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Equilibration length of electrons in spin-polarized edge channels
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We investigate experimentally the “mean free path” of electrons injected selectively into the outer
spin-polarized edge channel of the lowest Landau level. A simple model allows us to determine the
characteristic length between two spin-flip scattering events directly from the measured resistance
plateaus. Typical spin-flip equilibration lengths between 100 gm and 1 mm are found. The size of
the observed equilibration lengths is interpreted in terms of the spin-orbit interaction, which also

leads to a local g-factor enhancement at the edge.

The concept of one-dimensional current-carrying edge
channels has been sucessfully applied to explain the mag-
netotransport properties of a two-dimensional electron
gas (2DEG) in the quantum Hall regime.!' Within this
approach, the edges of a device play a significant role
since they energetically “bend up” the Landau levels3
and their intersection with the Fermi energy forms the
one-dimensional channels which govern the transport
properties. A new transport regime, characterized by a
lack of local equilibrium over macroscopic distances (adi-
abatic transport) for selectively populated edge channels
has attracted recent interest.*”” The lack of local equilib-
rium is attributed to the suppression of interedge channel
scattering.® In the case of spin-degenerate edge channels,
this is thought to be a consequence of their large spatial
separation which drastically reduces the overlap of their
wave functions. As far as spin-split edge channels are
concerned, however, the situation is expected to be differ-
ent, both because the spin gap is much smaller than the
Landau gap and because the interedge channel scattering
process has to be accompanied by a spin-flip process.

In this paper, the scattering between the two spin-
polarized edge channels of the lowest Landau level is in-
vestigated. We deduce equilibration lengths (distance be-
tween interchannel scattering events) directly from four-
point resistance measurements. We interpret our results
as a consequence of spin-orbit interaction and estimate
theoretically typical equilibration lengths.

Figure 1(a) shows the layout of our devices pat-
terned from high-mobility MBE (molecular-beam epi-
taxy) grown GaAs-Al;Ga;_,As heterostructures. The
heterojunction material, discussed here, was grown in the
[100] direction on a semi-insulating substrate and consists
of a 2.4-um undoped GaAs buffer layer, 340-A undoped
Al 4Gag gAs, 340-A silicon-doped Alg 4GagsAs, and a
GaAs cap layer of 200 A. At helium temperature, the
devices have a carrier density of 1.9 x 10! cm~2 and a
mobility of 1.6 x 10° ¢cm?/V's corresponding to an elec-
tron mean free path of 12 pm at zero field. On top of a
conventional Hall bar geometry, two Schottky gates [Fig.
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1(a)] are evaporated across the mesa. By applying a neg-
ative gate bias two potential barriers are formed within
the 2DEG, allowing the transmission and reflection prob-
abilities of the edge channels to be tuned by the gate
voltage. We use these barriers to selectively populate
the edge channels. Figure 1(a) shows two edge channels
sketched for the case of a bulk filling factor b = 2, ad-
justed by the magnetic field B, and a filling factor of
g = 1 underneath both Schottky gates. The inner-edge
channel, circulating between the gates, can couple to the
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FIG. 1. (a) Schematic layout of our devices. The edge

channels for b = 2 and g = 1 are sketched. (b) Gate voltage
dependence of Ry4 23 for two gate finger spacings with b = 2
at T' = 100 mK for I = 10 nA. The voltage applied to both
gates [shaded areas in (a)] is the same. The inset shows the
temperature dependence of the inverse equilibration length
for d = 200 pm. The data in the inset are taken after thermal
cycling; the equilibration lengths are slightly higher compared
to the previous cycle.
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transmitted one only via spin-flip scattering processes.
In the experiments, the longitudinal four-point resis-
tance Ry4 23 is measured. The subscripts 14,23 indicate
that the current is applied between the contacts 1 and 4
and the corresponding voltage drop is measured between
the contacts 2 and 3. Within the Landauer-Biittiker
formalism® this resistance can be expressed by the trans-
mission T, which is the sum over the transmission prob-
abilities of the edge channels across the barriers:!°

h 1 1
Rig23 = pr (*f - *I;) . (1)

In the absence of interedge channel scattering, the circu-
lating and the transmitted edge channels remain decou-
pled and because each of the selectively populated edge
channels is transmitted with a probability 1 for integer
filling factors (complete adiabatic transport), the trans-
mission T = g. In this case, the arrangement of two bar-
riers behaves like a single barrier. In the opposite limit,
where there is strong scattering (equilibrated transport)
the system is characterized by a series resistance across
both barriers and the total resistance is doubled. Both
limiting cases have been demonstrated experimentally,’
and consequently, the resistance plateau value R4 23 is
a sensitive measure of the interedge channel scattering
rate.

The measurements are carried out in a 3He-*He-
dilution refrigerator at 7' = 100 mK. The four-point resis-
tances were obtained by standard lock-in techniques us-
ing low current levels (10 nA) and frequencies (< 15 Hz).
Two devices with spacing d = 20 and 200 um between
the gates are compared in Fig. 1(b). Both samples are
fabricated from the same heterojunction. In Fig. 1(b)
data are shown for fixed b = 2 whereas g is varied. For
the case of d = 20 um we observe nearly complete adi-
abatic transport; the resistance plateau around g = 1
is close to h/2e?. This means that the net current flow
within the edge channel picture is highly spin polarized.
For d = 200 pum the plateau is shifted towards higher re-
sistance indicating that spin-flip interedge channel scat-
tering processes have taken place.

A simple analysis, following a model of MacDonald,!!
allows us to extract the equilibration length directly from
the measured resistance plateau values. In the analysis
we trace the possible paths of an electron which has been
transmitted through the left gate. For the sake of sim-
plicity we discuss the analysis for b = 2 and g = 1.

At point A an edge channel electron enters the region
between the gates via the outer channel. The probabil-
ity of finding such an electron, carrying a net current, in
the outer-edge channel at A is therefore 1. On the way
from A(z = 0) to B(z = d) a fraction of these electrons
is transferred into the inner-edge channel by interedge
channel scattering. Assuming a constant number of in-
teredge channel scattering events per unit length (IZ}!),
the probability of finding an electron in the outer—ggge
channel (between A and B) can be obtained by solving
the system of rate equations:

P =g +zem (7). @)

Here loq, the equilibration length, corresponds to the dis-
tance an electron travels between two interedge channel
scattering events.

At B only those electrons which are still in the outer-
edge channel are transmitted and we define the transmis-
sion probability on the first pass as T} = P(z = d) = P.
The scattered ones (1 — P) move from B to C with-
out further scattering (only one edge channel present).
From C to D some of the electrons are scattered into
the outer-edge channel and these constitute the fraction
of electrons which are transmitted at D and therefore
reflected by the whole double-barrier structure. The
fraction of electrons which remain in the inner chan-
nel have a chance of being transmitted at B on their
second attempt if they are scattered on their way from
A to B into the outer-edge channel. The probability
of an electron being transmitted on the second pass is
therefore 7, = P(1 — P)(1 — P), and the probability
for an electron being transmitted on the ith attempt is
T; = P%-3(1 - P)%.

The total probability for an electron being transmitted
across both barriers is 7= ) o, 7; and summing up all
the T; gives T = 2P/(1 + P).i2 We therefore obtain for
the resistance,

-1
R14,23 = —hi' [1 -+ exp (—zi)] . (3)
e leq

Using Eq. (3) the equilibration lengths can be di-
rectly deduced from the measured resistance plateau val-
ues. For the gate finger spacing d = 20 pum we find
leq = 440 pm whereas for d = 200 pm, leq = 940 pm.
Within the experimental error (accuracy of the measured
resistance 3%), however, both equilibration lengths are
the same, because for d = 20 pm the measured resis-
tance is close to the complete adiabatic value h/(2¢?) and
hence a small uncertainty causes a drastic change in leq
[leq = 00 for Ria 23 = h/(2¢?)]. We have obtained equili-
bration lengths well above 100 pm for a variety of sam-
ples. Using a device geometry similar to the one used in
Ref. 6 and analyzing the anomalous Hall voltage!2 along
the paths of Ref. 14 gives similar results.

The inset of Fig. 1(b) shows the temperature depen-
dence of the inverse equilibration length which is propor-
tional to the spin-flip scattering rate. At temperatures
below 250 mK, we observe a saturating scattering rate;
at higher temperatures the inverse equilibration length
increases significantly.

As pointed out above, the situation 6 = 2 and g = 1
is a very special one. The electrons in the two available
edge channels have opposite spin orientation. The levels
from which they are formed are separated energetically
by the spin gap gupB =~ 90 peV at B = 3.9 T. up
is Bohr’s magneton and g is the nonenhanced g factor of
= 0.4, which has been experimentally determined for sim-
ilar heterostructures.!%1® For a Landau gap of 3.2 meV
a spatial separation of 780 A between two neighbor-
ing (spin-degenerate) edge channels has been reported.!”
This value has been obtained from an analysis of the
current dependence!® of the resistance plateaus for b = 4
and g = 2 carried out on a similar sample. Assuming the
same linear edge electric field'? Fogge = hiw,/(e780 A) for
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a smooth confining potential allows a rough estimate of
20 A for the spatial separation 6y between the two spin-
split edge channels. A large overlap between the spin-up
and spin-down edge channels is therefore expected since
the spatial extent of the wave function is of the order of
the magnetic length I, = \/h/(eB) [130 A at B=3.9 T,
Fig. 1(b)] thus making adiabatic transport more unlikely.

Three physical processes are thought to be responsible
for spin-flip scattering: the magnetic impurity scattering,
the spin-orbit interaction, and the hyperfine interaction.
Since the presence of such magnetic impurities is unlikely
in our state-of-the-art MBE material, we rule out mag-
netic impurity scattering. For the case of the hyperfine
interaction the electronic spin flip is accompanied by a
nuclear spin flip and therefore the total spin is conserved.
The lack of inversion symmetry both of the heterojunc-
tion interface (normal to the plane of the 2DEG) and of
the crystal zinc-blende structure of GaAs itself!®:20 gives
rise to a net nonvanishing electric field. This electric field
causes a finite magnetic field in the moving frame of ref-
erence of an edge channel electron. For this mechanism
of spin-orbit coupling the spin flip of an electron is ac-
companied by a change in the electronic momentum due
to scattering. In the following we assume that spin-orbit
interaction is more relevant for spin relaxation than hy-
perfine interaction.?!

We estimate equilibration lengths assuming that spin-
orbit interaction is the dominant source of spin-flip scat-
tering. The underlying detailed theory will be pub-
lished elsewhere.?? The starting point is the Hamiltonian
‘H =Ho + Hy where

~ p2
= — 4+ V(y). 4

Ho om T (v) (4)
7:10 describes the motion of the 2DEG electron in a con-
fining potential in the y direction and in the presence of
a perpendicular magnetic field B with p = —ihV — eA
where A is the vector potential. The perturbative part
is given by?0:23

H, = on(p X 0) + Bok + 39pupBo,. (5)

The first term describes the spin-orbit coupling due to
the electric field at the heterojunction interface. The
coupling constant a depends on this electric field, o are
the Pauli matrices, and n is the normal to the plane of
the 2DEG, pointing in the z direction. The second term
arises from the lack of inversion symmetry in the ele-
mentary cell of the bulk GaAs crystal with the coupling
constant 3; k depends on the crystallographic orienta-
tion. The third term describes the well-known Zeeman
energy. For an orientation of the sample edges along
[001] n(p x &) = (pzoy — pyos) and K = (—pz, py,0).
The parameter 8 can be expressed in terms of (p?), the
effective mass m, and the GaAs band gap E;: 8 =
0.035(p?)/m3/2(2E,)/? = 2.6 x 10° m/s.2372% Using the
spin-degenerate eigenstates exp(ikz)px(y) of Ho to treat
Hy perturbatively, we find the energy splitting at any
value of k to be

2A = \/(g;zBB)z + (2mv;)?(a? + B2), (6)
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with v, the group velocity of an edge channel electron.
Since « is smaller than 3 (Ref. 26) we neglect o for
the numerical calculation of the internal magnetic field
2mu,\/a? + $2/(gup) arising from the spin-orbit inter-
action. For vy = Feqge/B =1 x 10* m/s with B=3.9T
we obtain a value of about 0.9 T for this internal mag-
netic field. This internal field, lying in the plane of the
2DEG, gives rise to a local g-factor enhancement at the
edge. If « is neglected all the results are valid also for a
[011] orientation of the edges.

The presence of spin-orbit terms in the Hamiltonian al-
lows transitions between spin-split edge channels in the
presence of any scattering mechanism which changes the
wave vector along the boundary. Elastic transitions be-
tween the edge channels not only change k = —y/I? (with
the center coordinate y) but also the group velocity. In
the Born approximation, we obtain for the equilibration
length, with ¢ indicating the initial and f the final state,

leq = lo/ I (ki )x— (k) 2. (7)

Hence the equilibration length is inversely proportional
to the spinor overlap and the parameter /y corresponds to
the scattering length of the spin-free problem. Assuming
8vz = |vg,i—vz,f| K v, the spinor product can be written
as

XLk (k) = 2 g Brv, /T 5 F/(407)).
(8)

Calculating lo for long-range scattering according to
Ref. 27 results in I = 4 A. The large value of the equili-
bration length observed must therefore be due to a small
spinor overlap in Eq. (7). To estimate dv, we take a
parabolic confinement potential with a confinement fre-
quency of Qo = 7.8 x 10! s~! which directly follows
from our estimated edge channel group velocity. Using
6vz fvg, = 2mQ36y/hv, we obtain an equilibration length
of leq = 160 pm. This is of the order of the equilibration
length observed experimentally.

Our theoretical approach is based on a single-particle
picture. The long equilibration length is a consequence of
the mechanism of spin-orbit scattering itself and also of a
local g-factor enhancement at the edge of the sample. In
the bulk of a 2DEG it is known that electron-electron in-
teraction leads to a drastic enhancement of the g factor?®
if the Fermi energy is located between spin-split levels be-
cause then the electron system is spin polarized. At the
edge of the sample there is always a spin polarization due
to the presence of the edge channels and it is still an open
question whether such a mechanism causes an enhance-
ment of the local g factor and hence an increase of the
spatial separation of spin-polarized edge channels. Such
a local enhancement at the edge and the accompanied
reduction of the wave-function overlap could reduce the
spin-flip scattering rate. Our experiments do not indicate
whether such a mechanism plays a role; we want to point
out, however, that the long equilibration lengths observed
experimentally are consistent with a picture solely in-
volving spin-flip scattering via spin-orbit interaction, not
taking into account electron-electron interaction.
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In summary we have determined equilibration lengths
for scattering between two spin-split edge channels where
the only possible interedge channel scattering mechanism
is spin-flip scattering. Lengths up to ~ 1 mm are found
by using a basic model for the determination of the equi-
libration length from the measured resistance plateau
value. A theory considering spin-flip interedge channel
scattering via spin-orbit interaction is presented. The
model leads to a local g-factor enhancement at the edge
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and is appropriate to explain the experimentally observed
equilibration length.
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