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Spin splitting of one-dimensional subbands in high quality quantum wires at zero magnetic field
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We have studied the transport properties of a high quality one-dimensional constriction formed in an
undoped GaAs/AlGa, _,As 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 deg)sity @
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
x 2e?/h at low and high n,p. 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 o &&B«Re?/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 independeny gfor 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.

[. INTRODUCTION tance at which the 0.7 structure occurs decreases from about
0.80 towards 0.%2e%/h at low and high sheet densities.

In an ideal one-dimensiondllD) system, it has been This low value is unaffected by a high in-plane magnetic
shown that spontaneous spin polarization cannot occur in théeld, implying that the breaking of the spin degeneracy at
absence of a magnetic fielHowever, recent intriguing ex- high fields persists in some form, even at zero field. The
perimental observations of the so-called “0.7 structure”height of the “0.85” conductance feature generally seen at
have suggested that this does not hold true for a quasi-1bigh dc bias also varies, and we show that this is in reason-
wire? When a two-dimensional electron gé8DEG) in a  able agreement with a simple, general, relation linking the
semiconductor heterostructure is squeezed electrostaticalgenductances of the two features, provided that the mecha-
with a pair of lithographically defined split gatdsransverse  nism causing the 0.7 structure is not significantly affected by
quantization into 1D subbands gives rise to conductancéhe application of a dc bias. Spin splitting is shown to be
quantizatioft in units of 2e?/h. One-dimensional wires are consistent with the data, giving a spin gap that is independent
expected to be strongly affected by electron-electrere)  Of the sheet density. This may imply that, for a given sample
interactions’® but these cannot usually be detected in con-and temperature, the 0.7 structure always occurs at about the
ductance measuremeﬁtgﬂowe\/er, a p|ateau|ike feature Ssame 1D density. A number of models for the 0.7 structure
with conductance around 0<2e2/h is seen as the 1D chan- based on spin splitting are discussed, and their predictions
nel depopulates, and this cannot be explained in a nonintefre compared with the dc-bias data. The structure of this
acting picture. Similar, but much weaker features, are obpaper is as follows. Section Il describes the techniques de-
served near the corresponding values for some higher indeseloped for fabricating an induced 1D electron gas. Section
subbands. This “0.7 structure” has been extensively studiedl! presents the experimental results as a function of sheet
by Thomaset al. in singlé’® and double layer$,and has density, in-plane magnetic field, temperature, and dc bias. In
been also observed in trench-etched GaAs quantum poiﬁec. IV, we discuss a number of models which have been
contacts;® epitaxially gated(induced,®** V-groove!? and  proposed for the 0.7 structure and consider how spin splitting
quasiballisti¢® quantum wires, and in two constrictions in should vary with dc bias. Possible mechanisms permitting
seriest* The measured enhancement of théactor as the Spin splitting are discussed in Sec. V, together with some
subbands are depopulated, as well as the movement of thgonclusions.
plateau in a strong in-plane magnetic field toXZe?/h, the
va!ue expecte(_j f_or a fully spin-polarized _1D level, suggest a Il INDUCED ELECTRON GAS
spin-related origin of the structufeBy making samples with
a very large 1D subband spacing, the temperature depen- Scattering in a 2DEG formed in a modulation-doped
dence was shown to be activatedsuggesting the presence GaAs/ALGa,_,As heterostructure is caused mainly by po-
of an excited state. tential fluctuations due to remote ionized impurities

In this paper, we present measurements on a onddonorg, background impurities and interface roughness. In
dimensional constriction in which the random scattering bylD, these fluctuations are much more seVémnd give rise
ionized impurities is significantly reduced. The sheet densityto width variations and backscattering. If the doped region is
can be varied over a wide range, allowing the integer conremoved and the 2DEG is instead induced electrostatically,
ductance plateaus and the 0.7 structure to be studied astl@e scattering is greatly reduced at low densities, where
function of the subband spacing. We find that the conducscreening of any donors is poor. We have developed a
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FIG. 2. The three-terminal differential conductanGeof the

FIG. 1. Schematic diagram of the device, showing a perspectiv@eyice as a function of the split-gate voltades at 300 mK, after
view of the various layers and the lateral gates and depletion regqrrection for series resistand®s. The top-gate voltagd/rg is
gions. incremented from right to left between 8.6 V and 9.2 V in steps of

. ) o ) 0.2 V and then between 10 V and 20 V in steps of Indise at low
unique technique for the fabrication of such induced oney_ is due to the subtraction of a largRy). Inset(a) R associated
and two-dimensional electron gasésin the original de-  with one Ohmic contact drops from above 20 ko below 5000
vices, we were able to tune the electron sheet density cortorrespondingly. Insetb) n,p as a function ol
trollably over one order of magnitude by biasing a central
surface Schottky gatéhe “mid-line”). The mobilityx was  “three-terminal” configuration excludes series resistance as-
found to be much higher at low densities than in equivalensociated with all but one Ohmic contact and thus the neces-
doped samples. The sample used in the present study wegary series resistance correction is reduced.
similar to those original devices, but the mid-line was re- Figure 2 shows the conductance characteristics of the de-
placed with an overall “top” gate above a layer of insulator, vice at 300 mK. The split gate is used to open up the 1D
in order to minimize the channel length. The sample ischannel, since at zero split-gate voltagésg) the constric-
shown schematically in Fig. 1. tion is pinched off even at the highest top-gate voltaged)

The 2DEG is formed in a GaAs layer 110 nm below athat could be applied0 V). ForVsg>0.9 V, the split gate
surface Schottky gate, separated by a 100 nm undopestarts to induce an electron gas beneath it and the system
Al 345a 67As barrier below a 10 nm GaAs cap. The gate ishecomes two-dimensional. A& is made less positive, the
a 40 nm-thick layer of NiCr that is patterned to form a split 1D channel defines and gradually narrows, and the resulting
gate with lithographic width and length Ogdm. The surface  depopulation of the 1D subbands causes the conductance
is then coated with a 500 nm-thick layer of polyimide, on toto decrease in a steplike manner. Twelve clean well-resolved
which a uniform “top” gate is deposited. lllumination with a plateaus quantized in units ofe2h were observed. The
red light-emitting diode(LED) was found to improve the quality of the observed conductance steps demonstrates the
quality of the 1D plateaus, probably due to a reduction in theabsence of potential fluctuations in the constrictidmitial
charge trapped at the surface. The sheet carrier demsit) (  results of numerical modeling of the electrostatic potential of
varies approximately linearly with the positive bias appliedthe constriction ands(Vsg,Vrg) curveg® give thresholds,
to the top gate. The working,p range is between about 0.4 capacitances, and integer plateau lengths in good agreement
and 3.6<10" m~? as obtained from standard Hall measure-with the experiment.
ments. The corresponding mobility in this wafer varies be- The top-gate voltag¥/;g was incremented to change the
tween 80 and 340 fVs, respectively, and follows the ap- Fermi energy of the system. The highest 2DEG sheet density
proximate relationshipu>=nsy,, where a decreases from and electron mobility occur for the left-most curve on the
about 0.6 to 0.3 as,p increases. These are much lower main graph in Fig. 2, and decrease towards the right. The
values fora than are typically obtained in high-mobility upper inset shows,p as a function ofV1g. As n,p de-
doped heterostructures. This result shows that scattering geases, the series resistanBg)((from the region near one
dominated by background impurities and interface roughnes®hmic contactincreases significantly, as shown in the lower
rather than by the presence of ionized impurit&€$hus the  inset, until atV1g~8.5 V, the Ohmic contacts stop working.
mobility, and the quality of the 1D channel, remain high atAt low n,p the conductance data look noisy because of the
low densities. necessary subtraction of the larBg (which is independent

of Vo). This disadvantage is effectively overcome in our
. RESULTS bridging-gate device® but for the purpose of this study we
prefer to have this top-gated structure, in which the 1D chan-
nel length is minimizedV+g also affects the shape of the 1D

Low-temperature conductance measurements were peglectrostatic confinement. The confinement is stronger and
formed in a pumped Hecryostat using a 10-2&V excita-  therefore the transverse subband spacing is larger at the high-
tion voltage at a frequency of 77 Hz. All three available estV+¢ left-hand sidglhs), as will be shown later. Thus, the
Ohmic contacts were used in measurements and both curreleingth of plateaus relative to the spacing between adjacent
and voltage were monitored using lock-in amplifiers. Thisplateaus is larger at high®t;g. For a saddle-point constric-

A. Transport properties
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tion, this situation corresponds to an increased transvers a) In-plane magnetic field
curvature of the confining potentil.For each curve in Fig.
2 corresponding to a particulapp the one-dimensional den- &

sity n,p changes approximately linearly withsg. As nqip ':3 T B=0T /
decreases-¢e interactions may be expected to become more © 1 /II:HT
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important, as the Coulomb energy decreases more slowl
than the kinetic energy.
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B. “0.7 structure” —n,p, dependence FIG. 3. (a) The conductance feature close to®2Z?/h at zero

In addition to the integer conductance plateaus, we obfield and in a strong in-plane magnetic fieR] in the highn,p
serve the additional 0.7 structure over the whojg density ~ regime (/1¢=20 V). (b) The temperature dependence of the con-
range. This extends the range from that usually probed in 1@uctance between 0.3 and 4 K, also\glz=20 V. The integer
devices based on a standard doped heterostructure HEMPfateaus become smeared out, but the feature near2e5h re-
structure with a back gafewheren,p is typically changed mains strong and stays at_abqut the same value of conductance. The
by 30%. It is even wider than the range probed in 1D device®inch-off drifted slightly with time.
with a double quantum weflwheren, is changed by over
a factor of four, covering the density range from 0.3 to 1.3again approaches=’/h (left-most curves, Fig. 2 This is one
X 10" m~2. We change the 2DEG sheet density by at leasbf the main results of this study and the most intriguing.
a factor of sevelicovering about three times as wide a range Indications of structure close in conductancetéh at high
but at higher densityand are therefore better able to seedensity have recently been observed in similar, but longer,
trends. These are summarized below. ultra-low-disorder quantum wires with a nominal length of

Firstly, at the lowest achievable,p, the conductance of 2 um.** However, the structure was nonmonotonic rather
the 0.7 structure is close to x®2e’/h (see Fig. 2, right- than plateaulike, and could have been due to scattering. In
most curvel The “knee” (where the gradient is minimum our short channels, where there is no sign of disorder, it is
is at a conductance of (0.6M.01)x 2e/h for the lowest much less likely that the structure net/h can be attributed
density trace f,p<<0.5x 10" m~2), and the trend is still to scattering. Also, our result shows that, contrary to the
downwards as\, decreases. This is the region where suggestion by Reillgt al,*! a long wire is not crucial for the
interactions are expected to be strongest and a spontanecaisservation of structure neaf/h.
spin polarization has been predictéé’ that would result in Very recently, another group has induced a 1DEG, using
a plateau ag?/h. On the other hand, residual impurities are a back gaté® At low n,p, the authors also observe a de-
less well screened as the 2DEG sheet density is(lbere  crease in the conductance of the 0.7 structure, though at
are background impurities, even in induced structurdsre  those low densities, the higher plateaus are not visible and so
we have slightly overestimated the series resistdRgéas  the increase in series resistance is unknown. At the highest
determined by correcting the values of the higher integen,p, the behavior is unclear: the conductance of the 0.7
plateaus to guarantee that we are not underestimating thestructure is around 0:¥2e?/h, but only one curve is shown,
conductance of the feature nesf’h. IncreasingRs further  for T=100 mK. It is possible that at temperatures compa-
would result in an increase in the spacing of the quantizedable to ours, this conductance will decrease.
steps. Therefore, we are confident that we observe a plateau
close toe?/h in the lown, regime. Evidence for a feature
at e?/h at low density has also been recently observed by
Thomaset al® In addition, however, we also observe that the
first integer (22/h) plateau gradually disappears with de-  To lift the spin-degeneracy of the 1D subbands, we have
creasingn,p. This disappearance cannot easily be explaine@pplied a strong in-plane magnetic fiegdg. The alignment
by scattering due to an impurity, since both the second andf the sample was first adjusted by minimizing the Hall volt-
third plateaus are quite well resolved. It seems as if the inage arising from the out-of-plane field component, to avoid
creasing strength of the?/h feature causes the conductanceany significant change in the lateral confinement in the 1D
to be suppressed along the whole length of what otherwisehannel. It has previously been observed that the 0.7 struc-
would be the 2%/h plateau. ture evolves into the spin-polarized plateaweth in such

Secondly, for intermediate,y (from about 0.7 to 2 fields*®suggesting a possible partial spin polarization of the
X 10" m~2, corresponding td/7¢ between 10 and 15 V, last subband &;=0. In our case, at high density, the “0.7”
respectively the 0.7 structure is strongest and its conduc-feature becomes longer, and stays aroundQ@&/h [see
tance returns to the more “normal” value of about 0.7 Fig. 3@], suggesting that the nearly complete spin splitting
x 2€?/h (center, Fig. 2 We have shifted the channel later- at high By persists down t(BHZO.g Weak spin-splitting fea-
ally by ~50 nm here at a fixell+¢ by offsetting the voltage tures do appear, as expected, midway between higher pla-
between the two arms of the split gaiieot shown.* The  teaus, such as at 2x®e? h. At intermediate densities, the
quality of the plateau is unaffected by the shift, so we con-0.7 feature has a zero-field conductance as high as 0.80
clude that the structure we are following is not due to anx2e?/h, and this decreases towards R Be?/h as B in-
impurity. creasedit is below 0.6<2e?/h at Bj=12 T). At low den-

Finally, as then,p density is increased to about 3.6 sities, it was hard to determine the behavior as a function of
X 10" m~2 (our “high-density” regimé this structure magnetic field, due to the large series resistance.

C. High-density 0.5 structure-magnetic field
and temperature data
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FIG. 5. Schematic diagram of the behavior of the risers between
the first three 1D plateaus as a function of the dc Mgs and of
Vs, asin Fig. 4. Labels 0.7, 1, 2, and 3 denote the center positions
of the corresponding plateaus\ét;=0. The insets show the rela-
tive positions in energy of the integer subbarfdembered lines
and the chemical potentials on either side of the constriggbort
lines to left and right as described in the text. Arrows show the

FIG. 4. Gray-scale transconductance plot as a function of the dpositions in the main diagram to which the insets correspond. Level
biasVgand ofVgg at V=20 V. Bright regions correspond to 1D  1° is the first subband if there is no spin splitting, or the lower spin
plateaus, dark lines are transconductance peaks between the pfabband if spin splitting occur@ models where the 0.7 structure
teaus. Extra lines are seen within the lower diamonds, correspon@ccurs when the chemical potential liégtweenspin-split sub-
ing to the riser above the 0.7 feature and its equivalents betweepands; 1* is then the upper spin subband. Insethows how the
integer plateaus. Dotted lines run through the apices of thenergy of thenth spin-degenerate subband may change when it is
diamond-shaped regions and represent a linear approximation to thin-split by an amouna, .
change in the 1D subband spacing.

subbands, half-plateaus are formed mid-way between the

A change in the conductance of a plateau with temperaoriginal nx 2e’h plateaus, showing that the potential is
ture usually indicates thermal excitation between two level$iropped symmetrically on either side of the constriction. As
(or between a level and the chemical potentiparated by the 1D constriction is squeezed, the subband spacing in-
aboutkgT. Figure 3b) demonstrates that our high-density creases, as shown by the two dotted lines in the figure. The
structure neare?/h is only slightly affected by thermal area of the bright regions increases approximately linearly as
smearing and can still be seen at 4 K when the higher-inde$e 1D subbands depopulate until, for the last four or three
integer plateaus disappear. We cannot see a change in tgebbands, additional bright satellite regions start to form
conductance of the “kne€”® or any enhancement of the Within the larger regions, and the last one becomes dispro-
structure with increasing temperat&r@hough the conduc- portionately Iarger. The whole process is illustrated sche-
tance of the region just above the knee, including most of thénatically in Fig. 5 for the first three plateaus. The bottom
first integer plateauis reduced, as expected if the conduc- line is roughly horizontalindependent olsg) because it

tance is activated towards the “0.7” valde. corresponds to pinch-offngp=0). o
The “anomalous” transconductance pe@ashed line in

Fig. 5), corresponding at zero dc bias to the transition from
the 0.7 structure to the first integer plateau, crosses the upper
We have probed the 1D subband energy by applying &dges of the lowest diamonde¥, = Ex», say, and persists
source-drain voltag¥, (dc biag.?®=?8 The differential con- into the forming half-plateau region. The apex of the dia-
ductanceG was measured by applying a small additional acmond occurs aeVg=Ej0, (say. We show the situations
bias. According to the Glazman-KhaetskBK) model?® Vo with A u=pu— ug= —e V=0 [inset(a), Fig. 5], and when
shifts the electrochemical potentials of the sourpg) (and A is equal to the 1D subband spacifigset(b)].%° In each
drain (ng) symmetrically in opposite directions with respect diagram the short bars on the left and right indicateand
to the potential in the constriction. A peak in the transcon-uq4, respectively. Each bar in the middle represents the en-
ductanced G/dVgg occurs whenever the bottom of a 1D sub- ergy of the bottom of a 1D subbarids labelejl
band lines up with eithejg or uy. As the source-drain In some models, the 0.7 structure occurs because the spin
voltage increases, half plateaus start to form until they comeegeneracy of the lowest 1D subband is broken, and the
pletely replace the originahx2e?/h plateaus when the chemical potential liebetweerspin-split subbands. We label
number of occupied subbands transmitted from left to right isas level P the first subband if there is no spin splitting, or
different by one from the number going in the oppositethe lower spin subband if spin splitting occurs, in which case
direction?®3¢ we label the upper spin subband &s The cases whergg

The transconductance is plotted in a gray-scale as a fundgs aligned with the second 1D subband ands aligned with
tion of applied source-drain bias in Fig. 4, forp=3.6  1* or with 1° are shown in Fig. 5 inset®l) and(e), respec-
X 10" m~2 (V1g=20 V), where there is a plateau close to tively. For thenth subband, we can measure the energy dif-
e?/h. Diamond-shaped bright regions represent plateaus, arfdrence between each of these two levels and the subband
dark lines correspond to transconductance peaks betweebove it and thus deduce the associated energy yap
them. As expected in the GK model, for the higher index=Eo ,,1—Epx ;1 between these spin-split levels, on the

D. Energy splitting
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FIG. 6. Gray-scale transconductance plots as a functiovispf
and Vg for various values oV as labeled. For the highessp,
the figure shows lines to guide the eye, indicating the splitting of
the first and second 1D subbands. The solid lines represent the
risers from integer plateaudabeled £, 2°, 3, and 4, and the
dashed lines represent those from the 0.7 feature and its equivalent FIG. 7. Gray-scale transconductance plot as a functiok' gf
below the second integer platedabeled ¥ and 2). The dash- andG for various values o¥r¢ as labeled. Dark lines correspond

dotted line represents a linear approximation to the change in thé® plateaus. With decreasingrg, the 0.7 feature rises and then
1D subband spacing. falls again at zerd/qy, and there is a corresponding movement in
the “0.85” structure around/;g=*+1.5 mV.

assumption that it does not depend on the position of theespectively. Thus we find that the energy gap is constant,
levels relative toug Or ug. Eqj0, andEj«, for the first sub-  within the error, even though,p varies by nearly a factor of
band are shown in Fig. 5. This splitting is illustrated in inset5 over this range o¥g, and the spacing between the first
(c) for subbandn. Insets(f) and (g) show the situation at and second subbands varies from 2 to 3.5 meV. Note that
other representative points: the high dc-bias region to whiclequivalent energy gaf, for the second 1D level is lower, at
inset (f) is linked generally corresponds to a plateau aroundabout 0.6—0.7 meV, measured fdkg=20 V. For higher
0.85x2e?/h; similarly, inset (g) is linked to a plateau subbands, the gap, if present, is much smaller than this. We
around 0.3%2e?/h. In each case, one of the chemical po- note that Thoma®t al? found similar apparent zero-field
tentials lies within the energy galp,. When bothusandwy  energy gaps of 1.1 and 0.43 meV for the first and second
lie within this gap(at very low dc bias the conductance is subbands, respectively, in a doped sample at 50 mK, by cali-
on the 0.7 “plateau”[see inseth)]. Reasons for these par- brating the gate-voltage splitting using the dc bias. However,
ticular values of conductance will be discussed in Sec. IV. their gray-scale plots also yield values fay, of about 2
Gray-scale transconductance plots for various top-gateneV. This is not surprising, because the splitting in gate
voltages are shown in Fig. 6, allowing a comparison of thevoltage between the transconductance peaks on either side of
energy spacings. As in Fig. 4, dark lines represent transconhe 0.7 structure is often much larger at hiyly than at
ductance peaks. For the highest,, the figure shows lines V=0 (where it may even be zero at low temperapfr&
to guide the eye, indicating the splitting of the first and sec-Thus, the dc bias and thermal energy are in some way
ond levels. Increasiny/1g increasesn,p and changes the equivalent, so that the structure is visible at high bias even if
shape of the potential in the constriction. The confinementhe temperature is too low for it to be apparent at zero
increases, as shown by the measured increase in the subbasids21%0
spacing(proportional to the height of the diamonds in Fig.  The measurements are consistent with the assumption that
6). This is because the requirédsg for a certain plateau each of the lower 1D subbands is split in energy into two
becomes more negative. The first right-moving peak in eackpin-split levelsn* andn®, each contributing up te?/h to
plot is always split, giving an extra peak that corresponds tahe conductance. The possible reasons for this splitting will
the riser between the “0.7” and 1 plateaus. The splitting isbe discussed below.
more noticeable for the lowest,y (bottom graph as the In Fig. 7(a), the transconductance data of Fig. 4 are re-
subband spacing is smallest there. Mgg=10, 11, 13, and plotted as a function o (andV,y) rather than ofVsg. The
20 V, we measure the spin splitind;=Ejo,—Ej+x,  anomalous transconductance peak of Fig. 4 separates the
=1.08+0.02, 1.090.02, 1.15-0.07, and 1.£0.2 meV, =1 plateau from the 0.7 structure with closea&h con-
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ductance[dark bands in Fig. &]. Figures Tb), 7(c), and  change withG,,, and it also varies with/gy. It is thus
7(d) show the transconductance for lower top-gate voltagesyfficult to know which value to take when comparing with
The relative hei_ghts of the various features will be compareq;m. However, at the very smallest negative bias at which it
in the next section. is visible, there is a slight change in height that follo@g,
though the range is only one third of that expected from the
IV. MODELS movement of the 0.85 feature.
This analysis assumes that the occupation of states on, or
The conductance of the 0.7 structure varies significantltoming from, one side does not affect the subband structure
in Fig. 2, reflecting the change with gate voltage of a numbegs seen by states coming from the other side, or at least that
of properties of the constriction, such as 1D density, thahe conductance of those states remains unchanged. This
shape of the confining potential, impurity screening, and theannot be the case all the time. For example, no 0.5 plateau
energy of the bottom of the lowest 1D subband relative to thgs ever seen at high bias, whereas it should occur when the
chemical potential. A parametér(taking values between O contribution to the conductance from the source is 0 and that
and J can be introduced to describe this variation, giving thefrom the drain is 1/2. Nevertheless, it would appear that our
conductance of the 0.7 structure &;=1/2+§/2 [or  analysis should be applicable most of the time to the models
equivalently, Gy 7= &£+ (1— £)/2]. Throughout this section that will now be described.
we work in units of 2?/h. In one class of model, it is assumed that the lowest 1D
It is useful to consider what one might expect to see as gubband is spin split, with the chemical potential lying be-
function of dc bias, for an arbitrary model, in order to know tween the two spin-split subbands when the 0.7 structure
whether good agreement with one particular model is meanoccurs. In one model, this splitting may only exist part of the
ingful. At zero bias, the three lowest plateaus &e0, G time, with the system being spin degener@tepolarized for
=Gp7, andG=1. In each case, the chemical potential isa fractioné of the time.Gy is then the time-averaged con-
related in a particular wagspecific to that modglto the 1D ductance of these two configuratiotsSwitching occurs be-
subband structure, to yield the appropriate conductanceween the spin-degenerate many-body ground state, with
When a bias is applied, the energy levels in the channel stayonductanceG=1, and the thermally-activated, spin-split
fixed relative to the average chemical poten(@dsuming a metastable configuration with all electrons of one spin re-
symmetric potential drogpand so modulation of one sample flected, and henc&=%. Instead, the roles of the states may
lead is equivalent to modulation of each lead with half thepe reversed if spin splitting is energetically favorable, with
amplitude, with the energy levels in the constriction keptthe spin-split configuration becoming the ground state. Alter-
constant. Let us therefore consider separately the contribiratively, in an early model, based on a Tomonaga-Luttinger
tion to the differential conductance of the modulation of theliquid, a spin-up mode below the chemical potential is hy-
chemical potentialgs anduq on the two sides. Ag.s moves  bridized with a spin-down mode above*#tThis may give a
relative to the 1D subband structure, the usual plateaus occglateau between 0.5 and 1. In another model, the system may
(with half the conductangeand similarly forug. Thus, a  be unpolarized, but nontrivial spin textures may exist in the
new plateau is seen when eachwafand u4 gives a plateau.  channel for a fraction (% £) of the time, reflecting electrons
For example, when the contributions to the conductancef a particular spirt>
from source and drain ar€, /2 and 1/2, respectively, the  The behavior with dc bias has already been described for
total conductance isGggs=Gq7/2+1/2=3/4+¢/4. Simi-  an excited state, at the end of the previous section and in Fig.
larly, when the contributions are 0 af} 72, the total con- 5. In terms of the above models, that excited state is a single-
ductance isGg3=0+GyA/2=1/4+¢/4 (when Go,=0.7,  particle excitation across a spin gap to an upper spin state,
Gy.35=0.35). and the bottoms of the unpolarized and lower-spin subbands
These two plateaus are indeed seen in all dc-bias(de& in the two configurations are taken to have the same energy
Fig. 7.221530n Fig. 7(a), at high density,G,,=0.56 relative to the chemical potenti&t least when they line up
+0.02, s0é=0.12, andGyg5=0.78+0.01, in good agree- with it at zero biag This is becausa; is the same in each
ment with the measured height of the anomalous feature afonfiguration, so the two subbands must start to fill at the
Vie~*15 meV, 0.720.02. In Fig. Tb), at intermediate same gate voltage. These models seem consistent with dc-
density,Gg ;=0.75+0.03, s0Gggs=0.875-0.015, close to bias and magnetic-field data, but not with thermopower
the measured height of 0.84.02. Figures ®) and (d)  measurementS,which show a plateau rather than a dip, co-
show the same qualitative behavior, an incre@seand then inciding with the 0.7 conductance plateau. The latter results
a decreas€d) in the conductance of the “0.85” feature that indicate that, at the chemical potential, the transmission co-
follows the changes in height of the zero-bias “0.7” feature. efficient through the constriction is not independent of en-
However, even allowing for the difficulty in determining the ergy, and so the chemical potential cannot lie in a gap be-
height of the latter, in Figs. (B), 7(c), and 7d), the 0.7 tween subband?¥.
feature seems slightly higher than expected from the height Another model assumes spin-split subbands, aiow
of the corresponding 0.85 feature. This may be due to théhe chemical potentigk. The upper one is close @ and so
low temperaturg300 mK) at which the measurements were is only partially occupied due to thermal depopulatin.
performed—at higher temperature the zero-bias platealihis phenomenological model predicts a quasiplatea@ at
would have occurred at a slightly lower value, more in agree= 0.75, but this value can be decreased towards 0.5 by taking
ment with that calculated from the value of the 0.85 struc-a transmission coefficient less than unity, to match the con-
ture. There is also a plateau n&ar0.35, as expected from ductance of the 0.7 structure bettérthus depends on both
this analysis forGg 35, but the height does not appear to the Fermi function and the transmission coefficient, evalu-
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FIG. 8. Schematic diagram of the dc-bias behavior following the model of Betiat (Ref. 34. The main diagram is as in Fig. 5. The
insets show the enerdy as a function of momenturk, along the channel for each subband. The horizontal lines represent the chemical
potentialsus and wg in the reservoirs at either end of the channel. Arrows show the position in the main diagram to which the inset
corresponds. According to the model, the spin splitting of the lowest subband depends strongly on the relative positions of the chemical
potential and theipper of the two spin-split subband$abeled 1), with no splitting if the chemical potential lies below, or makyT
above, this subband. The lower spin-split subband is labelecarid the dashed line shows the expected positiboflthe 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 indicated by the
arrows beside them. See text for details.

ated near the bottom of the upper-spin subband. The latter igepend on the direction of motion of the electromss
pinned just below the chemical potential due to its largedrops further, the spin splitting decreases, and the splitting of
density of stated’ As the chemical potential drops, the spin the two subbands collapses just as the right-moving states
splitting is assumed to decrease, so that the two subbangcome completely depopulatfidset (d), Fig. 5.

merge just as they become completely depopulated. Thisis a The spin gap ir(c) is notequal toA, as defined in Sec. Il
many-body ground state, in which the system minimizes ity iy, yeference to Fig. 5, which is the difference\i, of the

total energy by having different occupations of the two spin- oints corresponding to’ insets) and(d) in Fig. 8, since the
split_subbands. The model app.eafw match much of th ap has collapsed &f). The dashed curve in i.nsléﬂ) shows
published experimental data qglte . .I1hough the .tem.— %pproximately where in energy the spin-degenerate subband
perature dependence of the spin splitting and pinning is aWould be, if there were no splitting. The distance in energy

yet unclear. . .
Using this model, it is possible to explain many aspects 0]between this curve and the subband labeled 2 is presumably

the dc-bias behavior. Figure 8 shows what the model shoul¥€"Y similar to that between the two lowest subbands in inset
give at various dc biases in the terms of the spin-split sub{d)- Thus the measured, is the distance shown ifc), be-
bands. The main diagram is as in Fig. 5. Each inset show&veen the dashed line and the energy above the upper-spin
the energy as a function of the wave vecigralong the subband at which thermal depopulation ceases to be impor-
channel, for the lowest subbands. The lines labgledind  tant (labeledkgT above the bottom of that subbandhe

g indicate the chemical potentials up to which states aréctual spin gap iric) is then greater than ;. By considering
filled when coming from the left or right, respectivéfyin-  the 1D density of states and the thermal depopulation of the
sets(a) and (b) in Fig. 5 show situations with no spin split- upper-spin subband, one finds that the spacing between the
ting, sinceug and uqy are in between subbands, giving rise to lower spin subband and the dashed line is greater than that
the first integer plateau a¥,;—=0 and a half-plateauQ@ between the line and the upper-spin subband, by at least a
=1.5) at finite Vg4, respectively. Thermal depopulation factor of about two. The actual spin gapadris then greater
starts to occur whepg and uq come within aboukgT (mul-  thanA,, by a factor of three or more. Since the spin splitting
tiplied by some factorof the bottom of the first subband is only driven by an imbalance in spin populations for the
[inset(h), Fig. 5], giving rise to spin splitting and hence the electrons traveling in one direction, the gap at zero bias
“0.7” quasiplateau in conductanc®.If just u comes close should be even larger, perhaps also by a factor of two or
to the bottom of the subband, then only the right-movingmore. Thus, the spin excitation gap\a;=0 may be at least
states should become thermally depopuldiedet(c), Fig. 6 meV, for each of the top-gate voltages shown in Fig. 6.
5]. Even though the states moving to the left do not have &he factors should be the same in each case, so the constancy
tendency to become spin split, we note that the other statesf the measured ; implies a spin gap independent 0§ .
should behave as at zero bias, developing an imbalance in The bottom of the upper-spin subband is pinned at the
the spin populations that causes spin splitting of the stateshemical potential for the whole region between the dashed
moving in either direction, but with a smaller gap than at line and the lower border of the first diamond in Fig. 8; this
zero bias.(Spin splitting caused, for example, by the Cou-region gives rise to thés, g5 plateau in conductance de-
lomb interaction through an exchange effect is unlikely toscribed at the start of this section. The situation correspond-
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ing to the middle of this plateau, with a smaller spin gap there is no obvious direct equivalence between the ladders
than that in insetc), is illustrated in insete). (Note that the and the mixed 1D eigenstates of interacting quantum wires,
width in Vg4 of the 0.85 region has been found to increasethe work on ladders shows that making the system slightly
with temperaturé,as expected in this modglt is not clear 2D does change the physics very significantly. Theoretical
why, in this model, this plateau should occur even wkghi  calculations are hard to trust because all include exchange
is too small for a 0.7 feature to be seen at zero bias, aand correlations in some approximate way. One may have to
described at the end of the previous section. li§eshows  consider many high-order corrections before the calculation
the situation as the conductance drops beRyys, when the  converges. However, various calculations have predicted
gap collapses. The spin gap should reopen whgromes  spin splitting in quasi-1D wire&*°

within kg T of the bottom of the first subband, wijh; below Experimentally, we have measured a spin gagual or
the subband. The upper-spin subband becomes pinned ngaoportional toA ;) which is independent ai,, despite the
Mg, giving rise to theG 35 plateau[inset(g)]. changing subband spacing. It is not clear how mugj,

This model thus seems mostly consistent with dc-bias andnd hence the Coulomb energy, vary witf, in this sample.
magnetic-field data, and with the thermopowerThus, we cannot easily tell how much the intersubband mix-
measurements mentioned above. However, it is interesting ing, and/or the spin gap, might be expected to change. The
to note that, as in other models, a 0.5 plateau should occur gbnstancy of the spin gap could be taken to imply thgfis
finite bias(for example, in insetf) in Fig. 8 whenug drops  approximately the same at the point in each curve at which
below the subbandjust as insetb) gives a conductance of the 0.7 structure occurs. This is quite possitilehe degree
1.5. This does not appear to have ever been seen experimagt-intersubband mixing is not importanas the second sub-
tally. An alternative explanation for th& 35 plateau is that band has not yet started to fill, and 8g,, and the conduc-
it is this 0.5 plateau, but reduced in conductance because ¢dince, are determined by the distance between the bottom of
some asymmetry of the potential drop along thethe first(spin-degenerajesubband and the chemical poten-
constrictiori® due to the high bias. This may explain the tial, and are therefore independent of subband spacing.
difference in plateau heights at positive and negative biases, Atlow n,p, n;pmay be low too, increasing the Coulomb
and, of course, of the pinch-off voltageig. 4). interaction energy compared with the kinetic energy. If, in-

stead,n,p is fairly constant, as described above, then inter-
subband mixing may be increased due to the reduced sub-
V. DISCUSSION AND CONCLUSIONS band spacing. These mechanisms should favor the spin

A common feature of the models of the 0.7 structure deSPlitting, giving rise to the structure close to 8.8e? h that
scribed in the previous section is the breaking of the spive have observed. The disappearance of the first integer pla-
degeneracy of the lowest 1D subband. This is often thougH€au(Fig. 2, right-most curvescan be explained if the sec-
of as a complete or partial spin polarization of the electron®nd subband is close to the upper spin subband of the lowest
in the 1D channel, probably driven by the exchange interacSubbandwith the chemical potential in betweerThis will
tion, forming either a new many-body ground state, or aoccur when the subband spacikge, is comparable to the
metastable many-body state with higher total energy than theplitting A;~1 meV, shown in Figs. &) and &c) for the
spin-unpolarized ground state, which may be occupied fofwo types of model that have been described. W
only part of the time. Lieb and Mattis showed that none of=10 V, Ej;~2 meV, and this will decrease for the curves
this could happen for a perfect 1D wit@iamely one without ~ With V1g<10 V, making the spacing similar t4,, as re-
2D leads, and in which the second 1D subband is infinitelyguired. As the upper-spin subband moves significantly below
high in energy above the first. However, neither of these twdhe chemical potential, so that the conductance increases
requirements is satisfied in real samples exhibiting the 0.from ~0.5x 2e?/h, tunneling through the second subband
structure. The question then arises: does the relaxation @tarts to occur, so that there is no first integer plateau.
either of these formal requirements introduce a “reason” for At high n,p, the 0.7 structure is also close to 0.5
the system to become polarized, rather than just making th& 2e?/h. If, as mentioned aboven,, at the point at which
mathematics intractable? the 0.7 feature occurs is almost independenngf, then

There may be at least one such reason. In a perfect 1Bome other parameter may be controlling the height of the
wire, all the electrons have the same transverse wave fundeature. Relevant parameters are the subband spacing and
tion. Thus it is impossible for electrons traveling in oppositelateral confinement, which are greatest here, and the channel
directions to “avoid” each other as they pass down the wire length, which is likely to be slightly shorter than at lower
However, in reality, the second subband is usually only 1-10/1¢ .2 This requires further experiments to investigate such
meV above the first. For comparison, the Coulomb interaca link. Alternatively, there may be a small, but nonmono-
tion between two particles 30 nm apd# typical spacing tonic, variation ofn,p, sufficient to change the height. This
along the wirg, is about 4 meV. Thus, there is certainly the is unlikely, as there is no obvious reason why the electrostat-
possibility of mixing with higher subbands. This allows the ics of the system, together with the 1D density of states,
transverse wave functions to become distorted, so that eleshould give rise to such nonmonotonicity. A third possibility
trons can, in principle, “pass” each other more easily. Thisis thatn;p increases witm,p, and that, for some reason, the
has been seen in quantum Monte-Carlo calculations of a 1lbeight of the feature actually decreases with langygy.
wire 3" It is also reminiscent of the work on systems that can The anomalous transconductance peak persists into the
be modeled as two identical, parallel 1D wires, wigntifer- ~ 1.5x 2e?/h plateau region, which forms at high dc bidgg.
romagneti¢ coupling between therif These “two-leg lad-  4). This allows an interesting test for the evaluation of the
ders” are predicted to show a spin gap for excitations. Whileenergy gain or lossif any) of the system when the propor-
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tion of minority spin electrons is changing as the higher in-structure always occurs at about the same 1D density. We
dex subbands are occupied. This may shift the position of thbave discussed possible reasons for the splitting, and shown
peak once it crosses the borders of the half plateau regiotmow various models for the 0.7 structure based on spin split-

There is some evidence for such a shifee Fig. €], but
further experiments are required to confirm this.

ting can be applied in the finite bias regime. Much theoretical

work remains to be carried out, however, to establish the

In conclusion, we have studied the transport properties ophysical cause of the spin splitting, and the details of its
a high-quality, one-dimensional constriction, formed in andependence on density, subband spacing, and dc bias.

undoped GaAs/AlGa ,As heterostructure, over a wide
range of sheet densities,. The conductance of the “0.7
structure” tends towards 0:52e?/h at the lowestand high-
est densities, and remains there as any spin degeneracy
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