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Two relaxation mechanisms observed in transport between spin-split edge states at high imbalan
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Using a quasi-Corbino geometry to directly study electron transport between spin-split edge states under
high imbalance conditions, we find a pronounced hysteresis in theI -V curves originating from dynamic nuclear
polarization near the sample edge. Already in the simplest case of filling factorn52 we observe a complicated
relaxation, depending on the sign of the electrochemical potential difference. The characteristic relaxation
times are about 25 s and 200 s, which points to the presence of two different relaxation mechanisms. The two
time constants are ascribed to the formation of a local nuclear polarization due to flip-flop processes and the
diffusion of nuclear spins.
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I. INTRODUCTION

In a quantizing magnetic field, energy levels in a tw
dimensional electron gas~2DEG! bend up near the edges o
the sample, forming edge states~ES! at the lines of intersec
tion with the Fermi level. According to the picture o
Büttiker,1 transport in two-dimensional electron system
takes place mostly in ES because of a zero bulk dissipa
conductivity in the quantum Hall effect regime. This singl
particle picture was modified by Chklovskiiet al.,2 taking
into account electrostatic interactions between electro
This leads to the appearance of a set of incompressible
compressible strips near the 2DEG edge. This ES pictur
nowadays widely accepted and is in good agreement w
experimental results.3

Several experiments were performed, investigating
only transport along the 2DEG edge but also inter-edge-s
charge transfer.3 In charge transfer between the two spin-sp
ES of the lowest Landau level, the necessity for spin fl
diminishes the tunneling probability. For this reason,
equilibration length between spin-split edge states can b
high as 1 mm at low temperatures, despite the large sp
overlap of electron wave functions.4,5

Formerly, the electron spin flip was attributed to spin-or
coupling5,6 while today it is known that the electron spin fli
can be accompanied by the spin flop of a nucleus@the so-
called dynamic nuclear polarization~DNP!# near the edge.7–9

A key feature of this effect is a pronounced hysteresis of
I -V traces due to the high nuclear-spin-lattice relaxation ti
T1, which was also reported for the bulk.10–13 All experi-
ments in which DNP was studied were prepared under c
dition of weak imbalance between edge channels.7–9,14 On
the other hand, new physical effects such as a hysteresis
to the switching of the positions of two ES~Ref. 15! are
predicted in the regime of high imbalance.

Here we apply a quasi-Corbino geometry16,17 to study
electron transport between spin-resolved ES at chemical
tential difference exceeding the spectral gap, i.e., at high
balance. We find a pronounced hysteresis in theI -V curves,
originating from slow relaxation processes, qualitatively d
ferent for positive and negative branches ofI -V curve. Just
0163-1829/2004/69~11!/115330~6!/$22.50 69 1153
-

e

s.
nd
is
th

t
te

t
s
e
as
ial

t

e
e

n-

ue

o-
-

-

in the simplest case of the filling factorn52 we determine
two characteristic relaxation times. All experimental obs
vations are explained in the terms of the dynamic nucl
polarization via the hyperfine interaction.

II. SAMPLES AND EXPERIMENTAL TECHNIQUE

The samples are fabricated from two molecular-be
epitaxial-grown GaAs/AlGaAs heterostructures with diffe
ent carrier concentrations and mobilities. One of them~A!
contains a 2DEG located 70 nm below the surface. The m
bility at 4 K is 800 000 cm2/V s and the carrier density 3.7
31011 cm22. For heterostructureB the corresponding pa
rameters are 110 nm, 2.23106 cm2/V s, and 1.35
31011 cm22. We obtain similar results on samples of bo
materials. For this reason we restrict the discussion her
results obtained from samples of waferA.

Samples are patterned in a quasi-Corbino geometry16 ~see
Fig. 1!. The square-shaped mesa has a rectangular et
region inside. Ohmic contacts are made to the inner
outer edges of the mesa. The top gate does not comple
encircle the inner etched region but leaves uncovered a
row (3 mm) strip ~gate gap! of 2DEG at the outer edge o
the sample. The electron concentration in the gate-gap re
~i.e., the positions of the filling factors in magnetic field! is
determined from the oscillations of the two-point magneto
sistance. Using different pairs of ohmic contacts w
confirm the homogeneity of the sample. To obtain the dep
dence of the electron concentration under the gate on the
voltage we measure the capacitance between the gate
2DEG as a function of the gate voltage in different magne
fields.

In a quantizing magnetic field at integer filling facto
~e.g.,n52, see Fig. 1! edge channels run along the etch
edges of the sample. Depleting the 2DEG under the gate
smaller integer filling factor~e.g., g51, as shown in the
figure! some channels (n2g) are reflected at the gate edg
and redirected to the outer edge of the sample. In the g
gap region, edge channels originating from different conta
run in parallel along the outer~etched! edge of the sample
on a distance determined by the gate-gap width. Thus,
applied geometry allows us to separately contact edge s
©2004 The American Physical Society30-1
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and bring them into an interaction on a controllable length
voltage applied between inner and outer ohmic conta
makes it possible to produce a significant imbalance betw
edge channels because the gate-gap width of a few mic
is much smaller than the typical equilibration length betwe
ES ~more than 100mm at low temperatures3,5,16!.

In our experimental setup, a positive biasV.0 shifts the
outer ES down in energy with respect to the inner one@see
Fig. 2~b!# ~one inner ohmic contact is grounded,e,0 is the
electron charge!. Therefore, at voltages close to the ener
which separates the involved edge states, the potential ba
between edge states disappears and a significant cu
starts to flow.7,16 In contrast, a negative bias steepens
potential relief@see Fig. 2~c!#, so that electrons at any neg
tive bias have to tunnel through the magnetic-field-induc
barrier. ExperimentalI -V traces are expected to be nonline
and asymmetric with a characteristic onset voltage on
positive branch, roughly equal to the correspond
energy gap~for a more thorough discussion see Ref. 16!. A
current in this case directly reflects a charge transfer betw
edge channels in the gate gap in contrast to the conventi
Hall-bar geometry with crossing gates.5 Whereas, no
clear onset behavior can be seen for negative applied v
ages.

Adjusting both, magnetic fieldB and gate voltageVg , it is
possible to change the number of ES in the gate-gap re
~equal to the bulk filling factorn) and—independently—the
numberg of ES transmitted under the gate. Thus the appl
geometry allows us to study transport between spin-spli
cyclotron-split edge channels depending on the adjusted
ing factorsn andg.

We obtainI -V curves from dc four-point measurements
a temperature of 30 mK in magnetic fields up to 16 T. T
measured voltagesV are always much smaller than the ga
voltage, so the electron density under the gate is unchan
during theI -V sweeps. The results presented in the paper
temperature independent below 0.5 K.

FIG. 1. Schematic diagram of the pseudo-Corbino geome
Contacts are positioned along the etched edges of the ring-sh
mesa. The shaded area represents the Schottky gate. Arrows
cate the direction of electron drift in the edge channels for
outlined configuration: filling factors aren52 in the ungated re-
gions andg51 under the gate.
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III. EXPERIMENTAL RESULTS

A typical I -V curve is shown in Fig 3~a! for the
filling factor combination n53, g52 (B55.2 T,
Vg52196 mV). TheI -V trace reflects transport in the ga
gap between cyclotron-split edge states. It is strongly non
ear and asymmetric with a positive onset voltage close to
value of the cyclotron energy.16 The negative branch of the
trace changes its slope at a voltage also comparable
\vc /e, due to the crossing of the outer~partially filled! ES
with the excited~empty! level in the inner one.

Figure 3~b! shows anI -V curve for the filling factor com-
binationn53, g51 (B55.2 T, Vg52372 mV) which cor-

y.
ed
di-
e

FIG. 2. Energy subband diagram of the sample edge in the
gap for the filling factorsn52 andg51. ~a! No voltageV applied
between inner and outer edge states.~b! V.0, in the situation
shown, the outer edge state is shifted down in energy byeV,
22ug* umBB. ~c! V,0, here the energy shifteV.0. Arrows in~b!
and~c! show new ways for electron relaxation which become op
at high imbalance.
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responds to transport between spin-split ES. The onset v
age on the positive branch is much smaller in this case,
cause of the smaller value of the spin gap in compariso
the cyclotron gap. However, the most important differen
from Fig. 3~a! is a large hysteresis for the negative branch
the I -V curve.

The curves in Fig. 3 are obtained by continuous swe
from positive to negative currents and vice versa. Increas
the sweep rate increases the hysteresis effect. This indic
that the hysteresis is the result of a long-time relaxation p
cess, in agreement with previous studies.7,8 In our case a
characteristic time is comparable to the sweep time of ab
ten min.

The described behavior is contrary to the one observed
transport through the cyclotron splitting@see Fig. 3~a!# where
there is no hysteresis effect discernible. Because of the m
smaller bulk 2DEG dissipative conductivity under the ga
for cyclotron split filling factors, this shows that the hyste
esis forn53, g51 cannot be caused by the charging of t
bulk 2DEG. This fact was checked for different filling facto
combinations on samples from two different wafers: the h
teresis is present only for transport between spin-split e
channels and there is no hysteresis in theI -V curves corre-
sponding to cyclotron splitting.

We investigate in more detail the simplest filling fact
combination n52,g51 (B57.7 T,Vg52288 mV) for
which only two ES take part in an equilibration process. T
zero-bias region of theI -V trace for this filling factor com-
bination is shown in Fig. 4 to demonstrate that hysteresi
also observable for the positive branch. The asymme
of the I -V curve is also reflected in the hysteresis:
negative biases it is more pronounced, while for posit
branch hysteresis it is observable at relatively small curre
only.

To directly investigate the time dependence of the rel
ation, we measure the change of the voltage drop at diffe
fixed currents. To prepare a stable state of the system

FIG. 3. I -V curves for filling factor combinations~a! n53, g
52 ~cyclotron splitting! and ~b! n53, g51 ~spin splitting!. The
solid line indicates a sweep from negative to positive currents
dots represent the reverse sweep direction. The arrow in~a! denotes
the theoretical value of the cyclotron gap, whereas the arrows in~b!
exhibit the sweep directions. For the dotted curves the numbe
points is reduced by ten times for reasons of clarity. The magn
field is 5.2 T, the gate voltages areVg52196 mV for n53, g
52 fillings andVg52372 mV for n53, g51 ones.
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dwelling current I dwell is applied for a time long enough
~about 10 min! to observe a stable voltage drop. This proc
dure provides a reproducible initial state of the system.
rectly switching to a currentI after the dwell, we measure th
time-dependent voltage dropV(t). The resultingV(t) curves
are well reproducible.

Examples of theseV(t) dependencies are shown in th
insets of Fig. 4. For both, positive and negative branches
the I -V trace, time-dependent relaxation is measured a
dwelling at two different currentsI dwell

1 5111 nA ~circles!
and I dwell

2 52222 nA ~solid curves!. We stress that both
branches of theI -V traces differ not only in the size of th
relaxation~by two orders of magnitude! but also in the de-
pendence on the sign of the dwelling current. For the posi
branch (I .0) V(t) curves are qualitatively independent
the sign of I dwell and the relaxation always appears as
increase in the resistance. For the negative branch (I ,0), on
the other hand, the resistance is increasing with time
negativeI dwell

2 ,0 and decreasing for a positive oneI dwell
1

.0. Thus, for the negative branch of theI -V trace the char-
acter of the relaxation as well as its starting value are v
sensitive to the sign ofI dwell .

The experimentalV(t) curves seem to obey an expone
tial law of relaxation but clearly consist of two different re
gions. We find that the relaxation curves for transport b
tween two spin-split edge channels at negative currents
well be fitted by a double-exponential decay,

V~ t !5V01V1expS 2
t

t1
D1V2expS 2

t

t2
D , ~1!

as shown in Fig. 5~solid curve!. For a comparison, a single
exponential fit ~dashed curve in Fig. 5! is given, which
cannot describe adequately the experimental data, espec
for t.50 s. The inset in semilogarithmic axes demonstra

d

of
ic

FIG. 4. I -V curves for the filling factor combinationn52, g
51 ~spin splitting! for small biases. The two different sweep dire
tions are indicated by arrows. Insets show the relaxation curve
fixed currentsI 5211.1 nA~left inset! andI 55.56 nA~right inset!
obtained for two dwelling currentsI dwell

2 52222 nA ~solid curves!
and I dwell

1 5111 nA ~dotted ones!. The magnetic field is 7.7 T, the
gate voltageVg52288 mV.
0-3
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clearly the presence of the second exponential depend
which especially dominates the long-time behavior.

The decay times obtained from the double-exponentia
are shown as a function of current in Fig. 6. The times
practically independent of the dwelling current, but slow
dependent on cooling procedure. The maxima in thet(I )
dependence are qualitatively reproducible from cooling
cooling and from sample to sample. For positive curre
~positive branch of theI -V trace! the accuracy of the deter
mination oft2 is smaller than for negative ones because
the smaller value of the relaxation~see inset to Fig. 4!, nev-
ertheless both times have the same order of magnitude
both branches. Measurements of the relaxation in tilted fie
show that the time constantst1 and t2 @and the maxima
position int(I ) dependence# are also independent of the in
plane magnetic field.

From theV(t) curves the time-independent, steady st
of the system can be extrapolated. It can be obtained e
from V0 as a fitting parameter@see Eq. ~1!# or as the
last value of the relaxation curve att5600 s. The difference
is negligible. The resulting steady-stateI -V traces are
presented in Fig. 7 for normal and tilted magnetic fields

FIG. 5. Relaxation curve for the filling factor combinationn
52, g51 at I 5222.2 nA for a positive dwelling currentI dwell

1

5111 nA ~circles!. The number of points is diminished by te
times for clarity. The solid curve indicates a fit by a doub
exponential decay function@Eq. ~1!#, the dashed one is a fit by on
exponential function only. The inset shows the same experime
relaxation curve in a semilogarithmic plot shifted byV05V(t
5`)5211.5 mV.

FIG. 6. Relaxation timest1 ~squares! and t2 ~circles! for the
filling factor combinationn52, g51 for a positive dwelling cur-
rent I dwell

1 5111 nA.
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can be seen that the stationaryI -V curves are independen
with experimental accuracy of the in-plane component of
magnetic field. The deviations are of the same order as
difference between two different cooling cycles at zero
angle.

For other spin-split filling factor combinations~such as
n53, g51) a larger number of edge channels is involved
the transport. Besides charge transfer among spin-split E
the gate gap, cyclotron-split edge channels have to be ta
into account. As a result, the relaxation process is more c
plicated and it is found in the experiment that the resista
is no longer a monotonic function of time. Some influence
the in-plane magnetic field on the steady-stateI -V traces is
observable for these filling factor combinations. The res
tance on the negative branch decreases with increasing
plane magnetic field because of the reduction of the cyc
tron gap.18

IV. DISCUSSION

For electron transfer between spin-resolved ES it is n
essary to change both the spin and the spatial position of
electron. For this reason, we consider three possible me
nisms for the electron transfer:~i! magnetic impurities,~ii !
spin-orbit interaction, and~iii ! hyperfine interaction. An in-
fluence of the magnetic impurities can be excluded beca
of the high quality of the MBE process for GaAs/AlGaA
taking into account the fact that our samples, whi
are grown in two different MBE systems, exhibit simila
behavior.

The spin-orbit interaction is well known to be responsib
for electron transfer between ES at small imbalance.5,6 It will
be shown below that the main part of interedge current
the left I -V branch in our samples flows between ES in th
way. However, spin-orbit coupling cannot explain a volta
relaxation on the macroscopic time scale of the order oft1
;25 s. On the other hand, the obtained relaxation timet1
;25 s is close to the nuclear-spin-relaxation times in Ga
~of the order of 30 s, Refs. 7 and 8!. For this reason, the
relaxation ofI -V curves should be attributed, in agreeme
with Refs. 7–9, to the hyperfine interaction.

al

FIG. 7. Steady-stateI -V curves for normal and tilted magneti
fields for filling factorsn52, g51. The tilt angles shown are 0°
30°, 45°, and 60°. At normal magnetic field the results of tw
different cooling cycles of the sample are presented.
0-4
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TWO RELAXATION MECHANISMS OBSERVED IN . . . PHYSICAL REVIEW B69, 115330 ~2004!
A Hamiltonian of the hyperfine interaction can be writte
as

AI•S5 1
2 ~ I 1S21I 2S1!1ASzI z , ~2!

whereA.0 is the hyperfine constant,I is the nuclear spin,
andS is the electron spin.

At the temperature of the experiment~30 mK! in a mag-
netic field~below 16 T! the static nuclear polarization̂I z& by
the external magnetic field is negligible. Nevertheless, a
nificant dynamicpolarization of the nuclei is possible: a
electron spin-flip causes the spin flop of a nucleus in
GaAs lattice as described by the first term in Eq. 2~the
so-called flip-flop process!. Thus a part of the current flow
between spin-resolved edge channels produces a DNP^I z& in
the edge region of the sample.7,8 This polarization affects the
electron energy through the second term in Eq.~2! ~the Over-
hauser shift!, which leads to the change ofI -V curve. The
influence of the nuclear polarization on the electron ene
can be conveniently described by the effective Overhau
field BOv5A^I z&/g* mB which affects the Zeeman splittin
ug* umB(B1BOv).

The relaxation behavior for both positive and negat
currents can be interpreted in terms of DNP, despite
strong difference in relaxation on the left and right branch
of the I -V curve. Because of the negative effectiveg factor
(g* 520.44 in bulk GaAs!, electron spins in the outer E
are polarized in the field direction~‘‘up polarization’’! while
in the inner ES they are polarized ‘‘down.’’

~i! A negative applied bias shifts the outer ES up in ene
with respect to the inner one@see Fig. 2~c!#. Electrons tunnel
through the incompressible strip between outer and inner
with a spin flip from up to down. Some of these electro
relax due to the spin-orbit coupling, changing their energy
phonon emission. Nevertheless, the transitions from filled
empty states across incompressible strip are also pos
due to the flip-flop process. Electron energy in this proc
remains practically unchanged. The electron spin-flip fr
up to down leads to a nuclear spin flop from down to u
Thus, a current persisting for a long time induces in the g
gap a DNP witĥ I z&.0. Because of the negativeg* factor
in GaAs, the effective Overhauser field is antiparallel to
external fieldBOv,0 and decreases the value of the Zeem
splitting ug* umB(B1BOv).

~ii ! For a positive bias exceeding the onset voltageVon
;2ug* umB/e, there is no more potential barrier for ele
trons between edge states@see Fig. 2~b!#. Electrons flow
from the inner to the outer ES and rotate the spin in vert
transitions afterwards~e.g., by emitting a photon!, possibly
far from the gate-gap region. Nevertheless, for a biasV
.2Von electrons can also tunnel from the filled~spin up!
state to the empty one~spin down! in the incompressible
strip due to the flip-flop mechanism, relaxing later to t
ground state vertically. This flip flop also produces an
nuclear polarization̂I z&.0 in the gate-gap accompanied b
an Overhauser fieldBOv,0 antiparallel to the external mag
netic field, which diminishes the Zeeman splitting.

The value of the net nuclear polarization^I z& is therefore
determined by the current connected with flip-flop proces
11533
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which in turn is controlled by the applied biasV @see Fig.
2~c!#. Thus, after dwelling at a positive current and switchi
to a negative one the nuclear polarization~i.e., the Over-
hauser field! increases significantly during the relaxation pr
cess, diminishing the Zeeman splitting. As the Zeeman sp
ting determines the spatial distance between spin-split
the tunneling length for the electrons decreases during
relaxation process.8 For this reason, in the described situ
tion, the relaxation goes along with a decrease of the re
tance, as seen in the experiment@left inset of Fig. 4~dots!#.

Dwelling at a high negative current and switching to
lower one~i.e., closer to the zero!, the nuclear polarization
diminishes in value. The corresponding change in
Overhauser field increases the Zeeman splitting. As a re
the tunneling length is rising, leading to an increase of
resistance, as depicted by the solid curve in the left inse
Fig. 4.

After a dwell at a negative or large positive current a
switching to a small positive one, the nuclear polarization
always diminishing in value, leading to an increase of t
resistance, as can be seen in the right inset to Fig. 4.

The presence of the two different relaxation times in t
experimental traces can result directly from the injection
spin-polarized electrons in the gate-gap region of the app
experimental geometry~Fig. 2, for a model calculation of a
similar problem see Ref. 19!. The characteristic time scal
for establishing the Overhauser field in the gate gap is g
erned by the applied current and the diffusion of the nucl
polarization from the gate-gap region because of nuc
spin-spin interactions. A combination of these two proces
should be responsible for the first relaxation with the ch
acteristic timet1;25 s. However, diffusion takes place o
length scales much larger than the gate-gap width but sm
than the sample size. The second relaxation process with
characteristic timet2 of the order of the nuclear spin-lattic
relaxation timeT1 is therefore attributed to the establishin
of a stable nuclear polarization outside the gate gap.
origin of the maxima int(I ) dependencies is still unclear fo
us. The fact that both times are a maximum simultaneou
gives a strong evidence that the observed time increase is
an artifact. The maxima are also reproducible from cool
to cooling and from sample to sample and practically ind
pendent of the in-plane magnetic field. As for other spin-s
filling factor combinations, because of larger number of t
edge channels involved into the charge transfer, the re
ation process is more complicated and it is difficult to qua
titatively analyze the relaxation times.

Assuming the lattice period in GaAs to be 5.6 Å with tw
atoms per unit we can estimate the full number of nucle
the gate gap to be 233 mm3200 Å31000 Å/(5.6 Å)3

;108. In the stationary regime the gate gap is highly pol
ized, i.e., the number of the polarized nucleiNpol is about the
full number of nuclei in the gate gap. The part of the curre
connected with flip-flop processes is given byNpol and the
first relaxation timeI N;eNpol /t1;10213 A. It means that
for a current of about 1 nA between ES only one electron
of 10 000 will flip a nuclear spin.
0-5
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V. CONCLUSION

Performing direct measurements of the electron trans
between spin-split edge states at high imbalance, we fou
long-time relaxation which is absent for charge transfer
tween cyclotron-split edge states. The characteristic times
of the order of 25 s and 200 s, which points to the prese
of two different relaxation mechanisms. We attribute this
laxation to the formation of a DNP near the sample ed
The presence of the two relaxation mechanisms is interpr
as the formation of a DNP inside the gate-gap region du
flip-flop processes and outside it as a consequence of
diffusion of nuclear spins. We also found that an in-pla
magnetic field has no influence both on the relaxation
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