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Dynamic nuclear polarization at the edge of a two-dimensional electron gas
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We have used gated GaAsiMa;_,As heterostructures to explore nonlinear transport between spin-
resolved Landau level edge states over a submicrometer region of two-dimensional elec{ZibE@s The
currentl flowing from one edge state to the other as a function of the voNagetween them shows diodelike
behavior—a rapid increase Inabove a well-defined threshol§ under forward bias, and a slower increase in
I under reverse bias. In these measurements, a pronounced influence of a current-induced nuclear-spin polar-
ization on the spin splitting is observed, and supported by a series of NMR experiments. We conclude that the
hyperfine interaction plays an important role in determining the electronic properties at the edge of a 2DEG.
[S0163-18207)06631-9

I. INTRODUCTION between exchange and Zeeman energikyrmions have
been detected using various technigtfein bulk 2DEG'’s,
The physics of two-dimensional electron gaseBEG's) underscoring the importance of treating the 2DEG as an in-
formed at GaAs/AlGa; _,As heterojunctions has become a teracting many-body system.
very popular field in the past several years, owing to the It is recognized that the@uclei of the GaAs crystal can
2DEG’s many interesting properties, most notably the quanaffect the electronic properties of the 2DEG as well. Any
tum Hall effect(QHE).>! When placed in a strong perpen- nonzero nuclear polarizatiofl ) will create an extra effec-
dicular magnetic field, the electronic energy levels of thetive magnetic field felt by the electrons, producing an Over-
2DEG congregate into Landau levéld.'s), whose energies hauser shift in the electron energies that can be detected with
are given by electron spin resonance absorptfom turn, a net electron
polarization produces a Knight shift in the nuclear energies,
which can be used to measure the spin polarization of the
2DEG?3 In addition to these energy shifts, the hyperfine in-
] ) ) o teraction allows “flip-flop” scattering in GaAs, where an
The first term of Eq(1) gives the orbital LL splitting, where  gjactron “flips” its spin simultaneous with the “flop” of a

n is the orbital LL index andiw is the cyclotron energy. pyclear spin in the opposite direction, conserving the net spin
The second term lifts the spin degeneracy of each oryf the entire system.

bital LL through the Zeeman interaction for GaAs, Nyclear spin effects in bulk 2DEG’s have been well-
gugB~0.016iw., with S, being the electron spin%3).  studied, but in this paper we shall be examining these effects
The third term expresses the effects of exchange, which dext the edge of the 2DEG. Whenis an integer, all occupied
pends sensitively on temperature and on the filling factolLL’s are full and the bulk 2DEG is incompressible. At the
v=nsh/eB (the number of LL’s filled for 2D electron den- edge, however, the electron density gradually descends from
sity ng). Exchange can affect the total energy considerablyp to zero and the LL energies curve upward, due to the
sometimes by as much as a few meV. The final term in€lectrostatic confinement potential. The intersections of the
volves the influence of nuclear polarizatioh) through the LL’s with the Fermi energyEr near the edge define regions
contact hyperfine interaction, the effect of which is the focuswhere electrons can be added to the 2DEG. These “edge
of our paper and is discussed in more detail later. states” (or “edge channels) are spatially separated inde-
Due to their high mobility and ease of fabrication, pendent channels, each carrying an identical amount of cur-
2DEG's provide a useful medium for examining many-bodyrent at equilibriunf. Self-consistent electrostatic screening
physical effects, such as exchange. Even though the Zeemamodifies the edge states, creating wide compressible and in-
energy splitting is only a tiny fraction of the orbital LL split- compressible stripes at the edge, with a corresponding step-
ting, exchange effects favor a ferromagnetic ground statéke potential profile[Fig. 2(a)].”
nearv=1, increasing the effective spin gap. It has recently The complete many-body physics of the edge is not well
been observed that the low-energy excitations of such a spintnderstood, although theories predict that the edge may ex-
polarized 2DEG are not single spin flips, but rather spatiallyhibit many-body phenomena, such as spin textfeEhe
extended spin texturegskyrmiong, in which electrons relative tininess of the edge region makes many measure-
gradually tilt their spins from the center of the texture out-ment techniques unfeasible, but electronic transport, which
ward, with the size of the skyrmion set by the competitionnecessarily takes place at the edge in the QH regime, pro-

E:(n+%)ﬁwc-Fg,LLBBSZ-I—EeX-FA“Z)SZ. (1)
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vides a probe into the nature of these states. At equilibriumy/
the edge states all maintain the same electrochemical poter
tial. Using submicrometer gates deposited on top of the het:
erostructure, however, one can selectively backscatter th
edge states, induce different potentials in different edge
states, and measure the resultant interedge scattér8uat-
tering between spin-degenerdtand spin-split® edge states
has been considered previously for the linear regime, as ha
nonlinear scattering between spin-degenerate edge tafes.
In this paper, we report measurements of nonlinear transpot
between spin-split edge states, and show that spin-flip relax
ation produces a nuclear polarization of the Ga and As nu-
clei. This polarization can in turn drastically affect the elec-
tronic energies at the edge of a 2DEG.

In Sec. Il of this paper, we describe the measurement
setup and the method by which a potential imbalance is cre
ated between spin-split edge states using submicromete
gates. We also describe a simple picture of the edge utilizing
the “spin diode” model used by Kanet all’ Section I
contains our experimental results, which display features tha
are best explained by dynamic nuclear polariza{DNP) of
the nuclear spins. We present strong evidence for this inter.
pretation with a series of NMR experiments. We continue in
Sec. IV with some observations about the data, and we
briefly discuss some possible consequences of our results fc
models of the spin-split edge. In Sec. V we compare our
findings with earlier results by our grodpand we conclude
in Sec. VL.

scattering
region

(b)

Il. MEASUREMENT METHODOLOGY

A schematic diagram of the device under consideration is FIG. 1. (a) Schematic of device geometry for filling factor 2.

; : Electrons of both spins enter from contact 1 at a Ma®©nly the
shown in Fig. 1a). Electrons populated up to an electro- — ; )
chemical potentiaj. — —eV enter the two spin-spit edge BTi0 o8 1ot 0 e e eion where he
channels from contact 1. GatésandB (“ AB split-gate”) 9 greg y

; . . can scatter into the grounded spin-down edge channel. Scattered
are tuned so that the uppénner, spin-dowh edge state is g P g

fl d by th , ial barrier. but the | electrons then proceed to the current amplifier attached to contact 3
reflected by the gate’s potential barrier, but the lovearter, (lower right and are measured as curréntUnscattered electrons

spin-up channel is transmitted. After passing through thesejisappear into the grounded contactuper right and avoid de-
gates, the outer edge channel, still at potentiapropagates  (ection.(b) AFM image of the device, wita 1 mm baprovided as

along gateA in close proximity to the grounded inner edge a reference. The bottom gate was not used in these experiments, so
channel. The edge channels are not in equilibrium in thist was grounded.

region, so there is a net scattering of electrons from one
channel to the other. These scattered electrons propagate 2DEG edge is shown in Fig. 2, where the bulk of the sample
the inner edge channel to a current amplifesntact 3 and s to the left and the edge is to the right. A combination of
are measured as currehtUnscattered electrons remain in the sample’s electrostatic confinement potential and the elec-
the outer edge channel and pass between gatesid C  trons’ ability (or inability) to screen this potential leads to the
(“ AC split-gate”) into the grounded contact 2 and avoid slanting stepwise energy profile showrElectrons in the
detection by the current amplifier. The currémheasured in  compressible regions can move around to screen the external
this three-terminal arrangement therefore solely originatesonfinement potential, creating the energetically flat regions
from interedge scattering. shown. The electron density within each compressible strip
One may notice in Fig. 1 that the outer edge states aréalls steadily from left to right. Between the compressible
shown going underneath gat& and C. This is because regions, the electron density is fixed at integer filling factor,
these gates are only partially depleted, but depleted enougto these incompressible regions cannot screen the confine-
so that the electron density beneath the gate is such that onfgent potential. It should be noted that this picture does not
one LL is filled (v~1), and the innefspin-up edge state is include quantum mechanical electron-electron interactions
reflected. The region of 2DEG between the split gates musiuch as exchange, which complicate the picture consider-
also reflect the inner edge state, which can be accomplisheably. We will discuss this complication in Sec. IV.
by increasing the voltage on gate(V,) to partially deplete The energy level diagram in Fig. 2 resembles that of a
the 2DEG tov~1 throughout this region. The reasons for diode’’ with the spin-split edge states playing the role of the
using this semidepletion method are detailed in Sec. V.  diode’'sp- andn-doped regions. When the outer edge chan-
A schematic electrochemical energy diagram of thenel is forward biased, as shown in Figbp, the energy dif-
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FIG. 2. Landau level energy diagram near the edge of a 2DEG, FIG. 3. Spin diode-V. For forward bias, the current is small
for no bias(a), forward bias(b), and reverse biag). The electron  until —eV reaches a threshold voltage comparable to the bare spin
energies flatten out at the Fermi eneff§y due to self-consistent splitting gugB=0.175 meV. In reverse bias, the current gradually
electrostatic screening, forming compressible stifist regions, increases with no apparent threshold. The trace also displays hys-
gray dot$ and incompressible strigsloped regions, black dotdn teresis, with thd/ sweep direction indicated by the arrows. The two
forward bias(b), very little current flows unlessV exceedgjugB, insets schematically show the flip-flop scattering between electron
whereupon electrons can move readily from the inner to the oute$Pins and nuclear spins for negative and positive bias. The nuclear
edge channel. In reverse bigg, the current consists only of elec- polarization is schematically shown for each step of the hysteresis
trons that tunnel through the incompressible strip from the outer td00p, as discussed in the text.
the inner edge channel.

the electron and the Ga and As nudeWe will be con-
ference between the partially filled states of the inner edg@erned with the effects of this hyperfine-mediated scattering.

channel and the available empty states of the outer edge
channel decreases, and the incompressible strip betvyeen the EXPERIMENTAL RESULTS AND INTERPRETATION
edge channels becomes narroWeFor small forward bias,
only a small current of thermal electrons will flow between The device was fashioned from a GaAs/Bh; _,As het-
the edge states, resulting in a snalDnce|eV| exceeds the erostructure  with a 2DEG  density ng=2.5x 10"
LL energy splittinggugB, however, the incompressible strip electrons/crd and a mobility of ~10° cm?/Vs. Patterned
disappears, and a large current of electrons can move freefplit gates of layered Cr and Au were evaporated on the
from the inner to outer edge channels. We therefore expectsurface of the structure, and Ni/Ge/Au contacts were an-
threshold voltageV; in the |-V trace, corresponding to the nealed to make electrical contact with the 2DEG. The device
LL energy splitting. Conversely, for negative bid&g. 2(c)], is shown in Fig. 1b). The current measurement setup used a
the interedge energy splitting becomes enhanced, and in ovirtual-ground preamplifier in a standard dc configuration,
der to scatter between edge states, electrons must tunneith the device mounted in a dilution refrigerator and cooled
through the incompressible strip, leading to a smhadlhich ~ to a base temperature of 30 mK.
depends on both the bidsand the width of the tunnel bar- For all the spin diode experiments, the magnetic field was
rier (which is itself a function o¥/). Because of the different set to 7.0 T ¢=2) and theAC and AB split gates were
modes of transport for forward and negative bias, therduned to transmit only the outermost edge state, as shown in
should be an asymmetry In Previous experiments on trans- Fig. 1(a), so that the measurement probes the scattering be-
port between large compressible regitn€?°and between tweenn=07 andn=0] Landau levels. A typical-V mea-
spin-degenerate edge channels and large compressitsarement is plotted in Fig. 3, showing a rapid increase of
regiong! have shown this asymmetry. current in forward bias with a more gradual increase in re-
Since the LL’s in the spin diode are of opposite spin, theverse bias, as predicted by the spin diode model described in
scattering of an electron from one LL to the other must beSec. Il. Note that the forward-bias threshold voltagg
accompanied by a spin flip. It is important to note, howeverwherel rapidly changes slope, is comparable to, but greater
that for forward bias, electrons do not necessarily have to flighan, the bare spin splittingugB~0.18 meV. This is much

their spins in order to register a currentThey can be ex-
cited from the upper LL of the inner edge chanrigler-

mally, or with help from a high biggnto the empty states in
the upper LL of the outer edge channel, and stay in thabias reported by Kanet a

channel long enough to make it through tA€ split gate

less than the exchange-enhanced spin splitnfew meV
in the bulk 2DEG. We will return to this in Sec. IV.
We did not observe the complex structure under reverse

I.,17

possibly because our device

has a different geometry than the interrupted Corbino-style
and disappear into contact 2. However, some of these “hot'device used in their experiments. Also, as we will show in
electrons in the upper LL relax to the lower LL by flipping the Discussion section, the estimated width of the incom-
their spin, which can be caused either by spin-orbitpressible region in the Kane spin diod&® nm is about ten
scattering® or by the contact hyperfine interaction betweentimes larger than ours, and as such could be large enough to
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exhibit different many-body effects than what we observe. ‘ '

An important observation is that theV curve in Fig. 3 is 10 .
hysteretic. The direction of the hysteresis is indicated by the
arrows. For forward bias, the current is larger sweeping up in dee”=0 mV
bias than when sweeping down, and for negative bias, the \ ’
current is more negative sweeping up towards zero bias than_ 5r deell::- 1 mv\ /.
when sweeping down away from zero bias. The size of the < &
hysteresis loop depends on the sweep rate; the sweep showE N
in Fig. 3 lasted approximately five minutes. If the sweep is ~ o \ $e¢
halted at some point in the loop, the current exponentially == - V =+1mV
relaxes to an equilibrium value with a long relaxation time, dwell
typically on the order of 30 seconds.

To understand the origin of this hysteresis, we first note 1 , , l
that the equilibration time constant is similar to previously -1.0 -0.5 0.0 0.5 1.0
measured nuclear relaxation times for Ga and As in quantum V (mV)
wells?* indicating that the source of the hysteresis is the
influence of the GaAs nuclear spins upon the 2DEG electron FIG. 4. |-V traces taken at constant nuclear polarization. For
spin energies through the contact hyperfine interaction. Theach trace, the nuclei were prepared by dwelling at a specified
hyperfine Hamiltonian is voltageVyye for 60 sec, then quickly changing the voltage to an-

other value, measuring, and returning toVg,e to maintain the
A polarization. FoVy,e=—1 mV, the nuclear polarization was up,
T & +o— |-t and forVy,e= +1 mV, the polarization was down. The threshold
Al-S= E(I S HISHTALS,, @ voltage isdwserl;ifted by the OvF()arhauser effect of the prepared nuclear
polarization on the electrons.

’

where A is the hyperfine constant, and and S are the
nuclear and electron spins, respectively. The first term of Eqto negative values, the current flow pumps the nuclei back to
(2), consisting of ladder operators, corresponds to the simula spin-up polarization, and the cycle repeats.
taneous flip flop of electron and nuclear spins, and the sec- The important point of this model is that the current in-
ond term is the hyperfine splitting. duces a nuclear polarization through the flip-flop term of Eq.
We connect the hysteresis of Fig. 3 to the hyperfine inter{2), and is in turn affected by the already-existing nuclear
action as follows. In our experiments a steady influx of spin-polarization through the Zeeman term of Eg). The com-
polarized electrons enters through B split gate, dynami- plex interplay between the two effects, combined with the
cally polarizing the nuclei in the scattering region throughjong relaxation times for Ga and As nuclei, leads to the ob-
flip-flop scattering. The formation of a nuclear polarizationseryed hysteresis.
(1) in turn affects the electron energies through the Zeeman- |t would be useful to observe these hyperfine effects in-
like term A(l;)S,, which acts like an effective magnetic yependently of each other by measuringlthé profile of the
field Bey=(l,)/gus (Overhauser effest This extra field gy giode at a constarit,). To do this, we performed ex-
change_s the LL energy splitting @“B(B+Beﬁ)_’ which in periments where we held at a fixed valueVgy,e, for 60
turn shifts the threshold voltagé, . Let us consider that the sec—long enough for(l,) to reach equilibrium—then

voltageV begins at large negative bidewer left-hand cor- quickly rampedV to a voltage, measuredat that voltage,

ner of Fig. 3. Here the current flow is from outer to inner . .
edge states, which involves a spin flip of up to down. Thisf"md immediately retumned g, to reset the nuclear polar-

spin flip, through the hyperfine interaction, “flops” a ization. This small duty cycle procedure, repeated for many
nucleus from “down” to “up,”2° so a steady current flow value; ofV, keeps the systgm in a state .of const.ant.nuclear
results in a net spin-up nuclear polarizatigpositive (1,)). ~ Polarization, while measuring theV profile at this fixed
WhenV is swept up to positive values, the spin diode is inPolarization. Similar experiments were carried out by Kane
forward bias, so that a large current will begin to flow from €t al.

inner to outer edge states ondereaches the threshold volt- ~ Three examples of these measurements Vig= +1,
ageV,. This threshold, however, is not just the bare spin0, and—1 mV, are shown in Fig. 4. According to the model,
splitting gugB; (l,) is still nonzero because of the slow thesel-V’s should correspond to an enhancement, no effect,
nuclear polarization decay rate, and it creates a negativend a decrease in the electron spin splitting, respectively.
Bt (9= —0.44). ThereforeY, is lowered and is increased, This is indeed what is observed, seeing tHais shifted by
compared to the case of unpolarized nuclei. Continuing th@ significant amount between traces. M, =0 mV, we
sweep, at large positive bias the current is from inner to outebelieve the nuclei remain unpolarized, and the threshold
edge states, which can involve a spin flip from down to up.V;~0.27 mV. This suggests thaj is slightly enhanced
This “flops” a nucleus from “up” to “down,” so a steady (g*~1.59), yet still much smaller than has been measured
current flow in this case pumps the nuclei towards a netn bulk 2DEG’s?®?” whereg* can be as large as B0 We
spin-down nuclear polarizatiofnegative(l,)). A negative interpret the shiftAV, between dwell plots as being the
(l,) creates a positivB;, which increase¥, and decreases Overhauser shift. For bottWg,g=+1 V and -1 V,

I. This accounts for the lower branch of the hysteresis loog|AV,|=A(l,)S,~0.10 meV, corresponding to an effective
for forward bias in Fig. 3. To finish the sweey,goes back Overhauser field of about 4 T. The maximum Overhauser
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v=4, measuring scattering between spin-degenerate orbital
sg (B=70T NMR - 75As LL edge states. In those experiments, we observed asymmet-
ric I-V curves with a threshold voltagé comparable to the
cyclotron energyw.=eB/m*. More details about these ex-
705 T 71T periments are published elsewhé?e.

I (nA)

N IV. DISCUSSION

' Y We first note that, although our simple model of the spin-
56 % ! ;o split edge explains the electron transport data rather well, it
does not include the well-documented effects of exchange,
y ; which have been obsendo greatly increase the spin gap
488 492 496 in bulk 2DEG’s nearv=1. These effects have been pre-
Frequency (MHz) dicted to manifest themselves at the edge as well, particu-
larly in the neighborhood of the=1 incompressible strip.
One theory of the spin-split edfepredicts that the spin gap

FIG.'5. NMR absorption peaks, sh_owmg a marked chang_e 'gn this region can be enhanced by as much as a factor of 50.
current when the frequency of an in-plane ac magnetic fiel

matches the splitting of a nuclear specigsthis case,’®As). The Our measureme_nts_ of this galhrO.UQh the thre.ShOId vqltage
peaks shift linearly withB. All plots were taken sweeping fre- Vt_) appear to mdicate other\lee_—the Spm, gap is_only
quency from left to right. Th&=7.0 T peak was swept at a much Slightly enhancedd” ~1.5g)—but this conclusion is based
slower rate than the other two peaks, which have asymmetric lin&Pon the assumption thf andg* uB are directly related.

shapes because the sweeping rate was comparable to the equilibra-TO estimate the various pertinent length scales, we ap-
tion rate of nuclear repolarization. plied the self-consistent electrostatic model of Chklovskii

et al® to spin-split edge states, substituting the bare spin gap
gugB for Ziw. . In this case, thee=1 incompressible strip is
centered at about 70 nm from the edge of the 2DEG, with a
width of about 7 nm, comparable to the magnetic length

state of the nuclear spins, we performed a series of NMF£10 F‘”?- .At 'ef‘gth sgqles this small, the local density ap-
experiments with the spin diode. We mounted a simple oneProximation fails, so it is reasonable to expect that exchange

turn coil next to our sample, to which we applied acalculations for bulk samples cannot be applied directly to
frequency-tunable ac voltage in,order to produce an ac ma uch a small edge region. More sophisticated theories of the

netic field perpendicular tB (i.e., in the plane of the 2DEG thhéfl::;e?/;r?cpénigpgtregfeer?:r?éi?sdz;s ?(;(Illit\;v:nd we discuss
The spin diode was held at forward bidg,e > V¢, polariz- One theory* of s in-split edge states predicts hysteresis
ing the nuclei in the scattering region. Figure 5 displhys pin-sp 9 P Y

a function of coil frequency near th&As resonance, for due entirely to electron-electron interactions. At a critical
three slightly different values @. For all measurementé the pot'ent|al |mpalancaug} ,.the'edg.e chgnnels are preghcted t9
frequency was swept from low to high values Each' traceSW'tCh positions, remaining in this switched orientation until

shows a well-defined peak in current, with the peak shiftingﬁ different potential differenca n, is reached. We believe,
to higher frequencies for increasiigy owever, that our DNP interpretation explains the observed

The peaks are due to NMR absorption; matching the in_hysteresis adequa_tely, and we see no compelling evidence of
plane ac magnetic field frequency to the NMR absorptiorfhiS channel-crossing phenomenon. Another theggedicts
energy for a nuclear species partially erases the polarizatiofh@t: for certain ranges of the depletion width(normalized
of that species, decreasing the Overhauser &niilV,) and t0 W=w/\) and Zeeman strengtly=gug/(e’/e\), the
leading to a sudden increase in current. The peak is located 8PEG edge supports spin deformations running along the
the expected NMR frequency fdPAs, and scales appropri- edge(for v<1). We estimate our device’s parameters to be
ately with B. Similar behavior was seen for tf€Ga and w~7 and'g~0.016, placing it within the parameter space
"1Ga absorption line€ Kaneet al!’ reported similar NMR  where these spin-textured edges are predicted to exist. This
results in their spin diode experiments. textured edge theory, however, makes no predictions about

The long exponential tail on the right side of the peaks forthe transport properties of such a system, so we cannot con-
B=7.05 and 7.1 T is due to the long equilibration time, firm the existence of such a texture in our experiment. We
which was comparable to the frequency sweeping rate ikknow of no theory which specifically predicts the current
these measurements. TBe=7.0 T peak was swept much flow between spin-split edges as a function of the nonlinear
more slowly, so that the nuclei were always close to equilib-potential difference between them. Such a theory would re-
rium during the sweep, as evidenced by the disappearance qtiire careful examination of many different facets of the
the long tail. When the ac frequency is swept very slowly,problem: self-consistent electrostatics, exchange interactions,
the widths of the NMR features are approximately 20 KHz.potential imbalances, electrodynamic effects due to interedge
This is on the order of the Knight shift expected for the current flow, and, as we discuss below, hyperfine interac-
electron density of our 2DE&, and we will discuss this tions.
further in the next section. It is clear from the dwell plots in Fig. 4 that a net nuclear

We carried out a series of similar diodelike experiments apolarization creates a large Overhauser shift of the edge-state

field for GaAs(Ref. 27 is 5.3 T, so the nuclear spins in the
scattering region must be highly polarizébout 85%.
To demonstrate further thatis indeed affected by the
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energies, so we believe that a complete description of the "o
physics of the 2DEG edge cannot ignore hyperfine effects. e
While it is true that edge-state transport experiments in the
linear regime(i.e., |eV|<gugB) will not create a nuclear
polarization, it is clear from our experiments that nonlinear
transport between spin-split edges can create one, so it is
important to consider hyperfine effects in this regime. The
many-body effects predicted by theory could very well be
affected by the nuclear polarization, adding yet another com-
plication to the spin-split 2DEG edge model. Although the
inclusion of the hyperfine interaction appears to just compli-
cate an already complicated model, it might actually be use-
ful as a tool for measuring the spatial electron spin variation. ’ . , — :
As we have shown, the Overhauser shift can provide in- -0.8 -0.4 0.0 0.4 0.8
formation about the local nuclear polarization, so it seems V (mV)
possible that the Knight shift can likewise be used as a probe

of the spatially varying electron spin density near the edge. [ 6. piots of the differential conductance through e
At v=2 the bulk of the 2DEG produces no Knight shift, spiit gate as a function o¥ for various values oig. The bulk
since the net electron spin is zero. Near the edge, howeVvesijing factor »=2, andV,=—1 V. When gateB is only partially
there will be a regiorithe incompressible stripof only one  depleted(e.g., Vg =—0.35 V), but still transmitting only one edge
spin species, fringed by regions of unbalanced spin mixturesstate, the conductance is basically flagath, with a slight rise at
These regions of 2DEG would produce Knight shifts due tononlinear biases. When gai is depleted Yg<—0.35 V), the
their net electron spin. The summation of the Knight shiftsconductance deviates dramatically frasih.

from different regions of spin density should produce over-

structure on the NMR absorption peaks. Some of our datgye refer the reader to Ref. 18 for a detailed explanation.
(not shown show asymmetric NMR peaks with a slight  |n our more recent measuremeitésg., Fig. 3, the hys-
bump on the left side, where a Knight-shifted peak would begresis was observed to be antisymmetticis enhanced
expected to appear. Unfortunately, due to the switching noisghen sweeping/ away from zero for positive/ (because
of our sample, we were unable to acgurately measure thighe spin gap is smaller due to the spin-up polarizatitwt
overstructure, but we plan to pursue this method in the neaguppressed for negatie (because the spin gap is larger due
future. to the spin-down polarizationThe hysteresis sweeps out a
figure-eight(antisymmetri¢ rather than a pinched lodgym-
metrig). This asymmetric hysteresis is most naturally inter-
preted in terms of the nuclear Zeeman effect, as discussed in

The experiments outlined in this paper are continuationssec. Ill.
of previous work by our grou examining DNP effects us- Why is the hysteresis symmetry different? The answer
ing a similar experimental setifIn this section, we review lies in the gate voltages applied to the quantum point con-
those previous results, noting that the observed hysteresiacts(QPC’9 that were used to inject polarized electrons into
differed in important ways from the results reported in Secthe scattering region. We observed antisymmetric hysteresis
I1l. We then discuss the origin of the differences between thevhen we only partially depleted gatBsandC, as shown in
two experiments. We show that the voltages on the gateBig. 1(a). Upon increasing the voltage on these gates so that
must be carefully chosen if they are to properly inject andthey became fully depleted, the hysteresis became symmet-
detect the spin-polarized edge currents. In the experiments oic. In the experiments of Ref. 18, fully depleted QPC’s were
Ref. 18, this was not done, leading to what we now believe isised, resulting in symmetric hysteresis.
an incorrect interpretation of the relative importance of the This observation led us to examine tAd® split gate by
flip-flop and Zeeman terms in the experiments. In particularjtself, in various states of depletion, to try to understand what
the hysteresis in Ref. 18 was attributed entirely to the effectsvas causing this hysteresis change. Figure 6 shows the dif-
of flip-flop scattering, while we now feel that the influence of ferential conductance through tAd split gate as a function
the nuclear Zeeman term was crucial to understand the exf V for various values oWy, with V, held at—1 V. For
periments. Vg>—0.35 V, the conductance is a fairly fl@é/h, with

In the experiments of Ref. 18, tHeV curves displayed some deviation at large negative V. For more negative values
symmetrichysteresis. By this we mean thdt was greater of Vg, however, the conductance deviates drastically from
whenV was being swept away from zero than it was whene?/h for |V|>0.4 mV. The value of the gate voltagé; at
being swept toward zero, for both positive and negatlvén ~ which this transition occurs is at the voltage at which the
other words, starting from the origin and sweepMdrom  electron gas becomes fully depleted under the gate itself.
zero to(say +1 mV to—1 mV to zero, the absolute current ~ Consider the paths of the edge channels neaABe&plit
values were, in sequence: high, low, high, low. We explainedjate, diagrammed in Fig. 7. The edge channels entering the
this hysteresis by considering the currents carried by flip-flosplit gate from above are populated to the potential
scattered electrons. Whenever the voltage changes sigp,=—eV, while the edge channels entering from the bottom
inter-edge scattering increases due to flip-flop scattering witlare at zero potential. If th&B split gate forms a fully de-
the residual nuclear polarization, leading to an increased pleted QPC, the incoming and outgoing outer edge channels

V. COMPARISON WITH OUR EARLIER EXPERIMENTS
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surements and interpretaions reported in Sec. lll, using par-

(a) M tially depleted QPC'’s, are more reliable than those given in
Ref. 18, where fully depleted QPC’s were employed.

Although we have shown that a full QPC displays com-
plex behavior under high bias, the connection between this
behavior and the change in the hysteresis loop remains
poorly understood. This is because the detailed behavior of
the individual QPC'’s in this limit is not known; more experi-
mental and theoretical work is required. It should be possible
to empirically measure the scattering matrix of such a QPC
as a function ofV and the gate voltages, but we have not
made an attempt to do so. Further, theoretical models of
QPC'’s under high bias that take into account the distortion of
the electrostatic potential profile mentioned above should be

"semi—QPC" developed.

. . . VI. CONCLUSIONS
FIG. 7. Schematic of full and semi-QPC's, with the edge states

flowing in the directions indicated by the arrows, and labeled by We have observettV asymmetry in scattering between
their electrochemical potentials. I@), both arms of the QPC are spin-polarized edge states, and detected remarkably strong
fully depleted. The incoming and outgoing edge channels are forcedffects of GaAs nuclear spins upon thds¥ traces. For
to run close to each other inside the QPC, so if there is a larg¢orward bias, thel-V trace displays a threshold which is
difference in their potentials, a large electric field exists within thenearly the bare Zeeman splitting, and for reverse bias the
QPC, which would distort the pOtential prOfile and cause Unin‘current |ncreases Only gradua”y W|th no apparent threshold
tended scattering and edge-state mixidgtted arrows In (b), gate e also observed hysteresis in these traces, which we inter-
B is_partially depleted_, but still only transmit_s one edge state, a_n(bret as being due to a combination of the dynamic nuclear
the inner edge state is prevented from leaking through the region,|a iz ation of the nearby nuclei and the hyperfine influence
bgtweekr]w the ls‘p“t gates fbya Iar:jg. Thet'.ncotr;:'ng art]td (.’Utgo'ngl of the nuclear polarization on the electron energies. The
ﬁl ?S channels are now farapart, preventing the scattering pro en%7.’rength of the Overhauser field created by the polarized nu-
' clei was found to be nearly as large as the external field
itself. The evidence for nuclear influence was supported by a
pass very close to each other while making their way beseries of NMR sweeps, which demonstrated that NMR ab-
tween the gates, as shown in Figa)? If the biasV is high,  sorption affected the current flow through the device. From
a large electric field will exist within the QPC, which could these experiments, we conclude that it is critical to consider
cause the electrostatic potential profile near the constrictiothe hyperfine interaction between Ga and As nuclei and the
to be deformed and cause unintended scattering and edg2PEG in these systems, and that these interactions may be
state mixing(dotted lineg. For a partially depleted QPC, useful as a local probe of the edge.
shown in 7b), the edge states are very far apart, and little
scattering is expected to occur.

We therefore conclude that the electrons transmitted
through a fully depleted QP{Fig. 7(a)] at high biases ex- We wish to thank Leo Kouwenhoven for useful discus-
hibit significant interchannel scattering and thus @enot  sions, and Bruce Kane and Jeff Beeman for technical assis-
spin polarized andb) not populated up to the electrochemi- tance. This work was supported by the Director, Office of
cal potentialx at which they entered the QPC. On the otherEnergy Research, Office of Basic Energy Sciences, Division
hand, for a partially depleted QHEig. 7(b)], the edge chan- of Materials Sciences, of the U.S. Department of Energy
nels of different potentials remain macroscopically apartunder Contract No. DE-AC03-76SF00098. M.R.M. ac-
from each other, preserving the nonequilibrium current disknowledges support from the NSF MRSEC for Technology
tribution even at large nonlinear biases. As a result, the medznabling Heterostructures Grant No. DMR-9400415.
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