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Spin splitting of one-dimensional subbands in high quality quantum wires at zero magnetic field

K. S. Pyshkin, C. J. B. Ford, R. H. Harrell, M. Pepper, E. H. Linfield, and D. A. Ritchie
Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 26 July 2000!

We have studied the transport properties of a high quality one-dimensional constriction formed in an
undoped GaAs/AlxGa12xAs heterostructure and therefore largely free of the random potential of ionized
donors. We induce an electron gas electrostatically and are able to vary the sheet carrier density (n2D) by a
factor of at least seven. The constriction shows resonance-free integer conductance plateaus and the additional
‘‘0.7 structure,’’ a plateaulike feature, the conductance of which decreases from about 0.80 towards 0.5
32e2/h at low and high n2D . This low value is unaffected by a high in-plane magnetic field, supporting
previous evidence and theories that the breaking of the spin degeneracy at high fields persists in some form,
even at zero field. The height of the feature generally seen at a conductance of about0.8532e2/h at high dc
bias also varies, and we show that this is in reasonable agreement with a simple relation linking the conduc-
tances of the two features. We use a source-drain bias to study the spin splitting of the lowest one-dimensional
subbands, and find a spin gap that is independent ofn2D for the first subband. We discuss possible reasons for
the splitting, and show how various models for the 0.7 structure can be applied in the finite bias regime.
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I. INTRODUCTION

In an ideal one-dimensional~1D! system, it has been
shown that spontaneous spin polarization cannot occur in
absence of a magnetic field.1 However, recent intriguing ex
perimental observations of the so-called ‘‘0.7 structur
have suggested that this does not hold true for a quas
wire.2 When a two-dimensional electron gas~2DEG! in a
semiconductor heterostructure is squeezed electrostati
with a pair of lithographically defined split gates,3 transverse
quantization into 1D subbands gives rise to conducta
quantization4 in units of 2e2/h. One-dimensional wires ar
expected to be strongly affected by electron-electron (e-e)
interactions,5,6 but these cannot usually be detected in co
ductance measurements.7 However, a plateaulike featur
with conductance around 0.732e2/h is seen as the 1D chan
nel depopulates, and this cannot be explained in a nonin
acting picture. Similar, but much weaker features, are
served near the corresponding values for some higher in
subbands. This ‘‘0.7 structure’’ has been extensively stud
by Thomaset al. in single2,8 and double layers,9 and has
been also observed in trench-etched GaAs quantum p
contacts,15 epitaxially gated~induced!,10,11 V-groove,12 and
quasiballistic13 quantum wires, and in two constrictions
series.14 The measured enhancement of theg factor as the
subbands are depopulated, as well as the movement of
plateau in a strong in-plane magnetic field to 0.532e2/h, the
value expected for a fully spin-polarized 1D level, sugges
spin-related origin of the structure.2 By making samples with
a very large 1D subband spacing, the temperature de
dence was shown to be activated,15 suggesting the presenc
of an excited state.

In this paper, we present measurements on a o
dimensional constriction in which the random scattering
ionized impurities is significantly reduced. The sheet den
can be varied over a wide range, allowing the integer c
ductance plateaus and the 0.7 structure to be studied
function of the subband spacing. We find that the cond
PRB 620163-1829/2000/62~23!/15842~9!/$15.00
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tance at which the 0.7 structure occurs decreases from a
0.80 towards 0.532e2/h at low and high sheet densities
This low value is unaffected by a high in-plane magne
field, implying that the breaking of the spin degeneracy
high fields persists in some form, even at zero field. T
height of the ‘‘0.85’’ conductance feature generally seen
high dc bias also varies, and we show that this is in reas
able agreement with a simple, general, relation linking
conductances of the two features, provided that the mec
nism causing the 0.7 structure is not significantly affected
the application of a dc bias. Spin splitting is shown to
consistent with the data, giving a spin gap that is independ
of the sheet density. This may imply that, for a given sam
and temperature, the 0.7 structure always occurs at abou
same 1D density. A number of models for the 0.7 struct
based on spin splitting are discussed, and their predict
are compared with the dc-bias data. The structure of
paper is as follows. Section II describes the techniques
veloped for fabricating an induced 1D electron gas. Sect
III presents the experimental results as a function of sh
density, in-plane magnetic field, temperature, and dc bias
Sec. IV, we discuss a number of models which have b
proposed for the 0.7 structure and consider how spin split
should vary with dc bias. Possible mechanisms permitt
spin splitting are discussed in Sec. V, together with so
conclusions.

II. INDUCED ELECTRON GAS

Scattering in a 2DEG formed in a modulation-dop
GaAs/AlxGa12xAs heterostructure is caused mainly by p
tential fluctuations due to remote ionized impuriti
~donors!, background impurities and interface roughness.
1D, these fluctuations are much more severe,16 and give rise
to width variations and backscattering. If the doped region
removed and the 2DEG is instead induced electrostatical17

the scattering is greatly reduced at low densities, wh
screening of any donors is poor. We have develope
15 842 ©2000 The American Physical Society
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unique technique for the fabrication of such induced o
and two-dimensional electron gases.18 In the original de-
vices, we were able to tune the electron sheet density c
trollably over one order of magnitude by biasing a cent
surface Schottky gate~the ‘‘mid-line’’ !. The mobilitym was
found to be much higher at low densities than in equival
doped samples. The sample used in the present study
similar to those original devices, but the mid-line was
placed with an overall ‘‘top’’ gate above a layer of insulato
in order to minimize the channel length. The sample
shown schematically in Fig. 1.

The 2DEG is formed in a GaAs layer 110 nm below
surface Schottky gate, separated by a 100 nm undo
Al0.33Ga0.67As barrier below a 10 nm GaAs cap. The gate
a 40 nm-thick layer of NiCr that is patterned to form a sp
gate with lithographic width and length 0.4mm. The surface
is then coated with a 500 nm-thick layer of polyimide, on
which a uniform ‘‘top’’ gate is deposited. Illumination with
red light-emitting diode~LED! was found to improve the
quality of the 1D plateaus, probably due to a reduction in
charge trapped at the surface. The sheet carrier density (n2D)
varies approximately linearly with the positive bias appli
to the top gate. The workingn2D range is between about 0.
and 3.631015 m22 as obtained from standard Hall measu
ments. The corresponding mobility in this wafer varies b
tween 80 and 340 m2/Vs, respectively, and follows the ap
proximate relationshipm}n2D

a , where a decreases from
about 0.6 to 0.3 asn2D increases. These are much low
values for a than are typically obtained in high-mobilit
doped heterostructures. This result shows that scatterin
dominated by background impurities and interface roughn
rather than by the presence of ionized impurities.18 Thus the
mobility, and the quality of the 1D channel, remain high
low densities.

III. RESULTS

A. Transport properties

Low-temperature conductance measurements were
formed in a pumped He3 cryostat using a 10-25mV excita-
tion voltage at a frequency of 77 Hz. All three availab
Ohmic contacts were used in measurements and both cu
and voltage were monitored using lock-in amplifiers. Th

FIG. 1. Schematic diagram of the device, showing a perspec
view of the various layers and the lateral gates and depletion
gions.
-
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‘‘three-terminal’’ configuration excludes series resistance
sociated with all but one Ohmic contact and thus the nec
sary series resistance correction is reduced.

Figure 2 shows the conductance characteristics of the
vice at 300 mK. The split gate is used to open up the
channel, since at zero split-gate voltage (VSG) the constric-
tion is pinched off even at the highest top-gate voltage (VTG)
that could be applied~20 V!. For VSG.0.9 V, the split gate
starts to induce an electron gas beneath it and the sys
becomes two-dimensional. AsVSG is made less positive, the
1D channel defines and gradually narrows, and the resul
depopulation of the 1D subbands causes the conductanG
to decrease in a steplike manner. Twelve clean well-resol
plateaus quantized in units of 2e2/h were observed. The
quality of the observed conductance steps demonstrates
absence of potential fluctuations in the constriction.19 Initial
results of numerical modeling of the electrostatic potentia
the constriction andG(VSG,VTG) curves20 give thresholds,
capacitances, and integer plateau lengths in good agree
with the experiment.

The top-gate voltageVTG was incremented to change th
Fermi energy of the system. The highest 2DEG sheet den
and electron mobility occur for the left-most curve on t
main graph in Fig. 2, and decrease towards the right. T
upper inset showsn2D as a function ofVTG. As n2D de-
creases, the series resistance (RS) ~from the region near one
Ohmic contact! increases significantly, as shown in the low
inset, until atVTG'8.5 V, the Ohmic contacts stop working
At low n2D the conductance data look noisy because of
necessary subtraction of the largeRS ~which is independent
of VSG). This disadvantage is effectively overcome in o
bridging-gate devices,18 but for the purpose of this study w
prefer to have this top-gated structure, in which the 1D ch
nel length is minimized.VTG also affects the shape of the 1
electrostatic confinement. The confinement is stronger
therefore the transverse subband spacing is larger at the h
estVTG left-hand side~lhs!, as will be shown later. Thus, th
length of plateaus relative to the spacing between adja
plateaus is larger at higherVTG. For a saddle-point constric

e
e-

FIG. 2. The three-terminal differential conductanceG of the
device as a function of the split-gate voltageVSG at 300 mK, after
correction for series resistanceRS. The top-gate voltageVTG is
incremented from right to left between 8.6 V and 9.2 V in steps
0.2 V and then between 10 V and 20 V in steps of 1 V~noise at low
VTG is due to the subtraction of a largeRS). Inset~a! RS associated
with one Ohmic contact drops from above 20 kV to below 500V
correspondingly. Inset~b! n2D as a function ofVTG .



er

-

or
w

ob

1
EM

ce

.3
as
e

ee

f

e

re

ge
th

ze
te
e
b

he
e-
e

an
in

ce
is

,
c

.7
r-

n
a

.6

g.

er,
of
er
. In
t is

the

ing
e-
h at
d so
hest
0.7
,
a-

ve

lt-
oid
1D
ruc-

he
’’

ng

pla-
e
0.80

of

n-

. The

15 844 PRB 62K. S. PYSHKIN et al.
tion, this situation corresponds to an increased transv
curvature of the confining potential.21 For each curve in Fig.
2 corresponding to a particularn2D the one-dimensional den
sity n1D changes approximately linearly withVSG. As n1D
decreases,e-e interactions may be expected to become m
important, as the Coulomb energy decreases more slo
than the kinetic energy.

B. ‘‘0.7 structure’’ –n2D dependence

In addition to the integer conductance plateaus, we
serve the additional 0.7 structure over the wholen2D density
range. This extends the range from that usually probed in
devices based on a standard doped heterostructure H
structure with a back gate,2 wheren2D is typically changed
by 30%. It is even wider than the range probed in 1D devi
with a double quantum well,9 wheren2D is changed by over
a factor of four, covering the density range from 0.3 to 1
31015 m22. We change the 2DEG sheet density by at le
a factor of seven~covering about three times as wide a rang
but at higher density! and are therefore better able to s
trends. These are summarized below.

Firstly, at the lowest achievablen2D , the conductance o
the 0.7 structure is close to 0.532e2/h ~see Fig. 2, right-
most curves!. The ‘‘knee’’ ~where the gradient is minimum!
is at a conductance of (0.6060.01)32e2/h for the lowest
density trace (n2D,0.531015 m22), and the trend is still
downwards asn2D decreases. This is the region wheree-e
interactions are expected to be strongest and a spontan
spin polarization has been predicted22,23 that would result in
a plateau ate2/h. On the other hand, residual impurities a
less well screened as the 2DEG sheet density is low~there
are background impurities, even in induced structures!. Here
we have slightly overestimated the series resistanceRS ~as
determined by correcting the values of the higher inte
plateaus! to guarantee that we are not underestimating
conductance of the feature neare2/h. IncreasingRS further
would result in an increase in the spacing of the quanti
steps. Therefore, we are confident that we observe a pla
close toe2/h in the low-n2D regime. Evidence for a featur
at e2/h at low density has also been recently observed
Thomaset al.9 In addition, however, we also observe that t
first integer (2e2/h) plateau gradually disappears with d
creasingn2D . This disappearance cannot easily be explain
by scattering due to an impurity, since both the second
third plateaus are quite well resolved. It seems as if the
creasing strength of thee2/h feature causes the conductan
to be suppressed along the whole length of what otherw
would be the 2e2/h plateau.

Secondly, for intermediaten2D ~from about 0.7 to 2
31015 m22, corresponding toVTG between 10 and 15 V
respectively! the 0.7 structure is strongest and its condu
tance returns to the more ‘‘normal’’ value of about 0
32e2/h ~center, Fig. 2!. We have shifted the channel late
ally by '50 nm here at a fixedVTG by offsetting the voltage
between the two arms of the split gate~not shown!.24 The
quality of the plateau is unaffected by the shift, so we co
clude that the structure we are following is not due to
impurity.

Finally, as then2D density is increased to about 3
31015 m22 ~our ‘‘high-density’’ regime! this structure
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again approachese2/h ~left-most curves, Fig. 2!. This is one
of the main results of this study and the most intriguin
Indications of structure close in conductance toe2/h at high
density have recently been observed in similar, but long
ultra-low-disorder quantum wires with a nominal length
2 mm.11 However, the structure was nonmonotonic rath
than plateaulike, and could have been due to scattering
our short channels, where there is no sign of disorder, i
much less likely that the structure neare2/h can be attributed
to scattering. Also, our result shows that, contrary to
suggestion by Reillyet al.,11 a long wire is not crucial for the
observation of structure neare2/h.

Very recently, another group has induced a 1DEG, us
a back gate.25 At low n2D , the authors also observe a d
crease in the conductance of the 0.7 structure, thoug
those low densities, the higher plateaus are not visible an
the increase in series resistance is unknown. At the hig
n2D , the behavior is unclear: the conductance of the
structure is around 0.732e2/h, but only one curve is shown
for T5100 mK. It is possible that at temperatures comp
rable to ours, this conductance will decrease.

C. High-density 0.5 structure–magnetic field
and temperature data

To lift the spin-degeneracy of the 1D subbands, we ha
applied a strong in-plane magnetic fieldBi . The alignment
of the sample was first adjusted by minimizing the Hall vo
age arising from the out-of-plane field component, to av
any significant change in the lateral confinement in the
channel. It has previously been observed that the 0.7 st
ture evolves into the spin-polarized plateau ate2/h in such
fields,2,8 suggesting a possible partial spin polarization of t
last subband atBi50. In our case, at high density, the ‘‘0.7
feature becomes longer, and stays around 0.532e2/h @see
Fig. 3~a!#, suggesting that the nearly complete spin splitti
at highBi persists down toBi50.9 Weak spin-splitting fea-
tures do appear, as expected, midway between higher
teaus, such as at 1.532e2/h. At intermediate densities, th
0.7 feature has a zero-field conductance as high as
32e2/h, and this decreases towards 0.532e2/h as Bi in-
creases~it is below 0.632e2/h at Bi512 T). At low den-
sities, it was hard to determine the behavior as a function
magnetic field, due to the large series resistance.

FIG. 3. ~a! The conductance feature close to 0.532e2/h at zero
field and in a strong in-plane magnetic fieldBi in the high-n2D

regime (VTG520 V). ~b! The temperature dependence of the co
ductance between 0.3 and 4 K, also atVTG520 V. The integer
plateaus become smeared out, but the feature near 0.532e2/h re-
mains strong and stays at about the same value of conductance
pinch-off drifted slightly with time.
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A change in the conductance of a plateau with tempe
ture usually indicates thermal excitation between two lev
~or between a level and the chemical potential! separated by
about kBT. Figure 3~b! demonstrates that our high-densi
structure neare2/h is only slightly affected by therma
smearing and can still be seen at 4 K when the higher-in
integer plateaus disappear. We cannot see a change i
conductance of the ‘‘knee’’15 or any enhancement of th
structure with increasing temperature,2 though the conduc-
tance of the region just above the knee, including most of
first integer plateau,is reduced, as expected if the condu
tance is activated towards the ‘‘0.7’’ value.15

D. Energy splitting

We have probed the 1D subband energy by applyin
source-drain voltageVsd ~dc bias!.26–28 The differential con-
ductanceG was measured by applying a small additional
bias. According to the Glazman-Khaetskii~GK! model,29 Vsd
shifts the electrochemical potentials of the source (ms) and
drain (md) symmetrically in opposite directions with respe
to the potential in the constriction. A peak in the transco
ductancedG/dVSG occurs whenever the bottom of a 1D su
band lines up with eitherms or md . As the source-drain
voltage increases, half plateaus start to form until they co
pletely replace the originaln32e2/h plateaus when the
number of occupied subbands transmitted from left to righ
different by one from the number going in the oppos
direction.28,36

The transconductance is plotted in a gray-scale as a f
tion of applied source-drain bias in Fig. 4, forn2D53.6
31015 m22 (VTG520 V), where there is a plateau close
e2/h. Diamond-shaped bright regions represent plateaus,
dark lines correspond to transconductance peaks betw
them. As expected in the GK model, for the higher ind

FIG. 4. Gray-scale transconductance plot as a function of th
biasVsd and ofVSG at VTG520 V. Bright regions correspond to 1D
plateaus, dark lines are transconductance peaks between the
teaus. Extra lines are seen within the lower diamonds, corresp
ing to the riser above the 0.7 feature and its equivalents betw
integer plateaus. Dotted lines run through the apices of
diamond-shaped regions and represent a linear approximation t
change in the 1D subband spacing.
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subbands, half-plateaus are formed mid-way between
original n32e2/h plateaus, showing that the potential
dropped symmetrically on either side of the constriction.
the 1D constriction is squeezed, the subband spacing
creases, as shown by the two dotted lines in the figure.
area of the bright regions increases approximately linearly
the 1D subbands depopulate until, for the last four or th
subbands, additional bright satellite regions start to fo
within the larger regions, and the last one becomes disp
portionately larger. The whole process is illustrated sc
matically in Fig. 5 for the first three plateaus. The botto
line is roughly horizontal~independent ofVSG) because it
corresponds to pinch-off (n1D50).

The ‘‘anomalous’’ transconductance peak~dashed line in
Fig. 5!, corresponding at zero dc bias to the transition fro
the 0.7 structure to the first integer plateau, crosses the u
edges of the lowest diamond ateVsd5E1*2 , say, and persists
into the forming half-plateau region. The apex of the d
mond occurs ateVsd5E102 ~say!. We show the situations
with Dm[ms2md52eVsd50 @inset ~a!, Fig. 5#, and when
Dm is equal to the 1D subband spacing@inset~b!#.36 In each
diagram the short bars on the left and right indicatems and
md , respectively. Each bar in the middle represents the
ergy of the bottom of a 1D subband~as labeled!.

In some models, the 0.7 structure occurs because the
degeneracy of the lowest 1D subband is broken, and
chemical potential liesbetweenspin-split subbands. We labe
as level 10 the first subband if there is no spin splitting, o
the lower spin subband if spin splitting occurs, in which ca
we label the upper spin subband as 1* . The cases wheremd
is aligned with the second 1D subband andms is aligned with
1* or with 10 are shown in Fig. 5 insets~d! and~e!, respec-
tively. For thenth subband, we can measure the energy d
ference between each of these two levels and the subb
above it and thus deduce the associated energy gapD n
5En0,n112En* ,n11 between these spin-split levels, on th

c

pla-
d-
en
e
the

FIG. 5. Schematic diagram of the behavior of the risers betw
the first three 1D plateaus as a function of the dc biasVsd, and of
VSG, as in Fig. 4. Labels 0.7, 1, 2, and 3 denote the center posit
of the corresponding plateaus atVsd50. The insets show the rela
tive positions in energy of the integer subbands~numbered lines!
and the chemical potentials on either side of the constriction~short
lines to left and right!, as described in the text. Arrows show th
positions in the main diagram to which the insets correspond. Le
10 is the first subband if there is no spin splitting, or the lower sp
subband if spin splitting occurs~in models where the 0.7 structur
occurs when the chemical potential liesbetweenspin-split sub-
bands!; 1* is then the upper spin subband. Insetc shows how the
energy of thenth spin-degenerate subband may change when
spin-split by an amountDn .
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assumption that it does not depend on the position of
levels relative toms or md . E102 andE1* 2 for the first sub-
band are shown in Fig. 5. This splitting is illustrated in ins
~c! for subbandn. Insets~f! and ~g! show the situation a
other representative points: the high dc-bias region to wh
inset ~f! is linked generally corresponds to a plateau arou
0.8532e2/h; similarly, inset ~g! is linked to a plateau
around 0.3532e2/h. In each case, one of the chemical p
tentials lies within the energy gapD1. When bothms andmd
lie within this gap~at very low dc bias!, the conductance is
on the 0.7 ‘‘plateau’’@see inset~h!#. Reasons for these pa
ticular values of conductance will be discussed in Sec. IV

Gray-scale transconductance plots for various top-g
voltages are shown in Fig. 6, allowing a comparison of
energy spacings. As in Fig. 4, dark lines represent transc
ductance peaks. For the highestn2D , the figure shows lines
to guide the eye, indicating the splitting of the first and s
ond levels. IncreasingVTG increasesn2D and changes the
shape of the potential in the constriction. The confinem
increases, as shown by the measured increase in the sub
spacing~proportional to the height of the diamonds in Fi
6!. This is because the requiredVSG for a certain plateau
becomes more negative. The first right-moving peak in e
plot is always split, giving an extra peak that corresponds
the riser between the ‘‘0.7’’ and 1 plateaus. The splitting
more noticeable for the lowestn2D ~bottom graph! as the
subband spacing is smallest there. ForVTG510, 11, 13, and
20 V, we measure the spin splittingD15E1022E1* 2
51.0860.02, 1.0960.02, 1.1560.07, and 1.160.2 meV,

FIG. 6. Gray-scale transconductance plots as a function ofVsd

andVSG for various values ofVTG as labeled. For the highestn2D ,
the figure shows lines to guide the eye, indicating the splitting
the first and second 1D subbands. The solid lines represen
risers from integer plateaus~labeled 10, 20, 3, and 4!, and the
dashed lines represent those from the 0.7 feature and its equiv
below the second integer plateau~labeled 1* and 2* ). The dash-
dotted line represents a linear approximation to the change in
1D subband spacing.
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respectively. Thus we find that the energy gap is const
within the error, even thoughn2D varies by nearly a factor o
5 over this range ofVTG, and the spacing between the fir
and second subbands varies from 2 to 3.5 meV. Note
equivalent energy gapD2 for the second 1D level is lower, a
about 0.6–0.7 meV, measured forVTG520 V. For higher
subbands, the gap, if present, is much smaller than this.
note that Thomaset al.2 found similar apparent zero-field
energy gaps of 1.1 and 0.43 meV for the first and sec
subbands, respectively, in a doped sample at 50 mK, by c
brating the gate-voltage splitting using the dc bias. Howev
their gray-scale plots also yield values forD1, of about 2
meV. This is not surprising, because the splitting in g
voltage between the transconductance peaks on either si
the 0.7 structure is often much larger at highVsd than at
Vsd50 ~where it may even be zero at low temperature!.2,30

Thus, the dc bias and thermal energy are in some w
equivalent, so that the structure is visible at high bias eve
the temperature is too low for it to be apparent at ze
bias.2,15,30

The measurements are consistent with the assumption
each of the lower 1D subbands is split in energy into t
spin-split levelsn* andn0, each contributing up toe2/h to
the conductance. The possible reasons for this splitting
be discussed below.

In Fig. 7~a!, the transconductance data of Fig. 4 are
plotted as a function ofG ~andVsd) rather than ofVSG. The
anomalous transconductance peak of Fig. 4 separates tn
51 plateau from the 0.7 structure with close toe2/h con-

f
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ent

he

FIG. 7. Gray-scale transconductance plot as a function ofVsd

andG for various values ofVTG as labeled. Dark lines correspon
to plateaus. With decreasingVTG , the 0.7 feature rises and the
falls again at zeroVsd, and there is a corresponding movement
the ‘‘0.85’’ structure aroundVsd561.5 mV.
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ductance@dark bands in Fig. 7~a!#. Figures 7~b!, 7~c!, and
7~d! show the transconductance for lower top-gate voltag
The relative heights of the various features will be compa
in the next section.

IV. MODELS

The conductance of the 0.7 structure varies significan
in Fig. 2, reflecting the change with gate voltage of a num
of properties of the constriction, such as 1D density,
shape of the confining potential, impurity screening, and
energy of the bottom of the lowest 1D subband relative to
chemical potential. A parameterj ~taking values between 0
and 1! can be introduced to describe this variation, giving t
conductance of the 0.7 structure asG0.751/21j/2 @or
equivalently, G0.75j1(12j)/2#. Throughout this section
we work in units of 2e2/h.

It is useful to consider what one might expect to see a
function of dc bias, for an arbitrary model, in order to kno
whether good agreement with one particular model is me
ingful. At zero bias, the three lowest plateaus areG50, G
5G0.7, and G51. In each case, the chemical potential
related in a particular way~specific to that model! to the 1D
subband structure, to yield the appropriate conducta
When a bias is applied, the energy levels in the channel
fixed relative to the average chemical potential~assuming a
symmetric potential drop!, and so modulation of one samp
lead is equivalent to modulation of each lead with half t
amplitude, with the energy levels in the constriction ke
constant. Let us therefore consider separately the contr
tion to the differential conductance of the modulation of t
chemical potentialsms andmd on the two sides. Asms moves
relative to the 1D subband structure, the usual plateaus o
~with half the conductance!, and similarly formd . Thus, a
new plateau is seen when each ofms andmd gives a plateau.
For example, when the contributions to the conducta
from source and drain areG0.7/2 and 1/2, respectively, th
total conductance isG0.85[G0.7/211/253/41j/4. Simi-
larly, when the contributions are 0 andG0.7/2, the total con-
ductance isG0.35[01G0.7/251/41j/4 ~when G0.750.7,
G0.3550.35).

These two plateaus are indeed seen in all dc-bias data~see
Fig. 7!.28,2,15,30 In Fig. 7~a!, at high density,G0.750.56
60.02, soj50.12, andG0.8550.7860.01, in good agree
ment with the measured height of the anomalous featur
Vsd'61.5 meV, 0.7760.02. In Fig. 7~b!, at intermediate
density,G0.750.7560.03, soG0.8550.87560.015, close to
the measured height of 0.8460.02. Figures 7~c! and ~d!
show the same qualitative behavior, an increase~c! and then
a decrease~d! in the conductance of the ‘‘0.85’’ feature tha
follows the changes in height of the zero-bias ‘‘0.7’’ featu
However, even allowing for the difficulty in determining th
height of the latter, in Figs. 7~b!, 7~c!, and 7~d!, the 0.7
feature seems slightly higher than expected from the he
of the corresponding 0.85 feature. This may be due to
low temperature~300 mK! at which the measurements we
performed—at higher temperature the zero-bias plat
would have occurred at a slightly lower value, more in agr
ment with that calculated from the value of the 0.85 stru
ture. There is also a plateau nearG50.35, as expected from
this analysis forG0.35, but the height does not appear
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change withG0.7, and it also varies withVsd. It is thus
difficult to know which value to take when comparing wit
G0.7. However, at the very smallest negative bias at whic
is visible, there is a slight change in height that followsG0.7,
though the range is only one third of that expected from
movement of the 0.85 feature.

This analysis assumes that the occupation of states o
coming from, one side does not affect the subband struc
as seen by states coming from the other side, or at least
the conductance of those states remains unchanged.
cannot be the case all the time. For example, no 0.5 pla
is ever seen at high bias, whereas it should occur when
contribution to the conductance from the source is 0 and
from the drain is 1/2. Nevertheless, it would appear that
analysis should be applicable most of the time to the mod
that will now be described.

In one class of model, it is assumed that the lowest
subband is spin split, with the chemical potential lying b
tween the two spin-split subbands when the 0.7 struct
occurs. In one model, this splitting may only exist part of t
time, with the system being spin degenerate~unpolarized! for
a fractionj of the time.G0.7 is then the time-averaged con
ductance of these two configurations.31 Switching occurs be-
tween the spin-degenerate many-body ground state,
conductanceG51, and the thermally-activated, spin-sp
metastable configuration with all electrons of one spin
flected, and henceG5 1

2 . Instead, the roles of the states m
be reversed if spin splitting is energetically favorable, w
the spin-split configuration becoming the ground state. Alt
natively, in an early model, based on a Tomonaga-Luttin
liquid, a spin-up mode below the chemical potential is h
bridized with a spin-down mode above it.32 This may give a
plateau between 0.5 and 1. In another model, the system
be unpolarized, but nontrivial spin textures may exist in t
channel for a fraction (12j) of the time, reflecting electrons
of a particular spin.33

The behavior with dc bias has already been described
an excited state, at the end of the previous section and in
5. In terms of the above models, that excited state is a sin
particle excitation across a spin gap to an upper spin st
and the bottoms of the unpolarized and lower-spin subba
in the two configurations are taken to have the same ene
relative to the chemical potential~at least when they line up
with it at zero bias!. This is becausen1D is the same in each
configuration, so the two subbands must start to fill at
same gate voltage. These models seem consistent with
bias and magnetic-field data, but not with thermopow
measurements,31 which show a plateau rather than a dip, c
inciding with the 0.7 conductance plateau. The latter res
indicate that, at the chemical potential, the transmission
efficient through the constriction is not independent of e
ergy, and so the chemical potential cannot lie in a gap
tween subbands.31

Another model assumes spin-split subbands, bothbelow
the chemical potentialm. The upper one is close tom and so
is only partially occupied due to thermal depopulation34

This phenomenological model predicts a quasiplateau aG
50.75, but this value can be decreased towards 0.5 by ta
a transmission coefficient less than unity, to match the c
ductance of the 0.7 structure better.j thus depends on both
the Fermi function and the transmission coefficient, eva
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FIG. 8. Schematic diagram of the dc-bias behavior following the model of Bruuset al. ~Ref. 34!. The main diagram is as in Fig. 5. Th
insets show the energyE as a function of momentumky along the channel for each subband. The horizontal lines represent the che
potentialsms and ms in the reservoirs at either end of the channel. Arrows show the position in the main diagram to which th
corresponds. According to the model, the spin splitting of the lowest subband depends strongly on the relative positions of the
potential and theupper of the two spin-split subbands~labeled 1↑), with no splitting if the chemical potential lies below, or manykBT
above, this subband. The lower spin-split subband is labeled 1↓, and the dashed line shows the expected position 1u of the first spin-
degenerate subband if there were no spin splitting. Labels 0.7, 0.35, and 0.85 denote the values of the conductance features indic
arrows beside them. See text for details.
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ated near the bottom of the upper-spin subband. The latt
pinned just below the chemical potential due to its lar
density of states.35 As the chemical potential drops, the sp
splitting is assumed to decrease, so that the two subb
merge just as they become completely depopulated. This
many-body ground state, in which the system minimizes
total energy by having different occupations of the two sp
split subbands. The model appears to match much of
published experimental data quite well,34 though the tem-
perature dependence of the spin splitting and pinning is
yet unclear.

Using this model, it is possible to explain many aspects
the dc-bias behavior. Figure 8 shows what the model sho
give at various dc biases in the terms of the spin-split s
bands. The main diagram is as in Fig. 5. Each inset sh
the energy as a function of the wave vectorky along the
channel, for the lowest subbands. The lines labeledms and
md indicate the chemical potentials up to which states
filled when coming from the left or right, respectively.26 In-
sets~a! and ~b! in Fig. 5 show situations with no spin split
ting, sincems andmd are in between subbands, giving rise
the first integer plateau atVsd50 and a half-plateau (G
51.5) at finite Vsd, respectively. Thermal depopulatio
starts to occur whenms andmd come within aboutkBT ~mul-
tiplied by some factor! of the bottom of the first subban
@inset ~h!, Fig. 5#, giving rise to spin splitting and hence th
‘‘0.7’’ quasiplateau in conductance.34 If just ms comes close
to the bottom of the subband, then only the right-movi
states should become thermally depopulated@inset ~c!, Fig.
5#. Even though the states moving to the left do not hav
tendency to become spin split, we note that the other st
should behave as at zero bias, developing an imbalanc
the spin populations that causes spin splitting of the st
moving in either direction, but with a smaller gap than a
zero bias.~Spin splitting caused, for example, by the Co
lomb interaction through an exchange effect is unlikely
is
e

ds
a

s
-
e

s

f
ld
-
s

e
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in

es

depend on the direction of motion of the electrons.! As ms

drops further, the spin splitting decreases, and the splittin
the two subbands collapses just as the right-moving st
become completely depopulated@inset ~d!, Fig. 5#.

The spin gap in~c! is not equal toD1 as defined in Sec. III
with reference to Fig. 5, which is the difference inVsd of the
points corresponding to insets~c! and~d! in Fig. 8, since the
gap has collapsed at~d!. The dashed curve in inset~c! shows
approximately where in energy the spin-degenerate subb
would be, if there were no splitting. The distance in ener
between this curve and the subband labeled 2 is presum
very similar to that between the two lowest subbands in in
~d!. Thus the measuredD1 is the distance shown in~c!, be-
tween the dashed line and the energy above the upper-
subband at which thermal depopulation ceases to be im
tant ~labeledkBT above the bottom of that subband!. The
actual spin gap in~c! is then greater thanD1. By considering
the 1D density of states and the thermal depopulation of
upper-spin subband, one finds that the spacing between
lower spin subband and the dashed line is greater than
between the line and the upper-spin subband, by at lea
factor of about two. The actual spin gap inc is then greater
thanD1, by a factor of three or more. Since the spin splitti
is only driven by an imbalance in spin populations for t
electrons traveling in one direction, the gap at zero b
should be even larger, perhaps also by a factor of two
more. Thus, the spin excitation gap atVsd50 may be at least
6 meV, for each of the top-gate voltages shown in Fig.
The factors should be the same in each case, so the cons
of the measuredD1 implies a spin gap independent ofn2D .

The bottom of the upper-spin subband is pinned at
chemical potential for the whole region between the das
line and the lower border of the first diamond in Fig. 8; th
region gives rise to theG0.85 plateau in conductance de
scribed at the start of this section. The situation correspo
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ing to the middle of this plateau, with a smaller spin gapd
than that in inset~c!, is illustrated in inset~e!. ~Note that the
width in Vsd of the 0.85 region has been found to increa
with temperature,2 as expected in this model.! It is not clear
why, in this model, this plateau should occur even whenkBT
is too small for a 0.7 feature to be seen at zero bias
described at the end of the previous section. Inset~f! shows
the situation as the conductance drops belowG0.85, when the
gap collapses. The spin gap should reopen whenmd comes
within kBT of the bottom of the first subband, withms below
the subband. The upper-spin subband becomes pinned
md , giving rise to theG0.35 plateau@inset ~g!#.

This model thus seems mostly consistent with dc-bias
magnetic-field data, and with the thermopow
measurements31 mentioned above. However, it is interestin
to note that, as in other models, a 0.5 plateau should occ
finite bias~for example, in inset~f! in Fig. 8 whenms drops
below the subband!, just as inset~b! gives a conductance o
1.5. This does not appear to have ever been seen experi
tally. An alternative explanation for theG0.35 plateau is that
it is this 0.5 plateau, but reduced in conductance becaus
some asymmetry of the potential drop along t
constriction36 due to the high bias. This may explain th
difference in plateau heights at positive and negative bia
and, of course, of the pinch-off voltage~Fig. 4!.

V. DISCUSSION AND CONCLUSIONS

A common feature of the models of the 0.7 structure
scribed in the previous section is the breaking of the s
degeneracy of the lowest 1D subband. This is often thou
of as a complete or partial spin polarization of the electro
in the 1D channel, probably driven by the exchange inter
tion, forming either a new many-body ground state, o
metastable many-body state with higher total energy than
spin-unpolarized ground state, which may be occupied
only part of the time. Lieb and Mattis showed that none
this could happen for a perfect 1D wire,1 namely one without
2D leads, and in which the second 1D subband is infinit
high in energy above the first. However, neither of these
requirements is satisfied in real samples exhibiting the
structure. The question then arises: does the relaxatio
either of these formal requirements introduce a ‘‘reason’’
the system to become polarized, rather than just making
mathematics intractable?

There may be at least one such reason. In a perfect
wire, all the electrons have the same transverse wave f
tion. Thus it is impossible for electrons traveling in oppos
directions to ‘‘avoid’’ each other as they pass down the wi
However, in reality, the second subband is usually only 1–
meV above the first. For comparison, the Coulomb inter
tion between two particles 30 nm apart~a typical spacing
along the wire!, is about 4 meV. Thus, there is certainly th
possibility of mixing with higher subbands. This allows th
transverse wave functions to become distorted, so that e
trons can, in principle, ‘‘pass’’ each other more easily. Th
has been seen in quantum Monte-Carlo calculations of a
wire.37 It is also reminiscent of the work on systems that c
be modeled as two identical, parallel 1D wires, with~antifer-
romagnetic! coupling between them.38 These ‘‘two-leg lad-
ders’’ are predicted to show a spin gap for excitations. Wh
e
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there is no obvious direct equivalence between the ladd
and the mixed 1D eigenstates of interacting quantum wi
the work on ladders shows that making the system sligh
2D does change the physics very significantly. Theoret
calculations are hard to trust because all include excha
and correlations in some approximate way. One may hav
consider many high-order corrections before the calcula
converges.1 However, various calculations have predict
spin splitting in quasi-1D wires.22,39

Experimentally, we have measured a spin gap~equal or
proportional toD1) which is independent ofn2D , despite the
changing subband spacing. It is not clear how muchn1D ,
and hence the Coulomb energy, vary withn2D in this sample.
Thus, we cannot easily tell how much the intersubband m
ing, and/or the spin gap, might be expected to change.
constancy of the spin gap could be taken to imply thatn1D is
approximately the same at the point in each curve at wh
the 0.7 structure occurs. This is quite possible~if the degree
of intersubband mixing is not important! as the second sub
band has not yet started to fill, and son1D , and the conduc-
tance, are determined by the distance between the botto
the first ~spin-degenerate! subband and the chemical pote
tial, and are therefore independent of subband spacing.

At low n2D , n1D may be low too, increasing the Coulom
interaction energy compared with the kinetic energy. If,
stead,n1D is fairly constant, as described above, then int
subband mixing may be increased due to the reduced
band spacing. These mechanisms should favor the
splitting, giving rise to the structure close to 0.532e2/h that
we have observed. The disappearance of the first integer
teau~Fig. 2, right-most curves! can be explained if the sec
ond subband is close to the upper spin subband of the low
subband~with the chemical potential in between!. This will
occur when the subband spacingE102 is comparable to the
splitting D1'1 meV, shown in Figs. 5~c! and 8~c! for the
two types of model that have been described. AtVTG
510 V, E102'2 meV, and this will decrease for the curve
with VTG,10 V, making the spacing similar toD1, as re-
quired. As the upper-spin subband moves significantly be
the chemical potential, so that the conductance increa
from '0.532e2/h, tunneling through the second subba
starts to occur, so that there is no first integer plateau.

At high n2D , the 0.7 structure is also close to 0
32e2/h. If, as mentioned above,n1D at the point at which
the 0.7 feature occurs is almost independent ofn2D , then
some other parameter may be controlling the height of
feature. Relevant parameters are the subband spacing
lateral confinement, which are greatest here, and the cha
length, which is likely to be slightly shorter than at lowe
VTG.20 This requires further experiments to investigate su
a link. Alternatively, there may be a small, but nonmon
tonic, variation ofn1D , sufficient to change the height. Th
is unlikely, as there is no obvious reason why the electros
ics of the system, together with the 1D density of stat
should give rise to such nonmonotonicity. A third possibili
is thatn1D increases withn2D , and that, for some reason, th
height of the feature actually decreases with largern1D .

The anomalous transconductance peak persists into
1.532e2/h plateau region, which forms at high dc bias~Fig.
4!. This allows an interesting test for the evaluation of t
energy gain or loss~if any! of the system when the propor
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tion of minority spin electrons is changing as the higher
dex subbands are occupied. This may shift the position of
peak once it crosses the borders of the half plateau reg
There is some evidence for such a shift@see Fig. 6~a!#, but
further experiments are required to confirm this.

In conclusion, we have studied the transport propertie
a high-quality, one-dimensional constriction, formed in
undoped GaAs/AlxGa12xAs heterostructure, over a wid
range of sheet densitiesn2D . The conductance of the ‘‘0.7
structure’’ tends towards 0.532e2/h at the lowestand high-
est densities, and remains there as any spin degenerac
broken by the application of a large in-plane magnetic fie
The behavior of the 0.7 structure with and without dc bias
consistent with spin splitting, and we find a spin gap tha
independent ofn2D for the first subband. This may impl
that, at least for a given sample and temperature, the
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structure always occurs at about the same 1D density.
have discussed possible reasons for the splitting, and sh
how various models for the 0.7 structure based on spin s
ting can be applied in the finite bias regime. Much theoreti
work remains to be carried out, however, to establish
physical cause of the spin splitting, and the details of
dependence on density, subband spacing, and dc bias.
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