensions is borne out by recent calculations9,10 that
show a similar spontaneous spin polarization in a quasi-o
dimensional electron gas.

In light of these ideas we present experimental evide
showing that electron-electron interactions are important
ballistic 1D constriction. We do not observe TL liquid b
havior, but we believe there is evidence for spontaneous
polarization. We expand upon our earlier work,4 showing
results for six different samples. The rest of this paper
organized as follows. Section II gives a brief review of sp
gate devices, and a description of the samples and mea
ments is provided in Sec. III. The zero-field gate charac
istics as a function of temperature and 2D carrier density
PRB 580163-1829/98/58~8!/4846~7!/$15.00
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presented in Sec. IV A, and measurements in a strong
plane magnetic field and with an applied source-drain v
age in Secs. IV B and IV C, respectively. We discuss o
results, and their relevance to the TL model in Sec. V.

II. REVIEW OF SPLIT-GATE DEVICES

Split-gates1 are a well established11 technique for creating
a smooth one-dimensional constriction in a 2DEG. Whe
negative voltageVg is applied to a lithographically define
pair of Schottky split-gates above a GaAs/AlxGa12xAs
heterostructure, shown in Fig. 1~a!, the 2DEG is depleted
from beneath the gates and a 1D channel is left defined
tween them. If the elastic mean free pathl e is much greater
than the widthW and lengthL of the channel, transpor
through the 1D constriction is ballistic and the different

FIG. 1. The differential conductanceG(Vg) of sample C at
T560 mK, after correction for a series resistance ofRS5703V.
Insets:~a! Schematic of a split-gate device, where S and D repres
the source and drain contacts.~b! Raw data showing the definition
and pinch-off characteristics.
4846 © 1998 The American Physical Society



fter

PRB 58 4847INTERACTION EFFECTS IN A ONE-DIMENSIONAL . . .
TABLE I. Sample properties.

Samplea Structureb
2DEG depth

(mm!
Mobilityc m

(106 cm2/Vs!
Carrier densityn2D

(1011 cm22)
Split-gated width W

(mm!

A SH 0.28 4.5 1.8 0.75
B SH 0.31 3.5 1.4 0.95
C SH 0.28 4.5 1.8 0.95
D SH 0.31 3.5 1.4 0.75
E SH 0.29 3.5 1.3 0.75
F QW 0.17 4.8 2.4 0.75

aSamples A and B were used in Ref. 4.
bSH5single heterojunction, QW5quantum well of width 200 Å.
cThe low temperature mobilitym and carrier densityn2D were measured at zero back gate voltage a
illumination with a red light-emitting diode.

dAll split-gates have a lengthL50.4 mm.
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f an
conductance,G(Vg)5N(2e2/h), is quantized,2,3 whereN is
the number of transmitted 1D subbands. At small nega
gate voltages, when a wide 1D channel is first defined,
lateral confinement potential is best described by a squ
well with a width similar to the lithographic separationW of
the split-gates, and an electron density equal to that of
bulk 2DEG (n2D). The carrier density and width of the cha
nel are progressively reduced asVg becomes more negative
and when there are only two or three occupied 1D subba
the electrostatic landscape around the narrowest part o
constriction can be modeled by a saddle-point potentia12

Split-gate structures have been used to study elec
focussing,13 nonlinear transport,14,15 and magnetic
depopulation,16 all of which can be interpreted in a noninte
acting electron picture. Recent conductance measurem4

of clean split-gate devices exhibit a structure at 0.7(2e2/h)
that cannot be explained within a noninteracting picture.

In this paper, as well as in recent work,4,17 the 1D con-
strictions are defined in deep heterostructures where
2DEG is up to 3000 Å below the sample surface. Us
these high purity 2DEGs~with a low temperature mobility as
high as 4.83106 cm2/Vs! we have measured more than 2
ballistic conductance plateaus, with a high degree of flatn
that reflects the lack of potential fluctuations in the const
tion. The samples show well-defined 1D characteristics w
little intersubband scattering, even between the clos
spaced(0.5 meV! higher subbands. With a magnetic fie
applied in the plane of the 2DEG, each doubly degene
1D subband is split by a Zeeman energy. Spectroscopy o
1D subbands can be performed14 using a dc source-drain
voltageVsd and we have used this to measure theg-factors
of the 1D subbands.18

III. SAMPLES AND EXPERIMENTAL DETAILS

A. Device fabrication

Measurements are presented here for six samples, f
cated from 2DEGs formed in modulation-dope
GaAs/Al0.33Ga0.67As heterostructures, grown by molecul
beam epitaxy~MBE! on a ~100! semi-insulating GaAs sub
strate. The sample properties are listed in Table I.

For the single heterojunction samples~A–E!, the 2DEG is
formed at the interface between a thick~1–2 mm! undoped
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GaAs buffer layer and a 600–1000 Å undoped AlxGa12xAs
spacer layer. Doping is provided by 2000 Å of Si-dop
Al xGa12xAs (1.231017 cm23), which is capped with 170 Å
of undoped GaAs. The use of lightly doped AlxGa1-XAs and
a thick spacer layer reduces the remote ionized impurity s
tering and enhances the mobility. The growth sequence
the quantum well sample~F! starts with a 100-period 25
Å GaAs/AlxGa12xAs superlattice buffer, which is used t
trap surface impurities from the substrate, and to progr
sively improve the interface smoothness. This is followed
1000 Å of AlxGa12xAs ramped fromx50 to x50.33, and a
0.45mm buffer withx50.33. Below the 200 Å GaAs quan
tum well there is a 2000 Å Si-doped Al0.33Ga0.67As (1.2
31017 cm23

) layer and an 800 Å AlxGa12xAs spacer, and
above there is a 1000 Å spacer and a 400 Å dop
(Al0;33Ga0.67As ~131018 cm23) layer. The wafer is capped
with 170 Å of undoped GaAs. On the back of all the wafe
there is indium used to mount the samples during M
growth; this diffuses approximately 150 Å into the GaA
substrate, and forms a back gate 350mm below the 2DEG.
When the back gate voltageVbg is changed from2100 V to
150 V, there is a 30% increase of the carrier densityn2D .

The samples were first patterned into Hall bars. Ohm
contacts were made by thermal evaporation of Au/Ge/Ni
loys, which were annealed for 80 seconds at 430 °C i
N2/H2 atmosphere. Split-gates were then patterned
electron-beam lithography followed by thermal evaporat
of 15 nm NiCr and 35 nm Au. All the split-gates had a leng
L50.4 mm, with widthsW given in Table I.

B. Experimental details

The two-terminal differential conductance of the sampl
G5dI/dV, was measured at low temperatures(0.0524 K!
in a dilution refrigerator using a constant excitation volta
of 10 mV at 85 Hz. Measurements were also performed w
a high in-plane magnetic field (Bi) applied parallel to the
current through the 1D constriction. To check for an out-
plane field component due to misalignment, we monito
the Hall voltage; from such measurements we were able
align samples to better than 1°.

We use a technique developed by Patelet al.18 to deduce
the energy separation of 1D subbands from the effects o
applied dc source-drain voltageVsd . A peak occurs in the
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transconductancedG/dVg ~obtained by numerical differen
tiation of the conductance! at the gate voltage where there
a step inG(Vg). There is a crossing of adjacent transcond
tance peaks wheneVsd5DEN,N11, whereDEN,N11 is the
energy separation between theN and N11 subbands.18 A
doubling of the transconductance peaks can also be bro
about using a strong in-plane magnetic field to lift the s
degeneracy of the 1D subbands. Theg-factor can be deter
mined by comparing the voltageVsd required to produce the
same amount of splitting as the magnetic field, and comp
ing the two energy scales14

eVsd52gimBBiS. ~1!

This technique is valid if the transconductance peak sp
tings are linear in bothBi andVsd .

All conductance characteristics have been corrected f
series resistance (RS) that is typically less than 2 kV; this
includes contributions from the 2DEG, the contact res
tances between the Ohmic contacts and the 2DEG, and
wires down the probe. Series resistance corrections have
been applied to the source-drain measurements.

IV. RESULTS

A. Zero-field conductance characteristics

Figure 1 shows the gate characteristicsG(Vg) of sample
C at 60 mK. As the gate voltageVg is made negative the
2DEG beneath the split-gates is depleted atVg520.9 V,
giving a sharp drop in the conductance shown in the ove
characteristics in Fig. 1~b!. Once the 1D channel is define
further decreases ofVg narrow the channel and reduce th
carrier density in the vicinity of the constriction; as a res
the 1D subbands are depopulated and the conductance
creases in steps of 2e2/h. The constriction pinches off a
Vg525.75 V, when all the 1D subbands are depopulat
Overall, there are 25 well-resolved conductance plateaus
last 15 are shown in the main figure, after correction fo
series resistance ofRS5703 V. The plateaus are quantize
at N(2e2/h) to within 1% accuracy.

In addition to the usual quantized conductance platea
there is a structure at 0.7(2e2/h), seen in all samples. This i
shown in Fig. 2 for two devices, one based on a quan
well ~sample F!, and the other on a standard heterojunct
~sample D! measured atT51.5 K. The 0.7 structure is not a
precisely quantized as the conductance plateau at 2e2/h, but
is observed in the range 0.6520.75(2e2/h).

The 0.7 structure has distinctive dependences on ca
density and temperature. Figure 3~a! shows the gate charac
teristicsG(Vg) of sample E for different 2D carrier densitie
As n2D is decreased from 1.4 to 1.131011 cm22 using the
back gate, the pinch-off voltage becomes more positive.
the highest density, shown in the left hand trace, the
structure is visible only as a weak knee in the gate cha
teristics, which develops into a stronger structure asn2D is
reduced. Figure 3~b! shows the conductanceG(Vg) at
n2D51.331011 cm22 as the temperature is raised from 0
to 1.2 K in steps of 0.1 K. The pinch-off voltage remai
independent of temperature. The plateau at 2e2/h becomes
thermally smeared at the highest temperature, whereas
0.7 structure becomes stronger, in agreement with prev
-
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measurements4 of sample B. Figure 3~c! shows the tempera
ture dependence atn2D51.031011 cm22; at this lower elec-
tron density the more prominent 0.7 structure is less sens
to temperature. At higher temperatures,T;10 K, the 0.7
structure disappears; we tentatively ascribe to the structu
characteristic energy of order 1 meV.

By applying different voltages to the two arms of th
split-gate the 1D channel can be moved laterally,19,20 allow-
ing the electrostatic potential landscape between the s
gates to be scanned. Figure 4 shows the conductance ch
teristics obtained when the two arms of the split-gate
swept together, but maintaining a constant voltage differe
DVg between them. A change ofDVg from 0 to 1.3 V moves
the channel by 80 nm; the plateau at 2e2/h is unaffected by
the shift ~as are the higher index plateaus! showing that the
constriction is free of impurities. In this sample the 0.7 stru
ture occurs at 0.65(2e2/h), and is also unchanged by th
lateral shift of the channel.

FIG. 2. Conductance characteristics of 1D constrictions defi
in ~a! a quantum well, and~b! a conventional heterostructure.

FIG. 3. ~a! The 0.7 structure in sample E at 60 mK going fro
left to right n2D is reduced from 1.431011 cm22 (Vbg560 V! to
1.131011 cm22 (Vbg52110 V! in steps of 1.83109 cm22. The
temperature dependence of the 0.7 structure, in steps of 0.1 K, a~b!
n2D51.331011 cm22 and ~c! 1.031011 cm22.
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B. Magnetic field dependence

A strong in-plane magnetic fieldBi lifts the spin degen-
eracy of the 1D subbands giving conductance plateaus q
tized in units ofe2/h. Figure 5 shows how the transcondu
tance peaks in sample D split asBi is increased in steps of
T. As previously observed4 in sample A, there is an overa
parabolic shift of the gate characteristics withBi that can be
attributed to a diamagnetic shift of both the 1D and 2D s
band edges.21 Satellite peaks, marked with an asterisk (
and a solid bullet (d), corresponding to the conductanc
structures at 0.7(2e2/h) and 1.7(2e2/h), grow out of the
right hand shoulders of the zero-field transconducta
peaks. At the highest magnetic field,Bi516 T, the transcon-
ductance peaks have roughly equal integrated areas, with
zeros between them corresponding to the conductance
teaus quantized in units ofe2/h. The Fig. 5 inset shows th

FIG. 4. Lateral shifting of the channel in sample B atT560
mK, using an offset voltageDVg between the two arms of th
split-gate. Each timeDVg is incremented by 0.1 V, the center of th
1D channel is shifted by 6.2 nm.

FIG. 5. The transconductancedG/dVg of the first three sub-
bands of sample D asBi is incremented in steps of 1 T. The pea
indicated with an asterisk (*) and a solid bullet (d) show the
conductance features at 0.7(2e2/h) and 1.7(2e2/h) at Bi50 T. The
inset shows the magnetic field induced gate voltage splittin
dVg(Bi), for subband indicesN51, 2, and 3. The solid lines ar
least-squares linear fits to the data.
n-

-

e

the
la-

voltage splittingdVg(Bi) for the first three subbands. Th
Zeeman splittings are linear inBi , and at zero field the pea
separationdVg(0) is finite for bothN51 and 2; this dem-
onstrates that the zero-field 0.7 structures evolve cont
ously into spin-split half-plateaus as the magnetic field
increased. By comparingdVg(0) to aVsd-induced splitting,
we estimate the zero-field energy gap asD151.1 meV for
the lowest subband, andD250.43 meV for N52. In our
previous measurements4 of sample A we measured a zero
field gapD151 meV. In measurements of samples A and
the energyD1 is comparable to the temperature at which t
0.7 structure smears out.

From the splitting of the transconductance peaks inBi and
Vsd , Eq. ~1! is used to determine theg factors for all 1D
subbands.22 Figure 6 showsgi measured as a function o
subband indexN for three different samples, as well a
showing results for sample A at two different magne
fields. When the channel is wide and there are many
subbands, the measuredgi is close to the bulk GaAs value23

ugu'0.4. As the number of occupied 1D subbands decrea
there is an enhancement ofgi .

C. The effect of a source-drain voltageVsd

The effect of a source-drain voltageVsd on the conduc-
tance characteristicsG(Vg) has been studied in detail in Re
14. As Vsd is increased, half-plateaus appear
(N1 1

2 )2e2/h for G.2e2/h, whereasVsd-induced structures
appear at 0.85(2e2/h) and 0.3(2e2/h) for G,2e2/h. The
gate voltage scale is a smooth measure of the 1D confi
ment energy, so a greyscale plot of the transconducta
~similar to those presented in Ref. 17! allows us to follow the
energy shifts of subband features. Figure 7~a! shows how the
gate voltage positions of transconductance features for
lowest three subbands move as a function ofVsd at T51.4
K. The dark lines show transitions between plateaus and
white regions are the conductance plateaus~where the num-
bers denote the conductance in units of 2e2/h). Features
moving to the right~left! with increasingVsd do so as the
electrochemical potential of the source~drain! crosses a sub
band edge, and if the subband energies were independe
their occupation we would expect a linear evolution of t

s,

FIG. 6. The in-planeg factorgi as a function of subband inde
N. The dashed line atugu50.44 indicates theg factor for bulk
GaAs.
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transconductance structures withVsd . This is clearly not the
case for the features associated with the 0.7 structure in
lowest subband, suggesting that the subband configuratio
occupation-dependent, for which an interaction effect co
be responsible. In Fig. 7~b!, we present data taken atT550
mK, when the 0.7 structure is no longer visible atVsd50. As
the electrochemical potential in the drain is lowered bel
that of the source, a feature separates from theN51 subband
edge, giving rise to a white region that corresponds to
plateau at 0.85(2e2/h).14 Similar structures with smalle
separations can be seen in Fig. 7~b! for N52 andN53.

V. DISCUSSION

A. Evidence for a spin mechanism

In all the 18 samples from seven different wafers that
have studied, the 0.7 structure is observed on all cool-dow
The structure has been measured in both pointed24 and rect-
angular split-gates, in single heterojunction samples an
quantum wells, and is independent of the distance of the
electron gas from the confining gate.4,14 Recently, Kristensen
et al.25 have observed a clear 0.7 structure in wires fabrica
by shallow etching, which provide stronger electrostatic c
finement than conventional split-gate structures. Some
dence of additional structure has also been reported for G
wires26 patterned by focussed ion beam and InP based q
tum wires,27 though in both cases the samples are not of h
mobility. We believe that the 0.7 structure is an intrins
property of clean 1D ballistic constrictions at low electr
densities.

Additional structures in the gate characteristics of a b
listic 1D constriction could be caused by impurity effects28

Close to pinch-off the carrier density around the constrict
may become inhomogeneous,29 and the charging characte

FIG. 7. Greyscale plots of the zero-field transconductance
sample F as a function ofVsd at ~a! T51.2 K, and~b! T550 mK.
The numbers indicate the plateau conductances in units of 2e2/h,
and the 0.7 structure is the bright region atVsd50 betweenG50
and G52e2/h in the higher temperature data. The usual line
splitting does not occur for features associated with the 0.7 st
ture, indicating that the energies of these features are sensitiv
the occupation of the subband. Note that similar features are
for N52 andN53. The data in~a! and~b! were measured a wee
apart, over which time there was a slight change in the gate vol
characteristics of the device.
he
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istics of small puddles of electrons can give rise to Coulo
blockade peaks in theG(Vg) characteristics.30 Transmission
resonances due to the multiple reflection of electrons
also introduce conductance features below 2e2/h. Our mea-
surements cannot be explained by either of these me
nisms, as both Coulomb blockade peaks and resonance
nomena undergo an energy averaging at finite tempera
that smears out their structure, whereas Fig. 3 shows the
structure becoming stronger when the temperature is initi
raised. It is also common that impurity effects differ betwe
sample cool-downs, which we do not observe. The cle
quantized conductance plateaus~see Fig. 1! and the absence
of additional structures when the channel is moved from s
to side~Fig. 4! demonstrate the lack of potential fluctuatio
in and around the 1D constriction in our samples.

If the 0.7 structure were a transmission effect, unrelated
spin, it would be replicated at 0.35(e2/h) when the spin de-
generacy was lifted by an applied magnetic field. This is
observed in the high-field measurements shown in Fig
suggesting that the zero-field intercepts of the spin splitt
are related to a spontaneous lifting of the spin degenerac
the lowest subbands. A spontaneous spin polarization dr
by an exchange interaction is predicted in a dilute 1D el
tron gas for both hard-wall cylindrical31 and parabolic9,10

confinements, and the enhancement of the in-planeg-factor
shown in Fig. 6 underlines the importance of exchange
fects as the 1D subbands are depopulated.4,18,32 Figure 3~a!
shows that the 0.7 structure strengthens asn2D is lowered,
behavior that is consistent with an exchange interact
mechanism. Further evidence that an exchange mecha
may be responsible for the 0.7 structure is provided by
source-drain measurements in Fig. 7, where the feature
the lowest subband are sensitive to the occupation stati
in the channel.

Zero-field spin splitting could also arise from the spi
orbit interaction, either from the inversion asymmetry of t
conduction band of GaAs, or internal electric fields due
the asymmetry of the confinement in the growth directio
However, the energy of the spin-orbit term due to the inv
sion asymmetry is calculated33 to be only ;1022 K, and
measurements of the quantum well sample~see Fig. 2! show
that the 0.7 structure is not weakened when the confinem
is less asymmetric.

Another mechanism for a spin polarization is based34 on
the assumption that electron-electron scattering rates for
electrons in a 1D channel will be different for spin-up a
spin-down electrons. However, the 0.7 structure is obser
in equilibrium measurements (Vsd50) when there are no ho
electrons.

In summary, the 0.7 structure appears to be linked
spontaneous lifting of spin degeneracy in the 1D const
tion, driven by an electron-electron interaction effect, and
evidence is initially consistent with this being the exchan
interaction. A spontaneous spin polarization of the elect
gas, however, is expected to give rise to a conductance
teau at 0.5(2e2/h), rather than a structure at 0.7(2e2/h). To
address this point Wang and Berggren35 propose that if the
height of the saddle-point potential is different for the tw
different spin orientations, then propagation of one spin-s
subband with some tunneling transmission probability for
other spin may give a conductance above 0.5(2e2/h). In an
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alternative theory, Schmeltzeret al.36 propose that within TL
theory there is a hybridization of the up and down spins
the last subband.

The temperature dependence of the 0.7 structure, w
initially the feature becomes stronger with increasing te
perature, is also surprising; a straightforward spin polari
tion is expected to weaken with increasing temperatu
There is instead a characteristic temperature~1.5 K! at which
the 0.7 structure is most prominent, and measurements25 of
the activated behavior of the 0.7 structure support this vi

B. Relevance to the TL model

As a consequence of electron-electron interactions, a
electron gas is expected to exhibit Tomonaga-Luttinge5,6

liquid behavior. It is predicted37 that the conductance of
clean one-dimensional wire with a single conducting mo
may be renormalized to a valueK(2e2/h), whereK.1 for
attractive interactions, andK,1 for repulsive interactions. I
was later argued38–40 that such a conductance renormaliz
tion may not occur, because the measured contact resist
is determined by noninteracting electrons that are injec
from the contacts into the 1D wire. Impurity scattering, ho
ever, may give rise to corrections to the low temperature
conductance due to temperature and the finite length of
system.41,42

TL liquid behavior has been investigated in quantu
wires fabricated by two different techniques. Taruchaet al.43

fabricated 2–10mm long 1D wires using wet etching an
gating, and although no renormalization of the conducta
quantization was observed, the temperature dependenc
the last plateau is consistent with an interaction param
K'0.7 when fitted to a modified TL theory.41 Using cleaved
edge overgrowth, Yacobyet al.44 have fabricated wires o
length 1–20mm that are strongly confined in both direction
perpendicular to the wire axis. The wires have extrem
high L/W ratios, and clean conductance plateaus were
served, but quantized in units ofa(2e2/h), where 0.75,a
<1 and were both sample and temperature dependent.
cent theoretical work45 shows that these experimental resu
may be a consequence of enhanced backscattering at th
terface between the 1D wire and the connecting 2DEG
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gions, and that the nonuniversal quantization is not an int
sic property of a one-dimensional electron gas. There
stronger evidence for TL behavior in the fractional quantu
Hall regime.46,47

We emphasize that our results are different from Yaco
et al.,44 in that we observe a plateau at 2e2/h anda structure
at 0.7(2e2/h), whereas they observe nonuniversal quanti
tion of the integer plateaus. Though our results are not
consistent with the TL as opposed to the Fermi liquid d
scription of the system, the effects that we present here ar
a different type, and relate to interactions between the
one-dimensional liquids in opposite spin states. A model t
includes spin-spin interactions will therefore be necessar
adequately model our results.

VI. CONCLUSIONS

In all the samples investigated, we observe clean qu
tized conductance plateaus as well as the structure
0.7(2e2/h). We have shown that the 0.7 structure is not d
to transmission or resonance effects, nor does it arise f
the asymmetry of the heterojunction in the growth directio
The structure is not precisely quantized at 0.7(2e2/h), and in
a strong in-plane magnetic field it moves to 0.5(2e2/h). The
origin of this 0.7 structure cannot be described by either
Tomonaga-Luttinger theory or a simple spin polarization
the electron gas, but we believe the exchange-enhanceg
factor and the nonlinear behavior of subband features with
applied voltage to provide strong evidence that interact
effects are becoming increasingly important as the 1D ch
nel depopulates, and that the origin of the 0.7 structure
related to spin.
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